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Thesis Abstract:

HSCR has long been regarded as an enteric disease for its well-known colonic
aganglionosis. However, the fact of it being a polygenic neurocristopathy begs the question:
is structural growth retardation a more general feature in HSCR individuals? To clarify, we
examine the multi-organ changes within the s//sl rat, which is an autosomal recessive HSCR

model with high genetic penetrance that arises from ETg knockout mutation.

This thesis contributes to improving our understanding in modified soft tissue

imaging workflow and multi-systemic changes associated with HSCR using an animal model.

A. Imaging methodology:

1. Micro-CT scanning can be a useful structural-preserving visualization tool for studying
external morphology, neuroanatomy, and cardiovascular anatomy in small animals.

2. Successful micro-CT scanning of soft tissue requires contrast staining, which can be
achieved with iodine or PTA. lodine is a more effective and safer choice among the two.

3.  Exvivo micro-CT scans can offer structural details comparable to those of 4x H&E light
micrographs.

4. Image degradation of in vivo micro-CT scan can be improved by raising the voltage
and/or current of X-ray source.

5. Post-acquisition NLM filtering is an effective enhancement technique for in vivo micro-

CT scans.

B. Global structural changes associated with HSCR model:

1. The HSCR model, sl/sl rat, is associated with subtle body growth impairment during
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early life; this impairment may progressively worsen with age.

2. The craniofacial changes in sl/sl rat share some resemblances to those seen in
domestication syndrome, including a flatter cranium, a smaller maxilla, a larger
mandible, a disproportionally shorter but wider nose, a shrunken molar bed and
reduced superior incisor dimensions. It may therefore be prudent to suspect that HSCR
patients may have similar dysmorphology and thus increased risks for obstructive sleep
apnoea and dental malocclusion.

3. sl/slrat has a grossly normal neural morphology with intact constituents; however,
significant structural reductions of 20.33% in brain volume and 7.35% in brain growth
rate are detected. Similar reductions are seen in cerebral cortex, caudate putamen,
olfactory bulb, medulla, and pituitary gland. These findings suggest that HSCR patients
may exhibit varying degrees of brain reductions and subsequent neurological
dysfunction, either subtle or overt.

4. Despite having an impaired endothelin signalling, congenital conotruncal cardiac
malformations are not detected in s//s/ rat.

5. Cardiac morphology is grossly normal in s//sl rat; however, marked reductions are
detected in heart volume (40%), growth rate (20%), and organ volume/bodyweight
index (25%). Measurements of LA, LV, RA, and RV share similar reducing trends. Our
findings are not only consistent with prior notions that HSCR patients have elevated
risks for congenital heart diseases, but also suggest that structural cardiac anomaly may
be a more general feature. Thus, long-term follow-up and systematic assessments may

be recommended clinically.

The above findings support the concept that HSCR, at least with the ETs” subtype, is likely a
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multi-organ condition, with significant changes to craniofacial, neurological, and

cardiovascular systems.
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Chapter 1: Aim of the thesis

To investigate multi-systemic changes associated with Hirschsprung disease through
quantitative imaging analyses on the structural variations in an ETs”" genetic model, spotting-

lethal rat.

1.1. Definition

1.2. Hypothesis

1.3. Specific predictions
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1.1. Definition

Hirschsprung disease (HSCR) is a polygenic neurocristopathy, traditionally known for
its segmental colonic aganglionosis. It arises from the migration failure of neural crest cells
during embryonic development. One of the significant genetic causes is the homozygous
knock-out mutations in endothelin B receptor (ETg) gene, which results in HSCR-associated
type IV Waardenburg syndrome (WS-IV). For this thesis, we adopted spotting-lethal (s//s/) rat

as the HSCR model for studying the disease’s multi-organ associations.

1.2. Hypotheses

While organ dysfunctions in various clinical syndromes have been suggested to
associate with HSCR, little is known about the structural changes in non-syndromic patients.
ETs, a major cause of HSCR and a pivotal receptor in the endothelin regulatory system, has
been implicated in mediating multiple key organ developments. Given the neurocristopathy
nature of HSCR and ETg’s regulatory roles, | propose that HSCR animals with ETs”* subtype
will not only suffers the aganglionic disease but also structural and growth changes in

craniofacial morphology, central nervous system, and cardiac system.

This thesis seeks to support multi-organ involvements in HSCR model by:
A. Deuvise a high-resolution imaging workflow with adequate soft-tissue contrast for
anatomical visualization and quantitative measurements.
B. Define the potential craniofacial changes associated with ETg”- HSCR model; these
changes associated with ETg mutation may resemble features of domestication
syndrome.

C. Define the structural changes and growth impairments in the central nervous system
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1.3.

of ETg”- HSCR model.

. Define the cardiovascular structural changes associated with ETs”- HSCR.

Specific predictions are that

Micro-CT scanning with modified iodine or PTA staining protocols can provide

detailed anatomical visualizations for quantitative analysis.

. The signal-to-noise ratio of micro-CT images can be maximized through contrast

staining, x-ray source adjustments, and post-acquisition image filtering.
Subtle body growth impairment may be presented in HSCR model during the early

stage of life; this impairment may grow increasingly apparent with animal age.

. Loss-of-function mutation of ETs may result in subtle morphological changes like

features of domestication syndrome.

HSCR model of homozygous ETs knockout mutation may exhibit multiple intracranial
structural changes and growth impairments; these impairments are likely to be
disproportionally larger than those observed in respective body growth.

HSCR model of homozygous ETs knockout mutation may exhibit significant size

impairments in its cardiovascular system despite having a grossly normal morphology.
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Chapter 2: Literature review

1. Hirschsprung Disease Background

Hirschsprung disease (HSCR) is a high morbidity and mortality disease deserving more
medical and research attention. It has a relatively high global incidence with an average
incident of 1/5000 births, comparable to other more publicized diseases, such as acute

myeloid leukemia with an incidence of 1/7245 (1).

HSCR is commonly known for its colonic manifestation. However, its multi-genetic
pathogenesis and multi-signalling involvements imply multiple organs are likely affected.
Indeed, one of the major causes of HSCR is through disruptions in the endothelin system.
Disruptions have wide pathological implications, including vasodysregulation,
cerebrovascular and cardiovascular diseases, and impaired neurogenesis and angiogenesis.
Currently, over 28,000 scientific publications have been completed on endothelin systems.
We aim to complement prior findings by studying morphological and anatomical changes
associated with endothelin B receptor (ETg) mutation. Analyses of foetal anatomy is achieved
through analyses on the micro-CT scans of spotting-lethal (s//s/) rat, an ETg7- HSCR animal
model. In this chapter, we will establish the basis and logics behind this series of studies by
providing a brief description on the clinical understanding and impacts of HSCR followed by a

summary on the endothelin system.

2. History of Hirschsprung disease

Hirschsprung disease (HSCR) is known as congenital megacolon or intestinal

aganglionosis. Anatomist Frederick Ruysch first describes the condition in 1691 (2).
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Subsequently, the concept of “dilatation and hypertrophy of colon” is popularized by Dr.
Harald Hirschsprung in 1886 and formally named Hirschsprung’s disease (3). However, a
causative link between aganglionosis and the spastic contraction of the aganglionic segment
only became apparent after Whitehouse and Kernohan (1948) and Swenson (1948)
demonstrated histological aganglionic distal colon (4-7). Bodian et al (1949) later also

confirmed this finding (8).

3. Epidemiology of Hirschsprung disease and associated syndromes

HSCR is a paediatric intestinal aganglionic disease affecting approximately 1/5000
births globally (9). However, regional incidences can range from 1/1370 to 1/7165 births,
suggesting ethnicity may be an important determining factor for occurrence (8, 10-12). Up to
80-90% of HSCR cases are syndromic and diagnosed in the neonatal stage (13). 75-80% of
these patients have short-segment disease with aganglionosis restricting to rectosigmoid and
descending colon. Conversely, up to 15% of these patients have long-segment disease
extending to transverse colon and 3-8% of whom have total colonic aganglionosis (14, 15).
Lastly, 5% of HSCR are ultrashort-segment disease limiting to distal rectum. (16). Aganglionic
colons are bordered proximally by a transition zone, which is formed by reduced enteric

neuron and thus hypoganglionosis (17-19).

As a side note, colonic histochemical biopsies of 358 classifiable congenital colorectal
innervation defects demonstrate the following disease distribution: aganglionosis (52.2%),
hypoganglionosis (5%), neuronal intestinal dysplasia type A (NID A; 2.2%), and neuronal
intestinal dysplasia type B (NID B; 40.6%). Among which, NID A is characterized by

hypoplastic/aplastic sympathetic innervation in myenteric plexus, submucosal arteries, and
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mucosa, whereas NID B is characterized by malformations of the parasympathetic plexus
(20). Colonic aganglionosis is further classified into isolated HSCR (22.9%), HSCR with
proximal NID B (17.9%), total colonic aganglionosis (2.5%), ultra-short HSCR (5.0%), and
neurogenic achalasia of anal sphincter (9.0%). Interestingly, up to half of HSCR cases are
associated with NID B and up to one-third NID B cases have HSCR, suggesting both may share

common pathogenesis.

HSCR has an overall of 3.5-4.5:1 male predominance (9, 10, 21, 22). The male-to-
female incidence ratio is slightly elevated in short-segment disease to 4.2-4.4:1; long-
segment disease, on the other hand, has only 1.2-1.9:1 male predominance (14, 21). Siblings
of the affected individual have up to 200 times higher risks for developing HSCR than the

general population, 4% vs 0.02% (23).

Due to the pleomorphic effects of multi-genetic involvement in HSCR aetiology, up to
30% of patients exhibit various associated abnormalities in central nervous system (CNS; e.g.
Down syndrome-DS, congenital central hypoventilation syndrome, Smith-Lemli-Opitz
syndrome-SLO, spinal bifida), cardiovascular (e.g. Di George syndrome, velocardiofacial
syndrome), endocrine (e.g. Multiple Endocrine Neoplasia IIA-MENIIA), gastrointestinal (Gl),
genitourinary (e.g. Barder-Biedl syndrome-BBS), craniofacial (e.g. Goldberg-Shprintzen
syndrome-GSS), sensorineural (e.g. Shah-Waardenburg syndrome - WS IV), and
musculoskeletal systems (e.g. cartilage-hair hypoplasia syndrome) (23-32). Among the HSCR-
associated anomalies, Down syndrome is the most common, presented in up to 2-10% of

HSCR cases (23, 33).
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4, Clinical presentation of Hirschsprung disease

HSCR is commonly known for its clinical manifestations of pseudo-obstruction and
associated complications, including death if left untreated. Clinical presentations of HSCR
may range from intestinal obstruction in neonates to progressive chronic constipation in
older patients (34). Typically, 80% of the affected children exhibit irregular bowel
movements, reduced feeding, and worsening abdominal distension within the first few

months of life (35).

In infants with HSCR, typical presentations may include, enterocolitis, chronic
constipation, poor feeding, bilious vomiting, and jaundice (34, 35). In HSCR children older
than 1 month, constipation is the most common, along with other symptoms including
progressive abdominal distension, failure to thrive, malnutrition, and faecal loading (14, 35).
Counterintuitively, up to one-third of HSCR patients may present with diarrhea, which is
secondary to enterocolitis and has a mortality rate as high as 30% (35, 36). failure to pass

meconium within the first twenty-four hours of life, acute intestinal obstruction

5. Diagnosis of Hirschsprung disease

Diagnostic workups for HSCR often involve imaging investigations and colonic
manometry. Imaging modalities generally have a sensitivity of 80-90% (37). Plain abdominal
radiographs can detect proximal bowel dilatation with air-fluid levels to suggest complete or
partial bowel obstruction with respective sensitivity of 46% and 30%; however, these are
generally late findings of HSCR (38). Barium enema has a sensitivity up to 90% in detecting
the transition zone, a hallmark of HSCR. Concurrently, rectosigmoid index (diameter of

rectum/diameter of sigmoid colon; ratio < 1 suggests short-segment HSCR) can also be
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calculated with barium enema scan and has a sensitivity of 76.7% in diagnosing HSCR (14,
39). The disadvantages of barium enema, however, are that transition zone may be absent in
up to 25% of neonates (age < 1-month-old) and contrast administration may be
contraindicated in patients with acute enteritis (40, 41). Moreover, anorectal manometry has
been used to detect the absence of inhibitory reflex in internal sphincter relaxation following
rectal distension in HSCR. This technique has a sensitivity ranging between 79% and 95%;
however, it is only useful in neonates aged 12 days or older when rectoenteric reflex has
developed (42, 43). Furthermore, anorectal manometry is also a reliable measure for
functional outcomes post-therapy (e.g. Swenson’s operation) and surgical planning for HSCR

(44-46).

The gold standard for the diagnosis of HSCR involves rectal suction biopsy or full-
thickness rectal biopsy followed by hematoxylin and eosin (H&E) stain, acetylcholinesterase
staining, and/or calretinin immunohistochemistry (47-50). Due to the presence of normal
hypoganglionic zone, the biopsy should be taken at > 1.5 cm above the dentate line for
sufficient ganglion cells in the submucosal plexus (51). Bedside rectal suction biopsy is simple
and can be performed without anaesthesia. Hence, it is currently the method of choice,
although its sampling is limited to surface submucosal nerve plexus, reducing its diagnostic
value (47, 48). Full-thickness biopsy with intramuscular nerve plexus sampling is

recommended for patient with more than one inconclusive suction biopsy (52).

Tissue preparations following biopsy are tailored for different procedures. Typical
H&E requires tissue-fixation in formalin and followed by standard staining protocols (53).

Although H&E staining remains to be the method of choices for identifying the ganglion cells
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in mucosa and submucosa, it is time consuming. Furthermore, to ensure adequate
specificity, analysis on hundreds of histological sections is often required. To complicate
things further, the identification of ganglionic cells in neonate can be challenging with H&E
technique. To improve diagnostic accuracy, histochemical staining such as

acetylcholinesterase (AChE) and calretinin are often adopted.

Current AChE histochemical staining protocols are developed from techniques
originally described by Karnowsky and Roots in 1964 (54). Detections of increased AChE
activity in lamina propria and muscularis mucosa in aganglionic segment is pathognomonic
of HSCR. Additionally, various modifications and interpretation criteria on AChE staining have
been made to improve diagnostic accuracy of aganglionosis, up to 99-100% (47, 55, 56).
However, false negative result has been reported in infants under three-months-old
presenting with HSCR, up to 15%; hence, the absence of abnormal AChE activity in neonates
under the age of 3 weeks does not exclude HSCR based on current diagnostic criteria (57,

58).

To improve the sensitivity of HSCR detection, calretinin immunohistochemistry is first
suggested by Barshack et al (2004) (59). Calretinin is a calcium-binding protein mediating
calcium signalling pathway thus the development of central nervous system (60). Calretinin
immunostaining can be carried out on a formalin-fixed superficial biopsy. Its interpretation is
unambiguous: absence of calretinin reaction in nerve fibres correlates with aganglionosis in
HSCR. This method has a sensitivity up to 98% (50, 59, 61); however, its utility for ultra-short

HSCR remain to be determined.
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6. Current treatments options for Hirschsprung disease

The aims of current HSCR managements are to maintain or restore colonic functions,
prevent bowel obstruction or perforations, and treat potential complications including

electrolyte and nutritional deficiencies.

Surgical resection of diseased colon is currently the definitive treatment for HSCR.
Traditionally, resection is completed by an abdominoperineal pull-through operation in
three-stages. The initial reversible colostomy at the time of diagnosis aims to decompress the
dilated bowel. This is followed by a delayed transabdominal pull-through surgery after
optimising the patient’s physical conditions, usually when the child grows to a weight of 8-
10kgs. Finally, the colostomy is closed after anastomosis of ganglionic colon to the anal canal
(62). The theory behind diverting colostomy prior to definitive pull-through procedures offers
maximal protection against wound dehiscence and reduces post-operative complications.
However, single-staged pull-through procedures have become progressively more favourable
with evidences showing no increases in complication rates (62-64). Currently, several
standard single-staged pull-through procedures have been performed: Swenson, Duhamel,

and Soave and Boley procedures (65-68).

6.1. Swenson Procedure

Swenson’s procedure is first performed in 1948 by Swenson and Billah (65). It serves
as the fundamental basis of all HSCR operative variants. Its principle involves an end-to-end
anastomosis of ganglionic bowel to functional rectum after resecting out the diseased bowel.
With careful dissection, this procedure preserves the pelvic nerves and anal sphincter.

Furthermore, complications rate and stricture formation risks can be reduced by avoiding the
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dissection of rectum from puborectalis complex and the construction of oblique
circumferential anastomosis (65). Currently, Swenson’s procedure can be completed through
either transabdominal (TAB) or transanal endorectal (TER) approaches; recent evidences
have suggested TER approaches yield slightly lower post-operative complication rates (69-

71).

6.2. Duhamel procedure

Duhamel procedure is first described in 1956. It is a technical variant of Swenson’s
procedure with the advantages of avoiding extensive rectum resection and pelvic dissection,
thereby preserving complete neuro-muscular complexes of bladder and anal sphincter. The
diseased colon is resected with normal colon pulled through the rectrorectal space to create
an end-to-side anastomosis to the isolated aganglionic rectum (66). This procedure creates a
large anastomosis which reduces stricture-formation risks. Furthermore, the creation of a
large “neorectum,” which consists of aganglionic colon anteriorly and ganglionic colon
posteriorly, provides a helpful “reservoir” for colonic contents in patients with long-segment

disease (72).

6.3. Soave and Boley procedures

Soave procedure is introduced in 1964 to minimize the risks of neurovascular injury
associated with traditional Swenson’s procedure. In this procedure, transabdominal
dissection is performed in the submucosal plane to enable endorectal pull-throughs of
ganglionic colon through the muscular cuff of aganglionated rectum (68). This surgical
approach avoids extensive intra-pelvic dissection and therefore prevents the damage to the

pelvic autonomic nervous system. The original Soave procedure leaves the pull-through
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colon external to anus for autoanastomosis. This is later modified by Boley (1964) to a single-

stage coloanal anastomosis at the time of pull-through (67).

6.4. Other surgical variants

Other less prevalent surgical approaches for HSCR have also been described. For
instance, State reported an anterior resection approach in 1952, which involves the resection
of aganglionic large colon to the splenic flexure while avoiding the mobilization of the rectum
(73). In the following year, Rehbein modified State’s technique to include an extraperitoneal
and intra-abdominal anastomosis between the colon and rectum following low-anterior
resections of rectosigmoid, 2 cm below the peritoneal reflection. This is followed by vigorous
sphincter dilatation for sphincter achalasia, which is frequently associated with congenital
megacolon (74). Furthermore, following the advancement of laparoscopy, Georgeson
performed the first laparoscopic pull-through surgery for HSCR in 1995, which results in
similar surgical outcomes but shorter hospital stays comparing to the traditional open

procedures (75).

Lastly, the surgical treatment options for long-segment HSCR depend on the length of
aganglionic bowel involved. Reconstructive approaches such as standard pull-through (e.g.
Swenson, Duhamel, Soave-Boley), colon patch, or J-pouch are considered for colonic
aganglionosis with normal small intestine (72, 76). On the other hand, for HSCR patient with
short bowel syndrome, bowel-lengthening techniques such as Binachi, serial transverse
enteroplasty procedure (STEP), or intestinal transplant are suggested to have modest

outcomes (77-79).
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7. Postoperative care for Hirschsprung disease

Managements and monitoring for postoperative complications are important to
ensure recovery and good quality of life. Short-term postoperative complications include
Hirschsprung’s disease-associated enterocolitis (HAEC), colonic/rectal strictures, anastomotic
leak, perianal excoriations, pelvic abscess, bowel obstruction, wound dehiscence, wound
infection, rectovesical or rectovaginal fistulas. On the other hand, up to 15% of patients

develop persisting symptoms following initial surgery in the long term (80).

HAEC is the most common postoperative complications following pull-through
procedures. It has been suggested that risks of enterocolitis can be reduced by routine post-
operative rectal irrigation with normal saline and administration of prophylactic antibiotics
such as metronidazole (81, 82). Additionally, potential beneficial effect of probiotics against
HAEC have also been suggested (83). Indeed, this is supported by a randomized trial by Wang
et al (2015) demonstrating four weeks of triple probiotic regimens
(Bifidobacterium, Lactobacillus acidophilus, and Enterococcus) not only reduces the
incidence and severity of HAEC but also increases anti-inflammatory cytokines IL-10 (84).

However, further supporting studies are required.

The managements of HAEC depends on its severity. Acute HAEC can be classified into
three grades based on its classic manifestations of abdominal distension, diarrhea, fever, and
hemodynamic compromises. Grade | case consists of potential HAEC patients with mild
symptoms. These patients can be managed as outpatients with oral metronidazole,
electrolyte-rich hydration, and close monitoring. Grade Il cases are confirmed HAEC patients

requiring hospital admissions for oral or intravenous hydration, broad-spectrum antibiotics
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(and metronidazole), rectal irrigation, and potential nasogastric decompression for any
significant abdominal distension. Grade Il patients are severe HAEC cases with
hemodynamic compromises requiring admission to intensive care unit (ICU) for bowel rest,
rectal irrigation, intravenous fluid, and broad-spectrum antibiotics. In severe cases or

detection of pneumoperitoneum, surgical diversion or exploration is warranted (82, 85).

For patients with recurrent HAEC, in addition to immediate symptomatic
managements, clinical revaluations are required to determine the underlying anatomical or
physiological causes. Currently, the efficacy of medical treatments such as the use of
prophylactic antibiotic lacks strong supporting evidence. On the other hand, Rinatala and
Lindahl (2001) demonstrated the use of sodium cromoglycate, a mast cell stabilizer, can
improve HAEC symptoms (86). Expectedly, surgical re-corrections are indicated for patients
suffering recurrent HAEC from known anatomical causes, including stricture formation,
kinked anastomosis, dilated residual aganglionic segments, obstructive Soave muscular cuff,
or enlarged Duhamel pouch. On the other hand, treatment options for physiological or
unknown causes are of limited efficacy. For patients with internal anal sphincter or achalasia,
intrasphincteric botulinum toxin injection have been shown to reduce hospital admissions
but only with short-term improvements; repeated injections are often required (87-89).
Furthermore, a small number of studies have shown posterior myotomy/myectomy or
internal sphincterotomy can improve obstructive symptoms in recurrent HAEC, with up to
75% response rates (90-92). Lastly, diverting ileostomy or colostomy is indicated for patients

with refractory HAEC.

8. Pathogenesis of Hirschsprung disease

42 |Page



The commonly known pathology of HSCR stems on the developmental failure of
enteric nervous system (ENS). The pathogenesis of this failure is secondary to the migration
failure of enteric neural crest cells (ENCC) to the growing gastrointestinal (Gl) tract. The
maturation of ENCC is pivotal to the development of myenteric and submucosal plexuses.
The ENCC is derived mainly from vagal crest cell with a minor contribution of ~17% from
sacral crest cells, which migrates to distal hind gut (93). The migration failure of ENCC
ultimately results in variable lengths of hypoganglionic and aganglionic colon (4). These
hypoganglionic/aganglionic bowel segments cause hypokinesis of bowel movement and thus

obstructions.

8.1. Embryology of gastrointestinal (Gl) tract

Gl tract is derived from the endoderm of embryo during foetal development. It is
classified into three regions based on vascular distributions: foregut, midgut, and hind gut.
Foregut is supplied by the celiac trunk. It gives rise to the alimentary tract between the
mouth and anterior two-thirds of duodenum with a boundary marked by ampulla of Vater,
biliary system, anterior segment of pancreas, and parts of lower respiratory tract. The midgut
is supplied by the superior mesenteric artery and forms the distal one-third of duodenum,
jejunum, ileum, caecum, appendix, ascending colon, and proximal two-thirds of transverse
colon. Finally, the hind gut consists of distal one-third of transverse colon, descending colon,
rectum, and superior part of anal canal; it is supplied by the inferior mesenteric artery. For a
Gl tract to perform peristalsis, control of vascular flow, digestive functions, and maintaining

adequate physiological fluid balance, a functional ENS is required (94).

8.2. Enteric nervous system (ENS) and components
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ENS is the largest component of peripheral nervous systems (PNS) directly controlling
the Gl tract and its functions (95). The ENS compromises of outer Auerbach plexus
(myenteric) and inner Meissner (submucosal) plexus. These plexi are comprised of
interconnected enteric ganglia, which are formed by ENS neurons and glia. The Auerbach
plexus develops first and spans across entire Gl tract to control the gut motility. On the other
hand, development of Meissner plexus occurs 2-3 weeks after the formation of Auerbach
plexus; it has limited distribution to small and large intestine. Meissner plexus functions to

fine-tune the intestinal motility, circulation, and interepithelial ion transport.

The gut motility is controlled by a combination of enteric ganglia and regional cells,
such as interstitial cells of Cajal (ICC). ICC generates and propagates the slow wave potential
leading to smooth muscular contractions whereas ENS modifies intestinal movement by fine
tuning contraction and relaxation (96). Consistently, the absence of enteric ganglia results in
disinhibition of uncontrolled smooth muscle contraction in aganglionic bowel segment due
to the predominance of cholinergic over adrenergic stimulation by the extrinsic neural
afferent. This manifests as the functional bowel obstructions and forms the basis of HSCR, a

neurocristopathy.

8.3. Neural crest cell migration failure in Hirschsprung disease

HSCR, a neurocristopathy, is a disease arise from defective NCC developments. The
source of ENCCs for the ENS development originates from vagal (somite 1-7) and sacral
(caudal to somite 24) neural crests cells. Vagal neural crest cells first migrate from cranial to
caudal axis along the Gl tract to sequentially colonize the foregut, midgut, and hindgut.

Following the colonization of vagal neural crest cells, sacral neural crest cells enters the distal
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hindgut (97, 98). In humans, the duration of ENCC migration lasts up to three weeks,
between week-4 and week-7, whereas similar process in mice only lasts six days, from

embryonic day (E) 9 to 14.5 (99, 100).

The ENCC colonization process is led by a migratory wavefront, which consists of
multipolar and monopolar cells (101, 102). The wavefront cells exhibit high caudal expansion
capabilities than the trailing cells and therefore play a significant role in hindgut colonization.
However, the hindgut colonization is mainly supported by trans-mesenteric ENCCs
(tmENCCs), which traverse the mesentery during the juxtaposition of midgut and hindgut.
This hindgut colonization is finalized by partial contribution from sacral-NCCs (98). Since the
juxtaposition of midgut and hindgut is limited to E10.5-11.5, a full ENS colonization in
hindgut has limited temporal window of opportunities (102). On the other hand, Barlow et al
(2012) has demonstrated that complete formation of ENS is possible even with delayed ENCC
migration beyond E14.5, suggesting permissive window of colonization may not be as strict

as once thought (103).

0. Polygenetic associations of Hirschsprung disease

Several genetic mutations have been identified in the pathogenesis of HSCR and
associated syndromes. Currently, ten common affected genes have been identified and
contributed to ~50% of total HSCR cases. These include receptor tyrosine kinase (RET), glial
cell line derived neurotrophic factor (GDNF), glycosyl phosphatidylinositol (GPI)-anchored
cell surface protein (GFRa1), neurturin (NTN), SRY-related high-mobility-group (HMG) box
transcription factor (SOX10), endothelin B-receptor (ETs), endothelin-3 (ET-3), and

endothelin converting enzyme-1 (ECE-1) genes (104-115).
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9.1. GDNF RET and GFRal pathway

Mutations in GDNF, RET and GFRal pathway are the major contributors to HSCR
development known currently. Major mutations in RET proto-oncogene, located on
chromosome 10g11.2, account for 50% of familial HSCR and 15-20% of sporadic cases (116,
117). On the other hand, mutations of GDNF gene, located on chromosome 5p13.2, are
much rarer, causing 0.9% to 5.5% of all HSCR cases (105, 106, 118, 119). Furthermore,
although mutation in GFRal gene, located on chromosome 10g25-26, has a theoretical
potential in causing HSCR, this hypothesis currently lacks supporting evidence (120, 121).
Current understanding of the GDNF/GFR al/RET pathway involves GDNF, a secreted ligand,
first forming a complex with GFRa1, which then binds with RET to form an activated complex
(122). Subsequently, activated RET autophosphorylates and activates the downstream
pathway, promoting ENCC proliferation, survival, apoptosis, migration, and differentiation

(117).

This GDNF/RET/GFRal pathway is tightly regulated by the spatiotemporal expression
of GDNF in the mesoderm. As NCCs entering the gut forming ENCCs, both RET and GFRa1l are
expressed in the ENCCs. The migration of ENCCs follows the spatial- and temporal-dependent
expression of GDNF from foregut to hindgut (123). Failure in the expression of the three subunits

results in ENCC and tmNCC migration failure, which ultimately leads to aganglionosis (102, 124).

9.2. SOX10 pathway

SOX10 gene, located on chromosome 22q13.1, has been well known for regulating

the development of neural crests and oligodendrocytes (125). Less than 5% of syndromic and
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non-syndromic HSCR are due to mutations in SOX10. Past studies suggest that the
pathological mechanism behind the SOX10-induced HSCR, growth retardation, and
dysfunctional nervous system follows haploinsufficiency with incomplete penetrance (108,

126-128).

S0OX10 is essential not only for peripheral gliogenesis but also for regulating neuronal
differentiation through prolonging the NCC’s multi-potency phase (129-131). SOX10 is a
transcription factor sharing the same family as SOX8 and SOX9. It is mainly expressed in vagal
NCCs during the migration phase (132). SOX 10, similar to SOX 8 and SOX9, contains a well-
known DNA-binding motif, the HMG domain(133). In addition, they also have a less-known
transactivation domain in the C-terminal and a dimerization domain positioned in front of
the HMG domain (134, 135). These domains activate downstream genes through monomeric
or dimeric DNA binding in addition to transactivation mechanisms (134). Through these
mechanisms, SOX 10 alters the expression of key genes including RET, ETs, microphthalmia-
associated transcription factor (MITF), paired box gene 3 (PAX3), tyrosine-related protein 1
(TYRP1), connexin-32 (CX32), and ciliary neurotrophic factor (CNTF). Ultimately, these
processes regulate the development of ENS, melanocytes, and neuroglia (136-141).
Consistently, mutations in SOX10 gene have been known to cause HSCR-associated syndrome

WS-l and WS-V (128).

9.3. ET-3, ECE-1, and ETB pathway

Mutations in ET-3, ECE-1, and ETg signalling pathway contribute to approximately 5%
of HSCR cases and associated WS-IV syndrome (33, 142). ET-3, ETs, and ECE-1 genes are

located on the following respective chromosomal positions: 20g13.32, 1p36.1 and 13g22.3
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(143-145). The true impact of endothelin disruption on HSCR prevalence is likely
underestimated as increasing studies demonstrating newly found ETgs mutations in HSCR

patients (113, 146-148).

The ET-3/ECE-1/ETs signalling not only regulates the ENCC migration but also
reversibly inhibits premature differentiation of multi-lineage ENS progenitor cells (132, 149).
This pathway involves the activation of ETg on ENCC through its binding with ET-3, which is
expressed in the developing intestinal mesenchyme (150). In this process, activation of ET-3
is achieved by post-translational proteolytic modification by ECE-1 on big ET-3 (110, 151).
Consistently, mutations in any of these genes have been found to cause Hirschsprung disease

Type Il (HSCR 1) or WS-IV (110, 142).

Waardenburg syndromes (WS) are a group of genetic disorders consist of
sensorineural and pigmentary defects. WS has an estimated prevalence of 1 in 42,000 people
and account for 1.43% of the congenital deaf population (27). Based on symptomatology, WS
is diagnosed and classified into four subtypes, WS-, -II, -1ll, and -1V (152). WS-l and WS-II
have similar incidence and are more common than WS-IIl and WS-IV. (153). WS-1 and WS-
are caused by loss-of-function mutations in PAX gene, which is located at chromosome
2936.1; both syndromes follow autosomal dominant inheritance (154-157). In addition to
congenital sensorineural hearing loss, WS-I is typified by telecanthus whereas WS-II|
presented with WS-I features and limb abnormalities (152). WS-Il is an autosomal dominant
pigmentary disorders with the absence of dystopia canthorum (142). WS-Il is caused by
mutations in MITF gene, located at chromosome 3p13 (158). WS-V, also known as

Waardenburg-Shah syndrome, has an additional distinctive component of failed enteric
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nervous system.

Three subtypes of WS-1V have been described based on the mutations of affected
genes in ET-3/ECE-1/ETg signalling pathway: WS-IVa, WS-IVb, and WS-IVc. WS-IV is generally
inherited in autosomal dominant fashion with variable penetrance; however, some cases do
follow autosomal recessive inheritance (159-161). WS-IVa is caused by either homozygous or
heterozygous mutations in ETg gene, result in ABCD syndrome (albinism, black lock, cell
migration disorder of enteric nervous system, and deafness) with increased HSCR risks (160).
WS-IVb is due to homozygous or heterozygous mutation of the ET-3 gene, which causes
neurocristopathy with phenotypes of bilateral sensorineural hearing deficits, HSCR, and
depigmentation (162-164). Lastly, WS-IVc has typical WS-IV phenotypes but with increased
propensity for short-segment HSCR; it is caused by mutations in SOX10 gene (108, 128, 162,

165).

10. Endothelin System

Endothelin (ET) are 21-amino-acid peptides originally identified in 1988 as potent
vasoactive peptides opposing the vasodilatory actions of atrial natriuretic peptides (ANP) and
nitric oxides (NO). It is isolated from the cultured endothelial cells of porcine aorta (166).
Discovery of two additional isopeptides, ET-2 and ET-3, occurred shortly after the initial
discovery of ET-1. ET-2 and ET-3 differ from ET-1 by two and six amino acids, respectively.
Consequently, three distinct ET genes, EDN1, EDN2, and EDN3, are identified to be
responsible for the production of these pharmacologically distinctive 21-amino-acids

isopeptides, ET-1, ET-2, and ET-3 respectively (167).
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The production of ET is a multi-step process and involves two classes of proteases, as
illustrated by Figure 1. This process is initiated by transcription of EDN gene, which yields a
2.8-kb mRNA encoding a large biologically inactive preproendothelin (prepro-ET) of ~200
residues in human system (166, 168). This prepro-ET transcriptional process is thought to be
regulated by three main elements: (i) phorbol ester-responsive element for the binding of c-
fos and c-jun protein complex, which also interacts with activator protein-1 (AP-1), a
transcription factor; (ii) binding motif for nuclear factor-1 that mediates mRNA induction by
transforming growth factor B (TGF- B); (iii) binding segments for acute phase reactants (169,
170). Next, guided by a 17-aa leader sequence, preproET-1 translocates into endoplasmic
reticulum (ER) and enters the secretory pathway (171). Exocytosis of the peptide is initiated
by the cleavage of prepro-ET, which is mediated by furin protease (also known as
prohormone convertase), into the inactive prohormone, big-endothelin (big-ET) of 37-40-aa
peptides (172). Subsequently, big-ET is metabolized by membrane-bound zinc-
metalloproteases, which is known as endothelin converting enzymes (ECEs), to form
biologically active 21-amino-acid peptides. The formation of ET-1 and ET-2 requires ECEs to
cleave off the C-terminals at the Trp-Val sites where as cleaving for ET-3 occurs at Trp-lle site
(172-174). Active ETs mediate their effect through binding with three different receptors ETa,

ETe, and ET. (175, 176).

10.1. Endothelin-converting enzymes (ECEs)

ECE are classified into two families, ECE-1 and ECE-2. ECE1 gene contains 20 exons
and is located at chromosome 1p36.12 (177). ECE-1 is widely expressed in various cell types
including endothelial cells; however, it is not found in neurons. ECE-1 has peak activity at pH

6.8, consistent with its functions as type Il membrane-bound metalloprotease that processes
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big ET-1 both intracellularly and on the cell (178).

ECE-2, coded by ECE2 gene at chromosome 3g27.1, is subcategorized to ECE-2A and
ECE-2B with a difference of an intracytoplasmic tail (179). Unlike ECE-1, ECE-2 is expressed in
neurons; however, ECE-1 has a much higher overall bodily expression than that of ECE-2
(180). ECE-2 has an optimum pH of 5.5, suggesting it acts intracellularly. Although both
proteases have different optimal pH, both have strong substrate preference toward big ET-1
over big ET-2 or big ET-3, with big ET-1 conversion rates up to 30-folds higher than those of

big ET-2 and big ET-3 (181).

As a side note, ECE-1 is a common mediator shared by ET-1/ECE-1/ETa and ET-3/ECE-

1/ETs signalling pathway; hence mutations in ECE-1 result in severe neurocristopathy

including: Hirschsprung disease, cardiac defects, and autonomic dysfunction (HCAD) (110).

10.2. Endothelin-1 (ET-1)

ET-1, first discovered as a potent vasoconstrictor, is the most prevalent isoforms of
endothelin in the body and the predominant isoform in the cardiovascular system (166). It is
often considered as the parent compound of endothelin family, coded by EDN1 gene located
at chromosome 6p24.1 (182). It consists of 5 exons encoding a 2026 base pair mRNA; exons

are spanned across 6838 base pairs (169).

10.2.1. Pharmacology of ET-1
Structurally, ET-1 is a 21-aa peptide with an amino-terminus and a flexible

hydrophobic carboxyl-tail, which is vital for its agonist potency (166). It also has two
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intrachain disulphide bonds between residues Cys! and Cys®®, and Cys3 and Cys'?,
respectively (183). Huggins et al (1993) demonstrated a.a. residues 1, 3, 8, 10, 11, 15, 16, 18,
20 and 21 are preserved across all endothelin, a character also shared by Sarafotoxin-6¢
(S6c), an ET-1 mimic (184). S6c, a potent ETg agonist, is a cardiogenic toxin released by
actraaspis engaddensis and known to cause cardiac arrest (185). While ET-1 has been found
to have the potential in impairing cardiac function and triggering cardiac arrest by mediating
atrioventricular (AV) nodal arrest and vasoconstriction of coronary vessels (186, 187), Hua et
al (2014) reported homozygous ETa7-and ETs”- mouse embryos exhibit normal cardiac
system with normal electrocardiography (ECG) morphology and QRS intervals (188). These
findings suggest cardiac arrhythmia triggered by ET-1 or ET-1 mimics are likely through
excitatory rather than inhibitory mechanisms. This is consistent with evidence supporting ET-
1 exerts its effect through the activation of G-protein coupled receptors, mainly ETa and ETg

receptors in mammals (189-191).

10.2.2. Distribution of ET-1

ET-1 has been found in multiple organ systems: cardiovascular (192-195), renal (196,
197), central nervous system (CNS) (198), peripheral nervous system (PNS) (199), respiratory
(200), gastrointestinal (201), pituitary (202), adrenal (203, 204), nasal (205), immune (206),
hepatic (207), genitourinary (208, 209), and endocrine systems (210). It is primarily produced
by the endothelial cells and is the only identified vascular endothelin (166). The
bioavailability of ET-1 is thought to be controlled mainly by its transcriptional activities.
Additionally, post-translational mechanisms such as the presence of regulatory granules,
Weibel-Palade bodies, in the endothelial cells have also been demonstrated to increase ET-1

in response to hypoxia, thrombin, and shear-stress. On the other hand, nitric oxide (NO)
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inhibits exocytosis of ET-1 from Weibel-Palade bodies (211). Moreover, the production of ET-
1 is also contributed by VSMCs during the inflammatory phases in addition to increased
synthesis by macrophages, leukocytes, cardiomyocytes, fibroblasts, renal tubules, and brain
neurons (212-215). Overall, the production of ET-1 is known to be upregulated by
physiochemical factors (e.g. shear stress, exercise, hypoxia), cardiovascular risk factors
(oxidized low-density-lipoproteins (LDL) cholesterol, glucose, obesity, thrombin), and
inflammatory mediators (e.g. TGF-B, vascular endothelial growth factors (VEGF), angiotensin
Il (Ang 11)) (166, 216-224). On the other hand, its downregulation is induced by the presence
of NO, prostacyclin (PGl), atrial natriuretic peptides (ANP), brain natriuretic peptides (BNP),
oestradiol, and progesterone (223, 225, 226). Although ubiquitous, the plasma concentration
of ET-1 is sub-therapeutic under normal physiological circumstance, ~1pM, which is same as
that of big ET-1 (227). In addition, given approximately 80% of ET-1 is synthesized by the
endothelial cells and being secreted basolaterally, regional ET-1 concentration in VSMCs can
be 100 times higher than that of plasma concentration (224). These observations are
consistent with that ET-1 mainly exerting its effect in autocrine and paracrine rather than
endocrine fashion (227). Lastly, the clearance of plasma ET-1 mainly occurs in the lung, liver,
and kidney via endocytosis and subsequent enzymatic degradation of ETg-endothelin

complex (228, 229).

10.2.3. Physiology and functions of ET-1
10.2.3.1. ET-1 functions in embryological development

ET-1 has multiple physiological functions in embryological development. Through the
ET-1/ECE-1/ETa signalling pathway, ET-1 is vital to the formation of craniofacial features by

coordinating normal cephalic and cardiac NCC patterning. ET-1 acts as a chemoattractant for
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ETa-expressed NCCs to correctly colonize pharyngeal arches, which is required to occur by
~E10 in mice for embryo development (230). Mice with ET-17- homozygous mutations are
incompatible with life due to anoxia from hypoventilation. Furthermore, they exhibit severe
dysmorphic craniofacial features including cleft palate, hypoplastic mandible, deformed
thyroid cartilage, and absent auditory ossicles (231). Moreover, because tunica media of the
developing vessels arise from cardiac NCCs, past studies also demonstrated ET-17"
homozygotes exhibit significant cardiovascular malformations, including atrial septal defects,
ventricular septal defects, hypoplasia of aortic arch, and the absence of right subclavian
artery (232). On the other hand, heterozygous ET-1*/- mice is found to be compatible with life

and exhibit only mild hypertension (231).

10.2.3.2. ET-1 functions in cardiovascular system

ET-1 has profound effects on the cardiovascular systems through its regulations on
vascular tone, mitogenesis, and cytokine productions (166, 233, 234). In mammals, the ET-1
vasoregulates through its interactions with ETa and ETg receptors (191). Vasoconstriction is
mainly mediated by VSMC through ET-1/ETa signalling pathway whereas vasodilation acts
through ET-1/ETs pathway in the endothelium (235, 236). Indeed, Vuurmans et al (2003) has
shown increased central aortic systolic pressure, arterial pressure, and vascular resistance in
healthy men following the infusion of ET-1; these effect are ameliorated by the treatment of
VML-588, a competitive ET receptor (ETg) antagonist predominantly targeting ETa (237, 238).
Consistently, Kurihara et al (1994) demonstrated ET-1*/- mice have an average of 10mmHg
increase in blood pressure further support the existence of dual vascular action of ET-1 via
ETa and ETg binding (231). This elevated pressure may be explained by the increases in renal

sympathetic nerve activity from reduced ET-1/ETg stimulation in renal vascular endothelium
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(239, 240). Moreover, ET-1 promotes cellular mitogenesis in addition to the production and
release of interleukin-6 (IL-6), interleukin-8 (IL-8), vascular endothelial growth factors (VEGF),
fibroblast growth factor-2 (FGF-2), and epiregulin. Indeed, Alberts et al (1993) demonstrated
that ET-1/ETa signalling increases VSMC proliferation, and such an effect is abolished by BQ-
123, an ETa antagonist (241). Further study on human aortic VSMC demonstrated that ET-1
does not directly stimulate mitogenic activity per se but rather trigger mitogen-activated-
protein kinase (MAPK) pathway and potentiate the cellular growth effect of platelet-derived
growth factor (PDGF) through its interaction with ETa receptor (242). Consistently, Kimberley
et al (1998) found ET-1 and angiotensin Il (Ang Il) upregulate FGF-2 expression, which
promotes VSMC proliferation in rat aortic cells (243). In addition, ET-1 and Ang Il simulation
increases the expression of VSMC-derived epiregulin, an epidermal growth factor (EGF)-like
growth factor that promotes mitogenic activities of rat VSMC (244). Similarly, ET-1, along
with ET-3, has been shown to increase IL-6 production through activation of phospholipase C
(PLC), which leads to the production of second messengers: inositol 1,4,5-trisphostate (IP3)
and 1,2-diacylglycerol (DAG)(245). IL-6 plays important roles in the regulation of
haematopoiesis (246, 247). Moreover, ET-1 upregulates IL-8 production, which promotes
polymorphonuclear cell (PMNs) recruitments during ischemic events; this upregulation
effect, on the other hand, is abolished by the transforming growth factor B (TGF-B) (248).
Additionally, ET-1 promotes VEGF mRNA expression and its secretion in VSMCs. VEGF binds
to endothelial fms-like tyrosine kinase (FIt) and foetal liver kinase (Flk) receptors thereby
upregulates endothelial cells migration, proliferation, and angiogenesis (249). Furthermore,
VEGF activation promotes tyrosine phosphorylation of SH2 domain-containing mediators and
increases second messengers IP3 and DAG, which triggers the release of Ca2+ and protein

kinase C activation (250). Overall, disruptions in ET-1/ETa and ET-1/ETg signalling have strong
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implications in the pathogenesis of hypertension, pulmonary hypertension, coronary and

vascular artery diseases, and heart failure (193-195, 203).

10.2.3.3. ET-1 functions in central nervous system

ET-1 is the predominant neural endothelin in the brain constituents other than the
pituitary gland (251, 252). Prior immunohistochemistry and in-situ hybridizations
demonstrated ET-1 expression in hypothalamus, pituitary, brainstem, spinal cord, dorsal root
ganglia, and vascular endothelium of cerebral vessels (253-256). Furthermore, ET-1
concentration in cerebrospinal fluid (CSF) is found to be much higher than its plasma

concentration. It is unable to cross blood brain barrier (257).

ET-1 has a modulatory effect on the autonomic control and cardiorespiratory
homeostasis through its binding with ETa and ETs receptors. Indeed, Kuwaki et al (1990)
showed intracisternal injection of low-dose ET-1 triggers transient sympathetic stimulation
and thus elevates heart rate, respiratory rate, and arterial blood pressure. Interestingly, these
same parameters are suppressed by the high-dose ET-1 injection (258). This observation
suggested a bimodal effect of ET-1 in brain. Furthermore, similar ET-1 dose-dependent
responses are observed from the excitations of vasomotor and respiratory neurons situated
at the ventral aspect of medulla oblongata. On the other hand, majority of these excitations
are inhibited by an ETa antagonist, FR139317 (259, 260). Consistently, applications of ET-1 on
cardiorespiratory control centre of nucleus tractus solitarius and ventrolateral medulla elicit
similar responses as intraventricular injections; these responses are diminished by ETa
antagonist, BQ-123, but not affected by ETgs antagonist, BQ-788. Moreover, the

vasoconstriction effect of intracerebroventricular ET-1 is mediated by a combination of
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increased sympathetic stimulation, increased epinephrine and norepinephrine, and arginine
vasopressin (AVP); these effects are abolished by a combination of prazosin, alpha-1
antagonist, and [I-(B-mercapto-B, B-cyclopentamethylenepropionic acid), 2-(O-methyl)-
tyrosine] AVP (TMeAVP), an AVP antagonist (261, 262). The importance of ET-1 on respiratory
homeostasis is further demonstrated by the higher arterial partial pressure of carbon dioxide
(PaC0O3) and lower arterial partial pressure of oxygen (PaO:) seen in heterozygous ET-1 mice
with respect to those in wild type mice. This relationship is further complexed by the
diminished respiratory response to hypercapnic or hypoxic stresses observed in these mutant
mice (263), an observation consistent with Ondine’s curse or central hypoventilation
syndrome known to associate with HSCR (28). This suggests ET-1 signalling impairment is

likely to present in HSCR.

ET-1 is also implicated to exert hormonal control, particularly over hypothalamus-
pituitary gland axis. Indeed, using pituitary cell culture and hypothalamic explant, Calogero
et al (1994) found ET-1 increases basal release of adrenocorticotrophic hormone (ACTH)
whereas ET-3 stimulation decreases corticotrophin-releasing hormone (CRH) (264). This is
further supported by Yasin et al (1994), showing ET-1 exhibits no modulatory effect on the
release of CRH. In addition, ET-1 has been demonstrated to upregulate the release of
vasopressin and oxytocin through ETa stimulation, an effect inhibitable by BQ-123 (265).
Furthermore, Kanyicska et al (1991) showed both ET-1 or ET-3 can stimulate the release of
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from anterior pituitary cell
cultures. On the other hand, both endothelin also trigger dose-dependent inhibition to

prolactin secretions, with ET-1 having much higher potency than ET-3 (266).
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10.2.3.4. ET-1 functions in respiratory system

Endothelin pathways are involved in the regulation of airway tone, pulmonary
vasculature, and pulmonary remodelling. This is mainly achieved by ET-1 stimulations, which
is expressed by pulmonary endothelial cells, epithelial cells of respiratory tract, and PMNs
(200, 267). Prior studies have suggested alterations in airway tone are mediated by a
combination of ET-1/ETa and ET-1/ETg pathways. Indeed, Chalmers et al (1997) reported ET-1
inhalation challenge triggers rapid dose-dependent bronchoconstriction in asthmatics, a
response that is rapidly reversed by albuterol (268). This is further supported by a guinea pig
study demonstrating dose-dependent increase in airway resistance following ET-1 infusion, a
response that is reversible by the administration of ETa-antagonist, BQ-123 (269). Further
analysis on guinea pig demonstrated pre-treatments with ETa antagonists, BQ-610, or ETg
antagonist, IRL-1038, can both ameliorate the increases in pulmonary resistance mediated by
ET-1, suggesting an overlapping control (270). Moreover, ET-1 has been found to induce
global pulmonary vasoconstriction, an effect that is blocked by pre-treatment of ETa
antagonist, BQ-610 (271). Additional studies demonstrated ET-1 infusion triggered
immediate transient pulmonary vasodilation prior to prolonged vasoconstrictions, suggesting
ET-1 mediates dual-vasomotor control (272). Indeed, this phenomenon is further supported
by the decreasing pulmonary vascular resistance with ETa antagonist FR139317 and vice
versa with ETg antagonist RES-701-1 in beagle model of pulmonary hypertension.

Concordantly, infusion of S6c, an ETg agonist, decreases pulmonary hypertension (273).

These findings illustrate the intricate regulatory roles of ET-1 in multiple organ-
systems and thus suggest the potential diseases that may arise from ET-1 mutation.

Consistently, defects in subsequent ET-1/ETa and ET-1/ETg signalling pathways have been
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documented in multiple mammalian diseases.

10.3. Endothelin-2 (ET-2)

10.3.1. Pharmacology of ET-2

Human ET-2 is a 21-aa peptide ligand acting through ETa and ETs receptors, encoded
by EDN2 gene located at chromosome 1p34.2 (182). Comparing to ET-1, less is currently
known about ET-2. Using nuclear magnetic resonance (NMR), Arvidsson et al (1998) has
demonstrated that ET-2 shares near-identical tertiary structure as ET-1 (274). Consistently,
both peptides are expected to share similar potency. Indeed, Roubert et al (1991) reported
radiolabelled ['*I]-ET> and [*?°1]-ET1 have similar in vitro binding affinity constant (Kp =
111pM and 123pM, respectively) and maximum receptor saturation values against ETa
receptors (46.0 fmol/10° cells and 54.1 fmol/108 cells, respectively) (275). Furthermore,
ETa antagonist FR139317 inhibits [*2°1]-ET2 binding and [*?°1]-S6b inhibits [*2°1]-ET1 binding in
human aortic and coronary arteries with similar Kp values (276). Additionally, functional
study measuring vasoconstriction response in human saphenous vein, coronary artery,
pulmonary artery, internal mammillary artery and aorta also demonstrated ET-2 and ET-1

share similar potency (277).

In general, mammalian ET-2 found in human, monkeys, cats, dogs, and cattle differs
from ET-1 by 2 out of 21-aa residues: Trp® and Leu’. As a result of the extra tryptophan at
position 6, ET-2 is the most hydrophobic isoform of the endothelin (167). Furthermore, Ishida
et al (1989) also identified an murine ET-2 analogue, known as vasoactive intestinal
contractor (VIC) for its ability to stimulate ileal contractions (278). Although VIC differs from

human ET-2 by one amino acid residue, with Ser* in human ET-2 and Asn* in rat VIC, both
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variants share similar tissue distributions and functions (279-281). Further functional studies
also demonstrated VIC is equipotent to ET-1 and ET-2, as demonstrated by mesenteric

vasoconstriction and biphasic ileal motion measurements (282, 283).

The production pathway of ET-2 is similar to that of ET-1 previously described. It is
generated mainly by intestinal epithelial cells (252). Transcription of EDN2 gene results in the
production of preproendothelin-2, which is cleaved by furin to form the Big ET-2 of 38 amino
acid residues. These Big ET-2 are converted into active ET-2 via ECE-1 and ECE-2; however, in

vitro study showed these conversion rates of Big ET-2 are only 5-10% of Big ET-1 (181).

10.3.2. Distribution of ET-2

The distribution of VIC/ET-2 is more limited than that of ET-1. While the plasma
concentration of Big ET-2 is higher than that of Big ET-1, the reverse is true for their
respective active peptide concentrations (284). Furthermore, although the breakthrough
study on endothelin by Inoue et al (1989) has not identified significant plasma ET-2 mRNA
using Northern blot technique, subsequent studies using immunoassay have detected ET-2
mMRNA and/or peptide expression in human vascular tissue, heart, lung, kidney and intestine
(285-288). Similarly, restricted expression of ET-2/VIC mRNA is also found in rat and mouse.
De La Monte et al (1995) reported progressive gradient of ET-2 gene expression from
stomach to intestine, with localization of ET-2 peptides in lamina propria stromal cells (289).
Uchide et al (1999 and 2000) demonstrated the presence of VIC mRNA in intestine, ovary,
and uterus with further identification of VIC peptide in the endometrial epithelial cells,
myometrial cells, and vascular smooth muscle cells using immunostaining. More

interestingly, RT-PCR showed VIC mRNA concentration varies with reproductive cycle in
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pregnancy (290, 291). Subsequently, Masuo et al (2003) also found higher ET-2 mRNA in

pituitary gland and medulla oblongata than that of ET-1 (281).

10.3.3. Physiology and Functions of ET-2

Consistent with their similarity in pharmacology, production, and distribution, ET-2
exerts strong vasoregulation as ET-1. However, growing evidence has suggested that ET-2
possesses own distinctive physiological functions rather than a mimic of ET-1. For instance,
Chang et al (2013) showed ET-27/" mice have paradoxical features of normal digestive tract in
severe growth restrictions, which manifest as hypoglycaemia, ketonemia, and upregulation
of starvation-induced genes. Additionally, emphysema and hypothermia are also common
associated features (292). These morphological and physiological features are distinctively
different from the lethal craniofacial and cardiac malformations arise from the disruptions in
ETa/ET-1 signalling or WS-IV phenotype from ETg/ET-3 signalling failure, suggesting ET-2 plays

a unique role in embryonic development and thermoregulation (142, 231, 232).

10.3.3.1. ET-2 functions in reproductive system

Contrary to ET-1 and ET-3, current evidence suggest ET-2 exerts strong temporal and
spatial regulations in female reproductive cycles. Indeed, Uchide et al (1999) has first
demonstrated high expression of VIC/ET-2 in ovaries (290). Subsequently, Ko et al (2006) and
Palanisamy et al (2006) illustrated local surges of ET-2 and ECE-1 expression corresponding to
the contractions of follicular smooth muscle wall and subsequent ovulation in rat (293, 294).
Concordantly, intraovarian injection of non-selective ETg antagonist, tezosentan, results in
marked reduction in ovulation with fewer corpora lutea and more unruptured follicles on

ovarian histology (293). Furthermore, Northern blotting on ovarian ETr revealed relative
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higher ETs : ETA expression in periovulating ovaries. Additionally, selective ETg antagonist,
BQ-788, causes approximately three times more reduction in ovulation than ETa antagonist,
JKC-301 (294). These reports indicate ovulation is facilitated mainly through ET-2/ETs
signalling; therefore, one may expect HSCR patients to have impaired fertility, particularly in

ETe” subtypes.

10.3.3.2. ET-2 involvements in immunology and oncology

Current evidence suggest ET-2/ETs signalling is also involved in the
immunomodulation and oncological process. Grimshaw et al (2002) demonstrated that ET-2
acts as a chemoattractant through MAPK signalling for THP-1 macrophages, but not
monocytes. Additionally, incubation of THP-1 cells with BQ-788, an ETg antagonist, abolishes
these chemotaxis towards ET-2, a response similar to the inhibitions elicited by hypoxia or
PD98059 (MAPK kinase inhibitor) treatment (295). Interestingly, RT-PCR demonstrates
increased expression of ET-2 and ETs mRNA in human grade Il infiltrating ductal carcinomas
(IDC) with respect to the normal breast tissues. In addition, in vitro study showed hypoxia
stimulates elevation of ET-2 and ETs mRNA in HTH-K tumour cells, a murine breast cancer
model. Treatment with BQ-788 enhances hypoxia-induced apoptosis, a response reversible
by ET-2 (296). This evidence suggests ETs”- HSCR patients may be immunocompromised but

may have added protection against cancer.

10.4. Endothelin-3 (ET-3)

10.4.1. Pharmacology and Productions of ET-3
ET-3 is coded by EDN3 gene. Its cDNA clone was first isolated by Bloch et al (1989)

from human hypothalamic cDNA library. Subsequently, the EDN3 gene was mapped on
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chromosome 20g13.32 (182, 297). Structural characterization show the -NH; terminus of ET-
3 is flanked by an arginine dipeptide and its carboxyl terminus by a tryptophan and a
hydrophobic residue (297). ET-3 differs from ET-1 in 6 of the 21 peptides: Thr?, Phe?*, Thr>,
Tyr®, Lys’, and Tyr'#. Consequently, ET-3 is the most polar isoform of all endothelin (167). This
structural difference partially contributes to the selective affinity of ET-3 at physiological
concentrations; ET-3 has similar affinity to ETg as ET-1 and ET-2 but little affinity to ETa (190,

298).

Contrary to the ET-1 production by vascular endothelial cells, ET-3 is produced by the
CNS neurons, renal tubular epithelial cells, and intestinal epithelial cells (252, 299). While the
production pathway of ET-3 is similar to those of ET-1 and ET-2 described prior, the
contribution of ECE-1 to the conversion of Big ET-3 remains unclear. Yanagisawa et al (2000)
provided some evidence on the importance of ECE-1 on ET-3 level, with ECE-1 knock-out
mice exhibiting both lower ET-3 tissue concentration and a combined phenotype of defective
ET-1/ETa and ET-3/ETg signalling (300). On the other hand, D’Orleans-Juste P et al (1991)
revealed ECE-1 have little activity on Big ET-3 conversion based on findings from isolated

guinea-pig pulmonary vasculature (301).

10.4.2. Distributions of ET-3

While the bodily distribution of ET-3 expression is more limited than ET-1, it is more
prevalent than ET-2. Although Inoue et al (1989) has not identified significant ET-3 mRNA
expression in a number of human tissues using traditional Northern blot, subsequent studies
have demonstrated otherwise (167). Indeed, Masumoto et al (1989) has identified ET-3 to be

an abundant brain peptide using enzyme-linked immunosorbent assay (ELISA). High
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concentrations of immunoreactive ET-3 (ir-ET-3) are also detected in the intestine, lung,
cerebellum, cerebrum, and pituitary gland along with modest levels in medulla oblongata,
colon, liver and kidney (252). Consistently, Shiba et al (1992) detected preproET-3 mRNA in
the Gl tract, brain, kidney, spleen, submandibular gland, and eye ball of rat (302). In addition,
using reverse-phase high-performance liquid chromatography (RP-HPLC), Plumpton et al
(1993) detected ET-3 expression in the heart (287). Other human tissues expressing ET-3
have also been reported, including endometrium and pituitary gland (256, 303). Incidentally,
pituitary gland was found to be the only region in the brain with higher ET-3 than ET-1
concentration (252). Furthermore, despite previously documented pressor-response
triggered by the ET-3 in guinea-pigs, little detectable ET-3 is found in the murine heart and

aorta (252, 301).

Physiological ET-3 levels are detectable in human but can vary in disease states. Using
immunoassay, Matsumoto et al (1994) recorded plasma ET-3 concentration of 0.8 pg/mL and
Big ET-3 concentration of 25.8pg/mL in 23 healthy volunteers (284). Subsequently, Miyauchi
et al (2012) reported significant elevation of Big ET-3 to > 70pg/mL (and other big-ETs) in
haemodialysis patients while only modest increase of ET-3 is detected, 1.7pg/mL (304),
suggesting upregulation of ET-3 may be limited by ECE saturation. Because ET-3 does not
bind to ETa at physiological concentrations and mainly act through ETg, consistent ETs
distribution is expected. Additionally, these findings suggest ET-3 expression is an adaptive

process to physiological stressors.

10.4.3. £7-3 Physiology and Function

10.4.3.1. ET-3 functions in embryological development
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In contrast to the lack of ETa action by ET-3, several ET-3/ETs mediated physiological
functions have been reported. As noted previously, disruptions in ET-3/ETg signalling cause
HSCR type Il. Indeed, Kurihara et al (1999) demonstrated ET-3’s importance to the ENS
development: KO mice exhibit defective ENS and melanocytes, corresponding to WS-IV
features (300). Consistently, avian model showed ET-3 stimulation triggers dose-dependent
proliferation of enteric neural crest cell, which leads to hyperganglionosis in hind-gut by

inhibiting premature neuronal differentiation (305).

10.4.3.2. ET-3 functions in autonomic nervous system

In autonomic nervous system, ET-3 is found to mediate vasoconstriction as ET-1, but
at a much lower potency (301). It has been shown that intracisternal injection or topical
application of ET-3 onto the ventral surface of the medulla (VSM) elevates arterial pressure,
heart rate, and renal nerve activity; these actions are likely mediated through sympathetic
pathway (306). Furthermore, in vitro study on pituitary cell culture demonstrated ET-3
stimulation triggers the release of TSH, FSH, and LH while inhibiting the prolactin secretion,
suggesting possible neuroendocrine control (307). Subtle roles of ET-3 on central autonomic
control have also been reported. Samson et al (1991) and Zhu and Herbert (1996) showed
intracerebroventricular injection of ET-3 triggers reduction in core temperature and
suppresses thirst response in water-deprived or angiotensin ll-treated rats (308, 309). These
multifunction of ET-3 are likely mediated through ETg activation as suggested by its binding-

affinity preference.

10.5. Endothelin receptors (ETg)

Endothelin receptors (ETr) are a group of seven-transmembrane G-protein coupled

65| Page



receptors (GPCR). GPCR-mediated signalling pathways often converge to regulate the
intracellular [Ca2+] via voltage-sensitive Ca2+ channels and the productions of IP; and DAG;
these ultimately lead to muscular contraction (310, 311). To date, there are 5 endothelin
receptors reported: mammalian ETa (190) and ETg (298), Ang II/ET-1 receptor in rat (312),
avian ETg (313), and ET-3 selective ETc found in frogs (313). This section will only focus on the
discussion of mammalian endothelin receptors, ETa and ETg, for their impacts on mammalian

physiology and pathophysiology.

10.5.1. Distribution of ETg

ETa and ETg are first discovered in 1990; however, the official classification by
International Union of Pharmacology (IUPHAR) has not occurred until 1994 (190, 298). The
expression of endothelin receptor is ubiquitous. Regard et al (2008) reported prominent ETa
MRNA in VSMCs and ETs mRNA in endothelial cells of 41 adult mouse tissues receiving blood
supply (314). Indeed, mammalian ETa and ETg are distributed widely but differentially in
vascular and peripheral organ systems. For instance, the receptor distribution varies with
different vascular bed, veins generally having lower ETa : ETg ratios than arteries (315). In
addition, radio-ligand studies demonstrated that while ETa are more prevalent than ETg in
the heart and large vessels, i.e. > 60%, the reverse ratio is true in the CNS, lung, kidney, and

liver (314, 316).

10.5.1.1. ETgr distribution in Central Nervous System (CNS)
Endothelin receptor expression are widely detected in human CNS, with ETg being the
predominant subtype. For instance, Harland et al (1995) reported 90% of ETg in human

cerebral cortex consists of ETs, which mainly localized in neuronal sections. Additionally,
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Morton and Davenport (1992) have indirectly illustrated the presence of ETg in cerebellar
glial cells (317). On the hand, other than its presence in leptomeninges, ETa is mainly found
in pial and intraparenchymal vessels (318). Consistently, functional studies illustrated that
cerebral perfusion is controlled by ET-1/ETa-activated VSMC constrictions; these vessels
include cerebral, meningeal, temporal, and pial arteries (319, 320). Interestingly, the ETr
expression seems to be a dynamic process in response to physiological stressors. Johansson
et al (2012) reported that the upregulation of ETg and 5-hydroxytryptamine receptor (5-HT1g)
expression in VSMCs of rat cerebral arteries following forebrain ischemic stroke; these
increases correspond to increased post-ischemic vasoconstriction and cerebral
hypoperfusion (321). Similar upregulations of ETg and 5-HT1z are also observed in rats with
induced subarachnoid haemorrhagic (SAH) stroke; promisingly, this upregulation is abolished
with MEK1/2 inhibitor, U0126 (322), suggesting a potential treatment target. Moreover,
Kelly-Cobbs et al (2011) reported that diabetes causes elevated expression of ETa and ETg in
VSMC and subsequent cerebrovascular remodelling, both responses are abolished by a non-
selective ETr antagonist, bosentan (323). These studies suggested that ETg plays important
developmental roles and may act as a potential pharmacological target to improve stroke
outcomes. Additionally, these dynamic changes imply ETs”-HSCR subjects may suffer
neurological growth impairments in the absence of neuronal and endothelial ETg, but at the

same time, exhibit partial protection from worsening cerebral ischemia in diseased states.

10.5.1.2. ETr distribution in cardiovascular system
In human cardiovascular system, both ETr subtypes are presented in the coronary
artery and the myocardium within the atria and ventricles (324). ETa is the predominant ETr

subtype in cardiomyocytes, comprising up to 90% of the total (325). Consistently, MacCarthy
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et al (2000) illustrated that ET-1 exerts a positive inotropy through ETa activation in healthy
hearts but the opposite is true in patients with dilated cardiomyopathy (326). Further
autoradiography analysis showed both ETr are expressed in the septal and atrioventricular
conducting system. ETg has higher expressions in atrioventricular node (AV node) and bundle
of His than its presence in the interatrial and interventricular septum; ETa has opposite
distribution pattern. The mRNAs of both ETr are also detected in the endocardial cell by in
situ hybridization (327). Additionally, Bacon and Davenport (1996) reported a predominant
ETa expression in the VSMC of aorta and coronary artery, with a minor and variable ETg
expression in coronary artery. Furthermore, [*2°1]-ET-3 did not reveal ETg binding site in

human aorta (276).

Similar to that of CNS, expression of cardiovascular ETg changes with
pathophysiological states. For instance, elevated ETa expression is detected in the right
ventricle and the media of pulmonary artery in pulmonary arterial hypertension (PAH)
patients (328). Similarly, higher ETa presence is found in the left ventricle of patients with
dilated cardiomyopathy (329). Moreover, Dagassan et al (1996) detected higher ETg
expression in the left anterior descending artery (LAD) from patients with arterial
atherosclerosis (330), suggesting ETs-mediated vasodilation may be an important adaptive
response to hypoperfusion. Similarly, increased ETg expressions have also been found in

other vascular diseases (330-332).

10.5.1.3. ETgr distribution in other peripheral organs: Lung, Kidney, Liver
The ETg expression in other major peripheral organs has also been evaluated, with

ETs being slightly more abundant than ETa in the lung, kidney, and liver. In general, the
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respiratory system has high ETg density but with tissue-specific distributions (333). ETa
expression predominates in the VSMC of the pulmonary artery and therefore mediates major
vasoconstrictions (334). ETs, on the other hand, is mainly found in the endothelium of
pulmonary vessels where it mediates vasodilation. Furthermore, ETs is presented, to a larger
extent, in the smooth muscles of bronchial airway where it mediates bronchoconstriction
(334). Interestingly, variations in ETr density distribution are non-uniform across different
disease states. For instance, Knott et al (1995) has showed no significant changes in ETa and
ETs distribution density in asthmatic lung (335) whereas Hall et al (2011) has detected
elevated expression of ETg, but not of ETa, in the pulmonary arterial smooth muscle of
patients with untreated idiopathic pulmonary hypertension (336). These findings suggested
that the regulation of ETg expression are likely regional-dependent, possibly corresponding
to the autocrine and paracrine characteristics of endothelin (227). Moreover, animal studies
showed that ETr are presented in the renal vasculature and medullary and cortical nephrons.
ETs is more highly expressed than ETa on the epithelial cells of inner medullary collecting
ducts; however, this relationship is reversed in renal vessels (337, 338). Lastly, ETa and ETs
have roughly similar density in hepatobiliary systems (314). These differential distributions
likely correspond to their functional difference and the predominance of endothelial cell

distribution in these tissues.

10.5.2. Non-selective receptor antagonists

Given ETa and ETg have selective affinities to different ETs, several antagonists have
been developed. While there are no standardized criteria in classifying receptor selectivity, it
is commonly accepted that ETa- or ETg-selective molecules are to exhibit greater than 100-

fold affinity for its respective receptor. Non-selective molecules are considered to have less-
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than 100-fold selectivity (339). Few examples of clinically relevant non-selective antagonist
include bosentan, tezosentan, and macitentan. Bosentan is approved for the treatment of
PAH (340), with a half-life (T1/2) of 5.4 hours and ~ 50% bioavailability (341). While Kioswki et
al (1995) has reported bosentan improves cardiac index by 13.6% and reduces systemic
(16.5%) and pulmonary vascular resistance (33.2%) in chronic heart failure, its potential risks
of hepatotoxicity and undetermined long-term mortality and morbidity benefits in
congestive heart failure limit its broader use (342, 343). Hepatotoxicity caused by bosentan is
thought to be due to bile salt accumulation from its inhibition on bile salt export pump.
Similarly, tezosentan is designed for the treatment of acute heart failure. However, VERITAS
trial failed to demonstrate improvement in clinical outcomes (344). On the other hand,
animal studies demonstrated tezosentan can potentially improve the survival outcomes of
liver cirrhosis, providing an alternative clinical application (345). Lastly, macitentan with a T1/2
of 16 hours, is approved for the treatment of PAH in 2013 with SERAPHIN trial demonstrated

morbidity and mortality benefits; however, the study sample size was small (346).

10.5.3. Endothelin A receptor (ETa)
10.5.3.1. Structure and genetics of ETa

ETais a 7a helical transmembrane molecule composed of 427 amino acid (a.a.)
residues in human. It shares 63% structural similarity with ETg (347). ETa is encoded by
EDNRA gene located at chromosome 4g31.22, which contains eight exons and seven introns
spanning across 40 kilobases (348). Similarly, the rat homologue of ETa is composed of 426

a.a. residue and encoded by Ednra gene located at chromosome 1911 (349).

Since ETa belongs to class A of G-protein-coupled-receptors, several mechanisms can
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modify its functions, including sequence mutations and post-translational phosphorylation
and palmitoylation. For instance, mutations in a.a. Gly®’, Lys'4?, Lys'>%, GIn1®°, and Phe3%®
reduce ET-1 affinity and thus downstream signalling (350). Moreover, Horstmeyer et al (1996)
reported that cysteine mutations in the cytoplasmic tail of ET receptors can abolish
palmitoylation, which results in the loss of phospholipase C activation and the subsequent
elevation of cytoplasmic calcium (351). Furthermore, unlike ETg, ETa does not undergo
ligand-induced phosphorylation for rapid receptor inactivation, thereby enables a long-
lasting constrictor effect (352). Lastly, consistent with other G-protein-coupled receptors,
rapid desensitization of activated ETa can be regulated by the expression of G protein-
coupled receptor kinases (GRKs) (353). All of these findings suggest ETa can be an important

potential pharmacological target for treatments.

10.5.3.2. ETa physiology and functions
10.5.3.2.1.  ETa functions in embryological development

As described previously, ETa plays pivotal roles in embryological development by
regulating cephalic and cardiac NCC migration through ET-1/ECE/ETa signalling pathway.
Indeed, knock-out mutations of ETa receptor results in severe morphological abnormalities.
As shown by Hosoda et al (1994), neonatal ETa7- mice suffer early death from respiratory
failure due to severe craniofacial dysmorphology. Furthermore, these mice exhibit features
mimicking the velocardiofacial or CATCH22 syndrome in human, which includes craniofacial

and cardiovascular outflow tract aberrations (354).

10.5.3.2.2.  £Ta functions in systemic and peripheral vasoregulation

ETa’s functions closely correspond to its distributions. As mentioned prior, ETa is
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widely distributed throughout the cardiovascular system, and particularly in the smooth
muscles of vascular systems supplying the peripheral end-organs (260). It exerts a strong
vascular control through the vasoconstriction activated by ET-1 binding. Indeed, Haynes and
Webb (1994) showed infusion of BQ-123, an ETa antagonist, via brachial artery triggers
vasodilation in healthy volunteers, a phenomenon potentially mediated by the increased
production of nitric oxide (NO) as a result of ETa inhibition. Concordantly, suppression of NO
production diminishes this vasodilation by 95% (355). Moreover, Montanari et al (2000)
demonstrated that the crosstalk between ETa activity and endogenous NO production plays
important regulatory roles in vascular homeostasis. The co-administration of BQ-123 with N-
nitro-L-arginine methyl ester (L-NAME, a nitric oxide synthase inhibitor) in healthy volunteers
diminishes the elevations in mean arterial pressure (MAP) and the reduction in renal
perfusion, which are caused by the inhibition of NO production (356). Conversely, Verhaar et
al (1998) reported that the infusion of an ETg antagonist, BQ-788, triggers vasoconstriction
(355), suggesting endothelial ETs mediates basal vasodilation under normal physiological
state (357). Indeed, ET-1 is found to also stimulate vasoconstriction in isolated renal arteries
and veins; however, little response is triggered by ET-3 or sarafotoxin 6¢, an ETg agonist. This
supported the presence of a predominant ETa-mediated vasoconstrictive action.
Affirmatively, ET-1 mediated contraction is fully reversed by BQ-123, an ETa antagonist (358).
Finally, Maguire and Davenport (1995) detected similar vasoactive responses in isolated
epicardial coronary artery, internal mammary artery, pulmonary artery, and aorta, and

saphenous vein (277).

10.5.3.3. ET4 antagonists

ETa binds to three naturally occurred endothelin peptides: ET-1, ET-2, and ET-3.
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ET-1 and ET-2 share similar affinity to ETa, this binding affinity is >100 times greater than that
of ET-3 (359). Expectedly, several clinical antagonists have been produced, including

sitaxentan, ambrisentan, zibotentan, atrasentan, darusentan, and avosentan.

While several ETa antagonists have been proposed, few are currently approved for
clinical use due to unsatisfactory trial results or safety concerns. Sitaxentan was first
approved in 2006 for the treatment of PAH by inhibiting ET-1/ETa-mediated vasoconstriction.
Additionally, Givertz et al (2000) reported sitaxentan reduces plasma ET-1 in chronic heart
failure with promising results (360). However, sitaxentan was withdrawn in 2010 for multiple
cases of associated hepatic failure (361). Ambrisentan is a competitive ETa antagonist,
approved in 2007 for treatment of PAH. Although ambrisentan is less ETa-selective than
sitaxentan, it has high bioavailability, longer T1/2 (15 hours), and better safety profiles
including lower hepatotoxicity (362). Zibotentan is the most ETa-selective molecules to date
with adequate safety profile. It was initially developed for the treatment of refractory
prostate cancer; however, phase Il ENTHUSE (EndoThelin A USE) trials failed to demonstrate
significant clinical improvement (363). Atrasentan was initially developed for the treatment
of non-small cell lung cancer but unfortunately showed no additive benefits in the clinical
trial (364). On the other hand, de Zeeuw et al (104) demonstrated promising results of
atrasentan reducing albuminuria, 24-hour blood pressure, cholesterol, and triglyceride levels
in patients with diabetic nephropathy (365). Currently, Study of Diabetic Nephropathy with
Atrasentan (SONAR) Phase lll clinical trial is pending to be concluded (clinicaltrials.gov).
Other clinical trials that have stopped prematurely including DAR-312/DORADO-AC, a phase
Il clinical trial failed to show added benefit of darusentan in the treatment of refractory

hypertension (clinical trials.gov). Lastly, while Mann et al (2010) have demonstrated that
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daily dosing of 25mg or 50mg of avosentan markedly reduces albuminuria in diabetic
nephropathy in type Il diabetes; however, the trial was ceased prematurely due to the
increased adverse effects of fluid retention and congestive heart failure (366). On the other
hand, Baltatu et al (2014) reported that a combinational therapy of reduced-dose of
avosentan and valsartan may be protective against hypertensive nephropathy in transgenic
hypertensive rats without adverse effect of fluid retention (367). Although the inhibition of
ETa is likely beneficial in various diseases, ongoing trials are still required for further

validation.

Conversely, no ETa-selective agonist has been produced up to this day.

10.5.4. Endothelin B receptor (ETg)
10.5.4.1. Structure and genetics of ETg

Human ETs is encoded by EDNRB gene comprising of seven exons and six introns at
chromosome 13g22.3; its rat homolog is positioned on chromosome 15 (368). Structurally,
ETs is a G-protein coupled receptor of 442 a.a. with a 7-transmembrane domain, a cleavable

long N-terminus, and a carboxyl terminus vital to intracellular signalling (350).

Like ETa, ETg’s activity can be modified by posttranslational palmitoylation and
phosphorylation. Indeed, Okamoto (1997) showed serine substitutions of Cys*°?, Cys*%3, and

405 of cytoplasmic tail can inhibit ETg palmitoylation and thereby uncouples it from G;

Cys
protein, an adenylyl cyclase inhibitor (369). Additionally, Stannard et al (2003) identified 4

palmitoylation and 13 phosphorylation sites that are responsible for downstream signalling

modifications (370). The degrees of palmitoylation and phosphorylation may act as signalling
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regulators; this is exemplified by the palmitoylation-dependent ETg-mediated ERK/MAPK
activation and the phosphorylation-dependent ETgs desensitization, both of which are

regulated by the GRKs activities (353, 371).

10.5.4.2. ETs physiology and functions
In general, ETg plays important roles in four major physiological domains:
embryological development and mitogenic effect, systemic and peripheral vasoregulation,

endothelin metabolism, and renal salt and water regulations.

10.5.4.2.1.  £Ts function in embryological developments and mitogenesis

As previously discussed, normal development of ENS is dependent on the successful
migration of enteric NCC and melanoblast during embryological stage, which is regulated
through ET-3/ECE/ETg signalling pathway. Activation of ETg through interaction with ET-3
prevents premature differentiation of neural crest cells and thereby ensures appropriate
colonization for a functional enteric nervous system. Disruption in this pathway results in
Type Il HSCR or WS-1V as previously discussed. Additionally, in vitro study found ETs
activation by ET-1 promotes the endothelial proliferation and suppresses apoptosis induced
by serum starvation. These responses are inhibited by BQ-788 but not BQ-123, supporting
endothelial proliferation is dependent on functional ETg but not ETa (372). Consequently,
dysfunctional ETg in s//sl rats may cause vasodysregulation due to impaired endothelial

development.

10.5.4.2.2.  £Ts functions in systemic and peripheral vasoregulation

The vasoregulatory impact of ETg has been overshadowed by the predominant
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vasoconstrictive effect of ETa until recently. Although some studies have reported detectable
ETgs in VSMC, its distribution is minor and arguably carrying little vasoconstrictive impact.
Indeed, White et al (1993) has cleverly demonstrated VSMC constrictions triggered by ETa
stimulations are ~100-folds more potent than those mediated by ET-3/S6¢-ETs signalling in
endothelium-denuded rat thoracic aorta and rabbit carotid artery (373). Moreover, many
studies have demonstrated that endothelial ETz undoubtedly mediates basal vasodilation
across various human and animal tissues. For instance, Wright and Fozard (1988) have
cleverly showed continuous ET-1 infusion triggers initial vasodilation by ETg activation, which
is then overridden by prolonged ETa-mediated vasoconstriction (374). The initial reduction in
vascular resistance is likely mediated by the endothelial NO and PGI, generated from ETg
activation (189). Indeed, Berti et al (1993) demonstrated the inhibition of respective NO and
PGI; production or administration of ETg antagonist diminish the vasodilatory effect in
isolated rabbit coronary artery; similar observation is also noted in conscious rats (375, 376).
Concordantly, Ohuchi et al (1999) showed crossbred mice of ETs-deficient and piebald
mutation, ETg”5, have ~20mmHg higher blood pressure (BP) than the mice with at least one
copy of functional ETs gene. Similarly, infusion of BQ-788 triggers elevated basal BP in ETg*
or ETs*/* mice but not in mutants. This pressor effect of BQ-788 can be attenuated by the
pre-treatment with indomethacin or accentuated by the co-administration of NG-
monomethyl-L-arginine (L-NMMA) in wild type mice (377). These findings reaffirm the
hypothesis that basal vasodilation mediated by ETg is acted through NO and PGl,.
Additionally, Love et al (2000) illustrated intra-arterial infusion of BQ-123 (ETa antagonist)
causes progressive vasodilation whereas applications of BQ-788 (ETg antagonist) causes
vasoconstriction and reduces forearm perfusion in both control and heart failure patients

(378). These evidence support the notion that endothelial ETg activation acts as a feedback
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system to ET-1/ETa signalling and thereby limiting pressor effect while at the same time
provides basal vasodilation for peripheral perfusion. Similarly, using BQ-788 and BQ-123,
Bohm et al (2003) illustrated ETg has opposite effect to ETa in other vascular beds of healthy
volunteers. While isolated infusion of BQ-123 did not alter arterial blood pressure and
vascular resistance in renal or splanchnic vasculature, co-administration of ET-1 and BQ-123
abolishes ET-1 induced vasoconstriction. Conversely, BQ-788 infusion elevates vascular
resistance and potentiates ET-1/ETa-induced pressor effect; this is consistent with the notion

that ET-1/ETs mediates basal vasodilation and ET-1 clearance (379).

10.5.4.2.3.  £Ts functions in endothelin metabolism

Various animal studies have demonstrated that much of the ET-1 clearance occurs in
the lung, kidney, and liver; up to 80% of which is mediated by ligand-ETg binding. Little, if any,
is carried out by ET-1 and ETa interaction (228, 380). This is supported by the elevated plasma
ET-1 level in sl/sl rats when comparing to the wild type rats, 13.2 pg/mL and 2.1 pg/mL,
respectively (381). Accordingly, elevated plasma level and reduced clearance of ET-1 are
detected in patients with PAH, liver cirrhosis, or chronic renal failure, in which ETg-rich organs
are heavily impaired by the diseased states (382-384). Moreover, chronic heart failure trials
showed plasma ET-1 nearly doubled following treatments of oral or intravascular bosentan
when comparing to the placebo groups, suggesting non-selective inhibition of ETz impedes
ET-1 clearance (343, 385). Pivotally, using immunofluorescence and ETg” mice, Kelland et al
(2010) located the cellular sites of ET-1 clearance with the endothelial cells, corresponds well
with the predominant ETs distribution. Furthermore, the clearance of intravenous bolus of
radiolabelled [*2%]]-ET-1 is significantly lowered in ETs”" mice and in wild type mice pre-

treated with ETg antagonist A192621; same level of clearance impairment is not seen in
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animals treated with ETa antagonists (386). This evidence supports ETg’s role in ET-1

clearance.

Although both ETa- and ETg-mediated ligand-receptor internalizations are dependent
on the arrestin and dynamin, ETa-directed pathway leads to a recycling pathway whereas the
endocytosis of endothelin/ETs complex follows an endosomal/lysosomal pathway, by which
endothelin and ETg are eventually degraded (387). Consequently, loss-of-function or
inhibition of ETs can cause significant elevations in plasma ET-1 concentration. Indeed, in vivo
positron emission tomography (PET) imaging revealed pre-infusion of BQ-788 reduces the
clearance of '8F-labelled endothelin-1 (*8F-ET-1) by up to 85% in the lung and kidney. On the
other hand, BQ-788 does not displace the ligand if it is applied after 8F-ET-1/ETs complex has
formed. This is consistent with the proposed endocytosis mechanism (388). Additionally,
activation of ETg by ET-1 provides a negative feedback on the endothelial ECE-1 expression
and thus suppresses the production of ET-1 (389). Therefore, in ETs” individuals or animal,
one would expect hyper-stimulation of ETa signalling pathway from elevated ET-1 secondary

to the loss of ETg-mediated endocytosis and inhibition on ECE-1.

In theory, ET-1 clearance by endothelial ETg has great importance in diseased states.
For instance, cerebral hypoperfusion from vasoconstriction and vasospasm in post-SAH
patients have been implicated to associate with elevated plasma ET-1 (390). Affirmatively,
Zimmermann (1997) showed RO 47-0203 (later known as bosentan) decreases the reduction
in basilar artery diameter and thereby prevents cerebral vasospasm in post-SAH beagles
(391). Similarly, an atherosclerosis study showed that rabbits with high-cholesterol diet have

up to 6.8-fold higher aortic tissue ET-1 level than that of the control group (392).
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Furthermore, selective ETa antagonist, BMS-182874, reduces the aortic fatty streak and
macrophage colonies in the atherosclerotic plaque of cholesterol-fed hamster (393).
Moreover, elevated plasma ET-1, up to 12-fold, is also detected in patients with acute
myocardial infarction (394). Consistently, infusion of BQ-123 following induced myocardial
infarction in Mongrel dogs improves coronary reperfusion and reduces infarct size by 37%
with no added risks of arrhythmia (395). Together, these results suggested vascular injury
triggers elevated ET-1, which interacts with ETa to further promote inflammatory response
and vascular constrictions, result in worsening end-organ perfusion. Therefore, it is intuitive
to expect ETg inhibition or loss-of-ETg function, as in WS-1V patients, removes the protective
mechanism of ET-1 clearance and increases the risks of ischemic injuries following the initial

insult.

10.5.4.2.4.  ETs functions in renal regulation

Corresponding to its distribution, ETg also plays important roles in renal physiology.
ETs regulates salt clearance and water excretion and thereby exerts blood pressure control
through its interaction with ET-1. While ETa is the predominant subtype in renal vessel
mediating renal blood flow, high density of ETs is found on the epithelial cells of medullary
collecting duct (337, 396). Accordingly, Pollock and Opgenorth (1994) recorded renal arterial
infusion of ET-1 or Big ET-1 reduces renal blood flow, glomerular filtration, and elevates MAP
in anaesthetized Sprague-Dawley rats. These responses are inhibited by the co-infusion with
BQ-123, supporting them being ETa-mediated originally. On the other hand, natriuresis and
diuresis triggered by Big ET-1 infusion are not reversed by the application of BQ-123 (397).
Consistently, Edward et al (1993) showed perfusion of 10nM S6c or ET-1 inhibits the effects

of vasopressin (AVP): increasing water permeability in the collecting duct and the
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accumulation of cAMP. These inhibitions are not reversed by BQ-123, supporting that the
activations of ETs promotes excretion of sodium and water and subsequently reduces the
blood pressure (398). Furthermore, Gariepy et al (2000) cleverly demonstrated that high
sodium diet triggers significantly higher MAP in si/sl rats (ETs”), with increases up to
40mmHg. This response is ameliorated by the treatment of amiloride, an epithelial sodium
channel (ENaC) blocker promoting sodium excretion. On the other hand, this BP elevation is
unaffected by treatment with captopril, an angiotensin converting enzyme inhibitor,
suggesting ETg’s potassium-sparing diuretic effect is not mediated via the renin-angiotensin-
aldosterone pathway (381). Collectively, these findings suggested dysfunctional ETg leads to
higher risks of renovascular diseases secondary to combinations of impaired salt excretion

and basal vasodilation.

10.5.4.3. ETs agonists and antagonists

Contrary to ETa, ETg have equal affinity to all three naturally occurring endothelin
isoforms: ET-1, ET-2, and ET-3 (298). Accordingly, ET-3 is the only isoform distinguishing the
receptor subtypes at physiological concentrations, with an ETg-affinity two orders of
magnitude higher than that of ETa. Consistent with the proposed beneficial impact of ETs,
many preliminary selective agonists and antagonists have been developed, as summarized in

Table 1.

10.5.4.3.1. ETg Agonists
Three synthetic ETg agonists are commonly available, including: Séc, IRL-1620, and
BQ-3020. S6c is initially isolated from the snake venom and found to be highly selective to rat

ETs, with up to 200,000 folds higher affinity for rat ETg than ETa, although this selectivity is
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slightly lower with human ETg (185, 399). Pre-treatment with S6¢ has been shown to reduce
myocardial infarction and risks of cardiac vt/arrhythmia in New Zealand White rabbits. This
cardioprotection is mediated by the direct release of NO and selective activation of ATP-
sensitive potassium channel (Karp channel) in cardiomyocytes through ETg activation (400).
While IRL-1620 (N-Succinyl- [Glu®, Alal*!>]-Endothelin-1s21,) may not be as selective as Séc, it
is the most specific. With up to 120,000 folds higher affinity for ETg than for ET,, it is the
most widely used synthetic ETg agonist. It shares similar potency as ET-1 and ET-3 when used
to stimulate guinea-pig tracheal contractions (401). Pre-clinical study on rat model also
showed IRL-1620 yields promising result in slowing the progression of Alzheimer’s disease.
ETs stimulation by IRL-1620 triggers neurovascular remodelling through enhanced
angiogenesis and neurogenesis. This positive response is abolished by the pre-treatment of
BQ-788, further confirming the action of ETg (402). BQ-3020 (Acetyl-[Ala'*°]-ET-1) is another
selective agonist with 4,700 times higher affinity for porcine-cerebellar ETg than for ETa. It
also mediates endothelium-dependent vasodilation in isolated porcine pulmonary artery
through ETg activation (403). Its radio-labelled isoform, [*2°1]-BQ-3020 has also been used to
characterize ETg population in human kidney with successful localization of ETg in the renal
collecting duct (404). Additionally, competitive study further characterized [*2°1]-BQ-3020’s
reversible binding property to ETg is species-dependent: highest affinity to rat cerebellar ETg
but lower affinity to human and canine pulmonary ETg (405). Collectively, while these ETs
agonists currently produce promising results in preclinical study, due to the potency and
selectivity difference across different species, further human trials such as SPI-1620 are

warranted prior to clinical applications (406).

10.5.4.3.2. ETs Antagonists
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There are no clinically approved ETg antagonists currently, consistent with the
proposed beneficial roles of ETs. However, three common experimental molecules have been

described: BQ-788, RES-701-1, and IRL-2500.

BQ-788, also known as [N-cis-2,6-dimethylpiperidinocarbonyl-L-gamma-methylleucyl-
D-1-methoxycarbonyltryptophanyl-D-norleucine], is the first identified and most extensively
used ETg antagonist due to its high selectivity. BQ-788 is a potent competitive peptide
inhibitor to ETs, with IC50 of 1.2nM when testing on human Girardi heart cells, albeit it also
exhibits minor but detectable binding to ETa (407). In vitro study showed BQ-788 inhibits
[*2°1]-ET-1 binding to porcine cerebellar membranes, where ETg is the predominant ETr
subtype. Furthermore, functional studies showed BQ-788 attenuates ETg-mediated
vasoconstriction in rabbit pulmonary artery, bronchoconstriction in human bronchi, and
pulmonary ET-1 clearance in rat lung; all of which are unaffected by ETa antagonists (408).
IRL-2500, or [N-(3,5-dimethylbenzoyl)-N-methyl-(D) -(4-phenylphenyl)-alanyl I-L-tryptophan],
is another ETg-selective antagonist with low-molecular-weight. It has strong affinity for ETg
receptor in isolated guinea pig trachea, Ki (ETg) = 1nM as opposed to Ki (ETa) = 440nM (409).
Accordingly, Webb et al (1995) recorded attenuated ET-1- and IRL-1620-induced vasodilator
responses following the pre-treatment of IRL-2500 to conscious spontaneously hypertensive
rats, reflecting inhibited ETg activity (410). Moreover, Tanaka et al (1994) reported cyclic RES-
701-1 inhibits [**°I]-ET-1 binding to ETg in bovine cerebellar membrane and lung membranes,
with an IC50 of 10nM. Similar to responses triggered by other ETg antagonists, infusion of
RES-701-1 also abolishes the initial vasodilatory response and potentiates vasopressor effect
triggered by ET-1 in anaesthetized rats (411). Overall, BQ-788 is the most widely-used ETg

antagonist for its high potency and selectivity and is currently the only one trialled in human
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study (378).

10.5.4.4. Spotting-lethal (sl/sl) rat and ETg mutation

III

As identified in “spotting-lethal” (s//sl) rat, homozygous ETg knock-out mutations
cause WS-IV- and HSCR-like phenotypes due to disruption in ET-3/ETs signalling. sl/sl rats
derived from a naturally occurred 301-base pair deletion in ETg gene; this deletion is
spanned between the exon 1 and intron 1 of EDNRB gene. While the ETs-deficient animal
may survive birth, distinctive aganglionic megacolon secondary to incomplete ENS
development limits their lifespan. In addition, they often exhibit pigmentary disorders and
hearing deficits due to the failure of epidermal melanoblast colonization (300). Additionally,
because ETg mediates endothelin clearance, plasma ETs are elevated in ETg deficient animals.
Moreover, Hocher et al (2001) reported glomerular filtration rate (GFR) is 72% lower and
fractional sodium excretion is 84% lower in homozygous ETs-deficient rats when comparing
to the wild type rats. Conversely, homozygous ETs-deficient rats have 7.9mmgHg higher

mean arterial pressure (412). These findings support s//s/ rat to be a good model for studying

the multi-organ effect of ETs.

Research Questions: Does sl/sl rat, a homozygous ETg knock-out HSCR model, exhibit global

structural changes and growth retardations?

Because ETg’s involvements in neurogenesis, angiogenesis, inflammatory responses,
vasoregulation, and its intertwined relationships with ETa signalling pathway, we suspect si/s/
rat, a model animal of HSCR and WS-IV syndrome, exhibits external morphological changes

and growth impairments in the central nervous and cardiovascular organs. Consequently, we
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adopted modified micro-CT scanning protocols to quantitatively analyse the anatomical

changes associated with ETg”- HSCR model.

Given a functional ETg is pivotal to endothelin clearance, loss-of-function of ETs
destabilize the equilibrium in the endothelin system. While past study has demonstrated loss
of ET-1/ETa signalling results in craniofacial dysmorphology, little is known about the
morphogenesis from the overstimulation in ET-1/ETa pathway. In this series of study, we first
provide the dimensional measurements on the external craniofacial features of sl/s/ rat,
followed by the volumetric analyses on the intracranial and cardiovascular organs. While only
subtle craniofacial dysmorphology may be detected with ETs mutation due to the intact ET-
1/ETa signalling, we suspect si/sl rat to exhibit significant structural changes and growth
impairment in the central nervous and cardiovascular systems. As the development of these
organs are highly perfusion-dependent, end-organ hypoperfusion from reduced basal
vasodilation and unchecked vasoconstriction triggered by ETs dysfunction will have
detrimental impact. Additionally, loss of ET-1/ETg signalling reduces endothelial proliferation

and inhibition of endothelial apoptosis will further impair angiogenesis and organ growth.

In summary, we explored the following targets sequentially in this series of studies:

1. Devise a functional imaging workflow for high-definition visualization and analysis of
animal central nervous system.

2. Devise a functional micro-CT scanning protocol for the cardiovascular system of
neonatal animal.

3. Identify the craniofacial changes, if any, associated with ETs”" Hirschsprung model,

spotting-lethal rat.
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4. Quantitatively measure the neuroanatomical changes in ETg”" Hirschsprung model,
spotting-lethal rat.
5. Quantitatively measure the cardiovascular structural changes in ETg”" Hirschsprung

model, spotting-lethal rat.

Chapter 2 Tables:

Agonists Antagonists \
Non-selective ETgr Bosentan
(RO 47-0203)
macitentan
tezosentan
ETa ET-1 BMS-182874
ET-2 BQ-123
BQ-610
FR139317
JKC-301
VML-588
Ambrisentan
Atrasentan
Avosentan
Darusentan
Sitaxentan
Zibotentan
ETs ET-1 A192621
ET-2 BQ-788
ET-3 IRL-2500
S6c¢ IRL-1038
IRL-1620 RES-701-1
BQ-3020

Table 1: A summary of agonist and antagonist for ETg

Common agonists and antagonists for mammalian ETg are listed. While there are no ligands
with complete ETa or ETg selectivity, categorization is based on each ligand’s respective
dominant binding-affinity to respective receptor subtype. There are no ETa agonists
discovered currently except the naturally occurring ET-1 and ET-2. On the other hand, several
experimental ETg agonists have been proposed. A wide array of experimental and clinical
antagonists for both ETg showed promising results but only bosentan is currently approved
for clinical use.
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Chapter 2 Figures:

EDN 1 gene EDN 2 gene EDN3 gene
(chromosome 6p24.1) (chromosome 1p34.2) (chromosome 20¢q13.32)
p
Transcription Transcription Transcription
Prepro-ET-1 mRNA Prepro-ET-2 mRNA Prepro-ET-3 mRNA
(2.8kb-mRNA) (2.8kb-mRNA) (2.8kb-mRNA)
Translation Translation Translation
Prepro-ET-1 Prepro-ET-2 Prepro-ET-3
(212 a.a) (~200 a.a.) (~200 a.a.)
Furin protease Furin protease Furin protease
(prohormone covertase) (prohormone covertase) (prohormone covertase)
Big ET-1 Big ET-2 Big ET-3
(inactive; 38 a.a.) (inactive; 38 a.a.) (inactive; ~37-40 a.a.)
ECE-1 (major): ECE-1 (major): ECE-1 {(major):
Membrane-bound Membrane-bound Membrane-bound
metalloprotease metalloprotease metalloprotease
ECE-2 (minor): ECE-2 (minimal): ECE-2 (minimal):
Intracellular Intracellular Intracellular
ET-1 ET-2/VIC ET-3
(active; 21 a.a.) (active; 21 a.a.) (active; 21 a.a.)
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Ang II/ET-1 Receptor - Mammalian ET, Receptor Mammalian ET, Receptor (Avian)
(Rat) (437 a.a.) (442 a.a.)

Major FuncTions: Masor FuncTions:
-Cephalic NCC migration (via ET-1): -Enteric NCC migration (via ET-3):
craniofacial development. ENS development.
-Cardiac NCC migration: (via ET-1): -Melanoblast migration (via ET-3)
cardiac development. -Vasoregulation:
-Vasoregulation: mainly endothelial vasodilation
mainly vasoconstriction -Endothelin metabolism
-Autonomic control -Ovulatory regulation (via ET-2)
-Bronchoconstriction -Immunomodulation (via ET-2)
-Mitogenic -Autonomic control
-Inflammatory response -Neuroendocrine control

Figure 1: Production of endothelin and interactions to endothelin receptors.

The synthesis of all endothelin (ET-1, ET-2, and ET-3) follows four major steps: transcription of
endothelin (EDN) gene, translation of preproendothelin mRNA, cleaving of prepro-ET to Big-
ET precursors by furin protease, and final conversion to active ETs by ECE. While ECE-1 has
greatest binding affinity to Big ET-1, it still is the major converter for all Big-ET when
comparing to ECE-2. The active ETs bind to the five ETr with different affinities. The functions
of mammalian ETg, ETa and ETg, are currently more well known.

ECE: endothelin converting enzyme; Ang II/ET-1 receptor: angiotensin-ll/endothelin-1
receptor; ET-2/VIC: endothelin-2/vasoactive intestinal contractor, a murine ET-2 analogue;
NCC: neural crest cell.
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Chapter 3: Methods

1. Preface

The following sections provide basic descriptions on the background of the spotting-
lethal (sl/sl) rats and X-ray micro-computed tomography (micro-CT) system utilized in this
series of study. This is followed by two subchapters detailing the tissue preparation and

scanning protocols for successful soft tissue scanning used in later chapters.

2. Background of spotting-lethal (sl/sl) rat colony in ANU

As mentioned previously, we adopted s//s/ rat as the animal model for studying the
global anatomical changes associated with HSCR and dysfunctional ETg. sl/s/ rat is a naturally
occurred null mutant of ETg (ETs”"). It exhibits the phenotypes of aganglionic megacolon and
white coat colour (413). The pathogenesis of knockout ETg leading to abnormal phenotype is
also affirmed by Matsushima et al (2002) using a mouse model: a deletion of 301-bp
spanning across the junction between exonl and intron1 of the EDNRB gene causes
aberrantly spliced EDNRB mRNA and thus defective ETg. This ETe”- mouse displays
phenotypes consistent with WS-IV: hypopigmentation, megacolon, and congenital hearing

loss (413, 414).

In this series of studies, the rat samples were generated through crossbreeding
among the heterozygous rats (ETs*/). This heterozygous breeding colony has been
maintained in the Australian National University (ANU) over the past 15 years. The typical
external morphology of these rats is shown by Figure 1, with sl/s/ rats having the spotless

skin, partial pigmentation in the eye, and abdominal distension. Furthermore, sl/s/ rats
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generated by these breeding strains have typical lifespan of 1-2 weeks, after which death
would occur naturally due to the complications of severe bowel obstruction. Although there
was a policy to euthanatize sl/s/ animals as soon as diagnosed, we have inevitably recorded a
specimen with a lifespan of 38 days in our 15-year colony data. This recording suggested

severity of intestinal dysfunction is likely non-uniform in different specimen.

2.1. Genetic inheritance and gender association of s//sl rat colony in ANU

The segregation analysis was completed on the 864 pups of heterozygous parents.
The genotype of the offspring showed consistent Mendelian inheritance to the expected
1:2:1 ratio, p-value = 0.001, Table 1. Among the 864 offspring, the gender of 565 were
accurately identified and recorded, which showed a slight male propensity in the populations
of homozygous sl/sl and wild-type rats, Table 2. This suggested a potential sex-linkage with
ETs gene, which is consistent with male predominance in HSCR incidence (10); however, chi-
squared test performed on colony data was unable to reject the null hypothesis, with

respective p-values of 0.15 in sl/sl group and 0.25 in heterozygous group.

2.2. Phenotypic parameters of sl/s/ rat colony in ANU

The enteric intestine of 475 genotyped rats were reviewed following successful H&E
and acetylcholinesterase staining. The results of intestinal aganglionosis were presented in
Table 3, illustrating high genetic penetrance of s//s/ traits, up to 95% in male and 90% in
female group. Aganglionosis were confirmed in all diseased rats albeit varying genetic
expressivity were observed: length of diseased bowel segment was not uniform. Additionally,
rare incidence of aganglionic bowel was observed in wild-type (1%) and heterozygous (3%)

groups, which was in accordance with possible de novo mutations.
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Consistent with the observation made by Dembowski et al (2000) that sl/s/ rat suffers
growth retardation from as early as 7 days of age (415), our colony data demonstrate that
reduced body weight and growth rates, albeit small, can occur in sl/s/ mutants from as early
as 48-hours of age. This body weight disparity between the control (wild type and
heterozygotes) and s//s/ group only became grossly apparent after the age of 168-hours,
showing a difference of 12.8%, Figure 2. Interestingly, sl/s/ rat did not seem to have
compromised body size within the first 24 hours of birth, but in fact larger based on our
colony data. This suggests growth retardation secondary to bowel dysfunction in mutant is
likely a delayed process and contributes little to the developmental delay at early ages,
Figure 2. Consequently, animals used in this study are deliberately sacrificed within the first 4

days of life to minimize confounding effect of malnutrition.

As a side note, we acknowledge the body weight measurement may be confounded
by potential faecal loading in diseased rat; however, due to the limited intestinal storage
capacity in neonatal rats, the effect of this confounding factor is likely small with respect to
the actual weight gain from body growth. Ideally, 3-D whole body volumetric measurements
would provide the most valid data in terms of determining body growth; however, this is not
feasible based on current image segmentation tool available. Nevertheless, as later chapters
have shown, lower intracranial and cardiac growth rate in sl//s/ rat may indirectly support

lower bodily growth.

Overall, our colony data supports the notion that the causes for anatomical changes,

if any, observed in neonatal sl/s/ rats are likely multi-factorial. These factors may include
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intrinsic neural crest failure, vascular dysregulation from endothelin signalling dysfunction,

and global body growth retardation from enteric dysfunction.

2.3. Phenotypic parameters of sample rats used in this series of study

A total of fourteen neonatal rats are culled with an average age of 90-hours. As
illustrated by Figure 3, the PCR-genotyping revealed 4 wildtypes, 4 heterozygotes, 5 s//sl rats,

and 1 inconclusive due to DNA degradation.

The physical parameter of the 13 genotyped samples showed the control group (wild
type and heterozygotes) has 15.78% higher bodyweight than s//s/ rats, p-value = 0.02; on the
other hand, their respective growth rates showed only minor difference, Figure 3.
Furthermore, basic splenic parameters of sacrificed rats are measured for possible ETg
receptor effect on immune system (416). As shown by Figure 4, si/sl rats have statistically
significant smaller spleen weight (0.063g vs 0.092g, p-value = 0.01) and spleen growth rate
(0.00075g/Hr vs 0.00097g/Hr, p-value = 0.04) than the control groups. This supports that s//s/
rats may have impaired development in the immunological system, possibly through

disruptions in the ET-2/ETs signalling as previously suggested.

In the subsequent morphological studies, three rat samples are excluded for the
following reasons: one with inconclusive genotyping due to DNA degradation (Figure 3, Lane
1.3), one with unsatisfactory micro-CT scan, and one reserved for H&E processing, as

summarized in Table 4.

3. Micro-computed tomography (micro-CT) systems
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Micro-CT scanning is a tissue-preserving whole-volume imaging method first
developed by Jim Elliott in early 1980s. It has the benefits of offering high resolution images
with detailed and accurate anatomical information. Thanks to the improvements made on
the micro-CT scanners and software in recent years, detections of subtle volumetric and
dimensional changes of biological tissues are now possible with this new non-destructive

approach.

3.1. Basic principles of micro-CT

X-ray micro-CT is a non-destructive three-dimensional (3-D) imaging method. A
detailed description of this imaging method can be found in Kak and Slaney (417). The first
generation of CT scanners are introduced in 1974 for medical use. Since then, improvements
in computational power, detector technology and hardware have led to progressively higher
resolution tomography, right down to the micron scale; this scanning system has been
referred as "micro-CT technology" subsequently (418-421). Given a good image contrast
relies heavily on the high intrinsic X-ray attenuation of the inorganic materials, micro-CT has
been used but limited to a number of studies in the biomedical and biomechanics fields of
implants in the past (422-426). However, with the recent introduction of staining techniques
for soft tissues, further applications of micro-CT have now taken place in various study types,

including embryology, oncology, histology, angiogenesis, and bioengineering (427-436).

The acquisition of a standard micro-CT image involves placing a sample in between an
X-ray source and a detector (scintillator/charge-coupled device). The detector acquires two-
dimensional (2-D) projections of X-ray data from the sample at multiple azimuthal

orientations. A 3-D image is then reconstructed from the full set of 2-D projection data by
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computation. The achievable spatial resolution depends on the setting of geometrical
magnification, as illustrated by Figure 6. Based on the equation listed in the caption of Figure
6, the resolution in the sample plane (Rs) can be estimated as Rs = max ((PS x SSD)/SDD, (SS x
DSD)/SDD), where SDD = source-detector distance = DSD + SSD, and other defined variables
listed in the figure. The resolution can be optimized by using a detector with small pixel

size (small PS), positioning the sample close to the source (small SSD), increasing source-
detector distance (large SDD), minimizing spot size (small SS) by reducing the X-ray tube
power, and focusing the electron beam onto the target from the source using an objective

lens (437, 438).

3.2. Differences between the ex vivo and in vivo micro-CT setups

Current micro-CT systems are generally classified into in vivo and ex vivo based on
system setups. These terminologies are not to be confused with their standard definitions in

biomedical science but rather as descriptions of micro-CT setups (439).

The in vivo micro-CT system (Figure 7A) is set up as a mini-medical CT system. It
incorporates a rotating system of X-ray source and detector rotating around a stationary
sample, achieving a maximal spatial resolution of 10-100 um/voxel. A voxel is a graphic unit
in 3-D space, defined by x, y, and z coordinates. The spatial resolution is limited by the fixed
distance between the X-ray source and detector. The advantages of in vivo micro-CT include a
shorter scanning time and lower radiation exposure, both of which are essential for live

animal study.

In contrast, the ex vivo micro-CT system involves placing a sample on a rotational

92 |Page



stage in between a stationary but adjustable system of X-ray source and detector, as
illustrated by Figure 7B. The focus of this system is to achieve high resolution and detailed
images for structural analysis at the expense of scanning time and radiation dose. While a
decent ex vivo micro-CT scanner can achieve a maximal spatial resolution of 1 um/voxel

currently, its radiation dosage limits its use from live animal study.

As a side note, because the adjustable X-ray source can be brought much closer to
the sample (limited by the sample size) in ex vivo than in vivo micro-CT setup, higher
resolution and signal-to-noise ratio are achievable. The same cannot be achieved with in vivo
micro-CT setup due to current constructional constraints of fitting sufficient X-ray sources
and detectors onto a small rotational stand. This is by definition the fundamental difference
between the two platforms and the defining reasons why ex vivo micro-CT image quality is

superior to in vivo micro-CT images.
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Chapter 3 Figures:

Figure 1: Phenotype of homozygous wild type (ETgs*/*), heterozygous (ETg*/"), and

homozygous sl/sl rats (ETs”") of same age.

Figure 1A: wild type rats display normal spotting coat pigmentation and lack of abdominal
distension as shown by the abdominal curvature. Figure 1B: heterozygous rats show a lack of
skin pigmentation and normal abdominal curvature; although not shown, skin pigmentation
can exist with heterozygous rats. Figure 1C: sl/s/ rats demonstrate lack of spotting
pigmentation and marked of abdominal distension with the loss of concave abdominal
curvature.
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Figure 2: Growth retardation associated with ETg mutation occurs after 168 hours of age
based on colony data of 852 rats.

While sl/sl rats have smaller body size (Figure 2A) and slower body growth (Figure 2B) than
the control group from the age of 48 hours and onward, the opposite was true for rats with
age < 24hours. Furthermore, markedly lower bodyweight and growth rate in sl/s/ rats are
observed only after the age of 168 hours, consistent with the delayed process of obstructive
intestinal complications.

*. statistically significant difference between control and si/s/ groups, p < 0.05
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Figure 3: PCR-Genotyping of rat samples used.

PCR-genotyping of the fourteen rats sacrificed. Four homozygous wild types (ETs**) were
identified with single 527kp band: 1.4, 1.9, 1.11, and 1.14. Four heterozygotes (ETg*")
identified with double-bands of 527kp and 206bp: 1.8, 1.10, 1.12, and 1.13. Lastly, five si/sl
(ETs”) rats identified with single 206 bp band: 1.1. 1.2, 1.5, 1.6, and 1.7. Unfortunately,
sample 1.3 yielded inconclusive genotyping.

9% |Page



157

Body Weight (g)
=

ETs" ETg" & ET5™"
B ETg" m ETs"* & ETE
B 0.15-
0.144 |
=
I
20.13 —————————
L
%
2
(O]
3 0.121
=]
om
0.114
0.10
/ /- /- / -
ETg"" ETg" ETg ET,"'& ETg"
@B ETs™ B|ETs™ B ETg" M ETg™& ETg™"

Figure 4: Body size and growth parameters of the study samples.

Based on the data of 13 rat samples, ETg mutation is associated with reduced bodyweight
and growth rate. Figure 4A: sl/sl (ETs”") rats have a 15.78% smaller bodyweight than the
control (ETg** & ETg*/") group; similar trend was also observed when comparing sl/s/ to
individual sub-groups: wild-types (ETs*/*) and heterozygotes (ETg*"). When comparing the
growth rates of respective groups, Figure 4B, similar trend was observed, with sl/s/ group
having the lowest growth rate. Moreover, minimal variability in body growth were seen
between the wild type and heterozygotes, supporting the notion that ETg mutation exerts its
negative effect on body growth in an autosomal recessive manner.

*: statistically significant, p < 0.05
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Figure 5: Splenic size and growths of rat samples

Potential impairment in the development of immune system may be associated with ETs
mutation. Figure 5A: sl/s/ (ETs”") rat was associated with 46.13% smaller spleens than the
control (ETg** & ETs*/) group. Similarly, wild type (ETs*/*) and heterozygotes (ETs*") have
larger spleens than sl/sl rats. Consistent pattern was observed in the splenic growth rates
comparison, Figure 5B.

*: statistically significant, p < 0.05
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Figure 6: Basic principle of micro-CT setup

The maximal spatial resolution of a micro-CT image is dependent on the geometrical
magnification of the system, which is determined by the positions of X-Ray source, sample
and detector. Resolution (R) at the detector is determined by the following equation:

R = max (PS, SS x DSD / SSD),
Where PS = Pixel Size; SS = Spot Size; DSD = Detector-Sample Distance; SSD = Source-Sample
Distance.
Theoretically, maximal magnification can be achieved by maximizing DSD while minimizing
SSD; however, DSD is restricted by the physical size of the scanner while SSD is limited by the
sample size (440).
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Figure 7: A depiction of in vivo and ex vivo micro-CT set up.

While both in vivo and ex vivo micro-CT scanners consist of an X-ray source, a sample stage,
and a detector, their respective setups are different. Figure 7A: in vivo micro-CT placed a
fixed sample-stage in between a rotational system of X-ray source and detector. On the other
hand, Figure 7B, ex vivo micro-CT incorporates a rotating sample-stage with adjustable X-ray
source and detector, both of which can be changed to increase magnification.

99 |Page



Chapter 3 Tables:

Genotype Number of subjects Proportionality of Total
(n=) population (%=)
Wild type (ETs*/*) 203 24%
Heterozygotes (ETs*/" & ETs”*) 398 46%
sl/sl (ETg”") 263 30%
Total 864 100%

Table 1: Genetic makeup of the colony offspring.

Colony data of 864 offspring generated from heterozygous breeding (ETe*/- x ETs*/") showed a
genetic composition of 24% wild type, 46% heterozygote, and 30% sl/s/ mutant. This
inheritance pattern is in accordance with Mendelian ratio of 1:2:1, p-value = 0.001.
Accordingly, our colony data support that sl/sl genotype is an autosomal recessive genetic
condition.

Genotype Gender (M/F) Number of subjects  Proportionality of
(n=) Total population
(%=)
Wild type (ETs*/*) M 102 55%
F 83 45%
Heterozygotes M 124 51%
+/- -/+
(ETs"" & ETg”?) F 119 49Y%
sl/sl (ETs7") M 77 56%
F 60 44%

Table 2: Gender distribution among each genotype.

Gender distribution of 565 rat data showed consistent male propensity among the three
genotypes. Among the homozygous wild type (ETe**) and sl/s/ (ETs”") mutants, male is ~10%
higher proportion than female. The gender distributional difference in heterozygotes, on the
other hand, is minimal. This suggests ETg is likely sex-linked, consistent with HSCR traits.
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Genotype Gender Enteric Number of Proportionality of

(M/F) Morphology subjects (n=) Total population
(%=)
Wild type (ETg**) M Aganglionic 1 1%
Normal 86 99%
F Aganglionic 0 0%
Normal 70 100%
Heterozygotes M Aganglionic 5 3%
(ETs* & ET57") Normal 187 97%
F Aganglionic 2 1%
Normal 175 99%
sl/sl (ETs”") M Aganglionic 55 95%
Normal 3 5%
F Aganglionic 43 90%
Normal 5 10%

Table 3: High genetic penetrance of autosomal recessive traits is observed in sl/sl rats.

The enteric system of 475 rats with known genotype showed a degree of high genetic
penetrance of the autosomal recessive traits. Over 90% of s//sl rats exhibited aganglionic
intestine as opposed to less than 3% in the wild type and heterozygous rats. Additionally,
male sl/sl rats have higher diseased population than female sl/sl rats, 95% vs 90%, supporting
a possible sex linkage. Lastly, both wild type and heterozygous group shared a high
percentage of population with normal phenotypes, supporting ETg mutation as an autosomal
recessive condition.
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Rat Genotype Weight at Age at Spleen Weight Morphological

(ETs) Sacrifice Sacrifice (g) Study
(8) (hours) Inclusion
1.1 -/- 10.4376 80 0.0386 Y
1.2 -/- 12.8401 80 0.0749 Y
1.3 80 0.0688 N
1.4 +/+ 11.8741 80 0.0700 Y
1.5 -/- 9.0197 80 0.0439 Y
1.6 -/- 12.4492 80 0.0684 Y
1.7 -/- 12.2679 96 0.0872 Y
1.8 +/- 13.9730 96 0.1023 Y
1.9 +/+ 13.6915 96 0.1045 Y
1.10 +/- 13.1977 96 0.0953 Y
1.11 +/+ 13.0398 96 0.0845 Y
1.12 +/- 13.8007 96 0.1107 Y
1.13 +/- 12.7777 96 0.0937 N
1.14 +/+ 13.2607 96 0.0708 N

Table 4: Summary of the sample rats used in this series of study.

A total of 14 rats were sacrificed, with age between 80 and 96 hours. The control group
(ETs*/* and ETs*) in general has larger bodyweight than si/s/ (ETe”) rats. As illustrated, this
study consisted of 4 wildtypes, 4 heterozygotes, and 5 sl/sl mutants. Rat1.3 was completely
excluded from data pool due to DNA degradation during genotyping. Rat 1.13 and Rat 1.14
were excluded from morphological analysis due to failed micro-CT scanning and tissue
destruction following H&E microscopy.
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Chapter 3.1.: High-Definition neural visualization of rodent brain using micro-CT scanning
and non-local-means processing

Chapter 3.1 Highlights

e Micro-CT scanning, a structural-preserved and versatile imaging methodology, offers
detailed neuroanatomical information comparable to that of 4x microscopy.

e Exvivo micro-CT scanner yields much higher signal-to-noise and hence more refined
rat brain images than in vivo micro-CT scanners.

e Staining is required for neural tissue visualization in micro-CT scanning; iodine
diffusion staining is fast, safe, and effective.

e Small craniotomy is required for diffusion staining the rat brains encapsulated in
calcified skulls, both in neonatal and adult rats.

e Post-imaging processing using non-local means (NLM) algorithm provides a modest
enhancement to ex vivo micro-CT scans and a moderate improvement to in vivo
micro-CT scans of rat brains.

e NLM processing is recommended for in vivo micro-CT scans for better tissue
differentiation and hence more accurate quantitative analysis.
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Chapter 3.1 Abstract

Background

Micro-CT holds promising potential for phenotyping and histological purposes. However, few
have clarified the difference in the neuroimaging quality between ex vivo and in vivo micro-
CT scanners. In addition, no direct comparison has been made between micro-CT scans and
standard microscopy. Furthermore, while the efficacy of various stains for yielding soft tissue
contrast in CT scans have been compared in other studies made on embryos, staining
protocols for larger samples have yet to be clarified. Lastly, post-acquisition processing for
image enhancements have not been addressed.

Methods

Comparisons of postnatal rat brain micro-CT scans were made between those obtained from
a custom-built ex vivo micro-CT scanner and a commercially available in vivo micro-CT
scanner. Subsequently, the scanned rat brains were H&E stained for microscopy. Anatomical
information on micro-CT scanning and 4x microscopy of rat brain were then compared.

Diffusion and perfusion staining using iodine or PTA were trialled on adult and neonatal
encapsulated rat brains. Different combinations of contrast concentration and staining time
were trialled.

Post-acquisition denoising with NLM filter was completed using a modern General Purpose
Graphic Processing Unit (GPGPU) and custom code for prompt processing.

Results

Ex vivo micro-CT scans of iodine-stained rat brains yields 3D images with details comparable
to 4x H&E light micrographs. Neural features illustrated by the ex vivo micro-CT scans were
significantly more distinct than those by the in vivo micro-CT scans.

Both ex vivo and in vivo micro-CT scans required diffusion staining through small craniotomy.
Perfusion staining is ineffective. lodine staining was more efficient than PTA in terms of time.

Enhancement made by NLM denoising on in vivo micro-CT images were more pronounced
than that on ex vivo micro-CT scans due to their intrinsic difference in image signal-to-noise
indexes.

Conclusions

Micro-CT scanning is a powerful and versatile visualization tool available for qualitative and
potentially quantitative anatomical analysis. Simple diffusion staining via a small craniotomy
with 1.5% iodine is an effective and minimal structural-invasive method for both in vivo and
ex vivo micro-CT scanning. Post-acquisition NLM filtering is an effective enhancement
technique for in vivo micro-CT brain scans.
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1. Background

Non-destructive whole-volumetric phenotyping studies through three-dimensional
(3D) image reconstruction have gained increasing popularity among biomedical researchers
over recent decades, especially with recent advancements in imaging acquisition and
processing techniques. Three-dimensional visualization techniques may be divided into two
categories: serial sectional image reconstruction and whole-volume imaging. The former
includes confocal microscopy, episcopic microscopy (441); the latter includes optical
projection tomography (OPT) (442), micro-magnetic resonance imaging (micro-MRI) (443,

444), and micro-computed tomography (micro-CT) (431).

Whole-volumetric imaging is superior to serial imaging in many aspects. Serial
imaging reconstructions such as confocal microscopy or confocal laser scanning microscopy
(CLSM) can provide detailed and fluorescence-labelled representations of the sample, but of
only limited thickness, typically < 2-300 um due to the need for optical transparency (445).
Although image reconstruction may be employed to obtain the entire 3D view of the sample,
the process is laborious and often with operator-dependent results. Episcopic microscopy
overcomes this shortfall by adopting automatic serial slice alighment, and reconstructs
relatively well-preserved images; however, such a process destroys the tissue sample post-
imaging and prohibits further sample use (441, 446). Whole-volumetric imaging, on the
other hand, does not have the above restrictions. For example, optical projection
tomography (OPT) can be used to localize and measure structures within a whole organ, but
only for restricted sample thicknesses (447). Micro-MRI can offer images with great soft
tissue contrast and adequate resolution, but its use is limited by its restricted availability,

high cost and extended scanning time (444, 448, 449). Micro-CT is now a widely accessible
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imaging modality, offering a mean for accurate visualization of three-dimensional structures,
guantitative volumetric measurements, and tissue characterizations such as bone stress and
vascular density (422-425, 450). Although many are still unaware of this versatile tool, micro-
CT has gradually become a popular whole-volume scanning research method, in large part
due to its versatility for volume exploration, ease of tissue preparation, and quantitative

analytic potentials.

Although many recent papers have published various staining techniques for
successful micro-CT scanning of biological samples, including chicken embryo, Xenopus
embryo, mouse embryo, tumour angiogenesis, and other animal internal organs (431, 451,
452), few study have clarified the scanning protocols for micro-CT scans on postnatal animal
model or made direct comparisons between the ex vivo micro-CT, in vivo micro-CT, and
histology scans of rat neuroanatomy. Furthermore, even though prior study has suggested
staining with iodine or phosphotungstic acid (PTA) are efficient and effective for embryos, no
comments have been made on their staining power for postnatal animals (431). In addition,
the effect of iodine and PTA staining on subsequent microscopy processing has not been
illustrated in the past. Lastly, we are also not aware of studies trialling image processing

protocols on the rat brain micro-CT scans, which may facilitate future quantitative analysis.

Our study aims to complement previous studies by illustrating the following:

1. Simple, safe, and effective staining method for successful micro-CT scans on both

small and large rat brains.
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2.1.

The neuroanatomical details of rat brain and maximal image magnification and
resolution achievable by micro-CT scanning using one of the most high-powered ex
vivo micro-CT scanners available currently.

Validate neuroanatomical information of micro-CT scan by direct comparison with
H&E light microscopy.

The difference in image quality between in vivo and ex vivo micro-CT scans of rat
brain.

Effectively improve image clarity and potentiate organs of interest through non-local

means (NLM) denoising algorithms.

Method

Compliance with Ethical practice

All tissues and animals used in this study were handled with strict adherence to the

requirements of the ACT Health Human Research Ethics Committee (ACTH-HREC) and

Australian National University Animal Experimentation Ethics Committee (ANU-AEEC),

project number A2011/67.

2.2.

Differences between the principles of ex vivo and in vivo micro-CT setups

We have chosen the Caliper Quantum FX machine (Figure 1A) as representative of in

vivo micro-CT setup and a custom-built micro-CT system by ANU Applied Mathematical

Department as representative of ex vivo micro-CT setup (Figure 1B).

The in vivo micro-CT system is set up as a mini-medical CT system. It incorporates an

X-ray source and detectors rotating around a stationary sample, achieving a spatial resolution
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of 10-100 um/voxel, which is restricted by the fixed distance between X-ray source and
detector. In the Caliper Quantum FX, the tissue specimen was placed in a stationary loading
dock positioned between the rotating system of X-ray source plus detector. The scanning
time was pre-set between 17s and 4.5min, depending on the field of view (FOV; ranging from
5-75 mm in diameter) and imaging quality selected (ranging from “standard” to “fine”). The
advantages of in vivo micro-CT scanners including a shorter scanning time and lower
radiation exposure, both of which were essential for live animal study. The resultant images
were stored as DICOM series and visualized with FlJI and Drishti, both of which were open-

source software (453, 454).

In contrast, the ex vivo micro-CT system involves a specimen placed on a rotating
stage between a stationary but adjustable system of X-ray source and detector. Its focus is to
achieve high spatial resolution, up to 1 um/voxel, with high signal-to-noise ratio images.
These benefits are achieved at the expense of longer scanning time and hence higher
radiation dose. It is therefore mainly used for tissue study. The custom-built micro-CT system
at the ANU Department of Applied Mathematics requires the sample to be fixed within an
aluminium tube before being placed on the rotational sample stage between the adjustable
X-ray source and scintillator-coupled-CCD, at a position that depends on the resolution
desired. All samples are allocated at least 15 hours of scanning time, with a subsequent 8
hours of image-processing time required at the National Computational Infrastructure (NCI).
The maximal achievable resolution is 1 um/voxel, limited by the physical size of the sample.
The resultant images are stored as netCDF files and visualized with Drishti. Segmentation for
organs of interest is performed semi-automatically using Drishti paint, a component of

Drishti open-source software (453).

108 |Page



As a side note, because the adjustable X-ray source can be brought much closer to
the sample (limited by the sample size) with ex vivo than in vivo micro-CT setup, higher
resolution is achievable. The same cannot be achieved with in vivo micro-CT setup due to the
current constructional challenges of fitting X-ray sources and sufficient number of detectors

onto a small rotational stand.

2.3. Tissue samples and staining preparations for micro-CT scanning

2.3.1. Adult rats and neonatal rat culling

Five fully-grown rats (>21 and 27 days) and thirteen 24- and 48- hours old rats were
over-anaesthetized with 5 % isoflurane and then culled via abdominal aortotomy. Each rat
was weighed. One adult rat is prepared through the perfusion protocol and the remaining

rats were prepared via the diffusion protocol, as described below.

2.3.2. Perfusion protocol for adult rat brains

To test the staining potential of perfusion protocols, we culled one 27-days-old rat via
cardiotomy with a 22G cannula. The rat was then perfused with 200 mL of 0.1M phosphate-
buffered saline (PBS) solution and subsequently 200 mL of 4% formalin for successful
fixation, indicated by tail rigidity; each stage took about 45 minutes. The perfusate exited the
vascular system through inferior vena cava venotomy. Next, the rat was perfused with a
series of progressively concentrated ethanol solutions (20%, 50%, 70%, 90%) to replace
intravascular formalin for subsequent staining. Each concentration of ethanol was run over
one hour. Staining was then attempted by perfusing the animal with 1.5% iodine (in 90%

ethanol) through left ventricles for 2.5 hours in a lab basin.

109 |Page



2.3.3. Diffusion staining protocols for encapsulated adult and neonatal rat brains and isolated
rat brains

To explore the alternative staining techniques, we attempted diffusion staining by the
following. Four adult rats’ heads (average age 25 days) were isolated from the neck and up
following culling. A diamond-shaped craniotomy of twenty-millimetres in diameter on
parietal bones was created for staining. The craniotomy was completed firstly by a superficial
cross-incision of twenty millimetres in diameter (through the thickness of the skull) using a
dissection scalpel followed by diagonal excisions of skull using iris scissors. Superficial
dissection was carefully performed to avoid brain tissue damage. Minimal damage of the
brain was confirmed by the absence of brain tissue destruction in the subsequent micro-CT

scans.

Four percent formalin was first used to fixate the rat head for 24 hours followed by
washout with graded ethanol in the following steps. Each fixed tissue was immersed in
progressive concentrated ethanol (EtOH) series to replace formalin solution for 4 days: 20%,
50%, 70%, and 90% ethanol. Each sample was then stained in 1.5% iodine (with 90% EtOH)
or 0.5% phosphotungstic acid (PTA) or 1% PTA in 70% EtOH for various durations (listed in
Supplementary Table 1) as attempts to find the most effective staining time for successful CT
scanning. Contrast concentration was decided based on the successful results of previous

studies on embryo staining (431, 451).

Similarly, diffusion staining on thirteen neonatal rat brains was achieved through

similar processes: isolation of upper body from the level of diaphragm, creation of a five-
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millimetres in diameter diamond-shaped craniotomy on parietal bones, 4% formalin-fixation
for storage, progressive ethanol washout prior to staining, and diffusion staining with 1.5%

iodine, 0.5% PTA, or 1.0% PTA for various periods (listed in Supplementary Table 1).

Lastly, three 24-hours-old rat brains were dissected and fixed as described above

prior to staining with 1.5% iodine and 1.5% PTA, respectively. Macroscopic views of PTA- and

iodine- stained brains are shown by Supplementary Figure 1 and 2.

2.4. Hematoxylin and Eosin (H&E) histology preparations for comparison with micro-CT

scans
To confirm the neuroanatomical details on the micro-CT scan and assess the potential

tissue distortion created by the iodine or PTA staining process, as shown by the macroscopic

brown-discoloration of brain tissues due to iodine staining (Supplementary Figure 1 and 2),

we processed the stained rat samples with standard H&E protocols (53).

H&E processing were conducted in the following steps. The iodine- or PTA- stained
tissues were first sectioned sagittally into blocks of 4mm in thickness to fit in cassettes. These
tissue blocks were then transferred to 90% EtOH for 48 hours for contrast washout and
dehydration. Next, the alcohol was cleared by xylol prior to paraffin embedding at 60°C.
Following embedment, samples were sliced into tissue-sheets of 4 um in thickness using a
microtome. These tissue-sheets were then laid in water-bath of 5-6°C to minimize wrinkles
while being positioned onto the pre-labelled glass slides. These slides were dried overnight
at 37°C. H&E staining was completed by progressive staining. The slides were placed in alum-

hematoxylin solutions until dark red colour was visualized. This was followed by washing and
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then ‘bluing’ with lithium carbonate solution. The slides were then washed before counter-

stained with 0.5% eosin alcoholic solution.

All H&E slides were then examined with an Olympus IX71 Microscope with 4x, 20x,

and 40x magnification.

2.5. Post-acquisition image processing: Non-Local Means (NLM) denoising

To improve the micro-CT image clarity, we denoised the acquired images to enhance
image signal-to-noise ratios using NLM algorithm, which was first developed by Buades et al
(455). The algorithm was based on the premises that similarity exists between different
regions of an image if these region sizes were kept relatively small. Using these similarity
characteristics, image noise could be removed through averaging the similar parts of the
image. For more accurate removal of the image noise, we used standard NLM with locally
adaptive estimates for both types of micro-CT scans. Traditionally, this process was time-
consuming due to the high demand on computational power thus making its computer-
processing-unit (CPU) runtime unacceptably high for all but the smaller 2-dimentional (2D)
images. However, we adopted parallel processing using a General-Purpose Graphic
Processing Unit (GPGPU) and shortened the processing time to one minute and thirsty
seconds for a 5123 sample, rendering this process effective and efficient for regular research

use.

This code was implemented on an Intel (R) Core ™ i7-4770K CPU @3.5GHz with 32G
of RAM and Nvidia GeForce GTX Titan Black Kepler GK110 architecture running Linux. The

processed CT data were then reviewed using Fiji (456).
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2.5.1. /mplementation of the NLM algorithm

A brief description of our NLM implementation is provided as follow. The vast
majority of the NLM runtime is spent on computing the sum of squared differences (ssd).
The ssd computation for adjacent voxels is highly similar. We can exploit this similarity by
using a pseudo moving average filter (MAF) to perform the ssd from one pixel/voxel to the
next. For 2D, the square area of intensities used for one voxel’s ssd search neighbourhood
differs from an adjacent voxel’s search neighbourhood only in the end rows or columns. The

same principle applies in 3D, adjacent cubes differ only in two end slices.

In 3D, if M is the number of voxels of the inner ssd cube and N is the total number of
cubes that we performed the ssd on, then the total number of difference operations: with no
MAF, we performed N x M? difference operations; with the MAF, we performed M3+ (N-1) x 2
x M? difference operations. For a large N, this becomes a significant reduction in
computation. As a simple example, if M is 100 voxels and N is a billion, the second operation

is then a two-orders of magnitude less operation.

The most implementations of the NLM require the user to specify at least 3
parameters: an estimate of the image noise standard deviation, an outer search window size,
and an inner search neighbourhood size. All these factors influence the quality of the de-
noise operation. An accurate estimate of the noise and the size of the search window and
neighbourhood are generally impossible and often the user has not even the vaguest notion
of what the optimized values may be. This leads to tedious and time-consuming testing and

retesting of the de-noising operation with different parameters until acceptable results are
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obtained. Our implementation does not require these unknown and often arbitrarily chosen
parameters to be specified. Our implementation automatically computes an estimate of the
noise in the local area of the pixel/voxel being de-noised. Each local noise estimate is
combined with internally computed parameters determined from various image properties
such as the number of intensity values i.e. 256 or 65K, to compute the final smoothing

parameter of the NLM algorithm automatically.

The computation of the smoothing parameter and estimation of the image noise is
adapted from Coupe et al., 2008 (457). Our implementation differs from theirs in that the
computation of a unique noise estimate for local sub blocks of the image, as opposed to a
single value for the entire image. We also consider the grey scale value (gsv) intensity range
in the calculation of the smoothing parameter. The inclusion of the gsv intensity range was
found empirically to be a significant factor in the success of the automatic de-noising over a
range of different image types i.e. CT, scanning electron microscopy (SEM), ultrasound etc.
Our implementation of NLM follows the original model of Additive Gaussian White Noise
(AGWN) but also allows for some adjustment on the shape of the Gaussian kernel to better

approximate the real noise distribution for images with non-AGWN.

As with Coupe et al., 2008 (457), we also concluded that the best de-noising quality is
achieved by a local estimate of the noise, the correction factor for non-AGWN images, and
fixed window sizes. Little, if any, gain in quality was obtained with larger search window sizes.
It is obvious that in many cases, image quality degrades with larger search window sizes as

the statistics of the similarity between these regions degrades.
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3. Results

3.1. Simple tissue preparation for successful micro-CT scanning

In the first part of study, we proceeded to elaborate the simple staining process for
postnatal rat samples required to achieve successful micro-CT scanning of the brains. The
results of various combinations of contrast agent, stain concentration, and contrast types

were summarized in Supplementary Tables 1.

3.1.1. Staining of encapsulated postnatal rat brains for successful micro-CT neural imaging
We first attempted 1.5% iodine perfusion staining in an adult rat of 27 days but with
little success, as shown by Figure 2A. Intracranial neural tissue has little X-ray attenuation and
thus minimal neuroanatomy differentiation was observed. The same rat’s head with intact
skull was re-scanned following 14-days of 1.5% iodine diffusion-staining with no
improvement in image quality (Figures not shown). Subsequently, 44-days of iodine
diffusion-staining through craniotomy was trialled on a 25-days-old rat’s head; micro-CT scan
demonstrated differentiated intracranial details as shown by Figure 2B: neural tissue
differentiation became apparent. Consistently, same staining techniques also worked for
neonatal rat brains but required only a staining period of 16 days; the resultant micro-CT

scans yielded good neural anatomical information, as shown by Figure 2C.

As an attempt to find an alternative contrast agent, we explored PTA diffusion
staining using both 0.5% and 1.0% concentration solutions. Figure 2D and 2E are micro-CT
scans of adult rat brains (25-days-old) acquired from a 2.5 years of PTA staining period; both
showed only peripheral brain of 2-4mm in thickness. Similarly, as shown by Figure 2F and 2G,

incomplete neuroanatomy visualization was observed on micro-CT scans of neonatal rat’s

115 | Page



head despite prolonged staining of 148 days. Interestingly, lower concentrations of PTA
seemed to achieve more pervasive staining than the higher concentrated solutions, Figure 2F

vs 2G, although neither performed well.

3.1.2. Staining of dissected neonatal rat brains for successful micro-CT neural imaging

Given the PTA staining was found to have a suboptimal staining power with
encapsulated postnatal rat brain, we then evaluated its staining potential with dissected rat
brains, namely 1cm?3 in size. The result showed that PTA staining, although slow, did achieve
full-staining and yield a neural micro-CT scan with quality similar to that derived from iodine
staining. The comparison between the temporal series of iodine stained (Figure 2|1 — 2K) and
PTA stained (Figure 2L — 2N) rat brains demonstrated the efficiency of iodine contrast. As
Figure 2J demonstrated, iodine staining was completed within 6 hours; further staining did
not improve image quality and tissue differentiation, Figure 2K. On the other hand, only a
modest staining progression was made from 3 hours of PTA staining, Figure 2L. It took 6 days
to complete a full staining, Figure 2N. There was no significant image quality difference
between the micro-CT scans derived from iodine-stained and PTA-stained rat brains.
In both cases, contrast staining was faster with isolated brain than with skull-encapsulated
brain, Figures 2C. However, all scans of isolated brain revealed microscopic tissue damages of
the rat brains from dissections and handling, as indicated by the arrow labelling across Figure
2H — 2N, despite macroscopically intact appearance, as shown by Supplementary Figure 2s.
Similar brain damages were not seen on the micro-CT scans of encapsulated brains, Figure 2B

and 2C.

3.2. Image quality of micro-CT scans
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In the second part of the study, we explored the image details and 3D-visualization

capability of rat brain micro-CT scans.

3.2.1. High display versatility of micro-CT scan data using 3D-volume rendering

In this study, we demonstrated the investigatory power of micro-CT scanning by
providing examples of the full visualization capability of current ex vivo micro-CT scanning
through 3D-volume rendering. Figure 3 show the 3D-volume rendering of neonatal rat brain
in high definition, 2048*2048*2048 voxels, with a resolution of 10.7 um/voxel. Through
manipulations of visual planes, one can identify and analyse organs of interest. For instance,
the dorsal and ventral external features of the neonatal rats are illustrated in Figures 3A and
3B, respectively. In addition, Figures 3C - 3E show internal organs visualized in parasagittal
and sagittal planes, ranging from salivary glands, musculatures, nasal cavity, oral cavity, and
neuroanatomy. Figures 3C and 3D show progressive high-definition views of the brain and
identify organs such as olfactory bulb, cerebral cortex, cerebellum, and cochlea in structural-
preserved manner. Similarly, progressive anterior to posterior axial views, Figure 3F - 3H,
provide alternative visualizations of cross-sectional rat brain anatomy that are difficult to
appreciate in other views, such as cingulate gyrus, lateral thalamus and ventral thalamus.
Overall, Figures 3A - 3H demonstrate that through different visual-planes exploration, various
external and internal features of buccal, nasal, and intracranial organs can be visualized with
excellent tissue contrast. Additionally, simple quantitative size measurement can be made

with reference to the scale bar listed.

3.2.2. Validating Neuroanatomical information offered by micro-CT scans with H&E histology

To validate the micro-CT scanning method and explore potential microscopic tissue
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distortion as a result of the staining preparations, we compared the ex vivo micro-CT scan,
Figure 4A, to H&E microscopy, Figure 4B, both of which were derived from the same iodine-
stained rat brain. This comparison demonstrated that the 3D rendering of the rat brain
micro-CT scan offers neuroanatomical information comparable to those shown in 4x H&E
microscopy. The grayscale distribution of micro-CT scans correlated strongly to the H&E
distribution and therefore enabled successful neural structure distinguishment including
olfactory bulb, caudate putamen, frontal cortex, thalamus, medulla, and cerebellum.
Furthermore, the tissue integrity was well preserved in micro-CT scans when comparing to
the H&E light microscopy, Figure 4B — 4D, which demonstrated micro-tears as a result of
sectioning and H&E staining process. Moreover, successful light microscopy of iodine-stained
rat brain demonstrated macroscopic discoloration by iodine, Supplementary Figure 1B, does
not prohibit tissue from further histology processing. Furthermore, high magnifications of
microscopy can be achieved with the iodine-stained sample, Figure 4C (20x magnification)

and 4D (40x magnification), where nuclei can be visualized clearly.

3.2.3. Direct Comparison of image quality of in vivo and ex vivo micro-CT scanning
We illustrated the image quality difference between the in vivo and ex vivo micro-CT
scans using the same iodine-stained rat brain, as shown by Figure 5. This direct comparison

demonstrated the in vivo micro-CT scan’s imaging limitations.

Both types of scans offered adequate information on gross anatomy; however, ex vivo
micro-CT scans provided significantly more detailed neuroanatomy and sharper outlines than
those on in vivo micro-CT scans. By comparing Figures 5Aa and 5Ba, the respective ex vivo

and in vivo micro-CT scans of a 24-hour-old rat brain, one could clearly appreciate the frontal
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cortex, caudate putamen, superior and inferior colliculus, and trabeculae of the skull; all of
which were well-defined in Figure 5Aa. Higher magnification of the distinctive morphology in
and around the cerebellum was chosen to further demonstrate how this difference can
impact potential qualitative and quantitative analysis, as shown by Figure 5Ab (ex vivo micro-
CT scan) and 5Bb (in vivo micro-CT scan). While the rough outline of cerebellar fissures and
vermis were still discernible in the in vivo micro-CT scan (Figure 5Bb), intrinsic noise and
oversaturation of the scan render the boundaries much less crisply than those shown in the
ex vivo micro-CT scan (Figure 5Ab). Hence, one can easily define the ten cerebellar vermis
and their respective sizes in Figure 5Ab but not in Figure 5Bb. This demonstrated the analytic
limitations of in vivo micro-CT scans. In addition, the volumetric measurements of brain
made based on the segmentations of in vivo micro-CT scans differed slightly to that of ex vivo
micro-CT scans, 424.75 mm?3 vs 395.54 mm?3. Although small, this discrepancy was due to the
image quality difference and thus resulted in less precise segmentation from in vivo micro-CT

scans.

3.3. Post-acquisition image processing: Non-Local Means (NLM) denoising

Post-acquisition image processing using NLM algorithm was incorporated into this
study as attempts to improve CT image quality for better visualization on the neural tissues
through denoising. This process was particularly useful for in vivo micro-CT scans due to their
high intrinsic images noise. Pre- and post- processing of ex vivo micro-CT scans, Figure 6Aa
and 6Ba, show organ boundaries are subtly enhanced by NLM processing. This was more
evident in their respective magnified views, namely the bordering of caudate putamen and
external capsule, as demonstrated by Figure 6Ab and 6Bb. In addition, their respective

grayscale line profiles showed reductions in the intensity spread, Figure 6Ac and 6Bc, and
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thus demonstrated image noise reduction following NLM filtering. Similarly, the same but
more prominent effect can be seen from the NLM filtering of in vivo micro-CT scans. As
shown by Figure 6Ca and 6Da, edge enhancements of caudate putamen, lateral ventricles,
and external capsules could be appreciated; however, the differences were even more
obvious in their respective magnified views, Figure 6Cb and 6Db. The comparison of their
respective grayscale line profiles also demonstrated decreases in intensity variability, Figure

6Cc and 6Dc.

4. Discussion

Through proper micro-CT setup, sample preparation, and image processing,
informative neural micro-CT scans can be generated with postnatal animals. These scans
enable internal visualization and potential quantitative analyses including volumetric and
dimensional measurements by providing images with neural tissue differentiation. The image
quality of these micro-CT scans are comparable, if not better, to micro-MRI brain scans, as
illustrated Denic et al (2011) (458). Although a prolonged scanning time of 16 hours may be
required, ex vivo micro-CT scan has a maximal spatial resolution of 1 um/voxel, significantly
higher than the resolution of 20 um/voxel of micro-MRI, which requires 24 hours of high-
magnetic-fields scanning (444, 459). Consistently, this high magnification power of micro-CT
provides anatomical and histological details comparable to those shown on 4X H&E light-
microscopy, Figure 4B. As a result of these characteristics, 3D rendering of the ex vivo micro-
CT scans can show detailed and refined micro-neuroanatomy, Figure 3s. This function can
therefore be applied to morphological study on genetic model animals or cancer studies.
Moreover, because tissue sample can be preserved following micro-CT scanning for H&E

processing, Figure 4C and 4D, micro-CT scan can serve as a screening tool for an area of
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interest in the brain prior to further histology analysis. Although high-resolution micro-CT has
the drawback of large dataset size, >4.6 GB/dataset, the high demand in computational and
storage power for image analysis are met by the recent advancement in computing

hardware, rendering this a practical research modality.

Although the difference between ex vivo and in vivo micro-CT has been addressed in
previous studies, few have made direct comparisons on the quality difference of postnatal
neural scans using these two modalities (439, 460). In this study, we demonstrated the
difference in magnification and resolution potentials of micro-CT scans using a custom-built
ex vivo micro-CT scanner versus a standard commercial in vivo micro-CT scanner, as shown by
Figure 5. Consistent with expectations, our results have shown that ex vivo micro-CT scans
offer finer detailed scans than in vivo micro-CT scans, due to the higher magnification
achieved by allowing the X-ray source able to be brought closer to the sample (i.e., a short
source-sample distance, SSD). In theory, reducing the SSD increases the image noises and
blurs the object edges, an effect clearly shown by Figure 5Ba and 5Bb. However, image
degradation can be minimized by using a low source current and a careful focusing to
minimize source spot size to obtain the best resolution of < 2—-3 um/voxel while at the same
time extend the scanning time to over 15 hours to achieve high signal-to-noise ratios. In
comparison, commercial in vivo micro-CT scanners have limited magnifications and thus
lower resolution due to the pre-set values of SSD. Furthermore, higher image noise in in vivo
micro-CT scans is due to the shorter scanning time pre-set to minimize the radiation
exposure in live animal study. In general, the best image quality needs the longest possible

scanning time in either ex vivo or in vivo micro-CT setups.
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Based on the prior successes made on embryo study, we compared two contrast
agents, iodine and PTA, for postnatal neural tissue staining (451). The contrasts were chosen
for their safety, ease of handling, and the likely effectiveness based on prior studies.
Perfusion was first trialled in the hope of preserving rat skull integrity. Unfortunately, iodine
staining is ineffective when introduced this way, likely due to poor penetration through the
blood brain barrier and the slow diffusion rate through capillary walls to end organs (461,
462). Contrary to prior embryo studies, simple diffusion staining with intact skull was also
trialled with little success, suggesting contrast penetration through calcified skull was not
possible (451). Hence, diffusion-staining through a small craniotomy was subsequently
adopted and found effective with iodine staining on all tested tissues. However, PTA is less
effective as a stain using the same protocols on partially encapsulated tissues, especially on
large adult rat brains; staining remained incomplete even after 2.5 years, Figure 2D and 2E,

rendering this method impractical.

Due to the concerns of prolonged staining may cause structural damage and prohibit
tissues from future histology uses, as shown in Supplementary Figure 1, we tested PTA and
iodine staining on dissected rat brains of small sizes with the hope to shorten tissue
preparation time, Supplementary Figures 2. The result showed both contrasts yield similar
quality of rat brain micro-CT images, as demonstrated by Figure 2K and 2N. However, iodine
is able to complete tissue staining faster than PTA due to its higher penetration. In addition,
iodine was better in staining poorly vascularized tissues such as the central nervous system,
where PTA had little success in staining tissues with size greater than 1cm?3. This is likely due
to the size and polarity difference of the two contrast agents: iodine is a non-polar molecule

which is about 20 times smaller than the polytungstate anion of PTA (463-466). Nevertheless,
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we found PTA staining times to be significantly longer than previously described (431, 451).
To compensate for the lower penetration of PTA, limiting tissue volume to 1cm?3 and
complete organ isolation through dissection may be required for successful staining. While
these modifications to the method have proven effective, adopting such an approach defeats
the purpose of using micro-CT, since dissection and excessive handling increase the risks of
structural damage, even by experienced dissectors, as illustrated by the micro-tears shown
by micro-CT scans, Figure 2H through 2N. Based on our findings and the known difference in
the properties of iodine and PTA, we recommend diffusion iodine-staining with partial
craniotomy as the method of choice for micro-CT scans of postnatal rat brains. Additionally,
successful H&E processing on both iodine- and PTA- stained brain tissues confirmed that
prolonged contrast staining for micro-CT scanning compromises little, if any, tissue integrity.
As shown by Figure 4C and 4D, neuronal cell bodies can be visualized in higher magnification
light micrographs. This suggests micro-CT scans may serve as a targeting tool for regions of
interest and reduce unnecessary histopathology processing in pathology study, thus reduce
labour and time.

Post-acquisition image processing through NLM filtering is performed to enhance
image clarity and structural boundaries. NLM algorithm is chosen for its property of spatial
detail preservation (455). Although denoising only modestly improves ex vivo micro-CT scans,
Figure 6Aa and 6Ba, due to the scan’s high intrinsic signal-to-noise ratio, it has proven useful
for in vivo micro-CT scans, which has high intrinsic image noises, Figure 6Ca. This images
noise is significantly reduced after processing, Figure 6Da. These improvements are obvious
in selected magnified views of caudate putamen, Figure 6Cb and 6Db. We appreciate that
commercially available in vivo micro-CT scanners are more widely available than custom built

ex vivo micro-CT scanners. By demonstrating the quality of in vivo micro-CT scans can be
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effectively improved through adoption of NLM algorithms, we provide supports that in vivo
micro-CT data can also offer accurate anatomical visualizations and quantitative analysis.
Lastly, denoising reduces the image noise, as demonstrated by the reduction in the variability
of intensity profiles, Figure 6Bc and 6Dc; this is an important step for the developments of

accurate automated segmentation for the organs of interests.

5. Conclusion

Micro-CT scanning, using either ex vivo or in vivo micro-CT scanners, can be a
powerful and effective neuroanatomy visualization modality for lab animals. Furthermore,
micro-CT digital data is easy to store and manipulate. The anatomical details and accuracy
offered by micro-CT scanning have been validated with the traditional H&E-stained light
micrograph. Moreover, the safety, simplicity, and tissue-preserving characteristic of the
iodine-diffusion staining through small craniotomy render micro-CT scanning a very easy-to-
use imaging modality. Lastly, we appreciate that the in vivo micro-CT scanners are more
widely accessible and have a faster image processing time than the ex vivo micro-CT
scanners; thus, the low signal-to-noise ratio due to the physical data acquisition restraints of
in vivo micro-CT scans has been addressed. The improvement made by a simple and efficient
post-acquisition NLM processing reduces image degradation and enhances anatomical
clarity, particularly with in vivo micro-CT scans, thus promoting versatile structural
segmentation for quantitative analysis of animal morphology, including volumetric
measurements. Based on the described imaging methods, future studies may include: 1.
internal organ visualization and quantitative analysis on animal models of genetic disease,
e.g. Hirschsprung’s disease; 2. cancer treatment response studies on animal models; 3.

identifying areas of interest for histological processing in pathology studies.
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Chapter 3.1 Figures:

Figure 1: in vivo and ex vivo micro-CT machines utilized in this study.

(a): The Caliper Quantum FX machine as a representative of in vivo micro-CT setup, with
loading dock labelled and situated in between a rotating X-ray source and detectors; X-ray
source and detector are hidden within the casing. (b): The custom-built ex vivo micro-CT
scanner by ANU applied mathematical department. The rotational sample stage is placed in-
between the adjustable X-ray source and scintillator/detector for maximal magnification.
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Figure 2: Successful tissue differentiation on micro-CT scans demonstrating iodine diffusion

staining technique is a practical method for both large (age of 25 days) and small (age of 36

hours) postnatal encapsulated rat brain, Figure (A) — (G).

(A) demonstrates unsuccessful neural tissue scanning after using 1.0% iodine perfusion
staining for adult rat, whereas (B) and (C) show 1.5% iodine diffusion staining yield good
neural tissue contrast with adult and neonatal rat brains after respective staining period of
44 and 16 days. However, the same staining techniques using 0.5% and 1.0% PTA yield little
success on adult rat brains, (D) and (E), even after 2.5 years. Similarly, (F) and (G) show
incomplete tissue differentiation of neonatal rat brains despite prolonged staining of 148
days with 0.5% and 1.0% PTA, respectively. Because PTA staining was non-uniform, selected
coronal views are chosen to illustrate the regions of incomplete tissue differentiation: (A) —
(D) are anterior coronal views while (E) — (G) are posterior coronal views.

Figure (H) — (N) illustrate iodine diffusion staining is equally effective but more efficient than
PTA staining temporally for preparing small and isolated neural tissues tissue for micro-CT
scanning. (H) shows a lack of tissue differentiation when scanning without contrast staining.
(1) = (K) illustrate a progressive improvement of anatomical details shown by progressive
1.5% iodine staining time: 3 hours, 6 hours, and 6 days, respectively. Similarly, (L) — (N) show
the same progression but with 1.5% PTA staining over the same respective durations. lodine
staining was significantly faster.
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Figure 3: Volumetric rendering of ex vivo micro-CT scan of neonatal rat’s head enables
detailed visualization and potential high-powered guantitative analysis.

(A) and (B) illustrate respective anterior and posterior views of external features of rat’s head
and neck, including mouth, nose, and muscular distributions. (C), (D), and (E) are respective
external, parasagittal, and sagittal views of rat’s head and neck. (F), (G), and (H) are
progressive coronal explorations of the same rat. These different views demonstrate the
high-resolution power and flexibility of micro-CT scans. These exploration images show blood
vessels, parotid glands, nasal anatomy, oral anatomy, and intracranial anatomy along with
obvious muscular features throughout the head.

Anatomical structures are labelled as follow: Acb = accumbens nucleus; AO = anterior
olfactory bulb; apons = anterior pons; ATh = anterior thalamus; CA1 = CA1 field of
hippocampus; CA3 = CA3 field of hippocampus; cc = corpus callosum; CER = cerebellum; Cg =
cingulate gyrus; Coch = cochlea; CPu = caudate putamen; End = Endopiriform nucleus; Epi =
epiglottis; EPi = external plexiform layer; FrCtx = frontal cortex; H. b = hyoid bone; H. palate =
hard palate; Hypo = hypothalamus; IC = inferior colliculus; ic = internal capsule; Lat rid =
lateral ridge of skull; L. Inc = lower incisor; LT = lateral thalamus; LV = lateral ventricle; M =
mandible; Mandi = mandibular gland; Med = medulla; NasCa = nasal cavity; Nasop =
nasopharynx; OB = olfactory bulb; Orb = orbital cortex; OV = olfactory ventricle; Parot =
parotid gland; Pir = piriform cortex; Pit = pituitary gland; PTh = posterior thalamus; ROS =
rostral ridge of skull; Sal. Gland = salivary gland; SC = superior colliculus; S. palate = soft
palate; S1BF = Somatosensory 1 Barrel Field; Sterno = sternomastoideus; Temp = temporalis;
3V = 3" ventricle; Th = thalamus; Tong = tongue; Trac = trachea; U. Inc = upper incisor; VT =
ventral thalamus
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Figure 4: High-powered demonstration of rat brain by ex vivo micro-CT scan.

Direct comparison between the sagittal section of rat brain in (A), micro-CT slice, and (B),
H&E stained 4x light micrograph. Similar structural details are seen in these two images. (C)
and (D) are respective 20x and 40x light micrographs of selected FrCtX region, demonstrating
neuronal cell bodies and cellular structures are relatively intact in iodine-treated samples.

Anatomical structures of comparable visibility are labelled as follows: Acb = accumbens
nucleus; AO = anterior olfactory bulb; apons = anterior pons; ATh = anterior thalamus; CA1 =
CA1 field of hippocampus; CA3 = CA3 field of hippocampus; CER = cerebellum; CPu = caudate
putamen; EPi = external plexiform layer; FrCtx = frontal cortex; Hypo = hypothalamus; IC =
inferior colliculus; Med = medulla; OV = olfactory ventricle; Pit = pituitary gland; PTh =
posterior thalamus; SC = superior colliculus; Th = thalamus.
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Figure 5: The image quality difference between the ex vivo (spatial resolution of 10.7
um/voxel) and in vivo (spatial resolution of 20 pum/voxel) micro-CT scans obtained from
the same 24-hours-old rat brain.

(Aa) and (Ba) are sagittal illustrations of ex vivo and in vivo micro-CT scans, respectively.
Gross neuroanatomy can be visualized in both scans with subtle difference appreciated by
close viewing, (Ab) and (Bb). Detailed cerebellar fissures, vermis (I-X), and lobes, can only be
appreciated on ex vivo scans: abl = anterobasal lobe; adl = anterodorsal lobe; cl = central
lobe; pl = posterior lobe; il = inferior lobe.
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Figure 6: Neuroanatomical tissue differentiation of both ex vivo and in vivo micro-CT scan

are enhanced by NLM denoising.

The original (Aa) and denoised (Ba) ex vivo scans illustrate sharper periventricular edges seen
in (Ba) while gross neuroanatomical details are preserved in both. Similar but more
prominent edge enhancements is shown by the comparison of (Ca) and (Da), original and
denoised in vivo micro-CT scans, respectively. The respective grayscale line profile of each
scan reveals reductions in intensity variability in denoised group, (Bc) and (Dc), in comparison
to the originals, (Ac) and (Cc).
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Chapter 3.1 Supplementary Figures:

Supplementary Figure 1: Rat pup head after the removal of fur and creation of rhomb-
shaped opening in skull for staining.

(a) represents sample post-PTA staining and (b) post-iodine staining.

Supplementary Figure 2: Stained isolated rat brains.

(a) shows the effect of PTA staining and (b) iodine staining.
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Chapter 3.1 Supplementary Tables:

Tissue Type

Adult rat brain

1
Adult rat brain
2.
Adult rat brain
3

Adult rat brain
4

Neonatal rat
brain 1
Neonatal rat
brain 2
Neonatal rat
brain 3

Isolated
neonatal Rat
Brain 1
Isolated
neonatal Rat
Brain 2
Isolated
neonatal Rat
Brain 3
Isolated
neonatal Rat
Brain 4
Isolated
neonatal Rat
Brain 5
Isolated
neonatal Rat
Brain 6
Isolated
neonatal Rat
Brain 7

Stain
type

lodine

lodine

PTA

PTA

lodine

PTA

PTA

Non-

Contrast

lodine

lodine

lodine

PTA

PTA

PTA

Stain
concentration

1.0%

1.5%

0.5%

1.0%

1.5%

0.5%

1.0%

1.5%

1.5%

1.5%

1.5%

1.5%

1.5%

Staining
method

Perfusion

Diffusion

Diffusion

Diffusion

Diffusion

Diffusion

Diffusion

Diffusion

Diffusion

Diffusion

Diffusion

Diffusion

Diffusion

Staining
duration

2.5 hours

44 days
2.5 years

2.5 years

16 days

148 days

148 days

3 hours

6 hours

6 days

3 hours

6 hours

6 days

Micro-
CT type

Ex vivo

Ex vivo

In vivo

In vivo

Ex vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

Results*

Incomplete - Figure
2A

Excellent - Figure 2B.

Incomplete - Figure
2D
Incomplete - Figure
2E.

Excellent - Figure 2C.

Incomplete - Figure
2F

Incomplete - Figure
2G

Incomplete - Figure
2H

Poor - Figure 2|

Good - Figure 2J

Good - Figure 2K

Incomplete - Figure
2L

Incomplete - Figure
2M

Good - Figure 2N

*Excellent-Detailed anatomy; Good-Gross anatomy; Poor-Gross anatomy, blurry border; Incomplete-
Undifferentiated anatomy

Supplementary Table 1: Summary of various tissue staining and micro-CT setups for

different rat brains with respective image results.
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Chapter 3.2: High-Definition heart visualization using micro-CT scanning on experimental
rats

Chapter 3.2 Highlights

e  Micro-CT scanning offers a structural-preserving visualization tool for studying the
cardiovascular anatomy of small animal.

e Diffusion staining using iodine or PTA yields excellent soft tissue differentiation on
micro-CT scans; however, iodine is significantly more efficient.

e Exvivo micro-CT scan generates high-resolution detail of cardiovascular systems
comparable to that of 4x H&E light microscopy.

e Image degradation of in vivo micro-CT heart scan can be improved by raising the voltage
and/or current of X-ray source.

e  Post-acquisition NLM filtering modestly reduces image noises and potentiates tissue
boundary clarity, allowing for better organ differentiation and further quantitative
analysis.
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Chapter 3.2 Abstract

Background

Micro-CT provides detailed 3D visualizations of cardiovascular tissues of experimental rats.
Image quality of in vivo and ex vivo micro-CT scans of the heart not been compared nor
evaluated against traditional H&E light microscopy. Micro-CT setting and image processing
methods to improve micro-CT clarity of cardiac tissue also needs to be addressed.

Methods

Ex vivo and in vivo micro-CT scans of rats’ hearts were obtained following diffusion staining.
This was followed by prompt NLM filtering using custom code on a modern GPGPU for image
enhancement. Cardiac tissues were processed for H&E light microscopy post-CT scanning.

Results

Ex vivo micro-CT generated high-definition 3D images with structural details comparable to
those on H&E light microscopy. Cardiac features shown on ex vivo micro-CT scans were more
distinctive and defined than those on in vivo micro-CT scans.

Increasing X-ray source voltage, current, and scanning time increased signal-to-noise ratio of
in vivo micro-CT images. Enhancement made by NLM denoising were more pronounced with
in vivo micro-CT images due to its intrinsic lower signal-to-noise indexes.

Conclusions

Micro-CT offers a high-definition tissue-preserving visualization tool for qualitative and
quantitative anatomical analysis. While custom-built ex vivo micro-CT scanner can provide
excellent cardiac images, the more accessible in vivo micro-CT scanners may not. To improve
in vivo micro-CT images, adjustments on X-ray source’s voltage, current, and CT scanning
time in addition to the administration of post-acquisition filtering can be effective.
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1. Introduction

Three-dimensional (3D) micro-visualizations of biological tissues provide valuable
means for morphology study. A wide range of imaging techniques have been described,
including confocal microscopy, episcopic microscopy, optical projection tomography (OPT),
micro-magnetic resonance imaging (micro-MRI), and micro-computed tomography (micro-
CT) (445, 446, 465, 467-469). Tissue processing for confocal and episcopic microscopy, both
of which are serial sectional imaging techniques, destroys tissue integrity and prohibits their
future use (445, 446). Whole-volume imaging techniques such as OPT, micro-MRI, and micro-
CT allow tissue preservation; however, OPT has limitations on tissue size (468) and micro-MRI
requires prolonged scanning time for maximal resolution of 20 um/voxel (469). Micro-CT, on
the other hand, has recently attracted a great attention from researchers for its high-

resolution, versatility, availability, and ease of use characteristics (422-424, 431, 450).

Traditionally, micro-CT has limited roles in biomedical studies due to its X-ray
attenuation demands from tissue samples. These limitations, however, have been lifted by
the establishment of new staining methods, which show promising findings in embryology,
oncology, histology, angiogenesis, and bioengineering studies (422, 425, 431, 447, 451, 465,
470-474). Although these studies have established successful staining and micro-CT scanning
protocols for small tissues and animal embryos, methods for postnatal animals with
developed skeletal systems have not been addressed. Additionally, Metscher (2009) has
reported that both iodine and phosphotungstic acid (PTA) are safe and effective contrasts for
chicken embryos staining (431), but they have not been tested staining on postnatal animals,
cardiac tissues in particular. Furthermore, image quality and anatomical details of the heart

shown by the in vivo and ex vivo micro-CT scans have not been evaluated against the H&E
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light microscopy. Moreover, the effects of CT perimeters and potential impact of de-noising

algorithms on the image quality of cardiovascular micro-CT should be clarified.

Poor image signal-to-noise indexes has always been a challenge for biomedical image
analysis, especially in X-ray dependent imaging modalities. This is often a result of non-
uniform x-ray attenuation associated with different tissue types in a body. It is therefore
conceivable that different denoising algorithms have been developed over the years as
attempts to improve image quality, these include median (475-477), anisotropic (478, 479),
total variation (480-482), and block-matching 3-dimensional (BM3D) (483, 484). Although
each of these techniques has slightly different approaches to image filtering, they are all
developed for the goal of noise removal while preserving the image features, in particular for
the edge enhancements of different objects. We have chosen to implement the non-local
means (NLM) denoising filter in both 2-dimensional (2D) and 3-dimensional (3D) data for its
excellent edge preserving property and relative simplicity in application using a modern

general-purpose-graphic-processing unit (GPGPU).

In this study, we aim to complement the established tissue preparation and micro-CT
scanning protocols to create a workflow for animal hearts and demonstrate the following:
1. The cardiovascular details illustrated by micro-CT scans are comparable to those of
low-field H&E light microscopy.
2. Reduction in the voltage and current of X-ray source can increase in vivo micro-CT
image degradation. Voltage changes have more detrimental impact than current.
3. Image clarity is proportional to CT scanning time.

4. lodine is more efficient than PTA in generating uniform staining.
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5. Non-uniform contrast staining potentiates the image degradation caused by the
perimeter changes of X-ray source.

6. Both iodine- and PTA-stained heart tissue can be used for subsequent histology
processing without structural compromise.

7. Post-acquisition NLM filtering can provide modest improvement in image quality,

particularly with the in vivo micro-CT heart scans.

2. Materials and Methods

2.1. Compliance with Ethical practice

All tissues and animals used in this study were handled with strict compliance to ACT
Health Human Research Ethics Committee (ACTH-HREC) and Australian National University

Animal Experimentation Ethics Committee (ANU-AEEC).

2.2. lodine and PTA diffusion staining protocols

Thirteen 72- or 96-hours old neonatal rats were tested. These rats were over
anaesthetized with 5 % isoflurane and carefully culled via abdominal aortotomy and
subsequent thoracotomy. The cardiothoracic tissues were washed with 10% PBS solution for
30 minutes to remove residual bloods. Next, the tissues were fixed in 4% formalin solution

for 24 hours until tissue staining.

Two different contrasts were tested based on the promising results of previous study:
iodine and PTA (431). Staining was completed by first subjecting the formalin-fixed tissues to
progressive ethanol series to remove formalin: 20%, 50%, 70%, and 90%, each for 1 day

respectively. The ethanol-fixed rat’s body was then immersed in 1.5% lodine (in 90%
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ethanol), 0.5% PTA (in 70% ethanol), and 1.0% PTA (in 70% ethanol) for various periods prior

to scanning as listed in Table 1.

2.3. in vivo and ex vivo micro-CT scanning

Current micro-CT systems are generally classified into in vivo micro-CT and ex vivo
micro-CT based on the system setups; these terminologies are not related to their standard
definitions in biomedical science but rather as descriptions for micro-CT system setups (439).
In vivo micro-CT scanner incorporates a stationary sample positioned in between a rotational
system of x-ray source and detector. On the contrary, ex vivo micro-CT system involves a
rotational sample stage situated in between an adjustable x-ray source and detectors; this
setup can yield a more magnified image by shortening the distance between the sample and
x-ray source (438, 485). Furthermore, it can generate a high signal-to-noise ratio image
through prolonging the scanning time while keeping X-ray source current low. One of the
advantage of keeping low X-ray source low is to minimize X-ray source spot-size and thereby

enabling higher visual resolution, up to <2 um/voxel (486).

In this study, a commercially available Caliper Quantum FX machine was chosen to
represent the in vivo micro-CT scanner and a custom-built micro-CT system by Applied
Mathematical Department of Australian National University (ANU) was used to represent ex

vivo micro-CT system.

Using the Caliper Quantum FX, a tissue specimen was placed on a stationery loading
dock positioned in between the rotating system of X-ray source and detector. The scanning

time was pre-set between 27s and 4.5min depending on the field of view (FOV; ranging from
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5-75mm in diameter) and the modes of quality chosen (ranging from standard to fine). The
maximum resolution achievable was 10 um/voxel. In this study, different combinations of
scanning perimeters including scanning time, voltage, and current adjustments were
explored to find their effects on imaging quality, as summarized in table 1. The resultant
images were stored as DICOM series and visualized with FlJI and Drishti, both of which were
open-source software. Semi-automatic organ segmentation is performed using Drishti paint,

a function of Drishti (456, 487).

The custom-built micro-CT system by ANU Applied Mathematical Department
requires the sample to be fixed within an aluminium tube. This tissue-tube was then placed
on a rotational stage situated in-between an adjustable X-ray source and scintillator CCD. X-
ray source and sample distance was adjusted according to the resolution desired (486). All
samples were allocated with 15 hours of scanning time and an additional 8 hours of image
processing and reconstruction time via National Computational Infrastructure (NCI) services.
The maximum resolution was 1 um/voxel, limited by the physical size of the sample. The

resultant images were stored as netCDF files and visualized with Drishti (487).

2.4. H&E-stained microscopy

Following micro-CT scanning of the hearts, the tissues were processed with standard

H&E protocols for light microscopy (53).

H&E processing were conducted in the following steps. Firstly, the iodine-stained
hearts were sectioned sagittally into 4mm-thickness blocks and placed in cassettes. Next,

these tissue-blocks underwent contrast washout and dehydration in 90% EtOH for 48 hours.
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Xylol was then used to clear alcohol before paraffin-embedment at 60°C. Afterward, the
tissue samples were sliced into tissue-sheets of 10 um in thickness using a microtome. These
tissue-sheets were laid in water-bath of 5-6°C to reduce wrinkles while being positioned onto
the pre-labelled glass slides. Dehydration was then completed overnight at 37°C. Finally, the

coverslip was fixed to the slide using Eukitt® resinous medium.

Progressive H&E staining was adopted. The slides were first stained in alum-

hematoxylin solutions until the appearance of dark red colour; this was followed by washing

and ‘bluing’ with lithium carbonate solution. Finally, the slides were then washed followed by

counter-stained with 0.5% eosin alcoholic solution.

All tissue slides were examined using Olympus IX 71 microscope.

2.5. Post-acquisition image processing: Non-Local Means (NLM) filtering

As an attempt to improve image clarity and edge-sharpness of cardiovascular micro-

CT scan, we trialled NLM filtering using custom-code.

NLM algorithm is first developed by Buades et al. (455) under the premises that
similarity exists among different regions of an image provided that these regional sizes are
'relatively' small. This self-similarity enables noise cancelling by averaging these similar parts
of the image. Genin et al (2012) has illustrated that the computational principle of this
algorithm (488). In 2D images, this process creates a cube, whereas in 3D images, this
generates a 4-dimensional (4D) hyperplane. This now gives the most similar pixels/voxels in

the image and the denoising or smoothing operation is completed based on this higher

143 |Page



dimensional object. This operation is feature-preserving and enables automated noise
removal. This NLM algorithm is widely considered as a state-of-the-art denoising filter. The
large number of computations required to perform the basic NLM, however, making its
computational-processing-unit (CPU) runtime unacceptably high for all but the smallest 2D

images.

The method utilized in this paper uses a standard NLM but with locally adaptive
estimates of noise, which result in more accurate removal of noise. Given all images in this
study were 3D data, 3D cubes were used for the similarity measures and therefore required
the use of the 4D hyperplane. Images presented in this paper ranging from 5123 voxels for
the in vivo micro-CT scans to the full 20483 voxels for the ex vivo micro-CT scans. Using our
proposed protocol (unpublished), the computing time for the NLM was reduced to
approximately one-minute-thirty-seconds for a 5123-voxel sample on a system with a single
graphics-processing-unit (GPU) card. This was significantly faster than the current

commercial vendors requiring processing time up to three hours for a similar sample size.

A brief discussion of NLM implementation used in this study is described as follow.
Traditionally, a great majority of the NLM runtime is spent on the computations of the sum of
squared differences (ssd). Given the ssd computation for adjacent voxels is highly similar, we
exploit this similarity by adopting a pseudo moving average filter (MAF) to perform the ssd
calculations from one pixel/voxel to the next. For 2D images, the squared area of intensities
used for one voxel’s ssd-search-neighbourhood differs from an adjacent voxel’s ssd-search-
neighbourhood only in the end rows or columns. The same principle also applies to 3D data,

with adjacent cubes differ only in two end slices. To illustrate further, if M is the number of
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voxels of the inner ssd cube and N is the number of cubes requiring ssd calculations, then the
total number of difference-operations is as follows: with no MAF, we perform N x M3
operations; with the MAF, we perform M3+ (N-1) x 2 x M? operations. Based on this, we can
expect a significant computational reduction when N is large. This is indeed the case when
handing the ex vivo micro-CT data, where each dataset has an average of 4.7 GB in size, the

second operation become at least a two-orders of magnitude less in computations.

The computation of the smoothing parameter and estimation of the image noise is
adapted from Coupe et al., 2008 (457). However, our implementations are unique in the fact
that we compute individual noise estimate for each sub blocks of the image rather than
assigning a single estimate for the entire image. Furthermore, the grey-scale-value (gsv)
intensity range has also been considered in our computations for the smoothing parameter.
The gsv inclusion is found to be empirically important for the success of de-noising a range of
image types including computed tomography (CT), scanning electron microscopy (SEM), and
ultrasound etc. Moreover, our implementation of NLM follows the original model of Additive
Gaussian White Noise (AGWN); however, it also allows adjustments on the shape of the
Gaussian kernel to better approximate the real noise distribution for images with non-

AGWN.

Our empirical testing confirms that through local estimation of the noise, inclusion of
correction factor for non-AGWN, and fixed window sizes, improvement on de-noised quality
can be achieved. Little, if any, gains in quality improvement is obtained with larger search
window sizes. On the contrary, image quality may degrade with larger search window sizes.

These conclusions are drawn based on the qualitative and quantitative measures such as
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peak signal to noise ratio (PSNR), line tests, and residual images for a wide range of image

types. Similar finding are also found in Coupe et al., 2008 (457).

In this study, the implementation command was run on a Linux operating system
fitted with Intel (R) Core ™ i7-4770K CPU @3.5GHz, 32 GB of RAM, and a Nvidia GeForce GTX
Titan Black Kepler GK110 architecture. The processed CT data were reviewed using Fiji and

Drishti (453, 456).

3. Results

3.1. Image quality: comparing light microscopy, ex vivo, and in vivo micro-CT scans of

cardiovascular tissues of postnatal rat

To demonstrate the visualization power and versatility of the proposed method for
cardiovascular tissue, we compared H&E light micrograph, ex vivo micro-CT scan, and in vivo
micro-CT scans of the same heart, as shown by Figure 2. Although good tissue contrast is
observed throughout Figure 2b to 2e, only ex vivo micro-CT scans, Figure 2b and 2c, provide
good anatomical visualization with details comparable to those seen on 4x H&E light
micrographs, Figure 2a. Furthermore, tissue preservation is observed only in micro-CT scans
as opposed to apparent micro-tears shown by H&E light micrograph. Moreover, Figures 2b to
2e illustrated the versatility and ease of manipulations through different visual planes of the
heart with micro-CT data; this was difficult to achieve with light microscopy. Additionally,
when setting both ex vivo and in vivo cardiac micro-CT scans with similar field of view for
comparison, the resolution limitations of in vivo micro-CT scans, Figure 2d and 2e, are
obvious in comparison to ex vivo micro-CT scans, Figure 2b and 2c. The respective resolutions

of in vivo micro-CT and ex vivo micro-CT scans are 40 um/voxel and 10.7 um/voxel. In fact, in
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vivo micro-CT scans can only show macroscopic anatomical details such as atria, ventricles,

papillary muscles, and aortic semilunar valves, whereas smaller structures including coronary
arteries and even cardiac tissue striations can be easily appreciated in ex vivo micro-CT scans.
Overall, in vivo micro-CT scans offer less image clarity and anatomical details than those of ex

vivo micro-CT scans and H&E light microscopy.

3.2.  Effect of X-ray source voltage, current and CT scanning time on the image quality of

low resolution (20 um/voxel) and high resolution (10 um/voxel) in vivo micro-CT heart scans

Since in vivo micro-CT has less-than-ideal image quality, we explored potential
methods for improvement through adjusting CT perimeters. We first tested these settings on
low-resolution micro-CT scans (20 um/voxel) derived from an iodine-stained heart. As shown
by Figures 3a to 3d, gradual reductions in X-ray source voltage result in progressive
worsening of image clarity. Minor image degradation is observed with voltage reduction
from 90kV to 70kV; the overall heart structures remain discernible. On the other hand, non-
meaningful image is generated when setting X-ray source voltage to 30kV, Figure 3d.
Furthermore, shortening the CT scanning time from 3min to 26s results in significantly
blurrier images as exemplified by the compromised pulmonary and aortic vessel definitions,
Figure 3e. Unexpectedly, halving the X-ray source current only modestly reduces the image

sharpness, Figure 3f.

To investigate further, we tested the effect of similar perimeter adjustments on high-
resolution micro-CT scans (10 um/voxel) using the same iodine-stained heart. Consistent
with low-resolution image series, voltage reduction corresponds to poorer image quality,

Figure 4a to 4c; however, image degradation associated with reduction in X-ray source
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voltage or current is more prominent in high-resolution images. Indeed, direct comparison
between Figure 4c and Figure 3¢, both derived from an X-ray source voltage setting of 50kV,
shows significant higher image noise and blurrier cardiac edges in 10 um/voxel heart scans.
Interestingly, halving the current setting from 200uA to 100pA, Figure 4d, yields similar
image quality as Figure 4b, a scan generated by 70kV X-ray source, which is only a 22%

reduction from a standard 90kV setting, Figure 4a.

3.3.  Effect of CT scanning time on micro-CT scans of fully PTA-stained (1.0%) heart

PTA staining was tested for the search of an alternative contrast to iodine. High
radiopaque micro-CT scans was generated with a fully PTA-stained heart, Figure 5. However,
a prolonged staining period of 148 days was required to guarantee successful diffusion
staining of a neonatal rat’s heart using 1.0% PTA. Furthermore, although PTA staining yielded
good soft-tissue contrast, its high radiopacity reduces the visibility of structural details, such
as the loss of vessel boundary between the aorta and pulmonary artery or indistinguishable
borders between the right auricle and ventricle, shown by Figure 5a. Furthermore,
shortening CT scanning time caused significant higher image degradation with PTA-stained

heart, Figure 5b; this was much more prominent than that of iodine-stained heart, Figure 3e.

3.4. Effect of X-ray source voltage on micro-CT scans of non-homogenous PTA-stained

(0.5%) heart

To investigate whether high radiopacity of PTA-stained cardiac scan can be corrected
by reducing the contrast concentration, we tried diffusion staining with 0.5% PTA for 699
days but with little success. As shown by Figure 6a, peripheral cardiac tissue stained by PTA

exhibits significant high opacity while internal structures cannot be delineated due to
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incomplete staining. Furthermore, non-homogenous PTA staining amplifies the image

degradation on micro-CT heart scan from lower X-ray voltage settings, as shown by Figure 6b.

3.5. Effect of NLM denoising algorithms on the ex vivo and in vivo micro-CT rat heart scan

As attempts to improve image quality, we applied the NLM denoising algorithm to
both ex vivo and in vivo micro-CT scans for structural feature enhancements and image noise
removal. Due to the high signal-to-noise ratio of the original ex vivo micro-CT scan, Figure 7a,
only subtle improvement such as boundary differentiation can be appreciated post-filtering,
Figure 7b. The subtle improvement is better appreciated by comparing their respective
magnified views of intraventricular edges. Furthermore, through NLM filtering, structural
boundaries demonstrated in vivo micro-CT scans have become modestly more defined,
Figure 7d, when comparing to the original scan, Figure 7c. This can be appreciated by
reviewing the aortic and intraventricular edges. In addition, the comparison of their

respective intensity histogram also demonstrates significant narrowing of histogram spread.

4. Discussion

Our study demonstrated micro-CT scanners, with proper tissue staining, can generate
scans illustrating detailed cardiovascular anatomy of postnatal rats. These anatomical details
revealed by the ex vivo micro-CT scans not only share similar soft-tissue differentiation with
micro-MRI scans but offer high structural details comparable to the low-magnification H&E
light microscopy, Figure 2a (489). This easy, versatile, tissue-preserving methodology offers a
potential alternative method to conventional pathology and morphology study (490, 491). In
addition, the benefits of 3D rendering and the ability to accommodate a relatively large

sample size allow for better internal anatomical visualization and appreciation of disease
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processes. Although adopting micro-CT methodology into the clinical practices may still be
years away, micro-CT has already taken important research roles with the use of appropriate

tissue preparations.

As previously expected, we confirmed that ex vivo micro-CT scanners can offer
significantly more detailed and clearer images than in vivo micro-CT scanners, as shown by
Figure 2. Figure 2b and 2c demonstrate ex vivo micro-CT scans can provide well defined
illustrations of cardiac anatomy in addition to cardiac parenchymal distribution and muscle
striations at a level of details comparable to those of 4x H&E light micrograph, Figure 2a. On
the contrary, this is not achievable by in vivo micro-CT scans, Figure 4a, despite having similar
high-resolution settings, 10um/voxel (in vivo micro-CT scan) and 10.7um/voxel (ex vivo
micro-CT scan). The difference in image quality is due to the intrinsically high signal-to-noise
ratio achieved by the extended scanning time of the ex vivo micro-CT scanner, i.e. 15 hours,
comparing to the relatively short scanning period of the in vivo micro-CT scan, 3 min. The
limited scanning time of the in vivo micro-CT scanner is designed to minimize radiation
exposure in view of potential live animal study; however, this also significantly reduces
physical raw data for the downstream image reconstruction. This ultimately results in lower

signal-to-noise index and compromised image quality.

Due to the wider availability and lower cost of in vivo micro-CT scanners, we explored
various CT scanner settings to improve the quality of both low- and high-resolution micro-CT
scans. These perimeters include X-ray source’s voltage, current, and CT scanning time.
Although the full extent of electromagnetism and photoelectric effect of X-ray physics is

beyond the scope of this study, for the practical purposes of manipulating the settings of in
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vivo micro-CT scanners, we found our scan result is consistent with the following:

Image clarity < CT Scanning time * Xray Current * Xray Voltage
We confirmed the signal-to-noise ratios of the micro-CT data can be improved by increasing
the current of X-ray source and thereby generating a higher number of photons within a
short period of time. This benefit is illustrated by the comparison between Figure 3a and 3f.
Consistently, image degradation associated with lower current setting is more prominent in
high-resolution images, as shown by the comparison of Figure 4a and 4d. Moreover, reduced
image quality from lower current setting can be rescued by longer scanning time, as

demonstrated by the comparison of Figures 3a and 3e.

Furthermore, we reported that X-ray source voltage has an important effect on both
image acquisition and signal-to-noise ratio. Given that a majority of the ionizing
electromagnetic radiation, X-ray, is generated through the Bremsstrahlung process, radiation
emission from the “braking of electrons,” a continuous spectrum of the X-ray energy is
generated based on the anode voltage of X-ray tube. As shown in Figure 3d, when setting the
anode voltage to < 50kV, no meaningful image can be generated from our in vivo micro-CT
scan trials. This can be explained by the fact that the wide-angle Compton scattering,
prominent Rayleigh scattering, and less photoelectric effect predominate at low voltage
setting, resulting in less X-ray production (492). On the other hand, high-voltage setting
minimizes Rayleigh scattering, increases the narrow-angle Compton scattering and
potentiates photoelectric effect. This creates sharper-edge image through x-ray spectrum
changes: generating more narrow-angled scattering photons with higher penetration power.
However, this change also increases the risk of “over-exposure” (493). This effect can be seen

promptly in high-spatial-resolution images, Figure 4b and 4c, and less prominent in low-
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spatial-resolution scans, Figure 3b to 3d. Expectedly, image noises from suboptimal voltage
or current setting are accentuated by inadequate staining, as shown by Figure 6b, likely due

to the uneven photon scattering caused by non-homogenous distribution of staining effect.

Based on our results, we suggest titrating up the X-ray source current of in vivo micro-
CT scanner before altering the voltage to achieve for better image quality while minimizing
the risk of overexposure. On the other hand, when the desired resolution is < 2um/voxel, an
upper limitation of current size exists due to the finite size of generated photon beams,
which can be greater than 2um and hence unable to project the fine differentiations of the
objects. However, to our best understanding, no commercial in vivo scanners can offer spatial

resolution higher than 10 um/voxel currently.

From this study, we illustrated that intact cardiovascular tissues can be visualized
using micro-CT scanners with iodine or PTA tissue-staining, provided that prolonged PTA
staining time can be allocated. Contrary to previous study on animal embryos, diffusion
staining on postnatal rat hearts requires much longer staining time to guarantee success, up
to 16 days when using 1.5% iodine solution and 148 days with 1.0% PTA (431, 451). Staining
with 0.5% PTA for 699 days is not successful. The difference in the required staining time is
likely due to their size and polarity differences, with iodine being non-polar and about 20
times smaller than the ionic PTA (494, 495). In addition, due to PTA’s high molecular size and
higher mass absorption coefficient, we found attempting to acquire high-resolution images
(i.e. 10um/voxel) using in vivo micro-CT scanner runs a higher risk of generating “over-
attenuated” image, as shown by Figure 6a (496). This observation is consistent with

Lambert’s law (497, 498):
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I - Ioe_‘u'pt
Where, I = resultant intensity, ;= initial intensity, u= mass absorption coefficient (cm?/g), p=

density (g/cm3), t=thickness (cm).

We implemented NLM algorithms to explore rescuing measures for suboptimal
cardiac micro-CT images. NLM process is known to be time consuming due to high
computational demand; however, this has been improved with parallel processing using
GPGPU. Although high signal-to-noise ex vivo micro-CT scans benefits little from NLM
filtering, Figure 7a and 7b, improvements made on low signal-to-noise in vivo micro-CT scans
are more prominent, as shown by Figure 7c and 7d. By adopting this process, accuracy of
guantitative analysis may be improved from clearer images. While our implementation is still
in trial phase and not available for public domain, other alternative opensource projects are
available for NLM implementation, including Fiji, albeit the processing may be slower with
more artefact in resultant images (456). Although improvement from NLM may be minor
currently, de-noising can facilitate future development of automated segmentation and

hence accurate automated quantitative analysis including measurement of organ sizes.

In conclusion, we demonstrated that micro-CT is a useful tissue-preserving scanning
modality with the ability to provide detailed cardiovascular anatomy and great tissue
differentiation. This potentially opens different applications for micro-CT scans. Contrary to
prior findings from embryo study, we recommend iodine as the preferred contrast for
efficient and reliable results. Ideally, we recommend ex vivo over in vivo micro-CT scanner for
achieving high-definition heart images. However, if an in vivo micro-CT scan needs to be

used, we recommend increasing the current and/or CT scanning time before adjusting the X-
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ray voltage towards the extreme for best quality images. Lastly, despite macroscopic
coloration by iodine staining, we confirm such processing does not interfere with future H&E
staining on the same tissue. Through the same process, we also illustrated that ex vivo micro-
CT scans can offer similar cardiac details as low-power microscopy, as shown by Figure 2a to
2c. Furthermore, quantitative study for cardiac fibrosis post-myocardial infarction may be
possible through measurements on the loss of cardiac muscle striation with volume
rendering software, such as Drishti (453). Furthermore, quantitative analysis on the gross
anatomy of aortic dimensions, ventricular volumes, valvular sizes, and muscular hypertrophy
can be completed with micro-CT data. Lastly, considering the quality improvement made by
the NLM application, we recommend all in vivo micro-CT images to be processed by NLM

algorithms prior to quantitative analysis.
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Chapter 3.2 Figures:

Figure 1: lllustration of region-matching of high similar measures in NLM processing.

A pixel/voxel is chosen, a voxel being the smallest unit of a 3D volume, analogous to a pixel in
2D image. A neighbouring region with high similar measures around this selected pixel/voxel
is then chosen. This neighbouring-region is a square in 2D and a cube in 3D. A sum of the
squared difference is used to determine which neighbourhoods are the most similar to the
current region of interest; this is then ranked and put into a higher dimensional stack.
Various groups of high-association groups of images are selected based on their similarity
measures to each selected reference patches, highlighted in thick black boxes (455).
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Figure 2: Comparison of H&E microscopy, ex vivo and in vivo micro-CT scans of neonatal
rat heart.

Figure 2a (H&E microscopy, 4X magnification): 2D view of major heart structures as labelled.
Muscle fibre and micro-tears at the base of interventricular septum caused by tissue
processing are also illustrated.

Figure 2b and 2c (ex vivo micro-CT, resolution 10.7um/voxel): structurally intact 3D
visualization of heart structures with details comparable to that of H&E light micrograph,
Figure 2a. In addition, cross sections of coronary artery and vessel wall thickness can be
appreciated.

Figure 2d and 2e (in vivo micro-CT, resolution 40um/voxel): sagittal and parasagittal view of
in vivo micro-CT heart scans showing gross but limited macroscopic 3D visualization of heart
structures.

Aor=Aorta; RAu=Right Auricle; RA=Right Atrium; RV=Right Ventricle; RVW=Right Ventricular
Wall; IVS=Interventricular Septum,; LA=Left Atrium; LV=Left Ventricle; LVW=Left Ventricular
Wall; Pm=Papillary Muscle; Pul V=Pulmonary Vessel; Asv=Aortic Semilunar Valve.

156 | Page



Figure 3: Effect of micro-CT voltage, current, and scanning time on low-resolution

(20um/voxel) in vivo micro-CT images of rat heart.

Figure 3a (90kV), 3b (70kV), 3c (50kV), and 3d (30kV): demonstrate lowering voltage setting
results in blurrier structural border, which is best appreciated by the gradual loss of right
ventricular papillary muscle outlining as shown by 3a to 3d. Furthermore, minimal
anatomical information can be detained from figure 3d.

Figure 3a (3min) and 3e (26s): Short CT scanning time generates less homogenous cardiac
scan with blurrier edges.

Figure 3a (200pA) and 3f (100uA): reducing x-ray source current yields compromised cardiac
image with lower tissue-cavity contrast.
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Figure 4: Effect of micro-CT voltage and current on high-resolution (10um/voxel) in vivo
micro-CT images of rat heart.

Figure 4a (90kV), 4b (70kV), and 4c (50kV): longitudinal views of micro-CT heart scans
showing reduction of x-ray source voltage results in higher image noise. Image clarity
gradually reduced from Figure 4a to 4c as demonstrated by less demarcated ventricular
borders. However, macroscopic information including heart chamber dimensions, ventricular
wall thickness, and outlining of papillary muscles are preserved, which is best illustrated in
left ventricle.

Figure 4a (200 pA) and 4d (100 pA): demonstrates halving the micro-CT current setting
results in higher image noise. Internal ventricular border shown by Figure 4d is blurrier than
that shown by Figure 4a.
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Figure 5: Effects of PTA staining and scanning time on micro-CT scans of neonatal rat heart-
148 staining days.

Figure 5a (1.0% PTA, 3min): presents micro-CT scans of a fully PTA-stained heart with strong
cardiac parenchyma and cavities contrast. However, due to the strong radio opacity, adjacent
structures such as pulmonary and aortic vessel walls cannot be differentiated.

Figure 5b (1.0% PTA, 26s): shorter scanning time CT scanning time gives poor structural
details due to higher image noises.

500 ur

Figure 6: The effect of non-uniform staining on cardiac tissue micro-CT image-699 days of
staining.

Figure 6a (0.5% PTA, 90kV) shows moderate contrast details at the outer rims of the heart
with limited internal clarity. Internal structures such as interventricular septum are poorly
defined.

Figure 6b (0.5% PTA, 70kV) shows rough outer boundary of stained regions, mainly the outer
rims of the ventricles. The boundary of internal ventricular wall and septum cannot be
delineated.
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Figure 7: Cardiac anatomical differentiation of both ex vivo and in vivo micro-CT scans are
enhanced by NLM filtering.

The original (7a) and denoised (7b) ex vivo scans illustrate that mildly enhanced
cardiovascular parenchymal edges in denoised (7b) while anatomical information is
unaltered in both. Similar but slightly more prominent enhancements are in 7c and 7d,
original and denoised in vivo micro-CT scans, respectively. The respective contrast histograms
of each scans revealed narrower histogram peaks in denoised group, 7b and 7d, in
comparison to their respective originals, 7a and 7c.
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Chapter 3.2 Tables:

Rat
heart,
(Rat
age)

72
hours
72
hours
96
hours
72hours
72hours
72hours

72hours
72hours
72hours
72hours
72hours
72hours
72hours
72hours

96
hours

96
hours

96
hours

Stain
type

lodine

lodine

PTA

lodine

lodine

PTA

PTA

Stain
concentration

1.5% in 90%
Ethanol

1.5% in 90%
Ethanol
1.0% in 70%
Ethanol

1.5% in 90%
Ethanol

1.5% in 90%
Ethanol

1.0% in 70%
Ethanol

0.5% in 70%
Ethanol

Effective
Staining
duration

48 days

16 days

148
days

16 days

16 days

16 days

16 days

16 days

16 days

16 days

16 days

16 days

16 days

16 days

148
days

148
days

699
days

699
days

Micro-
CcT
type

Ex
vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

Scanning
time

15 hours

4.5 min

4.5 min

3 min
3 min
3 min
3 min
3 min
3min
3 min
3 min
3 min
26s

3 min

3 min

26's

3 min

3min

Resolution
(um)

10.7

40

40

10

20

20

20

Voltage
(kV)

100

90

90

90
70
50
30
90
90
70
50
30
90

90

90

90

90

70

Current
(uA)

100

200

200

200
200
200
200
100
200
200
200
200
200

100

200

200

200

200

Results *

Excellent-
Figure 2b
and 2c
Good-Figure
2d
Good-Figure
2e

Good-Figure
3a
Good-Figure
3b
Poor-Figure
3c
Incomplete
Good-Figure
3d

Good-Figure
4a
Good-Figure
4b
Poor-Figure
4c
Incomplete-
Figure 4d
Good-Figure
4e
Poor-Figure
af

Good-Figure
5a
Poor-Figure
5b
Incomplete-
Figure 6a

Incomplete-
Figure 6b

*Excellent-Detailed anatomy; Good-Gross anatomy, sharp border; Poor-Gross anatomy, blurry border; Incomplete-
Undifferentiated anatomy

Table 1: Summary of various tissue staining and micro-CT setups for different rat hearts

with respective image results
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Chapter 4: Craniofacial dysmorphology resembling domestication syndrome may be
associated with spotting-lethal rat, a model of Hirschsprung disease

Chapter 4 Highlights

e  sl/slrat, an ETg”/ HSCR model, exhibits subtle craniofacial features resembling to those
of domestication syndrome.

e  sl/slrat has a flatter cranium, a smaller maxilla, a larger mandible, and a
disproportionally shorter but wider nose than the control group.

e  sl/slrat has a slightly larger W-index than the control group, consistent with the
presence of dystopia canthorum, a feature seen in the analogous condition,
Waardenburg syndrome.

e  Although all dental elements are presented, sl/s/ rat has smaller superior incisor and
molar beds.

e if our animal findings are extrapolatable to human, our finding of a shorter but broader
nose, smaller mid-face, and shorter molar beds in sl/s rat may suggest an increased risks
for obstructive sleep apnoea and dental malocclusion in some ETg”- HSCR patients.

163 |Page



Chapter 4 Abstract

Background

ETe”" mutation is a major cause of HSCR, a neurocristopathy known for its enteric nervous
system failure. Other than regulating ENCC migration, ETs mediates ET-1 clearance.
Consequently, ETg may indirectly affect ET-1/ETa signalling, which controls CNCC migration
and craniofacial development. Interestingly, it was hypothesized that “domestication
syndrome” arise from changes in neural crest determining genes, including ETa and

ETs. Although ETa”" animals are known to suffer severe dysmorphology resembling CATCH22
syndrome, we hypothesize that sl/s/ rat, an ETg”- HSCR model animal, may also exhibit subtle
craniofacial changes through indirect control. These features may share resemblance to
those of domestication syndrome.

Methods

Ten rat pups with an average age of 88 hours were anaesthetized with 5% isoflurane and
culled via exsanguination. Tail tips were removed for genotyping. Head tissues were stained
in 1.5% iodine for two weeks prior to micro-CT scanning. In vivo micro-CT scanning of cranial
specimen was performed followed by ex vivo micro-CT scanning of 2 samples for image
guality control. 3D visualization and analyses were performed using an open-source
program, Drishti. Cephalometric measurements were made on selected craniofacial
landmarks. Comparisons were made between s//s/ rats and the control group, which
consisted of wild-type and heterozygotes.

Results

Subtle reductions in facial measurements were seen in sl/sl rats when compared with the
control group, ranging from 1.4% to 15%. These changes were observed in cranial, maxillary
and mandibular parameters: total skull length, nasal length, nasal width, nasal cavity width,
interorbital width, interlens distance, inner and outer canthal distance, maximal skull height,
cranial length, intracranial length and width, interorbital width, and interzygomatic width.
Consistently, craniofacial ratio indices showed si/s/ rat has a flatter cranium (skull height/skull
length: 0.393 vs 0.413) and a shorter but broader nose (nasal width/nasal length: 0.794 vs
0.874). Additionally, subtle dystopia canthorum may be presented in sl/sl rat based on
increased W index. While there was no discrepancy in dental number and morphology
between the control and si/s/ groups, dimensional difference was detected.

Conclusions

This study demonstrated subtle craniofacial changes are presented in ETg”/" HSCR model,
supporting the idea that ETs regulates CNCC migration. The findings also implicate ETg”"
HSCR patient may have predisposing risks for conditions such as obstructive sleep apnoea,
cleft palate, or dental malocclusion. Lastly, these changes share resemblance with described
domestication syndrome, supporting NCC-determining gene, ETs, may play a role in the
formation of domestication.
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1. Introduction

Colonic aganglionosis are diseases affecting both humans and animals, with
Hirschsprung disease (HSCR) being the human eponym. While HSCR is once thought of as a
single organ disease, it has become apparent that as a neurocristopathy, multi-systems are
likely involved. Indeed, a number of congenital abnormalities of the central nervous system
including microcephaly, agenesis of the corpus callosum, asymmetry of lateral ventricles,
central hypoventilation syndrome, sensorineural deafness, seizures, mental retardation and
autonomic nervous abnormalities have all been reported to associate with HSCR (28, 115,
499-501). Additionally, it is widely accepted that HSCR is associated with a number of genetic
syndromes including Shah-Waardenburg syndrome (WS-1V), Down’s syndrome (DS), and
Mowat-Wilson syndrome (MWS) (502). Furthermore, we also recorded a smaller head
circumference in paediatric HSCR surgical patients than that in general paediatric surgical
population. This observation is more pronounced in males, consistent with HSCR’s male
predominance (10). This evidence suggests that the developmental failure in HSCR is not
limited to, at least in some cases, the enteric nervous system but more diffusely affecting
central nervous, cardiovascular, and craniofacial systems. This relationship can be
exemplified by MWS. In this study, we focus on the external morphological changes

associated with ETs”* HSCR phenotype.

Several genes have been identified in the pathogenesis of HSCR. A major susceptible
gene is RET, which contributes 5-25% of all cases based on the findings of genetic screening
series (503). Additionally, the endothelin signalling pathway also plays important role in the
pathogenesis of HSCR; mutations in either endothelin B receptor (ETg) or endothelin-3 (ET-3)

genes can lead to HSCR, as identified in both HSCR patients and rat models (113, 413). ETsg is
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the second most susceptible gene for causing HSCR, accounting for approximately 5% of
human cases (503). The loss-of-ETe-function results in WS-1V and other developmental

sequelae due to the signalling disruptions in the endothelin system.

Endothelin signalling is an intricate system, encompassing two major endothelin
receptors, ETa and ETs. Their respective signalling pathways have distinctive different yet
intertwined physiological functions. While a functional ETs is known to play pivotal role in the
development of ENS, it also mediates basal endothelial vasodilation and up to 80% of ET-1
clearance; the latter of which is less well known (380). Binding of ET-1 to ETa mediates strong
vasoconstriction through vascular smooth muscle contractions, and importantly, is essential
for the craniofacial morphogenesis during development. Indeed, Clouthier et al (1998)
demonstrated mice with ETa knock-out mutations exhibit features resembling human CATCH
22 or velocardiofacial syndrome, including: smaller mandible, shortened neck,

underdeveloped pinnae, and deformed cardiovascular outflow tracts (230).

Bony and cartilaginous craniofacial morphogenesis are heavily dependent on three
major stages of CNCC developments: migration of CNCC from rhombomere to pharyngeal
arches forming the ectomesenchymal cells, propagation of ectomesenchymal cells within the
pharyngeal arches, and terminal differentiation to mature structures (e.g. cartilage, dentine,
and bones) following interactions with ectoderm (504). While the precise mechanisms of ET-
1/ETa signalling on the developing CNCC are yet to be confirmed, the current consensus is as
follows: ET-1 expressed in the pharyngeal arch epithelium and paraxial mesoderm-derived
arch core acts as a chemoattractant for the ETa-expressing ectomesenchymal cells to

appropriate position prior to end-organ differentiation (230). Therefore, disruptions or
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hypostimulations in ET-1/ECE-1/ETa pathway leads to CNCC migration failure and severe
craniofacial defects ultimately result in mechanical asphyxia post birth (230, 232, 505).
Additionally, the ectomesenchymal cells originated from cardiac neural crest cells (CaNCC)
migrate to pharyngeal arches 3, 4, and 6 to form the aortic pulmonary system; disruptions in
the ET-1/ETa system can thus cause ventricular septal defects and aortic hypoplasia or

interruptions (232).

Interestingly, the multi-genetic “domestication syndrome” also exhibits mild variant
craniofacial dysmorphology seen in velocardiofacial syndrome and Waardenburg syndrome
(WS); both of which arise from mutations in the endothelin system (27, 506). Domestication
syndrome is a concept first introduced by Charles Darwin in 1868 to describe a range of
behavioural, morphological and physiological traits difference between the domesticated
animals and their wild forbearers (507). Since then, its genetics and implications have been
the focus of extensive researches (508). The domestication syndrome refers to a combination
of traits observed in domesticated animals including increased docility, tameness and
prolonged juvenile behaviour, depigmentation, ear and tail form, shorter nose, reduced
tooth size, alterations in adrenocorticotropic hormone levels, altered concentrations of
several neurotransmitters, and a reduction in total brain size and particular brain regions
(508-510). Many of the similar characteristics are also observed in HSCR-associated
syndromes, suggesting potential common aetiology. Indeed, recent researches have
suggested that features of domestication may arise from alterations in neural crest cells and
neural crest determining genes, including RET, GDNF, SOX10, MITF, PAX3, ET-1, ET-3, ETa, and
ETs; all of which play crucial roles in neural crest cell specification, migration, and post-

migratory interaction (19, 113, 162, 178, 231, 511-513). Consistently, animals with these
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dysfunctional genes may display a range of abnormalities, ranging from mild domestication
syndrome to debilitating or lethal neurocristopathy such as HSCR or Waardenburg

syndromes (19, 508).

Although we do not expect ETs-knockout mutants to exhibit gross dysmorphic
features from the migration failure of cephalic neural crest cell (CNCC) as seen in ET-1/ETa
mutants, we ponder the potential impact of elevated ET-1 on the development of HSCR
subjects. To study the potential changes associated with HSCR, we adopted spotting-lethal

(sl/sl) rat as our study model.

sl/sl rat is an autosomal recessive ETs”- mutant with high adherence to Mendelian
inheritance. Pathogenically, si/sl rat carries a naturally-occurring 301 base-pair deletions in
ETs gene which causes ET-3/ETs signalling dysfunction (413). Phenotypically, si/s/ rat exhibits
features resembling HSCR and WS-IV patients including: histologically-confirmed aganglionic
bowel, pigmentation defects, and hearing deficits (413, 439). Based on the colony data of
475 rats, we observed high genetic penetrance of intestinal aganglionosis in up to 95% of
homozygous sl/s/ rats. Additionally, Gariepy et al (2000) showed that s//sl rats have
approximately six-times higher ET-1 level than that of wild type rats due to impaired
clearance from the absence of functional ETg (381). This is also supported by the consistent
finding that ETg inhibition by BQ-788 causes significant elevation in ET-1 levels (514).
Consequently, we suspect potential developmental changes in craniofacial features to occur

in sl/sl rats due to elevated ET-1 levels and subsequent changes in ETa-mediated signalling.
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Given sl/sl rat is a single-gene HSCR model with high genetic penetrance, changes
observed in mutants can provide further clarifications on ETg functions and the potential
impairments associated with HSCR. In addition to skin depigmentation, we ponder s//s/ rats

may display some structural characteristics of domestications, including craniofacial changes.

This study aims to extrapolate the impact of ETg on the craniofacial morphology by
guantitatively comparing the external morphology of sl/s/ rat to that of control group. All
measurements are made on three-dimensional (3-D) rendering of structurally preserved
micro-CT data. We hypothesized that s//s/ rats may possess altered craniofacial morphology

resembling some domestication features, including smaller a shorter and flatter face.

2. Materials and Methods

2.1. Compliance with Ethical practice

All animal tissues used in this study were handled with strict compliance to ACT
Health Human Research Ethics Committee (ACTH-HREC) and Australian National University

Animal Experimentation Ethics Committee (ANU-AEEC), project number A2011/67.

2.2. Tissue preparation and staining

Ten rat pups with an average age of 88 hours were used this study. They were derived
from crossbreeding between the heterozygous carriers for the ETg mutation. Their coat
pattern, age, gender, weight, and colonic appearance were recorded prior to culling. The
culling process involved over-anesthetizing the rats with 5% isoflurane followed by
thoracotomy and abdominal aortomy. Five-millimetre tail tips of each rat were resected and

stored for subsequent genotyping.
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To facilitate successful micro-CT scanning with adequate tissue differentiation,
diffusion staining with iodine solution was performed prior to scanning. A rhomboid-shaped
craniotomy of five-millimetre in diameter was created on the parietal bones to facilitate
tissue staining. The rat samples were first washed in 10% PBS solution for 30 minutes
followed by 4% formalin fixation for 24 hours. Next, formalin was replaced by progressive
ethanol (EtOH) series: 20%, 50%, 70% and 90% for 24 hours each. Finally, the ethanol-fixed
rat bodies were stained in 1.5% iodine solution for a minimum of 7 days prior to micro-CT

scanning.

2.3. Micro-CT scanning

We have chosen micro-CT scanning for its high image-resolution power to secure
accurate and detailed anatomical information. The image scanning was performed using a
commercially available in vivo micro-CT scanner (Caliper Quantum FX) followed by a
validation scan with a custom-built ex vivo micro-CT system at the Department of Applied
Mathematics of Australian National University (ANU). Due to its limited accesses, the latter
was only used for image quality control. The terminology of “in vivo” and “ex vivo” described
here were not to be confused with their standard definitions in biomedical science but rather
as descriptions of micro-CT system setups (439). The in vivo micro-CT system consists of a
stationary sample positioned in between a rotational system of X-ray source and detector
with the aims to reduce radiation exposure while acquiring satisfactory images. On the
contrary, the ex vivo micro-CT system positions a rotating sample in between an adjustable X-
ray source and a detector. This setup renders high magnification image with high signal-to-

noise ratios possible.
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The Caliper Quantum FX required a scanning time of 4.5 minutes for images with
maximal resolutions of 10 um/voxel. The resultant images were stored as DICOM series. On
the other hand, the ex vivo micro-CT system of ANU Applied Mathematical Department
allocated 15 hours of scanning time per scan with additional 8 hours of image processing
time in National Computational Infrastructure (NCI) services. The maximal resolution
achievable was 1 um/voxel, limited by the physical size of the sample. The resultant images
were stored as netCDF files. Both series of image formats were visualized and analysed using

Drishti, an opensource software (453).

2.4. Genotyping

Following the cephalometric analysis on acquired micro-CT data, genotyping was
completed by standard PCR protocols. Three homozygous wild type (ETs**), two
heterozygotes (ETs*"), and five homozygous spotting-lethal (s//s/; genotype ETs”") rats were

identified.

Genotyping was performed with following protocols. Cells of the isolated five-
millimetre rat-tail segments were lysed using Proteinase K in lysis buffer, which consisted of
100mM Tris pH 8, 5mM EDTA, 0.2% SDS, 200mM NaCl in distilled water. DNAs were extracted
via standardized protocols: vortex heating, supernatant separation via centrifuging, and
washing and drying DNA pellet with 70% EtOH. The extracted DNA was quantified with

spectrophotometry.

Next, PCR was completed using “Master-Mix” reagents composed of 10*PCR buffer,
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Qiagen-contained MgCl,, dNTP (10mM), Primer PS 7 (33.3uM, 5’-CCACTAAGACCTCCTGGACT-
3’), Primer PS 15 (33.3uM, 5’-AGTGTAGCTTTCTAAGTCGTGA-3’) and DNA polymerase (515).
The Mater-Mix reagents were pipetted onto the PCR plates with 13 DNA samples, including 3
controls (ETg**, ETg*/- and ETg”"). PCR was conducted in the Veriti 96-Well Thermal-Cycler.
Finally, the DNA identification against the controls was performed by running electrophoresis
at 100V and 55mA with molecular-weight ladder (MassRuler, #SM1263, Fermentas) for one
hour. The electrophoresis gel was visualized with Gel Documentation System DOC-PrintVX5

(Vilber Lourmat).

2.5. Cephalometric Analysis

A selection of cranial, maxillary, mandibular, and dental structures were chosen for
analysis. The anatomical landmarks in this study were made based on anthropometric and
cephalometric references in previous studies (516-519). These descriptions were outlined in
Figure 1 and Table 1. Based on these craniofacial landmarks, direct dimensional

measurements, as outlined in Figure 2 and Table 2, were completed using Drishti (453).

Cephalometric points were identified in several cross-sectional planes. Surface
measurements were obtained from the external morphology of the rat head. Maximal skull
height and incisor measurements were taken in the midsagittal plane while mandibular
measurements were taken in the parasagittal plane passing through the buccal mucosa. Axial
and maxillary measurements were obtained in the para-axial planes where the points of
maximal lens protrusion and the midpoint of the philtrum were found, respectively. Based on
these direct measurements, a selection of ratio indices was calculated to assess the

proportional changes in the craniofacial features. These indices include W index, surface
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nasal length/skull length ratio, surface nasal width/nasal length ratio, intracranial
width/intracranial length ratio, skull height/skull length ratio, maxillary width/maxillary
length ratio, mandibular length/skull length ratio, mandibular corpus height/mandibular

corpus length ratio, and mandibular ramus/mandibular length ratio.

ETs mutation has been known to associate with WS-Il and WS-IVa (520). A key clinical
characteristic of WS-l was the presence of dystopia canthorum (506). To assess the presence
of this phenotypic feature, the W formula, as defined for human WS, was applied (Equation
1) to model animal measurements. As the eyelids of the neonatal rats were still fused, lens

distance was used as a substitute for papillary distance.

Equation 1: W index for Dystopia Canthorum

a
W:X-I_Y-I_E

Where X=(2a-0.2119¢-3.909)/c; Y= (2a-0.22479b-3.909)/b
a is the internal intercanthal distance, b is the interpupillary distance, and c is the external

intercanthal distance (506).

2.6.  Statistical Analysis

A total of ten rats were included in analysis and divided into a control and sl/s/ group.
The control group was composed of two wildtype (ETs*/*) and three heterozygous (ETs*") rat
pups and five spotting lethal (ETs”") rats. Data was assessed for normality and Student’s t test
was applied for comparison between the control and mutant groups. A result was considered

statistically significant at p-value < 0.05. Analysis was conducted using SPSS software.
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2.7. Measures of statistical error

To ensure validity of this study, researchers undertaking cephalometric
measurements were blinded to the genotype of rats until the finalization of data analysis. To
ensure accuracy and reproducibility, all measurements were repeated by the same
researcher two weeks after the initial analysis. The difference between the two measures
was determined with random error calculation, Dahlberg’s error (517, 521). The Dahlberg

statistic reported the average amount of disparity between the measurement sessions.

2.d>

D=
2N

Where d is the difference between replicate measures and N is the number of cases.

3.  Results

The basic parameters of the rat pups were listed in Table 3. The control and s//s/
groups have respective average bodyweight of 13.16 + 0.81g and 11.40 + 1.62g, p-value =
0.063, translating to a difference of 13%. There was a positive correlation between
bodyweight and the cephalometric measurements, with the control group generally having
larger craniofacial measures than those of s//s/ rats, apart from the average inferior incisor
length, Table 4 and 5. In addition to this positive correlation, sl/sl rat exhibited several
morphological features different from the control group, as revealed by dimensional-ratio

index, Table 6.

3.1. Cranial Measures

Fifteen craniofacial dimensions were taken in the surface, parasagittal, and axial
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planes to assess cranial structures, as reported in Table 4. The control rats have detectably
larger, ranging from 1.5-14%, cranial dimensions than sl/sl rats in the following parameters:
total skull length, surface nasal length, surface nasal width, nasal cavity width, interorbital
width, interlens distance, inner and outer canthal distance, maximal skull height, cranial
length, intracranial length and width, interorbital width, and interzygomatic width. While
statistically significance was only found in the respective comparison of surface nasal lengths
and interlens distance between the two groups, the trend of sl/s/ having smaller features was

consistent across all findings measured in various planes.

3.2. Orbital Measures

Seven measures were taken to assess the orbital size and positioning in the context of
the face, Table 5. Orbital dimensions were taken from both eyes followed by averaging these
findings for comparison. While the control rats exhibited larger orbits than the s//s/ rats in
terms of length, width, and circumference, these differences were small, ranging from 0.03
to 3.12%. On the other hand, statistical significantly shorter interlens distance was noted in

sl/sl rats, 6.74% smaller with p-value = 0.015, suggesting medial displacement of the lens.

3.3. Maxillary measures

Six measures were made to assess changes of maxillary structure in s//s/ mutants.
Maxillary dimensions of sl/s/ rat group were 4.53% to 5.45% smaller than the control group,
Table 5. This was reflected by the measurements of maxillary length, maxillary width and
incisive foramen width, albeit statistical significance was not achieved. On the other hand,
statistically significant reductions were seen in U6 intermolar width, U8 intermolar width,

and molar plate length of si/sl rats. These observations suggested s//s/ rats having a smaller
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mouth and a narrower mid-face in comparison to the control group.

3.4. Mandibular measures

To assess the lower facial changes associated with ETg mutation, five mandibular
measures were compared, including mandibular length, ramus height, corpus length, and
corpus height, Table 5. While these measurements showed a general trend of subtle size
reduction in s//sl rats, ranging from 1.69% to 2.91%, none of these measures reached
statistical significance. Furthermore, comparison of mandibular plane angle showed little
difference between the control and sl/s/ groups. These findings suggested ETg mutation may

have little impact on mandibular development.

3.5. Dental measures

Because dental development was dependent on CNCC migration, a process partially
regulated by ETg signalling, dentitions of s//s/ rat were examined in this study. As shown by
Table 5, there was no discrepancy in terms of dentition number between the control and s//s/
groups. Additionally, we detected no difference in dental morphology between the two
groups. On the other hand, the superior incisor length of s//s/ mutant was 10.83% smaller
than the control rat while the opposite trend was true for inferior incisor length, 6.11%
larger. Although these findings did not reach strict statistical significance, p-value < 0.05, they
were consistent with the change patterns observed in the maxillary and mandibular

measurements.

3.6. Comparison of Craniofacial indices

Ratio indices were calculated to determine the dimensional proportionality in
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individual craniofacial features.

Cranial dimensional ratios were first compared, as shown by Table 6. While there was
no difference in the intracranial width/intracranial length ratio between the control and si/s/
groups, the latter has smaller skull height/skull length ratio, indicating the presence of a
flatter head. Additionally, comparisons made on the indices of surface nasal length/skull
length and surface nasal width/surface nasal length demonstrated a disproportionally
shorter but wider nose in sl/sl rat. Furthermore, while the absolute maxillary and mandibular
measurements were smaller in s//sl group, its respective dimensional indices were similar to

those of control group, Table 6, suggesting proportional changes.

Lastly, the W index was used to assess for the presence of dystopia canthorum, a
major clinical sign of WS, occurring in up to 98% of WS-I. The W index of sl/s/ rat was found

to be greater than that of control group, 3.328 versus 3.245 with p-value = 0.017, Table 6.

4. Discussion

HSCR has been traditionally regarded as a single-organ disease despite multi-genetic
involvement. ETs mutation is one of the major causes for HSCR. While ETg is known to exert
direct control on ENCC migration through ET-3/ETs signalling, we found dysfunctional ETg
may also lead to subtle craniofacial changes with resemblance to those of “domestication
syndrome.” These similarities include depigmentation, a flatter head, a shorter but broader
nose, and smaller teeth (508). Our finding supports the long held hypothesis that genetic
alterations in the development of NCCs contribute, at least partially, to the formation of

domestication syndrome (508). The culprit, in this instance, is the ETs mutation.
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In this study, we reported craniofacial changes found in s//s/ rat, an autosomal
recessive ETs/- HSCR model with high genetic penetrance. While there is no direct signalling
linkage between ETg and the development of CNCC documented in current literature, we
found sl//sl rats exhibit reduced cranial, nasal, maxillary, and mandibular dimensions. As
shown by Table 4 and 5, s//sl rat has a smaller midface, a narrowed and shortened molar
bed, a shortened muzzle, and a flattened cranium when comparing to those of the control
group. Albeit small, ranging from 5-15%, these observed changes in conjunction with
previously described depigmentation and reduced adrenal size (Lopez Dee, unpublished
data) of sl/sl rat support the notion that ETg may act as a mediator for domestication

syndrome.

Additionally, dental changes resembling domestication are observed in s//s/ rats. The
incisor size is different between the s//sl and control rats; superior incisor length is ~10%
smaller whereas inferior incisor length is ~6% larger in the sl/s/ rats. Although this
observation is not fully consistent with the domestication features of global dental size
reduction, this variance may be explained by the young age of studied rats, 3.5 days. Since
rat’s dental eruption occurs at eight to ten days postnatally and maturates between forty to
fifty days after birth (522, 523), the full dental features of domestication may not be
appreciated prior to maturation age. Nevertheless, given the domestication feature is
influenced by a combination of genetic and behavioural factors, our finding on sl/s/ rat
supports the notion that ETs mutation may be a predisposing factor for dental changes. On
the other hand, the presence of normal dental anatomy and molar teeth number in each

guadrant of both the control and s//s/ groups suggest ETg’s impact may be small in dental
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development. While individual molar dimensions are not measured, size reductions in
maxillary molar plate and mandible are seen in sl/sl rats, Table 5. This decreased molar bed
may predispose matured s//s/ rat to have decreased molar size and increased risks of molar

overcrowding, features consistent with domestication.

Craniofacial morphogenesis is known to be dictated by ET-1/ETa signalling, and
hypostimulation of which leads to premature arrest of CNCC migration. This severe
craniofacial dysmorphology seen in CATCH 22 or velocardiofacial syndrome results in
mechanical asphyxia and early death (230). Although the subtle changes identified in sl/s/
rats are not as drastic, they nevertheless provide suggesting evidence that ETz”- HSCR
children may suffer subtle craniofacial maldevelopment. These facial feature changes not
only may affect patients aesthetically, such as cleft-palate (524), but more importantly
increases the health risks. These risks may include the development of obstructive sleep
apnoea or chronic sinusitis due to a shorter but wider nose in addition to dysphagia from a
smaller oral orifice; all of which can impair children’s growth. Furthermore, our findings are
consistent with the notion that ETs mediates the endocytic degradation of ET-1 and thereby
indirectly affecting ET-1/ETa signalling. As reported by Gariepy et al (2000), s//sl rat has ~6-
folds higher ET-1 due to impaired clearance (381). This likely hyperstimulates ETa pathway, as
demonstrated by the increased vascular tone in ETg-deficient mice (377). Consequently, a
modulatory mechanism rather than a complete arrest of CNCC migration is the likely cause

leading to the subtle craniofacial changes observed.

Moreover, ETg mutation is known to associate with WS, particularly in the

pathogenesis of WS-Il and WS-V (142). WS is a group of sensorineural and pigmentary
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disorders that are subcategorized into four subtypes based on distinctive phenotypes:
dystopia canthorum (WS-1), upper limb deformity (WS-IIl), and HSCR (WS-IV). WS-II, on the
other hand, does not have any additional symptom (525). While dystopia canthorum was
previously reported in PAX3-induced WS-1, we found increased W index in the ETg”" WS-V
model with respect to the control group, 3.245 vs 3.328, p-value = 0.017. Although this
statistically significant change is small, in conjunction with other changes observed, it raises
the possibility of overlapping control between PAX3 and ETg on the CNCC migration. On the
other hand, other than the surface nasal dimensional indices showing distinctive shorter but
wider nose in sl/sl rat, the dimensional ratio indices made on cranium, maxilla, and mandible
show little difference between si/sl and control groups, Table 6. These proportional
reductions in the facial features of sl/s/ rats suggests ETg mutation exerts a global inhibition

on cephalic growth.

It is worth noting that the control group has a larger body size than si/s/ rats at culling
despite having similar ages, suggesting malnutrition from a dysfunctional enteric system may
contribute to the craniofacial difference observed. While this positive bodyweight and cranial
size correlation is consistent with report made by Miller and German (1999) (526), it fails to
explain the presence of non-uniform dimensional-ratio indices, Table 6. This suggests an
additional independent factor is likely to have contributed to the formation of flatter cranium

and shorter muzzle in sl/sl rats.

The findings of this study, if translatable to human HSCR patients, have several clinical
implications for patient management. A genome-wide association study has recently

identified ETg gene as a major susceptibility locus for craniofacial microcephaly (527), a fact
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that is consistent with the craniofacial alterations observed in the s//s/ rat. In addition to
those described in syndromic HSCR (DS, MWS, and Goldberg-Shprintzen syndrome),
additional craniofacial anomalies have also been reported in non-syndromic HSCR patients,
including cleft palate, broad nasal root, microcephaly, and hypertelorism (29, 502, 528-532).
Our dimensional finding supports these reports with quantitative measures. Of the
craniofacial alterations identified in the s//s/ rat, shorter but broader nose, smaller mid-face,
and decreased length of the molar bed suggest ETz”- HSCR patients may be predispose to
obstructive sleep apnoea and dental malocclusion (533); both of which instigate with
adverse health outcomes and require intervention. Additionally, we may find ETg”- HSCR

patients with higher risks of clinical midfacial hypoplasia based on animal findings.

We acknowledge the power of this study can benefit from a larger sample size.
Furthermore, the inherent limitation of an animal study prohibits us from making definitive
comments on the effect of ETs mutation on human craniofacial morphology. Nevertheless,
the presence of multiple craniofacial alterations in s//sl rats cannot be overlooked, and this
study offers some grounds to suggest that ETg”- HSCR individuals may be at risk of
craniofacial changes; further study is required. Moreover, this study setup is consistent with
the autosomal recessive mendelian traits of sl/s/ rat, the potential dose-dependent response
of ETs remains unclear. Future research may aim to include a larger sample size study or

corresponding morphological study on ETg”- HSCR patients.

5. Conclusion
Overall, this study demonstrates that subtle craniofacial changes in an ETg”- HSCR

model and provides some support for the hypothesis of neural crest gene involvement in
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domestication. ETs may be one of these genes. Furthermore, this study provides additional
support to the growing body of literature stating that multi-organ manifestations may be
associated with HSCR. Our animal findings, if extrapolatable to human, suggest ETg"”"
individuals may have subtle craniofacial malformations and thus increased risks for
obstructive sleep apnoea, cleft palate, or dental malocclusion. However, confirmatory clinical

studies on human subjects are required to clarify this relationship.
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Chapter 4 Figures:

Figure 1: 3-D model of rat head composed from micro-CT scans demonstrating
anthropometric landmarks selected for craniofacial cephalometric analysis.

A description of each numbered point is provided in Table 1. Figure 1A: surface cranial
cephalometric points. Figure 1B: cranial cephalometric points in the mid sagittal plane.
Figure 1C: cranial cephalometric points in the axial plane cut at the point of maximal lens
protrusion. Figure 1D: maxillary cephalometric points in the axial plane cut at the midpoint
of the philtrum. Figure 1E: mandibular cephalometric points cut in the sagittal plane through
the buccal mucosa. Figure 1F: cephalometric points used to assess incisor length cut in the
mid sagittal plane.
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Figure 2: 3-D model of rat head composed from micro-CT scans demonstrating
cephalometric measurements selected for analysis.

A description of each numbered point is provided in Table 2. Figure 2A: Cranial
cephalometric measures made from the surface of the cranium. Figure 2B: Cranial
cephalometric measurements made in the mid sagittal plane. Figure 2C: cranial
cephalometric measurements in the axial plane which cuts at the point of maximal lens
protrusion. Figure 2D: maxillary cephalometric measurements in the axial plane which cuts
at the midpoint of the philtrum. Figure 2E: mandibular cephalometric measurements in the
sagittal plane that cut through the buccal mucosa. Figure 2F: cephalometric measurements
for assessing the incisor length in the mid sagittal plane.
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Chapter 4 Tables:

Cephalometric Description
Point
Surface Cranial Cephalometric Points
1 Internasal Point The most anterior point of the internasal suture in
the mid sagittal plane
2 Nasofrontal point Intersection of the nasofrontal suture and the
internasal suture on the midsagittal plane
3 Frontoparietal Point The intersection of the frontoparietal suture and
the interparietal suture on the midsagittal plane
4 Occipital point 1 The most posterior point on the external occipital
crest

5 Lateral Nasal Point  The most lateral point of the external snout

6 Inner canthal point  The most medial point of the margin on the eyelid
7 Outer canthal point  The most lateral point of the margin of the eyelid
8 Orbital Point The most superior and medial point of the orbit

9 Tympanic point The most inferior point of the tympanic process in

the midsagittal plane.
Axial Cranial Cephalometric Points

10 Posterior Nasal The most posterior point of the posterior nasal
Spine 1 spine on an axial slice taken at the point of
maximal lens protrusion
11 Occipital point 2 The most posterior point on the occipital bone,
measured in the axial plane
12 Internal Nasal Point The most lateral point of the nasal cavity
13 External lens point  The post lateral point of the lens
14 Temporal point The most lateral point on the temporal bone from
the midsagittal plane
15 Superior orbital The most superior point of the orbit
point
16 Lateral Orbit point  The most lateral point of the orbit
17 Inferior Orbit point  The most inferior point of the orbit
Maxillary Cephalometric Points
18 Incisive foramen The most lateral point of the incisive foramen
lateral point
19 Key ridge point Most lateral point of the maxilla at the join of the
maxilla and zygoma
20 U6 mesial point most anterior point of the U6 molar
21 Zygomatic point The most lateral and inferior point of the zygomatic
arc
22 U8 distal point most posterior point of the U8 molar
23 Posterior Nasal The most posterior point of the posterior nasal
Spine 2 spine on an axial slice at the midpoint of the
philtrum
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Dental Cephalometric Points

24

25

26

27

Inferior incisor,
inferior point
Inferior incisor,
superior point
Superior incisor,
inferior point
Superior incisor,
superior point

Mandibular Cephalometric Points

28

29

30

31

32
33

*: refers to numbers shown in Figure 1

Condylion point
Gonion point

Gnathion
Mandibular
alveolar point

Menton point
Inferior incisive
alveolar point

The most superior tip of the inferior incisor
The most posterior point of the inferior incisor.
The most posterior point of the superior incisor.

The most inferior tip of the superior incisor

The most posterior and superior point on the
mandibular condyle

The most posterior point of the spinalis of the bony
contour of the conial angle of the mandible
Lowest angle of mandible

The deepest point on the upper part of the
mandibular alveolar crest between the lower
incisor and the first lower molar.

The most inferior point of the mandibular ramus
The most inferior edge point on the vestibular
marginal alveolar bone of the lower incisor

Table 1: Description of cephalometric points used for analysis.

A total of 33 anatomical landmarks are selected and described for cephalometric
measurements. These anatomical points are identified in the surface, axial, and parasagittal
planes. Figurative depictions of each point are illustrated in Figure 1. Various interpoints
distance are measured based on these landmarks to explore the craniofacial morphology of
the control (ETg*/* and ETs*/*) and sl/s/ (ETe”") rats.
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Number*

Measurement

Description

Surface Cranial Cephalometric Measurements

1

Total skull length

Surface Cranial
Length

Surface Nasal Length

Surface Nasal Width
Inner inter-canthal
distance

External interorbital
width

Outer inter-canthal
distance

Distance between the occipital point (4) and
internasal point (1)

Distance between the occipital point (4) and
nasofrontal point (2) following the curvature of the
skull.

Distance between the nasofrontal point (2) and
internasal point (1)

Distance between the two lateral nasal points (5)
Distance between the inner canthal points (6)

Distance between the two orbital points (8)

Distance between the outer canthal points (7)

Sagittal Cranial Cephalometric Measurements

8

Maximum skull
height

Distance between the tympanic point (9) and the
frontoparietal point (3)

Axial Cranial Cephalometric Measurements

9
10
11
12
13
14
15
16

17

Axial Skull length

Axial Intracranial
Length
Nasal cavity Length

Nasal cavity Width
Interlens distance

Intracranial width

Orbit length

Orbit Width

Orbit Circumference

Maxillary Cephalometric Measures

18

19
20

21
22
23
24

Maxillary Length

Maxillary width
Incisive foramen
width

U6 width
Interzygomatic width
U8 width

intermolar length

Distance between the occipital point 2 (11) and the
internasal point (1)

Distance between occipital point 2 (11) and posterior
nasal spine point (10)

Distance between the posterior nasal spine (10) and
the intranasal point (1)

Distance between the two internal nasal points (12)
Distance between the two external lens points (13)
Distance between the two temporal points (14)
Distance between the superior orbital point (15) and
the inferior orbital points (17)

Distance between the occipital point (8) and the
lateral occipital point (16).

Distance measured between the superior, lateral,
inferior and medial orbit points, following the border
of the orbit.

Distance between the posterior nasal spine 2 point
(23) and the internasal point (1)

Distance between the two key ridge points (19)
Distance between the two lateral incisive foramen
points (18)

Distance between the two U6 mesial points
Distance between the two zygomatic points (21)
Distance between the U8 distal points (22)
Distance between the U8 distal point (22) and the
U6 mesial point (21)
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Dental Cephalometric Measurements
25 Superior Incisor length  Distance between the superior incisor superior point
(27) and superior incisor inferior point (26), following
the curve of the incisor
26 Inferior incisor length Distance between the inferior incisor superior point
(25) and inferior incisor inferior point (24), following
the curve of the incisor
Mandibular Cephalometric Measurements

27 Ramus height Distance between the Condylion point (28) and the
gnathion point (30)

28 Mandibular Length Distance between the Condylion point (28) and the
inferior incisive alveolar point (33)

29 Corpus Height Distance between the Menton point (32) and the
mandibular alveolar point (31)

30 Corpus length Distance between the gnathion point (30) and the
inferior incisive alveolar point (33)

31 Mandibular plane angle The angle at the gnathion point (30) bounded by the
Gonion point (29) and the inferior incisive alveolar
point (31)

*: refers to numbers listed in Figure 2.
(): bracketed numbers in the measurement description refer to anatomical landmarks
described in Table 1 and Figure 1.

Table 2: Description of cephalometric measurements.

A list of 31 cephalometric dimensional measurements made in different planes with
figurative reference in Figure 2. The reference points of each dimensional measurements are
defined in Figure 1 and Table 1. These measurements made in sl/s/ and the control group are
compared to delineate potential impact of ETg mutation on cranial morphology.

Rat Genotype
Control group  ETs** & ETs*/" 5 13.1552
sl/sl ETs” 5 11.4029

Table 3: Basic characteristics of study population.

A total of 10 rats are selected, with an average age of 88 hours. The control group consist of
wild type (ETs */*) and heterozygotes (ETs */*). On average, the five control rats have larger
bodyweight than five sl/sl rats, 13.1552g versus 11.4029g.
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Control Spotting- Spotting-
Craniofacial lethal lethal/Control Dahlberg Student's
measurement Mean Sd Mean Sd Ratio error* t test
(mm) (mm) (mm) (mm)
Surface measurements

Surface skull 23.318 0.554 22.778 | 1.276 98.23% 0.210 0.411
length

Surface nasal 10.062 0.395 8.729 0.849 86.75% 0.859 0.013
length

Surface nasal 7.994 0.275 7.625 0.470 95.38% 0.649 0.168
width

Surface 5.735 0.515 5.331 0.553 92.96% 0.587 0.266
Interorbital

width

Inner canthal 8.365 0.243 8.248 0.125 98.60% 0.109 0.414
distance

Outer canthal 12.191 0.585 11.749 0.404 96.37% 0.255 0.242
distance

Sagittal Measurements

Maximal skull 11.887 0.458 11.567 0.276 97.31% 0.339 0.217
height

Axial Measurements

Axial skull length = 22.21 0.819 21.391 0.379 96.31% 0.419 0.77
Intracranial 12.424 0.648 11.959 0.469 96.25% 0.429 0.23
length

Intracranial 11.134 0.265 10.756 0.397 96.60% 0.580 0.114
width

Nasal cavity 9.786 0.297 9.432 0.340 96.38% 0.278 0.118
length

Nasal cavity 5.713 0.346 5.464 0.309 95.64% 0.239 0.265
width

Axial interorbital 3.696 0.105 3.543 0.263 95.86% 0.278 0.262
width

Interzygomatic 12.244 0.344 11.583 0.577 94.60% 0.318 0.059
width

* Dahlberg errors were given for standalone measurements. Errors were unable to be calculated for averaged
data.

Table 4: Detectable morphological difference between the control (ETg*/* and ETg*/) and
sl/sl (ETg") rats.

Surface anatomical measurements showed s//sl group having shorter skull and reduced size
in facial features including surface nasal length, surface nasal width, interorbital width, and
inner and outer inter-canthal distance. Similar trends are observed and verified by the
measurements made in axial and sagittal planes on the following: skull height, intracranial
length, intracranial width, nasal cavity length, nasal cavity width, interorbital width and
interzygomatic width. Overall, approximately 5% reductions are observed across all
dimensional measurements except surface nasal length, which exhibits 14% reduction.

189 |Page



Spotting-lethal

Control

Maxillary-facial
measurement Mean Sd Mean

(mm)  (mm) (mm)
Orbital Measurements
Interlens distance 10.873 0439 10.14
Average orbit length 3.715 0.063 3.64
Average orbit width 3.325 0.153 3.324
Average orbit 11.012 0.309 10.668
circumference
Mayxillary Measurements
Maxillary length 11.007 0.540 10.506
Maxillary width 6.444 0.496 6.113
Incisive foramen 2.031 0.114 1.941
width
U6 intermolar width 5.886 0.076 5.624
U8 intermolar width 6.186 0.167 5.851
Average molar plate 4,847 0.180 4.582
length
Mandibular Measurements
Average mandibular | 10.581 0.114 10.354
length
Average ramus height 4.392 0.129 4.264
Average corpus 9.503 0.246 9.343
length
Average corpus 1.514 0.129 1.483
height
Average mandibular 99.6 | 5.897 97.106
plane angle
Dentition Measurements
Average superior 2.762 0.299 2.463
incisor length
Average inferior 4131 0.299 4.383
incisor length
Dentition Number Control
Average no superior 6
molar
Average no inferior 6
molar

Table 5: Orbital and maxillary-facial reductions were associated with sl/s/ rats.

Sd
(mm)

0.303
0.116
0.157
0.359

0.557
0.272
0.061

0.105
0.152
0.169

0.347

0.214
0.242

0.135

3.521

0.204

0.276

Spotting-

lethal/
Control
Ratio

93.26%
97.99%
99.97%
96.88%

95.45%
94.86%
95.57%

95.55%
94.58%
94.55%

97.85%

97.09%
98.31%

97.92%

97.50%

89.17%

106.11%

Dahlberg Student's

error*

0.101

0.350
0.552
0.083

0.155
0.235

t test

0.015
0.244
0.992
0.143

0.187
0.227
0.159

0.002

0.011

0.044

0.202

0.286
0.329

0.716

0.440

0.102

0.203

Spotting-lethal

6

In addition to minor changes in orbital and mandibular dimensions, multiplane
measurements demonstrate approximately 5% size reductions in maxilla and molar plate of
sl/sl rats. While both control and sl/sl groups have equal number of molar teeth in upper and
lower quadrants, sl/s/ rats have ~10% smaller superior incisor and 6% larger inferior incisor
than those of control rats. These findings support ETg exerts minor modulatory effect on

facial morphogenesis.
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Organ dimensional ratio

Intracranial width/intracranial
length (axial)
Skull height/Skull length (sagittal)

Surface nasal length/Skull length

Surface nasal width/surface nasal
length
Maxillary width/Maxillary length

Mandibular length/Skull length

Mandibular corpus
height/Mandibular length
Mandibular ramus/Mandibular
length

W index

Control

0.896

0.413
0.357
0.794

0.315
0.375
0.160

0.415

3.245

Spotting
lethal

0.899

0.393
0.315
0.874

0.317
0.373
0.159

0.412

3.328

Spotting-lethal/
Control
*100%
100.36%

95.23%
88.31%
109.95%

100.74%
99.61%
99.60%

99.21%

102.56%

Table 6: Organ dimensional ratios showed sl//sl rats having a flatter cranium and a shorter

but wider muzzle.

Changes in structural morphology are shown by disproportional dimensional changes in sl/s/
rats based on the following ratios: skull height/skull length (~¥5% reduction), surface nasal
length/skull length (~12% reduction), and surface nasal width/surface nasal length (~10%
increase). On the other hand, trivial difference is seen between the control and s//s/ rats in
maxillary and mandibular dimensional ratios, suggesting structural morphology is preserved
despite size reduction. Lastly, W index of sl/s/ rats is higher than that of control group (p-

value = 0.017), supporting the possible presence of dystopia canthorum.
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Chapter 4 Supplementary Tables:

1 +/+ 11.8741

2 -/- 9.0197

3 -/- 12.4492

4 -/- 12.2679

5 +/- 13.9730

6 +/+ 13.6915

7 +/- 13.1977

8 +/+ 13.0398

9 -/- 10.4376

10 -/- 12.8401

Wild-type average +/+ 12.8685

Heterozygotes +/- 13.5854

Control group +/+ and +/- 13.1552
average

sl/sl average -/- 11.4029

Supplementary Table 1: Basic characteristics of study rat population.

A total of 10 rats are selected, with an average age of 88 hours. The control group consists of
wild type (ETs**) and heterozygotes (ETs*/). In general, control group has larger bodyweight
than sl/sl (ETe”") rats.
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Chapter 5: Brain size reductions associated with endothelin B receptor mutation, a cause
of Hirschsprung’s disease

Chapter 5 Highlights

e ETs” HSCR is associated with body growth impairment; neonatal si/s/ rat has 16% less
bodyweight than the control group.

e sl/slrat has a grossly normal cranial morphology.

e Significant reductions are detected in the brain sl/s/ rats: 20.33% in brain volume and
7.35% in brain growth rate. Similar reductions are seen in cerebral cortex, caudate
putamen, olfactory bulb, medulla, and pituitary gland.

e Minor changes in cerebellum and superior/inferior colliculus despite overall body-size
reduction hint potential regional-dependent neuroprotection by ETs mutation,
possibly through differential vasoregulation.

e No consistent gene dose effect is seen between ETg genotype and brain growth.

e These animal findings, if extrapolatable to human, suggest that ETs”- HSCR patients
may have increased risks for reduction in intracranial volume and possible associated
neurological impairment; wholistic post-operative care may be considered.

e In consideration of the result of this paper, genetic counselling, and familial screen for
HSCR patients may be beneficial.
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Chapter 5 Abstract

Background

ETs has been reported to regulate neurogenesis and vasoregulation in foetal development.
Its dysfunction is known to cause HSCR, an aganglionic colonic disorder with syndromic forms
reported to associate with both small heads and developmental delay. We therefore ask, "is
CNS maldevelopment a more general feature of ETg mutation?" To investigate, we review the
micro-CT scans of ETs”- model animal, si/s/ rat, and quantitatively evaluated the structural
changes of its brain constituents.

Methods

Eleven neonatal rats generated from ETg*/ cross breeding were sacrificed. Micro-CT scans
were completed following 1.5% iodine staining protocols. All scans were reviewed for
morphological changes. Selected organs were segmented semi-automatically post-NLM
filtering: TBr, T-CC, T-CP, OB, Med, Cer, Pit, and S&I Col. Volumetric measurements were
made using Drishti rendering software. Rat genotyping was completed following analysis.
Statistical comparisons on organ volume, organ growth rate, and organ volume/bodyweight
ratios were made between s//sl and the control groups based on autosomal recessive
inheritance. One-way ANOVA was also performed to evaluate potential dose-dependent
effect.

Results

sl/sl rat has 16.32% lower bodyweight with 3.53% lower growth rate than the control group.
Gross intracranial morphology is preserved in sl/sl rats. However, significant volumetric
reduction of 20.33% is detected in TBr; similar reductions are extended to the measurements
of T-CC, T-CP, OB, Med, and Pit. Consistently, lower brain and selected constituent growth
rates are detected in s//s/ rat, ranging from 6.21% to 11.51% reduction.

Lower organ volume/bodyweight ratio is detected in sl/sl rats, reflecting disproportional
neural changes with respect to body size. No consistent linear relationships exist between
ETs copies and intracranial organ size or growth rates.

Discussion

Although ETs” mutant has a normal CNS morphology, significant size reductions in brain and
constituents are detected. These structural changes likely arise from a combination of factors
secondary to dysfunctional ET-1/ET-3/ETs signalling, including global growth impairment
from HSCR-induced malnutrition and dysregulations in the neurogenesis, angiogenesis, and
cerebral vascular control. These changes have important clinical implications, such as
autonomic dysfunction or intellectual delay. Although further human study is warranted, our
study suggest comprehensive managements are required for HSCR patients, at least in ETg”
subtype.

Key Words: neuroanatomy, Endothelin-B mutation, neural impairment, spotting-lethal rat,
Hirschsprung disease
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1. Introduction

Endothelin receptor B (ETg) is a widely expressed seven-transmembrane G-protein
coupled receptor (GPCR) with multiple regulatory controls on embryological development,
vasoregulation, and endothelin metabolism (9, 534-536). Although ETs mutation has been
well documented to cause Hirschsprung’s disease (HSCR), a paediatric intestinal disease
affecting 1/5000 live births, we suspect concurrent intracranial changes is also likely due to
the impaired neurogenesis (9, 21, 380). In this study, we evaluate the neuroanatomical
changes associated with ETg mutation by studying the changes detected in spotting-lethal
(sl/sl) rat, a HSCR animal model. We hope these findings can provide additional evidence to
support ETg’s importance on anatomical development and the notion that HSCR is likely a

multi-organ disease, at least in ETs”" subtype.

Although HSCR is best known for its clinical manifestations of intestinal dilatation and
toxic megacolon sequelae, multi-organ dysfunctions have also been documented (188, 537).
Indeed, clinical impairments of central nervous system and autonomic system have been
exemplified by HSCR-associated syndromes, including Down syndrome, Waardenburg-Shah
syndrome (WS-1V), Haddad syndrome, Goldberg-Shprintzen, and Smith-Lemli-Opitz
syndrome (10, 21, 31, 127, 538). This is partially attributable to the polygenetic causes of
HSCR, including mutations in several common genes: proto-oncogene RET (RET), glial cell line
derived neurotrophic factor (GDNF), endothelin B-receptor (ETs), endothelin-3 (ET-3), SOX10,
endothelin converting enzyme-1 (ECE-1), neurturin (NTN), and Smad interacting protein 1
(SIP1) genes (109, 127). Among these, RET mutations are the most common, accounting for
50% of familial cases and 15-20% of sporadic cases of HSCR. This is followed by the

mutations in ETg (5%) and ET-3 genes (<5%) (109, 539). Puffenberger et al (1994), however,
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demonstrated a W276C missense mutation in ETg gene of an inbred kindred can result in
74% and 21% risks for HSCR development in homozygotes and heterozygotes, respectively
(113). This suggested potential dose effect of ETg and the likely underestimation in its true
impact on HSCR and embryological development, possibly due to ETg’s multi-regulatory
functions. This notion is further supported by the increasing identifications of novel ETg
mutations and polymorphism in sporadic HSCR patients, which further emphasizes its

developmental importance (147, 148).

Endothelin receptors (A and B; abbreviated respectively as ETa and ETsg) have been
reported to involve in the neurogenesis of both central and peripheral nervous systems.
Mutations in endothelin receptors and endothelin (1, 2, and 3; abbreviated respectively as
ET-1, 2, and 3) can cause defective embryonic development in neural crest derived
structures, in particular melanocytes and enteric nervous systems (ENS) from ETg mutations
(354). Although the importance of ET-3/ETs signalling for migrating neural crest cells for ENS
development is well documented, maintaining the pluripotency of neural crest cells, its
impact on the development of central nervous system remains unclear (151, 540). As
previously shown, ETg is widely expressed in mammalian brains, including medulla
oblongata, cerebral cortex, hippocampus, cerebellum, and striatum (541-544). Similar
distribution is shared by ET-1 and ET-3 (545). Their co-expressions, therefore, are likely to

reflect an undocumented importance.

ETs activation by the endothelin mediates vasoregulation, smooth muscle
contractions, neuropeptide transmission, neuronal apoptosis, and potential autonomic

control (166, 546, 547). Past studies showed that the ETg mutations and variants have strong
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links to hearing deficit, mental retardations, and microcephaly (9, 414). Concordantly, Yuen
et al (2013) demonstrated marked ETg upregulation in the oligodendrocytes of active
multiple sclerosis tissue during remyelination, suggesting an active role in neuromodulation.
Further studies using rat cerebellar cultures showed ETg agonist (BQ-3020) and antagonist
(BQ-788) promotes and inhibits the remyelination processes, respectively (548). Although no
significant difference in oligodendrocyte number is detected between the control and ETs-
knockout mice, Swire et al (2019) reported significantly reduced myelin sheaths in ETs-
deficient oligodendrocytes. This phenotypically coincides with the decreased sociability
among the affected animals (549). Furthermore, increased neuronal apoptosis have also
been detected in the dentate gyrus, hippocampus, and cerebellum of ETg deficient animals
(550-552). These reports therefore suggested that ETs exerts a positive impact on

neurogenesis.

On the other hand, several reports have suggested ETg inhibition may be beneficial
for remyelination, possibly through its regulation on astrocyte proliferation and vascular
control. Back et al (2005) reported that high molecular weight hyaluronan produced by
astrocytes can inhibit oligodendrocyte progenitors (OPCs) maturation, which is vital to
remyelination post-injury (553). Consistently, Hammond et al (2015) reported that the
inhibition or absence of ET-1/ETg signalling in astrocytes enables oligodendrocyte progenitor
cell maturation and promotes remyelination following brain injury (554). Gadea et al (2008)
also demonstrated that the infusion of ETg antagonist, BQ-788, to rat corpus callosum can
suppress the upregulations of reactive astrogliosis following acute demyelination injury.
Further studies on cell culture suggested that this ET-1/ETg activated astrocyte proliferation is

mediated by ERK- and JNK- dependent pathways. Inhibitions of these pathways or ETg
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deficiency may therefore be beneficial to myelination (555). Furthermore, Grell et al (2014)
and Spray et al (2017) showed ETg antagonist can suppress cerebral hypoperfusion by
inhibiting the vasoconstriction in cerebral arteries. Together, these studies suggested ETg”"
mutants may exhibit neuroprotection through the absence of ETsg signalling (556, 557). Given
the omnipresence of ETg and its obvious multimodal actions on neural structures and
functions, we adopt a macroscopic approach to investigate its effect on brain anatomy and

growth.

Prior cell culture studies have suggested possible bimodal actions of ETg on
myelination. Although increased neural apoptosis has been reported in ETg deficient animals
using immunohistochemistry methodology, to the best of our knowledge, no macroscopic
analysis has been completed to evaluate the intracranial changes associated with ETs
mutations or HSCR. At most, one anecdotal inference was made from a cohort study showing
the regional prevalence of intracranial abnormalities associated with Mowat-Wilson
syndrome, a HSCR-associated syndrome caused by mutations in ZEB2 gene; however, no
direct comments have been made on the physical brain size (558). We aim to complement
previous studies with further anatomical evidence to support ETs’s importance on the brain

development and to clarify potential correlation between HSCR and intracranial changes.

In this study, we have chosen sl/s/ rat as the study subject. It is a naturally occurred
ETs”- animal model analogous to human WS-V syndrome with the following characteristics:
HSCR, hypopigmentation, and congenital hearing loss (413). Confirmatory study showed a
deletion of 301-bp spanning at the junction between exonl and intron1 of the ETs gene leads

to a defective G-protein-coupled receptor and thus s//s/ rat (413, 414). Segregation analysis
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from our rat colony data (n=475) showed s//s/ rat follows autosomal recessive inheritance (p-
value = 0.001) with 95% genetic penetrance for HSCR phenotype, supporting si/sl rat as a

good candidate for studying the phenotype of ETs mutation.

To examine neuroanatomical difference between si/sl rat and the control group,
image acquisitions are performed using X-ray micro-computed tomography (micro-CT) and
previously described tissue preparation protocols (435). Thorough review on the brain
morphology is made and followed by volumetric measurements of selected brain structures.
Because neonatal s//sl rat has not reached growth maturity and may suffer HSCR-induced
growth impairment, organ growth rate and organ volume/bodyweight ratios are also

determined for further comparison.

In this study, we hypothesize the following:

1. Gross intracranial morphology may be preserved in ETg”" animals.

2. Reductions in the brain and constituent sizes may be presented in ETs”- animals with
respect to those of the control group (ETs"/* & ETs*/"). This reducing trend may also
extend to the organ growth rate and organ volume/bodyweight ratios of ETg”"
animals.

3. Non-uniform anatomical changes associated with homozygous ETg mutation may be
presented across different neural constituents; effect of ETs mutation on

neuroanatomy may be regional-dependent.

2. Methods

2.1. Compliance with ethical practice
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All tissues and animals used in this study were handled with strict compliance to both
approval bodies: Australian Capital Territory Health-Human Research Ethics Committee
(ACTH-HREC) and Australian National University-Animal Experimentation Ethics Committee

(ANU-AEEC), approval project number A2011/67.

2.2. Rat culling and method of euthanasia

Rat samples were generated from cross breeding the heterozygous rats (ETg*/"). The
breeding colony was initially derived from a naturally occurring mutation; this colony has

been maintained in the Australian National University (ANU) over the past 15 years.

Eleven neonatal rats were sacrificed in this study, with an average age of 88 hours.
Each rat was anaesthetized with 5% isoflurane for 15 minutes and culled via abdominal
aortotomy. The age, gender, weight, and colonic appearance were recorded prior to staining.

Five-millimetre tail tip of each rat was removed and stored for subsequent genotyping.

2.3. Tissue preparation and diffusion staining protocols

Following the culling, rats” heads were isolated from the neck and up in preparation
for micro-CT scanning. To ensure successful tissue staining, a diamond-shaped craniotomy in
parietal bone was created through the following: five-millimetre cross-incision through the

skull using a dissection scalpel followed by diagonal excisions of skull using iris scissors.

Following craniotomy, these tissues were immersed in 10% PBS solution for 30
minutes to wash out residual body fluid. This was followed by tissue fixation in 4% formalin

solution for 24 hours. Next, the formalin was washed out with graded ethanol (EtOH) series
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over four days: 20%, 50%, 70%, and 90% for 1 day each. This tissue preparation was finalized

by seven days of staining with 1.5% iodine solution in 90% EtOH.

2.4. Image acquisition by micro-CT scanning

All micro-CT datasets of the rats were acquired using a commercially available Caliper
Quantum FX in vivo micro-CT scanner. At the expense of 4.5 minutes scanning time per scan,
acquired in vivo micro-CT data has an image resolution of 20 um/voxel. The resultant images

were stored as DICOM series with average dataset size of 256 MB.

Prior to quantitative analysis, images of in vivo micro-CT scans were validated with
two sets of ex vivo micro-CT scans for quality control. The ex vivo micro-CT scans were
acquired by scanning two of the eleven rat tissues using custom-built micro-CT system at the
Applied Mathematic Department of Australian National University. Because ex vivo micro-CT
scans have significantly higher signal-to-noise ratio than in vivo micro-CT images, they
provided good reference for image quality control; however, accesses to ex vivo micro-CT
scanner were limited. Ex vivo micro-CT data with resolution of 10.7 um/voxel required fifteen
hours of scanning time with additional eight hours of image processing time via National
Computational Infrastructure (NCI) services. The resultant images were stored as netCDF files
with each dataset size of 12 GB. All datasets were visualized and analysed with FlJI and

Drishti, opensource image rendering software (453, 456).

2.5. Image segmentation and volumetric measurements

All acquired in vivo micro-CT raw data were denoised using non-local-means (NLM)

algorithms to improve signal-to-noise ratio and hence image clarity for segmentation (559).
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This code was implemented on a computing server built from Intel (R) Core ™ i7-4770K CPU
@3.5GHz with 32GB of RAM and Nvidia GeForce GTX Titan Black Kepler GK110 architecture

running Linux.

Following image denoising, micro-CT images were segmented semi-automatically
through individual CT-slices for organs of interest using Drishti paint. This segmentation was
verified by two operators. A number of neural organs were selected based on prior literature
and organ differentiation on micro-CT scan: total brain (TBr), total cerebral cortex (T-CC),
total caudate putamen (T-CP), olfactory bulb (OB), medulla (Med), cerebellum (Cer), pituitary
gland (Pit), and superior and inferior colliculus (S&I Col). The posterior border of TBr was
standardized to 1% cervical spine for comparison across different samples. Cerebral cortex
and caudate putamen were segmented and analysed in respective left and right hemispheres
prior to amalgamation of measurements. Superior and inferior colliculus were measured

together due to poor differentiation between the two regions on micro-CT scans.

Lastly, the segmented data were rendered, visualized, and volumetrically measured

with Drishti for volumetric exploration and presentation (453).

2.6. H&E light microscopy

H&E light microscopy was completed for two of eleven rats following micro-CT
scanning for verification of neuroanatomical detail presented by micro-CT scans. The tissue
processing was conducted in the following steps. The iodine-stained tissues were sectioned
longitudinally into blocks of 4mm in thickness and placed in cassettes. Contrast washout and

dehydration were then performed in 90% EtOH for 48 hours prior to paraffin embedment at
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60°C. Next, the samples were sliced with a microtome for tissue sheets of 4 um in thickness.
These tissue sheets were then laid in water bath of 5-6°C while being positioned onto pre-

labelled glass slides. These slides were dried overnight at 37°C.

Progressive H&E staining was then performed. The slides were placed in alum-
hematoxylin solutions until visualization of dark red colour. This was followed by washing and
‘bluing’ with lithium carbonate solution. Finally, the slides were washed before counter-

stained with 0.5% eosin alcoholic solution.

All H&E slides were examined with an Olympus IX71 microscope with 4x

magnification.

2.7. Genotyping

Genotyping was completed following the completion of the quantitative image
analysis of rat data to avoid observational bias. It was completed by standard PCR methods.
Three wild types (ETs*/*), three heterozygotes (ETs*), and five sl/s/ (ETs”") rats were
identified. The average ages of wild type, heterozygotes, and sl/sl groups were 90.7 hours, 96

hours, and 83.2 hours, respectively.

PCR genotyping was processed through the following. Five-millimetre tail tips from
each of the eleven rats were isolated for lysis using Proteinase K in lysis buffer, which
consisted of 100mM Tris pH 8, 5mM EDTA, 0.2% SDS, and 200mM NaCl in distilled water. The
DNA was extracted via vortex heating and centrifuging to separate DNA-containing

supernatant from the undigested materials. Afterwards, the supernatant was further
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vortexed and centrifuged to isolate the DNA pellet, followed by 70% EtOH washing and
drying. The DNA was then suspended and quantified with spectrophotometry. Next, PCR was
completed with “Master-Mix” reagent: 10*PCR buffer Qiagen-contained MgCl2, dNTP
(10mM), Primer PS7 (33.3uM; 5’-CCA CTA AGA CCT CCT GGA CT-3’), Primer PS15 (33.3uM; 5’-
TCA CGA CTT AGA AAG CTA CAC T-3’) and DNA polymerase (515). The Master-Mix reagent
was then pipetted onto PCR plates with fourteen rat DNAs (including the known controls)
and placed in Veriti 96-Well Thermal-Cycler for PCR. Lastly, electrophoresis was run at 100V
and 55mA for 1 hour. Eleven test-subject DNAs were run against positive controls for wild-
type, heterozygote, and s//sl with molecular weight marker (MassRuler, #SM1263,
Fermentas) by the side. Electrophoresis gel was visualized with Gel Documentation System

DOC-Print VX5 (Vilber Lourmat).

2.8. Comparison and Statistical analysis

Based on segregation analysis on cumulative colony data, si/s/ rat phenotype followed
autosomal recessive inheritance (p-value = 0.001) with high genetic penetrance, up to 95% of
sl/sl rat exhibited HSCR. Statistical comparisons were made between si/s/ (ETs”") and the
control group (ETe** & ETg*") to determine the effect of ETg on structural changes and
growth. This approach was consistent with the autosomal recessive inheritance of human
WS-1V, a disease caused by ETg”" genotype. Nonetheless, we also performed one-way ANOVA
analysis and post hoc Tukey to assess the potential relations between ETs gene dose and the

following selected parameters.

The parameters included for comparison were as follow: bodyweight (g), bodyweight

growth rates (g/Hr), organ volume (mL), organ volume growth rates (mL/Hr), and organ
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volume/bodyweight ratios (mL/g). The bodyweight growth rate (g/Hr) was calculated by
dividing each rat’s bodyweight (g) to its respective age (Hr) at culling; these were followed by
statistical comparison between the control and mutant groups. Similarly, organ volume
growth rate (mL/Hr) and organ volume/bodyweight ratios (mL/g) were calculated from
respective volumetric measurements (mL), age (Hr), and bodyweight (g) at the times of

culling.

Standardized comparisons of organ volume growth rate and organ
volume/bodyweight ratios were made to exclude potential confounding factors of age and
body-size variance. Additionally, these measures provided estimating metrics for the organ
changes upon developmental maturation of the animals. Moreover, the proportionality of
individual neural substituent with respect to the total brain (organ/total brain) was compared
to explore potential regional-dependent effect of ETs. All parameters were expressed as
mean +/- sem in figures. The relative parametric difference (%) between sl/sl and the control
group was also calculated and reported throughout this study for better appreciation on the

degrees of difference.

3. Results

3.1. ETs” mutant has lower bodyweight and body growth rate

We compared the bodyweight of the studied animals to evaluate potential growth
reduction associated with ETs”- mutation. As shown by Figure 1A, sl/s/ rat has 16.32% lower
bodyweight than the control group, p-value = 0.03. Although not reaching statistical
significance, a 3.53% deduction in growth rate was also detected, Figure 1B. Both findings

supported potential impairments in global body growth. On the other hand, one-way ANOVA

205 | Page



demonstrated no significant variability in bodyweight or body growth rate among the three
genotypes, as shown by Supplementary Table 1. These observations suggested ETgs mutation

may be associated with body growth impairment in an autosomal recessive manner.

3.2.  Gross intracranial morphology is overall preserved in ETs” mutant

Previous study has suggested disruptions in the endothelin system can lead to
cephalic neural crest cell (CNCC) migration failure and thus marked craniofacial defects (230).
However, thorough reviews of s//s/ rat scan (Figure 2B) demonstrated grossly normal cranial
morphology, similar to that of wild type rat (Figure 2C). As shown by the parasagittal view of
micro-CT images and H&E microscopy, Figure 2B — 2D, sl/sl rat brain contains all the major
components as the control group: accumbens nucleus, anterior olfactory bulb, anterior pons,
hippocampus, cerebellum, caudate putamen, frontal cortex, hypothalamus, inferior
colliculus, medulla, pituitary gland, posterior thalamus, superior colliculus, and thalamus.
Additionally, review of facial anatomy did not reveal obvious disfiguration, as shown by
Figure 2A. These suggested intracranial impairments associated with ETg mutation, if any,
may be subtle and limited to size variance rather than constituent agenesis or morphological

changes.

3.3. Homozygous ETs mutation is associated with significant decreases in brain size

While the gross morphology might be preserved, moderate volumetric reductions in
the brain and constituents were detected in s//sl mutants. As demonstrated by Figure 3A, a
significant reduction of 20.33% was observed in the brain of sl/s/ rat, p-value = 0.02.
Furthermore, an average of 20% volumetric reduction was detected across all neural

constituents analysed in the s//s/ rat. Structures with statistically significant difference
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between sl/sl and the control groups were as follow: T-CC (24.60%, p-value = 0.02); T-CP
(24.68%, p-value = 0.03); OB (19.13%, p-value = 0.02); Pit (30.08%, p-value = 0.02). Although
not reaching the statistical power, the reducing trend in sl//s/ rat was also evident in the
following: Med (21.05%, p-value = 0.11), Cer (14.22%, p-value = 0.22); S&I col (9.73%, p-value

=0.10).

Additionally, one-way ANOVA showed statistically significant volumetric variation in
TB, T-CC, and Pit of the three genotypes, as shown by Supplementary Table 2A. However,
post hoc Tukey revealed significant differences were only presented between s//s/ and the
heterozygous group; consistent ETg dose-dependent trend was not seen in the wild type, as

shown by Supplementary Table 2B.

3.4. Homozygous ETg mutation is associated with significantly lower intracranial growth

rate
Reduced intracranial organ growth rate was observed in sl/sl group; however, this

margin of reduction was smaller than that detected in the volumetric changes. An

approximately 10% reduction in growth rate was observed across various brain components

in sl/sl rat.

As shown by Figure 3B, the TBr growth rate of sl/s/ rat was 7.35% lower than that of
the control group, p-value = 0.07. Consistent decreasing trends were also presented in the
following: T-CC (11.42%, p-value = 0.04), T-CP (11.51%, p-value = 0.05), and OB (6.21%, p-
value = 0.05). Furthermore, although not reaching the statistical power, similar reductions

were observed in the medulla (8.48%, p-value = 0.30) and pituitary gland (15.62%, p-value =
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0.06) of sl/sl rat. Unexpectedly, no significant change was detected in the growth rate of Cer
(1.60%, p-value = 0.85) and S&I Col (2.72%, p-value = 0.60). Lastly, no consistent linear
relationship was detected between the neural growth rates and ETs gene dose, as shown by

one-way ANOVA analysis in Supplementary Table 3A.

Overall, we found homozygous ETg mutation was associated with reduced neural

growth rate during development, an effect likely to persist until maturation age.

3.5. Homozygous ETg mutation is associated with lower brain volume/bodyweight indices

sl/sl rat has disproportionally larger reductions in its brain volumes than the
decreases in its bodyweight. As illustrated by Figure 3C, sl/sl rat has lower organ
volume/bodyweight ratios than the control group: TBr (2.60%, p-value = 0.57), T-CC (6.21%,
p-value = 0.15), T-CP (6.30%, p-value = 0.27), OB (1.28%, p-value = 0.60), Med (3.22%, p-
value = 0.87), and Pit (11.18%, p-value = 0.08). Albeit statistically underpowered, these
findings suggested neural development was more sensitive to ETs dysfunction than the
bodily growth. And although homozygous ETs mutation seemed to predominantly affect
growth negatively, s//sl rat was found to have larger organ/bodyweight ratios in its Cer
(3.17%, p-value = 0.47) and S&I Col (6.84%, p-value = 0.23). This raised the possibility that a
potential protective mechanism associated with ETs”" may be presented, albeit this
protective effect was likely small. Additionally, non-uniform changes were recorded from
different neural structures of s//s/ rat, suggesting the impact of ETg mutation on anatomical

development may be dependent on organ location.
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3.6. ETs” mutant has subtle and non-uniform changes across different neural

constituent/total brain indices

As showed by Figure 3D, sl/sl rat and the control group shared subtle difference
between their respective neural organ/TBr indices. Although these differences may be small,
ranging from 2 to 8%, they reflected disproportional changes in different neural constituents
of ETe” rat. These variations suggested that the effect of ETs on structural growth may be

influenced by the target organ locations within the brain.

4. Discussion

As evidenced by the anatomical changes detected, we support the notion that
homozygous ETg mutation and associated HSCR are likely linked with intracranial changes, at
least in the sense of volumetric measurements. This finding is consistent with previous in
vitro studies and clinical reports citing HSCR’s associations with neurological deficits, as
exemplified by Down’s syndrome, Haddad syndrome, Mowat-Wilson syndrome, and WS-IV

(9, 28, 530, 537, 560, 561).

It has been suggested that disruption in ET-1/ECE/ETa pathway system can lead to
marked craniofacial dysmorphism. (230). Additionally, agenesis of corpus callosum and
hippocampus have also been reported in HSCR associated syndromes (561, 562). Regardless,
these gross abnormalities are not detected in s//s/ rat, as demonstrated by Figure 2. This
observation suggests that while ETg mutation may disrupt enteric neural crest cell migration,
its direct impact on the migration of cephalic and vagal neural crest precursors may be
limited. On the other hand, neurogenic modelling mediated by ETg signalling and the clinical

reporting of HSCR-associated mental retardation support the notion that ETg may possess an
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adjunct but important role in neural development (535, 563). Quantitative analysis on the

neuroanatomy is therefore an intuitive investigation.

Many previous studies demonstrate ETg receptors in olfactory bulb, cerebral cortex,
caudate putamen, thalamus, hypothalamus, pituitary gland, brain stem and limbic system
through a combined use of immunohistochemistry and ETg’s agonist or antagonists; this
omnipresence suggests ETg’s likely importance in brain structures and functions (564-567).
Indeed, two-dimensional (2D) immunofluorescence studies demonstrate that ETg stimulation
by IRL-1620 can lead to neurogenic remodelling, which is likely achieved by the increased
neurogenesis and angiogenesis through upregulating vascular endothelial growth factor
(VEGF) and nerve growth factor (NGF) (402, 534, 535). Furthermore, activation of endothelial
ETs by ET-1 triggers vasodilation in basilar artery by increasing the production of nitric oxide
(568); this ultimately improves cerebral perfusion. Consequently, these studies support the
notion that ETg activation promotes neuroprotection. This is indeed consistent with the
overall brain size reduction observed in sl/sl rat, which lacks functional ETg during its
development. On the other hand, in vitro studies using U0126, a mithramycin A (MitA) or
mitogen-activated protein kinase (MEK) 1/2 inhibitor, blocks the elevation of ETg-mediated
vasoconstriction following cerebral ischemic events, thus suggesting ETs stimulation in
vascular smooth muscle cells (VSMC) may worsens neural damage (322, 556, 569) by
triggering further cerebral hypoperfusion. These conflicting findings suggest ETg’s effect on
brain growth may be dynamic and regional-dependent, a pattern consistent with our finding,
Figure 3D, showing variability in organ changes with respect to the global brain size

reduction.

210 | Page



Despite the preservation of a grossly normal brain morphology, a significant structural
reduction of 20.33% (p-value = 0.02) is found in the brain volume of neonatal sl/s/ rat.
Consistently, a reduction of 7.35% (p-value = 0.07) in brain growth rate also suggest its
structural impairment may likely worsen upon developmental maturity. Several factors can
contribute to these impairments. As previously reported by McDougall et al (2017),
intrauterine growth restriction alters the postnatal cerebellum development (570). Although
we did not detect an underdevelopment in the birthweight of si/s/ rat from our colony data
of 864 rats, we did find a bodyweight reduction of 16.32% at the age of 88 hours in our
studied rats, Figure 1. This may be explained by the fact that adequate maternal uterine
perfusion can be achieved through ETs-mediated vasodilation in the heterozygous parents
(571); however, postnatal growth of si/sl rat may deteriorate due to HSCR-induced
malnutrition and ETg”/-mediated mesenteric hypoperfusion (9, 283). Furthermore,
disproportionally larger reductions in s//sl rat brain size with respect to its bodyweight
changes suggest additional intrinsic ETs mechanisms on the brain development, Figure 3C.
Indeed, s//sl rat has 1.26% to 11.18% smaller organ volume/bodyweight indices in TBr, T-CC,
TCP, OB, Med, and Pit. On the other hand, Cer and S&I Col of sl/s/ rat have 3.17% and 6.84%
higher indices, respectively. Consistent with ETg’s functional duality on vasoregulation and
neurogenesis reported previously, our observations likely reflect a potential regional-specific
neuroprotection by ETs mutation despite its overwhelming negative effects (402, 535, 550-

552, 554, 556, 568).

Dysregulation in the neurogenesis, angiogenesis, and cerebral vascular tone likely
contributes to the observed structural changes in si/s/ rat. This may be mediated directly by

the ETg expression on neuroblasts or neural tissue, which promotes cell division and inhibits

211 | Page



apoptosis, or by indirect mechanisms including vascular growth stimulation and vasospasm
inhibition. Indeed, Nishikawa et al (2011) reported that ETg-stimulation by IRL-1620
accelerates interkinetic nuclear migration (INC) of cortical neural progenitor cells (NPC),
whereas inhibition by BQ-788 decelerates INC migration and subsequent NPC mislocalization
(572). Additionally, intracerebroventricular ETg stimulation increases the vascular endothelial
growth factor A (VEGF-A), thereby triggering VEGF-receptor signalling in cerebrum but not
hippocampus. This suggests regional-dependent neuroprotective effect of ETg, possibly via
vascular control (573). Moreover, sl/sl rat has significantly elevated ET-1 level due to
dysfunctional clearance; this may further exacerbate ET-1/ETa-mediated hyper-
vasoconstriction in cerebral vasculature (381). Albeit minor, endothelial-mediated basal
vasodilation from ET-1/ETs stimulation is also lost in s//s/ rat (189, 536). Together, these
impaired neurogenesis and cerebral perfusion retard cerebral growth. Conversely, small
elevation in Cer/bodyweight and S&I Col/bodyweight indices lend some support that
regional brain development of sl/sl rat may benefit from to reduced ETs-mediated
vasoconstriction, for instance, in the VSMC of collicular artery (556). However, this mutation-
associated beneficial effect is likely minor when comparing to the dominant ET-1/ETa effect

(556, 569, 574).

If our finding is extrapolatable to human subjects, then the observed structural
impairments may lend some supports to several HSCR-associated clinical anomalies. For
instance, marked reductions in total brain (20.33%), cerebral cortex (24.60%), and caudate
putamen (24.68%) are not only consistent with prior observations of mental delay in some
HSCR patients and but also raise the questions that these patients may be more susceptible

to Parkinson’s disease or depression from potential dopamine deficiency (575, 576). This is
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consistent with the demonstration that ET-1 stimulation to rat striatum via activation of ETs
triggers the release of dopamine (542). Moreover, medulla shrinkage (21.05%) provides
some anatomical supports for the dysregulated autonomic functions seen in some HSCR
patients, for instance, Haddad syndrome, congenital central hypoventilation syndrome, and
cardiac arrhythmias, just to name a few (28, 577). In addition, volumetric reduction in
cerebellum, up to 14.22%, supports clinical reports of ataxia in WSI-IV patients (127). This is
also consistent with the increased neural apoptosis and reduced neural proliferations
detected in the cerebellum of sl/s/ rat (550, 552). Lastly, size reductions in olfactory bulb
(19.13%) and pituitary gland (30.08%) of sl/s/ rat are in accordance with the current known
ETs distribution (403, 541-544). Although there is no distinctive clinical syndrome known to
associate HSCR with pituitary dysfunctions currently, pituitary structural defects in ETg”
patients may be linked to increased risks for familial medullary carcinoma (FMTC) and
multiple endocrine neoplasia type Il (MEN II) (578-580). It is again worth noting that these
reported measurements are made on immature animals, and as suggested by the growth
rate discrepancy illustrated in Figure 3B, structural defects in ETs”" individuals are therefore
likely to worsen. Hence, more prominent structural impairments are likely to reflect certain

HSCR-associated functional declines upon maturity.

Lastly, we compare the structural differences among the three genotypes to explore
potential dose-dependent effect of ETsz. While heterozygote has significantly larger TB, TCC
and Pit than those of sl/s/ rats, no linear relationship can be drawn from its comparison with
the wild type, Supplementary Table 2B. We suspect statistical under-power is the likely
explanation. However, we also acknowledge that, in conjunction with some reports, our

observation may be partially consistent with the notion that a single functional ETs gene may
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be sufficient to prevent neuroapoptosis and mediate ET-1 clearance in some structures,
thereby improving cerebral perfusion and exerting some neuroprotection (322, 381, 402,
534, 535, 556, 569). Overall, it is of little doubt that homozygous ETs mutation impairs brain
structures. Furthermore, our findings are consistent with ETs mutation acting as an

autosomal recessive condition with high penetrance.

In summary, we provide quantitative 3D evidence illustrating structural changes in
the brain of an ETg”* HSCR animal model. These detrimental effects are not uniform across
different brain structures. Minor protective effects may be presented, Figure 3C and 3D,
potentially through reduced cranial vessel tone. Nevertheless, overall findings remain
consistent with several proposed mechanisms of action by ETs, including regulations on
angiogenesis, neurogenesis and vasoconstriction (322, 402, 534, 535, 556, 569, 572-574).
Our results support functional ETs have predominantly neuroprotective benefits during

neonatal development.

We acknowledge the intrinsic limitation of animal study. Although we have shown ETg
mutation affects brain growth in animal model, further study is warranted. We also
acknowledge a larger sample size, and a more efficient image-analysing software will be
beneficial for improving the statistical power; nevertheless, current finding cannot be
overlooked. More importantly, given that we have macroscopically identified ETg-affected
neural organs, future cell proliferation studies using 5-bromo-2’-deoxyuridine (BrdU)
labelling can be useful in confirming reduced neural proliferation microscopically (552). This
can also be supplemented by the measurements of VEGF to confirm the angiogenesis

reduction in si/sl rats (534). Lastly, confirmatory study on basilar arterial dilatation using
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pressure myography may clarify vasoprotective mechanism mediated by ETs (557).

5. Conclusion

Despite having a grossly normal cranial morphology, ETs”- HSCR model has an average
of 20% volumetric reduction in its brain and constituents. With no significant differences
seen between the wild type and heterozygotes, these changes associated with ETg mutation
are consistent with autosomal recessive inheritance. The non-uniform neuroanatomical
changes across different constituents support prior studies on differential ETg distribution,
neurogenesis, and vasoregulation in the brain. Interestingly, ETs may exert a regional-
dependent protection, potentially corresponding to the circulatory distribution through ET-
1/ETe-mediated vasoregulation. Overall, our findings support the notion that ETs” HSCR
patients may exhibit neuroanatomical impairments, in accordance with prior clinical reports.
Although further study involving human subjects is required, this study supports the
importance to a more comprehensive management plan for HSCR patients, at least in ETg”"

subtype.
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Chapter 5 Figures:
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Figure 1: Homozygous ETg mutation is associated with reductions in bodyweight (A) and
bodyweight growth rate (B).

sl/sl (ETg”) rat has a significantly lower bodyweight than that of the control group (ETs** &
ETs*/), 11.40g versus 13.26g (df = 9, t-value = 2.51, p-value = 0.03), Figure 1A. A similar but
smaller difference is observed in the comparison of body growth rate, 0.137g/Hr versus
0.142g/Hr (df =9, t-value = 0.58, p-value = 0.58), Figure 1B. This suggests that s//s/ rat is likely
to have a proportional organ size shrinkage; furthermore, reduced body growth rate suggests
developmental impairment may continue to worsen until maturity.

*: statistically significant, p-value < 0.05.
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Figure 2: ETs”" rat has a grossly normal intracranial morphology.

Figure 2A and Figure 2B represent respective parasagittal micro-CT views of intracranial
morphology and isolated brain of si/s/ (ETs”") rat. Figure 2A demonstrates the presence of
major craniofacial features and neural structures. Figure 2B illustrates magnified micro-CT
view of the ETg” brain with additional details, which are also presented in the micro-CT
scans of wildtype (ETs*/*) rat, Figure 2C. Lastly, H&E micrograph of the micro-CT scanned s//s/
rat brain confirms the presence of the identified structures, Figure 2D.

The anatomical features identified are labelled as follows: Acb= accumbens nucleus; AO =
anterior olfactory bulb; apons = anterior pons; CA1 = CA1 field of hippocampus; CA3 = CA3
field of hippocampus; CER = cerebellum; Cpu = caudate putamen; FrCtx = frontal cortex; Hypo
= hypothalamus; IC = inferior colliculus; med = medulla; Pit = pituitary gland; PTh= posterior
thalamus; SC = superior colliculus; Th = thalamus; U. Inc = upper incisor; Tong = tongue; Trac
=trachea; Epi = epiglottis; H. b = hyoid bone; H. palate = hard palate; L. Inc = lower incisor;
NasCa = nasal cavity; Nasop = nasopharynx; Orop = oropharynx.

218 | Page



Volume (mL)

Ve

Growth rate (mL/Hr)

@

Organ/Body Weight (mLig)

O

Organ/Total Brain ratio

T-CP

B si/ist (ETg™)
[ control (ETg & ETg*)

Med Cer S&l1 Col Pit

B si/s/ (ETg™)
M control (ETg ™ & ETg*)

™8 T-CC T-CP

Med Cer S&l Col Pit

B st/'s/ (ETg™)
M control (ETg"* & ETg*)

Med Cer S&l Col Pit

0.

o B si/sl (ETg™)

o [ control (ETg"* & ETg")

0.

0.

0.

0.

0.

0.

0.

o. : E—
Med Cer S&l Col Pit

219 | Page



Figure 3: ETg’- mutant has reduced neural organ volume, organ growth rate, organ

volume/bodyweight indices, and organ/total brain ratios.

Figure 3A: Significant volumetric reductions in brain and constituents are detected in
young ETs”" animals. si/s/ rat has statistically smaller TB than the control rat: 443.02 mm3
versus 533.12 mm?3 (df = 9, t-value = 2.82, p-value = 0.02). Similar trend is extended across
the following: T-CC (163.36 mm?3 versus 203.55 mm?3, df = 9, t-value = 2.73, p-value = 0.02), T-
CP (28.75 mm? versus 35.84 mm?3, df = 9, t-value = 2.49, p-value = 0.03), OB (15.73 mm?3
versus 18.74 mm3, df = 9, t-value = 2.78, p-value = 0.02), and Pit (1.60 mm?3 versus 2.09 mm?3,
df =9, t-value = 2.95, p-value = 0.02). Although not reaching the statistical power,
measurements of Med (38.22 mm? versus 46.27 mm?3, df = 9, t-value = 1.74, p-value = 0.12),
Cer (19.43 mm?3 versus 22.19 mm3, df = 9, t-value = 1.30, p-value = 0.23), and S&I Col (12.51
mm?3 versus 13.73 mm?3, df = 9, t-value = 1.84, p-value = 0.10) also demonstrate detectable
reduction in sl/sl rats.

Figure 3B: ETg” rat has significantly lower growth rates across different parts of brain.
Lower TBr growth rate is observed in sl/s/ rat with respect to the control animal, 5.32mm3/Hr
versus 5.71mm3/Hr (df = 9, t-value = 2.03, p-value = 0.07). Consistent difference between the
two groups is also seen in the following: T-CC (1.96mm?3/Hr versus 2.18mm?3/Hr, df = 9, t-
value = 2.46, p-value = 0.04), T-CP (0.34mm?3/Hr versus 0.38mm3/Hr, df = 9, t-value = 2.26, p-
value = 0.05), OB (0.19mm?3/Hr versus 0.20mm?3/Hr, df = 9, t-value = 2.23, p-value = 0.05),
Med (0.46mm3/Hr versus 0.50mm3/Hr, df = 9, t-value = 1.10, p-value = 0.30), and Pit
(0.019mm?3/Hr versus 0.022mm?3/Hr, df = 9, t-value = 2.11, p-value = 0.06). On the other
hand, minimal difference between the two groups is detected in the following: Cer
(0.23mm3/Hr versus 0.24mm?3/Hr, df = 9, t-value = 0.19, p-value = 0.85) and S&I Col
(0.15mm3/Hr versus 0.15mm?3/Hr, df = 9, t-value = -0.55, p-value = 0.60).

Figure 3C: ETs”" rat has lower neural organ/bodyweight ratios, suggesting intrinsic ETg
effects on brain development.

sl/sl rat has lower a TBr/bodyweight ratio than that of the control group, 39.1mm3/g versus
40.12mm?3/g (df = 9, t-value = 0.58, p-value = 0.57), reflecting a disproportionally larger
reduction in TBr with respect to changes in its bodyweight. Similar trends are also seen in the
following: T-CC (14.42mm?3/g versus 15.31 mm3/g, df = 9, t-value = 1.02, p-value = 0.34), T-CP
(2.53mm3/g versus 2.69 mm?3/g, df = 9, t-value = 0.91, p-value = 0.39), OB (1.39mm?3/g versus
1.41mm?3/g, df = 9, t-value = 0.23, p-value = 0.82), Med (3.37mm?3/g versus 3.48mm?3/g, df =
9, t-value = 0.34, p-value = 0.74), and Pit (0.14mm?3/g versus 0.16mm?3/g, df = 9, t-value =
2.00, p-value = 0.08). On the other hand, sl/s/ rat has slightly larger indices in the following:
Cer (1.72mm?3/g versus 1.67mm?3/g, df = 9, t-value = -0.32, p-value = 0.75) and S&I Col
(1.11mm3/g versus 1.03mm?3/g, df = 9, t-value = -1.29, p-value = 0.23). Overall, ETg mutation
is associated with more marked changes in neural organs. In addition, variability in the
difference of organ/bodyweight ratios between s//s/ rat and the control group suggest the
effect of ETg mutation maybe spatially dependent within the brain.

Figure 3D: Disproportional changes in the neural organ/total brain indices of ETs” rat
suggested non-uniform ETs effect in different parts of the brain.

sl/sl rat has disproportional changes in its neural constituents with respect to global brain
shrinkage. Reduced organ/total brain ratios are seen in the following structures of sl/s/ rat: T-
CC (0.37 versus 0.38, df = 9, t-value = 1.58, p-value = 0.15), T-CP (0.065 versus 0.067, df = 9, t-
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value = 1.17, p-value = 0.27), Med (0.086 versus 0.087, df =9, t-value = 0.17, p-value = 0.87),
and Pit (0.0036 versus 0.0039, df =9, t-value = 1.54, p-value = 0.16). On the contrary,
organ/total-brain indices of OB (0.036 versus 0.035, df = 9, t-value = -0.54, p-value = 0.60),
Cer (0.044 versus 0.041, df = 9, t-value =-0.75, p-value = 0.47) and S&I Col (0.029 versus
0.026, df = 9, t-value = -1.78, p-value = 0.11) are larger in sl/sl rats. This variation suggests
that ETs effect may be regional dependent within the brain.

TB=Total Brain; T-CC=Total Cerebral Cortex; T-CP=Total Caudate Putamen,; OB=0Olfactory Bulb;

Med=Medulla; Cer=Cerebellum; S&I Col=Superior and Inferior Colliculus; Pit=Pituitary gland.
*: statistically significant, p-value < 0.05.
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Chapter 5 Supplementary Tables:

_ Sum of Squares df Mean Square F Significance
10.40 2 5.201 F(2,10)=3.927  P=0.0551
| Within Groups |

13.24 10 1.324

2364 12
Body Growth Rate

3.454e-005 2 1.727e-005 F(2,10)=0.09568 P=0.9096
0.001805 10  0.0001805

000180 12

Supplementary Table 1: One-way ANOVA for body parameters

No significant variation is detected in the mean bodyweight (p = 0.0551) or mean body
growth rate (p = 0.9096) of the studied rats, which consist of three genotypes: ETg**, ETg*/,
and ETg”". This suggests bodily growth restriction associated with ETs mutation, if presented,
is not a dose-dependent relationship.

Supplementary Table 2A: One-Way ANOVA for Volumetric Measurements
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Sum of Squares df Mean Square F Significance

25476 2 12738 F(2,8)=4.699  P=0.0447
| Within Groups | 21685 8 2711
47160 10

TCC Volume

5252 2 2626 F(2,8)=4.711  P=0.0445
| Within Groups | 4460 8 557.4

9711 10

146.5 2 73.27 F(2,8)=3.072  P=0.1023
| Within Groups | 190.8 8 23.85

337.3 10

27.66 2 13.83 F(2,8)=4.273  P=0.0546
| Within Groups | 25.90 8 3.237

53.56 10

181.9 2 90.96 F(2,8)=1.394  P=0.3023
| Within Groups | 521.9 8 65.23

703.8 10

23.92 2 11.96 F(2,8)=0.8828  P=0.4504
| Within Groups | 108.4 8 13.55

132.3 10

0.7341 2 0.3671 F(2,8)=5274  P=0.0346
BT 0.5568 8 0.0696

1.291 10

4.240 2 2.120 F(2,8)=1.605  P=0.2594
| Within Groups | 10.57 8 1.321

14.81 10

Supplementary Table 2B: Tukey post-hoc for Volumetric Measurements
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TB Volume

(A) (B) Mean Std Error of Sig Lower Upper

Difference (A-B) Difference Bound Bound

ETs*/* | ETg* -47.17 42.51 0.5350 -168.6 74.30

ETe*/* | ETs”" 66.51 38.02 0.2463 -42.13 175.2

ETe*- | ETs” 113.7 38.02 0.0412 5.036 222.3
T-CC Volume

(A) (B) Mean Std Error of Sig Lower Upper

Difference (A-B) Difference Bound Bound

ETs*/* | ETg* -23.77 19.28 0.4683 -78.85 31.32

ETe*/* | ETs’- 28.30 17.24 0.2843 -20.97 77.57

ETs*" | ETg” 52.07 17.24 0.0394 2.801 101.3
Pit Volume

(A) (B) Mean Std Error of Sig Lower Upper

Difference (A-B) Difference Bound Bound

ETs*/* | ETg* -0.2582 0.2154 0.4865  -0.8737 0.3573

ETs** | ETe’" 0.3531 0.1927 0.2199 -0.1974 0.9036

ETe* | ETg” 0.6113 0.1927 0.0315 0.06078 1.162

Supplementary Table 2: One-way ANOVA for volumetric measurements

One-way ANOVA show statistically significant variations in the TBr, TCC, and Pit volumetric
means of the studied rats: ETg*/*, ETg*/, and ETg”". On the contrary, no significant variation is
detected in other organ measurements of the three genotypes, as shown by Supplementary
Table 2A.

Post-hoc Tukey show significant volumetric difference between the heterozygote (ETs*") and
sl/sl (ETg”") in TBr (mean difference 113.7, SE 38.02, p = 0.0412), TCC (mean difference 52.07,
SE 17.24, p = 0.0394), and Pit (mean difference 0.6113, SE 0.1927, p = 0.0315). However,
measurement of the wild type (ETs*/*) is not significantly different from those of the other
two groups, as shown by Supplementary Table 2B.

Supplementary Table 3A: One-Way ANOVA for Growth Measurements

Sum of Squares df Mean Square F Significance
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0.4669 2 0.2335 F(2,8)=2.162  P=0.1776
| Within Groups  [EVRTEN 8 0.1080

1331 10

0.1620 2 0.08101 F(2,8)=3.692  P=0.0731
| Within Groups [V 8  0.02195

03376 10

TCP Growth

0.004326 2 0.002163 F(2,8)=2.321  P=0.1604
OIS 0.007456 8  0.0009320
0.01178 10

OB Growth

0.0003987 2  0.0001993  F(2,8)=2.426  P=0.1502
TGRS 0.0006574 8  8.217e-005
0.001056 10

0.004125 2 0002062  F(2,8)=0.5419  P=0.6015
| Within Groups [EOVIELLY! 8  0.003805
0.03457 10

Cer Growth

5.588e-005 2  2.794e-005 F(2,8)=0.02401 P=0.9763
TGRS 0.009309 8  0.001164
0.009365 10

Between Groups 2.830e-005 2 1.415e-005 F(2,8) =2.435 P=0.1493
4.649e-005 8 5.811e-006
Total 7.479e-005 10

S&I Col Growth

8.009e-005 2  4.005e-005 F(2,8)=0.2403  P=0.8193
TGRS 0.001568 8  0.0001960
0.001648 10

Supplementary Table 3B: One-Way ANOVA for Volumetric / Bodyweight ratios
Sum of Squares df Mean Square F Significance
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TB Volume / Bodyweight ratio

5.046 2 2.523 F(2,8)=0.2800  P=0.7629
| Within Groups | 72.09 8 9.011

77.14 10

3.427 2 1.713 F(2,8)=0.7730  P=0.4932
| Within Groups | 17.73 8 2.216

21.16 10

0.07151 2 0.03575 F(2,8)=3.3791  P=0.6961
| Within Groups [NV 8  0.09430

0.8259 10

OB Volume / Bodyweight ratio

0.001785 2 0.0008926 F(2,8)=0.04974 P=0.9518
| Within Groups [JEVRVEL 8  0.01795

0.1454 10

0.03546 2 0.01773  F(2,8)=0.05759  P=0.9444
| Within Groups | 2.463 8 0.3078

2.498 10

Cer Volume / Bodyweight ratio

0.008488 2 0.004244  F(2,8)=0.04889 P=0.9526
| Within Groups  [OELLY 8  0.08680
0.7029 10

Pit Volume / Bodyweight ratio

0.0008387 2  0.0004193  F(2,8)=2.453  P=0.1477
DG 0.001368 8  0.0001710

0.002207 10

0.01715 2 0.008575  F(2,8)=0.8153  P=0.4762
| Within Groups [ -ZELY 8  0.01052

0.1013 10

Supplementary Table 3C: One-Way ANOVA for Organ / Total brain ratios
Sum of Squares df Mean Square F Significance

226 |Page



TCC / Total brain ratio

Between Groups 0.0007006 2 0.0003503 F(2,8) =1.699 P=0.2427
0.001650 8 0.0002062

Total 0.002350 10

TCP / Total brain ratio

Between Groups 1.830e-005 2 9.151e-006 F(2,8)=0.6731 P=0.5368
0.0001088 8 1.360e-005

Total 0.0001271 10

OB / Total brain ratio

Between Groups 6.605e-007 2 3.303e-007 F(2,8) =0.2201 P=0.8071
1.200e-005 8 1.500e-006

Total 1.266e-005 10

Med / Total brain ratio

Between Groups 2.227e-005 2 1.113e-005 F(2,8)=0.1216 P=0.8871
0.0007325 8 9.157e-005

Total 0.0007548 10

Cer / Total brain ratio

Between Groups 1.572e-005 2 7.859e-006 F(2,8) =0.2704 P=0.7698
0.0002326 8 2.907e-005

Total 0.0002483 10

Pit / Total brain ratio

Between Groups 2.332e-007 2 1.166e-007 F(2,8)=1.238 P=0.3402
7.538e-007 8 9.423e-008

Total 9.871e-007 10

S&I Col / Total brain ratio

Between Groups 2.379e-005 2 1.190e-005 F(2,8)=1.742 P=0.2355
5.464e-005 8 6.830e-006

Total 7.843e-005 10

Supplementary Table 3: One-way ANOVA comparison on growth rates, organ

volume/bodyweight ratios, and organ / total brain ratios

One-way ANOVA comparison show no significant difference is detected in the mean organ
growth (Supplementary Table 3A), volumetric/bodyweight ratios (Supplementary Table 3B),
and organ/whole brain ratios (Supplementary Table 3C) of the three genotype rats: ETg*/*,
ETe*, and ETs”". These findings suggest that the effect of ETg mutation is likely non-linear.

Chapter 6: Structural heart defects associated with ETg mutation, a cause of Hirschsprung
disease.
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Chapter 6 Highlights

e ETs” HSCR model is associated with body growth impairment; neonatal si/s/ rat has
16% less bodyweight than the control group.

e sl/slrat has a normal cardiac morphology.

e sl/sl rat has significant reductions in cardiac structures: 40% in whole heart volume,
20% in heart growth rate, and 25% in whole heart/bodyweight ratios. Similar trend is
observed in the measurements of LA, LV, RA, and RV

e No correlation is seen between ETg genotype and aortic arch size.

e These animal findings, if extrapolatable to human subjects, suggest ETz”- HSCR
patients may have various degrees of neonatal cardiac anomalies.

Chapter 6 Abstracts

Background

HSCR, a colonic neurocristopathy affecting 1/5000 births, is suggested to associate with
cardiac septal defects and conotruncal malformations. However, we question subtle cardiac
changes maybe more commonly presented due to multi-regulations by HSCR candidate
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genes, in this instance, ETs. To investigate, we compare the cardiac morphology and
quantitative measurements of sl/s/ rat to those of the control group

Methods

Eleven neonatal rats were generated from heterozygote (ETg*/") crossbreeding. Age and
bodyweight were recorded at time of sacrifice. Diffusion-staining protocols with 1.5% iodine
solution was completed prior to micro-CT scanning. All rats were scanned using an in vivo
micro-CT scanner, Caliper Quantum FX, followed by two quality-control scans using a custom-
built ex vivo micro-CT system. All scans were reviewed for gross cardiac dysmorphology.
Micro-CT data were segmented semi-automatically following NLM filtering for: whole heart,
LV, RV, LA, RA, and aortic arch. Measurements were taken with Drishti. Following image
analysis, PCR genotyping of rats was performed: five s//s/ rats, three wildtype, and three
heterozygotes. Statistical comparisons on organ volume, growth rate, and organ
volume/bodyweight ratios were made between s//s/ and the control group.

Results

Cardiac morphology and constituents are preserved. However, sl/s/ rat has significant
volumetric reductions in cardiac structures: whole heart (38.70%, p-value = 0.02); LV
(41.22%, p-value = 0.01), RV (46.15%, p-value = 0.02), LA (44.93%, p-value = 0.06), and RA
(39.49%, p-value = 0.02). Consistent trend is also observed in growth rate (~20%) and organ
volume/bodyweight indices (~¥25%). On the contrary, no significant difference in aortic arch
measurement is seen between sl/s/ rat and the control group.

Conclusion

Despite the presence of normal morphology, significant cardiac growth retardation is
detected in sl/sl rat, supporting the likely association between the cardiac anomalies and
HSCR, at least in ETs”" subtype. Structural reduction is likely due to a combination of failure
to thrive from enteric dysfunction, alterations to CaNCC colonization, and importantly
coronary hypoperfusion from ET-1/ETa-mediated hyper-vasoconstriction. Little correlation is
detected between aortic arch development and sl/s/ rat, supporting minor ETg role in large
vessels. Although further clinical study is warranted, ETs”* HSCR patients may likely require
cardiac assessment in view of potential congenital cardiac defects.

Key Words: Hirschsprung disease, heart defects, Endothelin-B mutation, spotting-lethal rat.

1. Introduction
Endothelin B receptor (ETs) is a G-protein-coupled heptahelical receptor sharing the

same class as endothelin A receptor (ETa). Both receptors are widely expressed with
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interconnected functions, particularly in the cardiovascular system. Both ETa and ETg initiate
downstream signalling through binding to endothelin. Endothelin are 21 amino-acids
peptides categorized into three subclasses: ET-1, ET-2, and ET-3 (176). ET-3 is responsible for
the proliferation of pluripotent neural crest cells (NCCs) through its interaction with ETg to
ensure normal intestinal development whereas ET-1 and ET-2 exert vascular functions

through ETa and ETg binding.

Homozygous ETg mutation is known to cause Hirschsprung’s disease (HSCR), a well-
described aganglionic intestinal disease affecting 1/5000 births globally but with an
incidence up to 1/1370 births regionally (12). HSCR is generally treated with surgical
resections; however, increasing understanding on HSCR and ETg regulatory signalling
suggests such treatments may not be sufficiently comprehensive. Recent studies suggested
that multiple organ systems maybe be affected in syndromic HSCR patients (188, 537); up to
30% of HSCR patients are associated with abnormalities in the central nervous,
gastrointestinal, genitourinary, endocrinological, immunological, and cardiovascular systems.
Some of the HSCR-associated syndromes with cardiac abnormalities including Down’s
syndrome (up to 2-10% of HSCR cases), Di George syndrome, Haddad syndrome, Mowat-
Wilson syndrome, Type IV Waardenburg syndrome (WS-1V), and McKusick-Kauffman
syndrome (MKKS) (537, 581-583). Furthermore, conotruncal heart malformations such as
atrial septal defect (ASD; 2.2%) and ventricular septal defect (VSD; 1.7%) are also noted in

subpopulations of HSCR patients (21).

The pathogenesis of heart defects associated with HSCR and ETg mutation may be

partially stemmed from the migration failure of cardiac neural crest cell (CaNCC), a process
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dictated predominantly by ET-1/ETa signalling (230). Animals with ETa mutation have been
known to have high neonatal mortality with severe craniofacial and cardiac malformations
(584, 585). Although ETg mutation is not known to affect CaNCC directly, it has been reported
to alter ET-1/ETa signalling (381). Consequently, one can expect subtle cardiac changes to

occur in ETg”/” mutants.

Vascular dysfunction may predispose ETs” mutant to suffer structural changes during
development. ETg’s cardiovascular effects are bimodal, mediating both vasodilation and
vasoconstriction through its binding with ET-1 (236, 586, 587), the principal endothelin
isoform in the cardiovascular system. ET-1 is secreted by the vascular endothelial cells and
endocardial cells of cardiomyocytes (214). The activation of ET-1/ETs pathway leads to
endothelial vasodilation through upregulation of nitric oxide (NO), prostacyclin, and
endothelium-relaxing factor (EDRF); a balancing effect to the vasoconstriction mediated by
ET-1/ETa signalling in vascular smooth muscle cells (VSMC). Consequently, ETg is likely to
possess a beneficial role in myocardial circulation and thus end organ perfusion (189, 536,
588). By the same token, one can expect HSCR patients with homozygous ETgs /- mutation to
have impaired cardiovascular development and increased risks for hypertension and

coronary artery disease due to uncontrolled ET-1/ETa stimulation (589).

Although several microscopic and physiologic studies have been conducted to
determine the functions and distribution of ETg receptor, to the best of our knowledge, no
macroscopic analyses have been completed to evaluate its effect on cardiac anatomy (188,
587, 590). We aim to complement prior studies through quantitative analysis on the cardiac

changes of the spotting-lethal (sl/s/) rat, a naturally occurring ETg”- animal model of WS-1V,
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with the phenotype of HSCR, hearing deficits, and white coat colour (413).

In order to acquire detailed yet structurally preserved anatomical information, we
adopt X-ray micro-computed tomography (micro-CT) with modified tissue staining
techniques (436). Micro-CT offers three-dimensional (3D) information with high resolution
images comparable to the low powered 2D microscopy. In addition, improvement on imaging
analysis software in recent years renders detection of subtle volumetric and dimensional

changes in cardiac system possible.

In this study, we hypothesize the following:

1. ETe”" mutant may suffer minor body growth impairment at an early age.

2. Gross cardiac morphology may be preserved in ETg”- mutant.

3. Loss of ETs function may be associated with reduced heart size, growth rate, and
heart volume/bodyweight ratio.

4. Cardiac growth may be ETs dose dependent.

5. Absence of functional ETg has little effect on aortic arch growth.

2. Methods

2.1. Compliance with Ethical practice

All animal tissues used in this study were handled with care and strict compliance to
ACT Health Human Research Ethics Committee (ACTH-HREC) and Australian National
University Animal Experimentation Ethics Committee (ANU-AEEC), ethic approval project

number A2011/67.
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2.2. Ratculling and Method of euthanasia

All rat specimens used in this study were generated from crossbreeding between the
heterozygous (ETs*) parents. This breeding colony was originally derived from a naturally
occurring mutation and has been maintained in Australian National University (ANU) over

the past 15 years.

Eleven neonatal rats with an average age of 88 hours were sacrificed. Individual rat’s
coat pattern, age, gender, and weight were recorded. These rats were over anaesthetized
with 5% isoflurane for 15 minutes in modified gas chamber prior culling. These rats were
culled via abdominal aortotomy following a midline laparotomy of 1 cm using scalpel and iris

scissor. Five-millimetre tail-tip of each rat was resected and stored for subsequent

genotyping.

2.3. Tissue preparation and staining protocols

Diffusion staining was performed in the following steps for successful micro-CT
scanning. Firstly, midline thoracotomy of one centimetre was performed on rat carcass to
facilitate tissue penetration of staining solution into the cardiac tissue. The thoracotomized
bodies were immersed in 10% PBS solution for 30 minutes to wash out residual bodily fluid.
This was followed by tissue fixation in 4% formalin solution for 24 hours. Next, formalin-fixed
tissues were washed out with graded ethanol (EtOH) series: 20%, 50%, 70%, and 90% for 1
day each. Finally, tissue staining was completed in 1.5% iodine in 90% EtOH for a minimum of

seven days prior to micro-CT scanning.

2.4. Image acquisition by micro-CT scanning
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In this study, all rat samples were scanned using a commercial in vivo micro-CT
scanner, Caliper Quantum FX. Additional quality assurance micro-CT scans were acquired
using a custom-built ex vivo micro-CT system by ANU Applied Mathematical Department. The
maximal resolution achievable by Caliper Quantum FX was 10 um/voxel with an efficiency of
4.5 minutes per scan. The average dataset size was 256MB. The resultant images were stored
as DICOM series and visualized using Drishti, an open-source software (453). The ex vivo
micro-CT system built by ANU Applied Mathematical Department required at least fifteen
hours of scanning time with additional eight hours of image-processing time via National
Computational Infrastructure (NCI) services. The maximal resolution was 1 pum/voxel;
magnification factor was limited by the physical size of the sample. The resultant images
were stored as netCDF files and visualized with Drishti (453). Each dataset has an average size

of 12 - 16 GB.

Due to the limited access to the ex vivo micro-CT scanners, all image data acquired by
Caliper Quantum FX were filtered with non-local means (NLM) algorithms to improve image
quality (559). Two sets of ex vivo micro-CT data were acquired for quality control to ensure
sufficient anatomical details and image clarity in denoised in vivo micro-CT scans for
quantitative analysis. Although not ideal, we found the image quality of NLM-processed in

vivo micro-CT scans satisfactory for the purposes of this study.

2.5. Image segmentation and analysis

Acquired micro-CT data were first denoised using NLM algorithm to improve signal-
to-noise ratios and image clarity (559). This code was implemented in a Linux operating

system running on a setup of Intel (R) Core ™ i7-4770K CPU @3.5GHz with 32G of RAM and
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Nvidia GeForce GTX Titan Black Kepler GK110 architecture.

Following the image filtering, micro-CT data were segmented semi-automatically
through individual CT slices for selected organs using Drishti segmentation algorithms (453).
To ensure accuracy, follow-up verification on image segmentation was performed one month
after the initial processing: minimal variations were detected. The following cardiac organs
were selected for quantitative measurements: whole heart, left atrium (LA), left ventricle
(LV), right atrium (RA), right ventricle (RV), and ascending aortic arch (AA). Segmentation of
the whole heart was first completed to determine potential gross cardiac defects in ETs”"
mutants. The same process was repeated for each structure. The luminal width of AA was
measured at the aortic orifice in axial view for standardize comparison. Three-dimensional
(3D) volumetric measurements were completed following sub-segmentation of each

structure through volume rendering.

To standardize comparison, the following anatomical definitions were adopted. The
pulmonary circulatory inflow was defined by the superior and inferior vena cava orifices to
right atrium; the outflow was defined by the pulmonary valve. The systemic circulatory
inflow was defined by pulmonary vein orifices to the left atrium whereas the outflow was
defined by the aortic valve. Both selections of left and right ventricles have included
interventricular septal wall for better definition of organ boundary to standardize
comparison. Lastly, for the comparison of AA, the boundary of AA was defined as the arterial

vessel between the aortic valves to the first branching point, brachiocephalic artery.

2.6. H&E light microscopy
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H&E light microscopy was completed for two of eleven rats following micro-CT
scanning to assess anatomical accuracy provided by micro-CT scans. The following steps were
performed. The iodine-stained hearts were sectioned longitudinally into 4mm thickness
tissue-blocks and placed in cassettes. Contrast washout and dehydration were performed in
90% EtOH for 48 hours prior to paraffin embedment at 60°C. These tissue blocks were then
sliced into 4 um thick tissue-sheets with a microtome. Tissue-sheets were then laid in a
water-bath of 5-6°C while being positioned onto pre-labelled glass slides. These slides were

dried overnight at 37°C.

Progressive H&E staining was completed by placing the slides in alum-hematoxylin
solutions until the appearance of dark red colour. Washing and ‘bluing’ with lithium
carbonate solution were then performed. Lastly, washing and counter-staining with 0.5%

eosin alcoholic solution were completed.

All H&E slides were reviewed with an Olympus IX71 microscope at 4x magnification.

2.7. Genotyping

After the completion of quantitative measurements, genotyping was performed.
Three homozygous wild type (ETs**), three heterozygous (ETs*"), and five homozygous
spotting lethal (si/sl; ETs”") rats were identified. The average ages of wild type, heterozygous,

and homozygous mutant rats were 90.7 hours, 96 hours, and 83.2 hours respectively.

PCR genotyping was completed using the following protocols. Five-millimetres tail

tips of the eleven rats were lysed with Proteinase K in lysis buffer, which consisted of 100mM
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Tris pH 8, 5mM EDTA, 0.2% SDS, and 200mM NacCl in distilled water. The DNA was extracted
via vortex heating and centrifuging to separate the DNA-containing supernatants from
undigested materials. The supernatants were further vortexed and centrifuged to isolate the
DNA pellets. The DNA pellets were then washed with 70% EtOH and dried. The DNA was
then suspended and quantified using spectrophotometry. Next, PCR was completed with
“Master-Mix” reagent, which included 10*PCR buffer Qiagen-contained MgCl,, dNTP
(10mM), Primer PS7 (33.3uM; 5’-CCA CTA AGA CCT CCT GGA CT-3’), Primer PS 15 (33.3uM;
5’-TCA CGA CTT AGA AAG CTA CACT-3’) and DNA polymerase (515). Afterward, this Master-
Mix reagent was pipetted onto the PCR plates with the eleven rat DNAs. This was followed by
PCR in Veriti 96-Well Thermal-Cycler. Finally, electrophoresis of fourteen DNA samples
(eleven test-subject DNA and three controls: wild-type, heterozygote, and sl/s/ rat) was run
for one hour under the voltage setting of 100V and current setting of 55mA, with MassRuler
(#SM1263, Fermentas) reference by the side. The resultant electrophoresis gel was visualized

with Gel Documentation System DOC-Print VX5 (Vilber Lourmat).

2.8.  Statistical Analysis

Based on the segregation analysis of colony data, s//s/ rat showed a strong autosomal
recessive inheritance (p-value = 0.001) and high genetic penetrance (> 95% exhibits HSCR
phenotype). Therefore, statistical comparison using the two-tail t-test was made between
the sl/sl (ETs”") and the control group (ETs** & ETs*/") to determine the effect of ETs on heart
growth. The comparison was made in the following parameters: organ size, organ growth
rate, and organ volume/bodyweight ratios. Albeit small, the latter two were made to further
standardize the comparisons by accounting age and body size variations of individual rat.

Additionally, these parameters provided estimating metrics for structural changes upon
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developmental maturation.

The difference (%) between the control and sl//s/ groups were calculated for each
parameter. Additionally, the proportionality of individual cardiac substituent with respect to
the whole heart (organ/heart ratio) were compared to explore potential regional effect.
Lastly, data of respective wild types (ETs*/*) and heterozygotes (ETs*/") were provided in the
supplementary figures to illustrate possible gene-dose-dependent relationship. All statistical
analysis was completed one month after the secondary verification review of image
segmentation with the aid of GraphPad Prism version 8.0.0 for Windows, GraphPad

Software, San Diego, California USA, www.graphpad.com.

3. Results

3.1. Reduced bodyweight and body growth rate in sl/s/ rat

Based on our measurements of neonatal rats, ETg mutation was associated with
minor reductions in body size and body growth rate, at least at the age of eighty hours. As
shown by Figure 1a, sl/s/ (ETs”") rats have 16.32% smaller bodyweight than that of control
group, p-value = 0.03. On the other hand, when standardized to rats’ age, this difference was
reduced to 3.53%, p-value = 0.577, as shown by Figure 1b. Although not shown, there was
little difference in bodyweight and growth rate between the wild type (ETs**) and

heterozygotes (ETs*/"), suggesting the absence of ETs dose-dependent relationship.

3.2. sl/slrat has a grossly normal cardiac morphology

Previous studies suggested disruptions in the endothelin system might lead to CaNCC

migration failure and cause cardiac outflow tract defects (232). However, thorough reviews
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of the eleven rat micro-CT scans did not reveal marked dysmorphology in cardiac
constituents. As exemplified by the sectional micro-CT slices and H&E scan shown in Figure 2,
sl/sl heart contained all the essential components of a normal heart: aorta, aortic semilunar
valve, right and left atrium, right and left ventricles, intact interatrial and interventricular
septum, and patent pulmonary vessels. Expectedly, cardiac anatomy of wild type and
heterozygous rats shared the same features. This preliminary finding suggested ETg may have

little impact on CaNCC migration.

3.3.  sl/slrat has a significantly smaller heart (mm?3)

Following the morphological examinations, volumetric measurements were
performed for quantitative comparison. Our data demonstrated homozygous ETs mutation

was associated with significant volumetric reductions in the heart and constituents.

As demonstrated by Figure 3, sl/sl rat has a significantly smaller heart than the
control group, up to 38.7% reduction, p-value = 0.02. Similar changes were observed in the
following constituents: LV (41.22%, p-value = 0.01), RV (46.15%, p-value = 0.02), LA (44.93%,
p-value = 0.06), and RA (39.49%, p-value = 0.02). Volumetric measurement of AA also
showed 22.00% reduction in sl/sl rats with respect to the control; however, this finding did

not reach statistical significance, p-value = 0.25.

Although not reported by current literature, cardiac size may be positively correlated
with ETg gene copies. As shown by Supplementary Figure 1, wild type rat has the largest
heart among the three genotypes; this was followed by the heterozygote in the middle and

sl/sl rat in the last. Concordantly, LA, RA, LV and RV measurements of wild types were 42.76%
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- 48.09% larger than those of s//sl rats, whereas those of heterozygotes were only 34.71% -

44.71% larger.

Overall, we demonstrated neonatal sl/s/ rats having approximately 40% smaller hearts

with respect to the control group. These differences may widen with age until rats reach

maturity.

3.4. sl/slrat has significantly lower cardiac growth rates (mm?3/Hr)

ETs mutation has a negative impact on cardiac growth rate. As shown by Figure 4, the
growth rate of the whole heart in s//sl rat was 23.70% lower than that of control group, p-
value = 0.05. Significant reductions were also observed in the growth rates of LV (26.39%, p-
value = 0.02) and RV (31.25%, p-value = 0.03). Although not reaching the statistical power,
lower growth rates of LA (27.36%, p-value = 0.18), RA (23.42%, p-value = 0.10) and AA

(9.28%, p-value = 0.51) were also detected in the sl/s/ rats.

Further analysis showed stepwise decreases in organ growth rates with respect to
functional copies of ETs gene. As shown by Supplementary Figure 2, LA, RA, LV, and RV
growth rates of heterozygous rats were 17.40% - 26.60% higher than those of sl/s/ rats,
whereas those of wild types were 29.43% - 35.91% higher. On the other hand, analyses on

AA growth rates demonstrated no consistent correlations with ETg dose.

Overall, an approximately 25% decrease in the growth rates of all heart constituents
can be appreciated in neonatal s//s/ rats. This growth retardation may persist until age of

maturation. Interestingly, this reduction was disproportionally larger than the 3.53%
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reduction in bodyweight growth rate, suggesting an intrinsic effect of ETs to the developing

heart.

3.5.  sl/slrat has lower heart organ volume/bodyweight indices (mm?3/g)

Cardiac organ volume/bodyweight ratios demonstrated that the effect of ETg
mutation on heart structure was disproportionally larger than its effect on body size. As
shown by Figure 5, sl/sl rat has smaller organ volume/bodyweight ratios than those of the
control group in the following: whole heart (20.00%, p-value = 0.04), RA (20.79%, p-value =
0.05), LV (21.75%, p-value = 0.03), and RV (26.54%, p-value = 0.04). Although not achieving
statistical significance, LA volume/bodyweight ratio of s//s/ rat was also lower by 25.75%, p-
value = 0.13. Overall, homozygous ETgs mutation was associated with a disproportionally
larger reduction in cardiac sizes with respect to changes in global body size. This was further
supported by a stepwise decreasing pattern with reducing copies of functional ETg gene, as
illustrated by Supplementary Figure 3. On the other hand, little change was detected in AA
measurements, with s//s/ rat having 5.17% larger AA than that of the control group, p-value =

0.70; this observation was consistent with ETg’s minor regulatory role on large vessel.

3.6. Uniform structural changes associated with ETg mutation

Subtle variations in the structural changes of different heart components were
detected in sl/sl rat. As shown by Figure 6, the differences in cardiac constituent/whole heart
ratios were relatively uniform between sl/s/ rat and the control group, suggesting the effect
of ETs mutation on the heart was likely global. Overall, these differences between the two
groups were insignificant albeit a 5.81% reduction was detected in the RV/whole heart ratio

of sl/sl rat.
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4. Discussion

In this study, we demonstrated neonatal ETs”/- HSCR model exhibits significant cardiac
structural impairment. This was consistently illustrated through three parameters taken in
sl/sl rat: up to 40% volumetric reductions in heart structures, 20% reduction in heart growth
rate, and 25% reduction in organ volume/bodyweight indices. The causes for these cardiac
growth restrictions likely include the following: global growth impairments due to enteric
dysfunction; alterations in CaNCC development; vasodysregulation caused by the absence of

ETs.

Concurrent developmental anomalies occur in up to 30% of HSCR patients, five to
eight percent of whom suffers congenital heart diseases (CHD) (591). While CHD occurs in
only three percent of non-syndromic HSCR infants, the prevalence of CHD in chromosomal
HSCR patients is remarkably high, ranging from 20% to 80%, with cardiac septal defects being
the most common anomalies (581). Furthermore, regional paediatric data demonstrate that
up to 48% of HSCR patients co-affected with Down’s syndrome (HSCR/DS) have CHD (592);
this high congruence suggest defects in cardiac and central nervous systems may be closely
related in certain HSCR subtypes. Indeed, in addition to the cardiac structural abnormalities
reported in this study, we have previously reported brain shrinkage (up to 20% reduction) in
sl/sl rat despite preservation of normal organ morphology. Our findings suggest HSCR
patients, at least in ETg” variant, are likely to share subtle cardiac and neurological
impairments. This also suggests that CHD incidence in HSCR is likely underestimated due to

under-reporting of subtle cardiac anomalies.
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Homozygous ETg knock-out mutation (ETs”") causes WS-V syndrome with prominent
HSCR phenotypes. As previously mentioned, aberrant mutation in ET-3/ETg signalling causes
ENCC migration failure and thus ENS maldevelopment. This subsequently impairs the
nutritional absorption in affected individuals (593). Consistently, a 16.53% decrease in
bodyweight and a 3.42% decrease in body growth-rate are recorded in sl/s/ rat, Figure 1.
These bodily reductions likely contribute, at least partially, to the proportional shrinkage of
the heart. Additionally, this growth retardation will likely worsen with age as the

manifestation of enteric failure becomes progressively prominent.

Disruption in CaNCC migration may partially cause structural cardiac changes in sl/s/
rat. Although limited literature is available to comment on the presence of direct linkage
between ET-3/ETs signalling on CaNCC migration, indirect alteration in ET-1/ETa signalling
through elevated ET-1 levels in ETs”- mutants has been suggested (381). CaNCC has been
documented to colonize cardiac outflow tract (OFT) and pharyngeal arches during
embryogenesis. This in turn facilitates the remodelling of pharyngeal arch arteries (PAAs),
which gives rise to bilateral carotid arteries, segment of aortic arches, pulmonary artery, and
ductus arteriosus (584). Consequently, removal of CaNCC during development causes
inappropriate PAA regression and leads to type b interrupted aortic arch in mouse models
(584). Furthermore, prior studies demonstrated that the presence of CaNCC promotes
cardiac septation in mouse (594) and its absence leads to ventricular septal defects (VSDs)
(585). Importantly, Clouthier et al (1998) demonstrated that mice with defective ET-1/ETa
signalling share features of velocardiofacial syndrome (230) like those of CaNCC migration
failure. On the other hand, other than significant size shrinkage, sl/sl rat seems to exhibit a

grossly normal heart; neither large vessel nor cardiac septal anomaly is detected. Although
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prior lineage-tracing studies has not revealed the participation of CaNCC in the
developments of myocardium and epicardium (595), biomarker studies using Plxna2, fate-
mapping, and the finding of thin ventricular myocardium as a result of CaNCC gene knock-
out studies (e.g. BMPR1A and PAX3) suggest CaNCC contributes to epicardial developments
and ventricular myocardium (596-598). Concordantly, we found marked atrial and ventricular
shrinkage in the heart of sl/s/ rat, supporting subtle alterations in CaNCC pathway from ET-

1/ETa hyperstimulation may partially contribute to the myocardium maldevelopment.

Disruption in ETg’s vascular control may have partially contributed to the cardiac
maldevelopment in sl/sl rat. ETg is predominantly expressed in the vascular endothelium
where it initiates vasodilation through binding with ET-1 and thus triggers decreased
clearance of NO, prostacyclin, and EDRF. On the other hand, subtle ETg presence has also
been detected in VSMC, where activation by ET-1 causes vascular constriction; albeit this
effect is minor in normal physiological state (189, 236, 536, 599). Nilsson et al (2008)
illustrated ETg’s functional duality through stronger recordings of vasoconstrictive response
in endothelium-denuded porcine coronary artery with Sarafotoxin 6¢ (600). This shows
endothelial ETg partially regulates baseline vasodilation and basal coronary perfusion, both
of which are vital to the developing heart. Adding insult to injury, the absence of ETz
markedly reduces the clearance of ET-1 and thus increases ET-1 level by up to 6-folds in si/s/
rats (381). This is expected to cause elevated ET-1/ETa stimulation and subsequent hyper-
vasoconstriction of coronary artery. Consequently, coronary hypoperfusion worsens growth
retardation of the heart, as shown by Figure 3 to 5 (601). Interestingly, the pattern of
stepwise reduction in heart volume, growth rates, organ volume/bodyweight ratios

correspond well with decreasing functional ETs copies, as shown by Supplementary Figure 1
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to 3. This pattern is also consistent with the inverse relationship between myocardial
perfusion and the concentration of ET-1 perfusate to coronary artery (601). Furthermore,
Figure 6 illustrates that reductions in ventricular myocardium is slightly more prominent than
that of atrial myocardium, which may reflect variance in rat coronary arterial distribution;

albeit this regional difference is very small.

Lastly, three-dimensional analyses made on aortic arch demonstrated no conclusive
ETs-dependent relationship, as shown by Figure 3 to 5. On the other hand, a subtle decrease
in aortic luminal diameter is observed in sl/s/ rat, as noted by Supplementary Table 1. This
reflects the likely elevated basal vasoconstriction at the time of culling, likely mediated by
elevated ET-1/ETa signalling. This finding is consistent with prior reports that contractile

control in large vessels is predominantly ETaA-mediated (586).

Overall, our result showed distinctive difference in cardiac growth between s//sl and
the control groups. The effect of ETg on cardiogenesis is likely multifactorial rather than a
pure manifestation of HSCR individual’s poor growth (593). Although we cannot be certain on
the exact pathogenesis of ETg dysfunction leading to the cardiac reduction, in conjunction
with prior studies, hypoperfusion from vascular dysregulation seems likely. Nevertheless, we
acknowledge the possibility of growth impairment from enteric dysfunction and changes in
CaNCC colonization to the developing heart, albeit these effects are likely minor if presented.
Importantly, our finding provides a clue to the suspected cardiac impairment associated with
HSCR, a traditionally thought surgical disease. Indeed, if this quantitative finding is
translatable to human, HSCR patients are likely to suffer a significant cardiac structural

reduction, ranging from 20% to 40%, and thereby increases risk for development of cardiac
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failure, at least in the ETs” subtype. Consequently, a wholistic management may be

warranted.

Our findings suggest early screening for cardiovascular risk factors in individuals with
HSCR may be beneficial, especially in those with ETs”" subtype. In conjunction to the known
vascular dysfunction related to ETs”- mutation, significant structural compromise in the heart
of animal model suggests a potential risk for cardiac dysfunction. Thus, a structural review
using cardiac magnetic resonance imaging (MRI) followed by a baseline echocardiogram may
be beneficial. Additionally, clinical uses of endothelin receptor antagonists should be with

increasing caution given the potential adverse effect of ETg inhibition.

5. Limitations

Although we have demonstrated significant structural defects in ETs”- HSCR animals,
further studies are required. Firstly, we acknowledge the statistical power can be improved
by higher sampling; this can be achieved by the availability of a more efficient image
segmentation platform. Secondly, despite the image analysis was completed on a pre-set
computing algorithm to minimize potential bias, future study should consider adopting
additional operators and various software for verification of findings. Furthermore,
functional assessments with echocardiograms may be beneficial in establishing the direct
correlations between cardiac dysfunction and structural impairments. Lastly, clinical study
using cardiac MRI can be beneficial in confirming cardiac defects in ETz”- HSCR patients and

should be considered in future studies.

6. Conclusion
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This study demonstrated a correlation between ETg function and cardiac size in the
sl/sl rat. The exact mechanism of action is unclear at this point but may well be due to a
dysfunctional coronary artery tone. Preserved cardiac morphology and aortic arch
dimensions suggest impaired CaNCC migration failure may play little role in HSCR.
Nevertheless, the finding of significant cardiac size and growth impairment in ETg”- HSCR
model is consistent with an elevated risk of congenital structural heart disease in ETg”" HSCR
patients. It also raises the possibility that ETs gene may have a role in the development of

heart failure, coronary artery disease, and hypertension in the general population.

Chapter 6 Figures:
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Figure 1: Decreases in bodyweight (A) and body-growth rates (B) in sl/sl rat.

*: statistically significant, p-value < 0.05.
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Figure 2: Grossly normal cardiac morphology and constituents in sl/sl rat.

Aor=Aorta; RAu=Right Auricle; RA=Right Atrium; RV=Right Ventricle; RVW=Right Ventricular
Wall; IVS=Interventricular Septum; LA=Left Atrium; LV=Left Ventricle; LVW=Left Ventricular
Wall; Pm=Papillary Muscle; Pul V=Pulmonary Vessel; Asv=Aortic semilunar valve.
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Figure 3: sl/sl rat has significantly smaller cardiac structures.

RA=Right Atrium,; RV=Right Ventricle; LA=Left Atrium, LV=Left Ventricle.
*: statistically significant, p-value < 0.05.
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Figure 4: sl/sl rat has lower cardiac growth rates than the control group.

between the two groups in LV (0.24mm?3/Hr versus 0.31mm?3/Hr, p-value = 0.02) and RV
(0.18mm3/Hr versus 0.23mm?3/Hr, p-value = 0.03). Albeit not reaching statistical power,
decreasing trend is also seen in LA (0.020mm?3/Hr versus 0.026mm?3/Hr, p-value = 0.18) and
RA (0.038mm3/Hr versus 0.046mm3/Hr, p-value = 0.10). Aortic arch measurement shows
little difference between the two groups: 0.015mm3/Hr versus 0.017mm3/Hr, p-value = 0.51.

RA=Right Atrium; RV=Right Ventricle; LA=Left Atrium, LV=Left Ventricle.
*: statistically significant, p-value < 0.05.
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Figure 5: sl/sl rat has disproportionally larger reductions in its heart size with respect to its
bodyweight.

RA=Right Atrium; RV=Right Ventricle; LA=Left Atrium, LV=Left Ventricle.
*: statistically significant in comparison to ETg /- group, p < 0.05.
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Figure 6: Cardiac shrinkage in sl/sl rat is relatively uniform across four major constituents.
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Chapter 6 Supplementary Figures:
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Supplementary Figure 1: Stepwise shrinkages are associated with decreasing functional
ETs.

RA=Right Atrium,; RV=Right Ventricle; LA=Left Atrium, LV=Left Ventricle.
*: statistically significant in comparison to ETg 7~ group, p < 0.05.
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Supplementary Figure 2: Stepwise growth rate reduction is associated with decreasing

functional ETs.

RA=Right Atrium; RV=Right Ventricle; LA=Left Atrium, LV=Left Ventricle.
*: statistically significant in comparison to ETg /- group, p < 0.05.
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Supplementary Figure 3: stepwise reduction in organ/bodyweight ratio associated with
decreasing copies of functional ETg.

RA=Right Atrium; RV=Right Ventricle; LA=Left Atrium, LV=Left Ventricle.
*: statistically significant in comparison to ETg /- group, p < 0.05.
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Chapter 6 Supplementary Tables:

Heterozygotes
(ETs*)

Dimensions Control Wildtypes
(ETe*/* & ET*) (ETs**)
Aortic Arch (AA)
AA luminal width 0.43 0.59 0.53
(mm)
AA luminal width 0.0052 0.0063 0.0058
growth rate
(mm/Hr)
AA luminal 0.038 0.044 0.041
width/bodyweight
(mm/g)

0.65

0.0068

0.048

Supplementary Table 1: sl/sl rat has reduced luminal width of aortic arch when comparing

to the control groups.

Two-dimensional measurement at the orifice of aortic valve showed s//s/ rat having a smaller
intravascular width comparing to the control group. This trend persists when measurements
are standardized to respective age and bodyweight, as shown by the comparison of width
growth rate and width/bodyweight ratio, suggesting possible vasoconstrictions.
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Chapter 7: Thesis Conclusion

This series of study demonstrates high-resolution soft-tissue imaging can be achieved
by micro-CT scanning with modified protocols. Although the preparation processes involve
sacrificing the animals for tissue staining and prolonged scanning, the resultant images offer
excellent anatomical details with good soft-tissue contrast, a previous limiting factor for X-ray
based imaging modality on biological studies. Furthermore, iodine-stained tissues retain the
structural integrity and offers potential for future study, including traditional microscopy and
immunohistochemistry. More importantly, through the use of image-analysis software,

quantitative dimensional and volumetric analysis are possible.

Apart from devising a functional micro-CT imaging workflow for tissue study on
postnatal animals, this series of study provides supporting evidence that ETs”- HSCR is likely a

multi-organ disease with ETg playing important roles in multi-organ development.

Endothelin B receptor regulates multiple signalling pathways and therefore acts as a
major predisposing gene for HSCR. Traditionally, the effect of dysfunctional ETs is thought to
be restricted to the development of ENS and with little impact to the rest of the body,
despite HSCR being a neurocristopathy. While many studies have suggested ETg signalling
pathways affect organogenesis, our study provides supporting quantitative evidence on the
craniofacial, neural, and cardiac changes associated with HSCR and ETs mutations. Indeed,
structural analyses using high-definition micro-CT imaging on the animal model of ETg”

HSCR, sl/sl rat, demonstrates multi-organ impairments.
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1. Basic parameters of ETg”" mutant, sl/s/ rat

Our study reaffirms the basic genetic characteristics of sl/sl rat and quantifies
penetrance in this model. Through retrospective analysis on the colony data of 864 offspring
derived from crossbreeding between heterozygotes (ETs*/"), genetic makeup of the
population follows closely to the expected 1:2:1 Mendelian inheritance ratio: ETg*/* (n=203;
24%), ETg* (n=398; 46%), and ETs”" (n=263; 30%), p-value = 0.001. Gender correlation
reveals that there is slightly more male s//sl rat. Additionally, high genetic penetrance is
observed when correlating sl/s/ phenotype with ETg7/"genotype. Over 95% of the si/s/ rats
suffers colonic aganglionosis, only 1.9 % (normal bowel = 362; aganglionic = 7) of
heterozygote and <1% (normal bowel = 156; aganglionic = 1) of wild type share similar
phenotype. Little difference is observed between the latter two groups in terms of abnormal
phenotypic incidences. These observations are consistent with HSCR in that s//s/ rat being a
variably penetrant sex-modified autosomal recessive condition: a weak penetrance when
heterozygous and strong penetrance when homozygous; a stronger penetrance on a male
background and weaker on a female background. These characters correspond well with
human HSCR. Therefore, despite HSCR being a multi-genetic neurocristopathy in general,
sl/sl rat provided a clean animal model for studying the effect of ETg and HSCR-associated

manifestations.

Contrary to previous expectation, little growth impairment is observed in the
neonatal stage. Based on our colony data of 864 offspring, little or no body-size reduction is
detected in sl/sl rat for its first 48 hours of life. On the other hand, body-growth reduction
becomes more apparent after the age of 7-days. This is consistent with growth being delayed

by the developing starvation related to bowel obstruction from the HSCR. Therefore,
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anatomical changes observed in neonatal animals <7 days of age are likely direct

consequences of signalling disruption in target organs by ETs mutation.

2. Craniofacial changes associated with HSCR model, sl/s/ rat

Contrary to the initial reporting made by Hosoda et al (1994), we detect subtle
craniofacial changes in sl/sl rats (354). Globally, sl/sl rats have approximately 5% reductions in
craniofacial structures based on dimensional measurements. These changes share high
resemblance with previously described “domestication syndrome” with distinctive features
include flatter cranium, smaller oral orifice and dentition, shorter but wider nose, and subtle
dystopia canthorum. Given the latter phenotype being the hallmark of PAX3-induced WS-,
its presence in ETg-induced WS-IV model suggests a possible overlapping regulatory pathway
between the two genes, at least in parts of craniofacial development. These findings support
ETs being a potential mediator in the neural crest cell alteration of domestication

development.

While there is no direct signalling linkage documented between ETs and cephalic
neural crest cell (CNCC) migration, the observed changes may be explained by the indirect
impact of ETg on ET-1/ETa pathway. Indeed, it has been determined that ET-1/ECE/ETa
regulates the migration of cephalic and vagal neural crest cell, which ultimately controls the
craniofacial development. Consequently, disruption of this pathway results in severe
dysmorphic features leading to mechanical asphyxia and thus perinatal death. These
phenomena are seen in CATCH22 or velocardiofacial syndrome (230) as a result of
hypostimulation of ET-1/ETa signalling. On the other hand, ETs-knockout reduces ET-1

clearance and removes the negative feedback on ET-1/ETa signalling. Consequently, elevated
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ET-1, up to 6-folds in si/sl rat, can hyper-stimulate ET-1/ETa signalling, an effect well
illustrated by the elevation of blood pressure in ETs”- mutants or subjects treated with ETg
antagonists (378, 381). By the same reasoning, one can expect this hyperstimulation to
modulate CNCC migration, leading to the subtle craniofacial changes observed in this series

of study rather than the manifestations of full-blown CNCC migration failure.

Given similar pathogenesis are shared by sl/s/ rat and ETg”- HSCR patients, this finding
may be extrapolated in clinical setting. If so, it may be reasonable to suspect HSCR patients,
at least ETg”" subtype, to have higher risks for obstructive sleep apnoea or dysphagia from
nasal and oral passage malformations. Further correlation study on human scans is therefore

warranted.

3. Structural changes in central nervous system of ETg”- HSCR model, s//s/ rat

Despite only subtle changes detected in its craniofacial morphology, significant
changes in brain sizes and constituents are detected in sl/s/ rat. Unlike HSCR-associated
Mowat-Wilson syndrome, which has been suggested to exhibit agenesis of corpus callosum
and hippocampus (562), micro-CT scans of s//s/ rat brain show the presence of all neural
constituents. On the other hand, 20.33% volumetric reduction of the brain is detected in sl/s/
rat when comparing with that of the control group. Similar pattern is observed in the
measurements of the following constituents: cerebral cortex (24.60%, p-value = 0.02),
caudate putamen (24.68%, p-value = 0.03), olfactory bulb (19.13%, p-value = 0.02), pituitary
gland (30.08%, p-value = 0.02), medulla (21.05%, p-value = 0.11), and cerebellum (14.22%, p-
value = 0.22). This decreasing trend continues to persist in the evaluations of organ growth

rate and organ/bodyweight ratios; both indices show sl/sl mutant having disproportionally a
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lower neural growth and brain proportions with respect to its body size. Furthermore, these
changes are non-uniform and likely regional-dependent, consistent with elevation pattern of
GDNF, a potent neurotrophic factor, triggered by Alal>15-ET-1, a ETg-selective agonist

(567). As a result, our study supports ETg contributing to the CNS development, which is not

explicitly stated previously.

Overall, our findings support homozygous knockout mutation of ETg, one of the major
causes of HSCR, exerting a negative impact on CNS development. While there are no reports
commenting on the direct linkage between ETg and neural induction during development,
the observed neural growth impairment may be explained by several ETg functions exerting
indirect control. Firstly, ETs activation by ET-1 mediates direct basal vasodilation by
endothelium, which regulates blood supply to the growing central nervous system (CNS).
Secondly, functional ETs manages up to 80% of ET-1 degradation and exerts a negative
feedback on the endothelial ECE-1 expression (387, 389); removal of ETg thus causes marked
ET-1 elevation and triggers hyperstimulation of ET-1/ETa. Consequently, unchecked
vasoconstriction in cerebral, meningeal, temporal and pial arteries reduces perfusion to the
growing brain (319, 320). Moreover, ET-1/ETg interaction can promote endothelial
proliferation and angiogenesis (372), an important factor for the growing brain. Overall, we
provide supporting macroscopic evidence showing impaired brain growth is associated with

HSCR model, at least ETg” subtype.

4, Cardiovascular changes detected in ETs”- HSCR model

As previously reported, endothelin system plays pivotal roles in the development of

cardiovascular system and vasculature homeostasis. While majority of these studies are
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focused on ETa, we question ETg’s impact on the developing heart in a HSCR model. Unlike
mutants with dysfunctional ET-1/ECE/ETa signalling known to exhibit conotruncal
malformations, with features include disrupted aortic arch, pulmonary atresia, and cardiac
septal defects as seen in velocardiofacial syndrome (230), cardiac morphology in si/sl rats
appears to be normal on micro-CT scans. On the other hand, statistically significant
volumetric size reductions are detected in the neonatal heart of sl/s/ rat. Indeed, sl/sl group
displays 38.70% volumetric reduction in heart, p-value = 0.02. Similar reductions are also
observed in the following constituents: left atrium (44.93%, p-value = 0.06), left ventricle
(41.22%, p-value = 0.01), right atrium (39.49%, p-value = 0.02), and right ventricle (46.15%,
p-value = 0.02). This impairing relationship between ETg mutation and the heart growth is
supported by the growth rates comparison, with sl/s/ rat having 23.42% to 31.25% reductions
across all organs analysed. These findings imply heart size disparity may continue to worsen
until animal reaches maturity. Furthermore, sl/sl rat has a reduction ranging from 20.00% to
27.36% in organ volume/body weight ratios, reflecting a disproportionally larger reduction in
heart with respect to changes in its body size. Furthermore, this also demonstrates ETg’s
impacts are likely organ specific or regional dependent. On the other hand, measurements

made on aortic arch reveals no significant difference between the control and sl/s/ groups.

Overall, our animal findings support the notion that HSCR patients are likely to exhibit
structural cardiac growth impairment, at least in ETg”" individuals. The pathogenesis
contributes to this impairment can be explained by the following. Firstly, potential alterations
in ET-1/ETa signalling from elevated ET-1 can cause changes in the colonization of cardiac
outflow tract by cardiac neural crest cell (228). However, we suspect this effect to be minor

given the absence of typical ventricular septal defect, aortic arch and pulmonary vasculature

263 | Page



malformations associated with cardiac NCC migration failure (584, 585). This is further
supported by the little change seen in the aortic arch measurements. More importantly,
reduced coronary perfusion to the growing heart from hyper-vasoconstriction likely plays a
key role in retarding the heart growth. This hyper-vasoconstriction is due to a loss of
endothelial ETg-mediated basal vasodilation and elevated ET-1/ETa stimulation in VSMC of

coronary vessels (277, 375, 376).

5. Limitations of this study

We acknowledge there are several limitations in this series of studies. The intrinsic
limitations of an animal study limit definitive statements on the clinical effect of ETg
mutation to be drawn; however, significant multi-organ changes detected in ETg7- animals
nevertheless shed some light on its potential impact to human subjects. Further study on
human subjects is therefore worthwhile. Secondly, the findings from this series of study can
only be safely attributed to ETs mutation despite polygenetic pathogenesis of HSCR shares
many overlapping controls and thus clinical manifestations. Thirdly, in conjunction with
significant structural impairments detected in ETs”- mutants, functional studies may be
beneficial in terms of assessing cardiovascular and neurological capability. Fourthly, statistical
power will benefit from a larger sample size; this can be achieved with the availability of

efficient micro-CT scanners and image segmentation software.

6. Conclusion
In this series of study, we provide supporting evidence that HSCR, as a
neurocristopathy, likely has multi-organ impairments, at least in ETg”" subtype. These

manifestations are particularly evident in the neonatal brain and the heart of ETz”- model
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animal, with modest changes in its craniofacial morphology. Although these results are based
on sl/sl rat, these conclusions may be extrapolated to ETs”- HSCR patients. Additionally, we
have found perfusion-dependent organs, such as brain and heart, are more likely to suffer
growth retardations than the exoskeleton in ETs”- mutant, thus supporting reports on ETg’s
beneficial vasodilatory role and negative feedback on ETa signalling. Consequently, our
findings suggest that HSCR patients, at least ETg”- subtype, maybe possess a higher risk for
neural and cardiovascular diseases. Further clinical studies are required to confirm and
elucidate clinical implications. Lastly, it may be worthwhile to incorporate wholistic approach

for the managements of HSCR patient rather than a pure surgical solution.
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