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Introduction

The 22q11.2 deletion syndrome (22g11DS) is the most frequent human
microdeletion syndrome (Saitta et al 2004), affecting around 1 in 2000-4000
newborns (Devriendt et al 1998; Shprintzen 2008). It results from the deletion of a 3
megabase region on chromosome 22 containing about 45 genes (Bassett et al 2011).
The deletion affects the embryology of the pharyngeal arches and pouches
(Scambler 2010). Over 180 clinical features, including every organ system, have
been associated with the deletion (Robin & Shprintzen 2005). The phenotypes
among patients with 22q11DS vary greatly (Bassett et al 2011; Cirillo et al 2014).
Subsequently, parents and those who care for children with 22q11DS are left with
many questions about the likely manifestations and the course of these problems.

Overall, the estimated severity of the syndrome is gauged to be “likely to
require special schooling; may be employable in adulthood, but likely to need
support in daily living” (Bishop 2010). This decreased quality of life is compounded
by multiple physical, mental, and psychological problems for which children with
22011DS undergo numerous treatments (Looman et al 2010). An international group
of researchers and clinicians have drawn up a guideline for managing the array of
issues these patients may face (Bassett et al 2011; Habel et al 2014).

As a member of the multidisciplinary team that cares for patients with
22g11DS, the plastic surgeon is involved in management of cleft lip- and/or palate
and velopharyngeal dysfunction (VPD). VPD is the incomplete closure of the
velopharyngeal valve which normally separates the oral and nasal cavities (the ring
of muscles illustrated on the cover). VPD allows excess air to escape through the
nose during speech (this is illustrated with the arrow on the cover). This
hypernasality is socially noticeable and can hamper understandability. In addition to
having VPD, children with 22q11DS begin speaking at an older age. An impaired
ability to communicate with others may result in social withdrawal and poor social
skills (Lipson et al 1991; Swillen et al 2000).



All children with VPD receive speech and language therapy. When this
insufficiently corrects VPD due to anatomic deficits, the velopharyngeal gap can be
decreased in size by obturation with a prosthesis, inserting autologous or synthetic
materials, or surgically. Algorithms have been suggested to guide the clinician’s
treatment choice (Marsh 2003; Mehendale et al 2004; Sie & Chen 2007).

The same surgical techniques are employed to reduce hypernasal speech in
non-syndromic patients who have VPD following closure of their cleft palates. In
general, the speech outcome after surgery has been reported to be worse in patients
with 22g11DS than in patients without the syndrome (D'Antonio et al 2001a;
D'Antonio et al 2001b; Losken et al 2003; Losken et al 2006; Nicolas et al 2011; Sie
et al 1998; Sie et al 2001; Widdershoven et al 2008b), but some patients with
22q11DS fare as well as their non-syndromic counterparts after surgery (Argamaso
et al 1994; Brandao et al 2011; Meek et al 2003; Milczuk et al 2007; Perkins et al
2005; Pryor et al 2006; Rouillon et al 2009).

A possible explanation for the different outcomes after surgery is the
underlying cause of the hypernasal speech. If the valve mechanism does not function
because there is an unrepaired cleft palate, the cleft can be repaired. If the palate is
too short, it can be lengthened. In 22q11DS a series of factors contribute to VPD
(Widdershoven et al 2008a) including pronounced hypodynamism of the muscles
(Arneja et al 2008) and an abnormally obtuse cranial base angle which deepens the
pharynx (Arvystas & Shprintzen 1984). All surgical techniques rely on some
intrinsic muscle activity for closure of the remaining velopharyngeal port
(McDonald-McGinn & Sullivan 2011).

Given the costs and potential complications associated with surgery, can we
identify which patients will benefit before subjecting them to surgery? As suggested
by Witt et al. (Witt et al 1995a), suboptimal postoperative functional outcome may

represent errors in patient selection rather than errors in operative technique.



Objectives

Naturally, parents are interested to know whether their child will benefit
from surgery. However, prognostic factors remain elusive (Losken et al 2003). Since
the individual outcome is variable and difficult to predict, there is often
disappointment. These studies have been completed to increase the understanding of
the etiology of VPD in 22q11DS (Chapters 1, 2, and 3) and find prognostic factors
for outcome (Chapters 4, 5, and 6). Subsequently, changes may be made in the
management strategy and/or expectations. The ultimate goal is to achieve more
predictable and reliable results for each patient with 22q11DS and VPD.
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Abstract

Plastic surgeons aim to correct velopharyngeal dysfunction manifest by
hypernasal speech with a velopharyngoplasty. The functional outcome has been
reported to be worse in patients with 22g11.2 deletion syndrome than in patients
without the syndrome. A possible explanation is the hypotonia that is often present
as part of the syndrome. To confirm a myogenic component of the etiology of
velopharyngeal dysfunction in children with 22g11.2 deletion syndrome, specimens
of the pharyngeal constrictor muscle were taken from children with and without the
syndrome. Histologic properties were compared between the groups. Specimens
from the two groups did not differ regarding the presence of increased perimysial or
endomysial space, fiber grouping by size or type, internalized nuclei, the percentage
type | fibers, or the diameters of type | and type Il fibers. In conclusion, a myogenic
component of the etiology of velopharyngeal dysfunction in children with 22g11.2

deletion syndrome could not be confirmed.



Introduction

The 22g11.2 deletion syndrome (22g11DS) is the most common human
microdeletion syndrome (Saitta et al 2004) with an estimated frequency around 1 in
4000 (Devriendt et al 1998) but possibly as high as 1 in 2000 surviving newborns
(Shprintzen 2008). It encompasses the phenotypes previously known as DiGeorge
syndrome, velocardiofacial syndrome, conotruncal anomaly face syndrome, many
cases of the autosomal dominant Opitz G/BBB syndrome, and Cayler cardiofacial
syndrome (asymmetric crying facies). Over 180 clinical features including every
organ system have been associated with the deletion (Robin & Shprintzen 2005).

One of the presenting features of 22q11DS is velopharyngeal dysfunction
(VPD). Velopharyngeal dysfunction is the failure of the soft palate to reach the
posterior pharyngeal wall to close the opening between the oral and nasal cavities,
resulting in hypernasal speech. Incomplete velopharyngeal closure is most
frequently related to structural abnormalities such as cleft palate or submucous cleft,
but may also be the corollary of neuromuscular impairment (Dworkin et al 2004).
Both seem to be factors in the etiology of VPD in patients with 22q11.2 deletion
syndrome where palatal defects, adenoid hypoplasia, and platybasia enlarge the
pharyngeal gap (Widdershoven et al 2008a), and the hypodynamic pharynx as
viewed by nasendoscopy has been described as a “black hole” (Arneja et al 2008).

Surgical repair of palatal clefts does not sufficiently correct VPD in 10-
31.8% of all patients with VPD not restricted to those with 22q11DS (Farzaneh et al
2008; Inman et al 2005; Phua & de Chalain 2008; Sell et al 2001; Van Lierde et al
2004), possibly due to stiffness or shrinkage of the velum due to scarring (Dworkin
et al 2004). Secondary velopharyngoplasty to correct the VPD may then follow. The
functional outcome has been reported to be worse in patients with 22q11DS than in
patients without the syndrome (D'Antonio et al 2001b; Losken et al 2003; Losken et
al 2006; Sie et al 1998; Sie et al 2001; Widdershoven et al 2008b). A possible
explanation is the hypotonia that is often present as part of the syndrome and which

cannot be corrected by surgery.



Velopharyngeal closure is achieved by the concert action of multiple
muscles, including palatal lift by the levator veli palatini and circular pharyngeal
closure by the pharyngeal constrictor muscle (PCM) (Adachi et al 1997; Kogo et al
1996). A previous study of the PCM, shows that patients with 22q11DS have
proportionally more type | fibers and the diameter of these fibers is smaller than
those in people without the syndrome (Zim et al 2003). In that study, muscle
biopsies from children were compared with specimens from elderly cadavers.
Muscle fiber hypoplasia or atrophy with subsequent pharynx hypotonia may be
primarily myogenic or neurogenic.

Muscular and neurologic problems have been associated with 22q11DS
both clinically and genetically. Specific myopathies are rare (Bolland et al 2000;
Mongini et al 2001; Okiyama et al 2005), but neurologic disorders including delayed
motor and mental development (Gerdes et al 2001; Kobrynski & Sullivan 2007; Van
Aken et al 2007) and dysfunction of cranial nerves IllI, VII, VIII, IX, X, and XII
(Hultman et al 2000) affect at least 33% of patients (Oskarsdottir et al 2005a;
Roubertie et al 2001). General hypotonia, which affects 23-76% of patients with
22011DS (Gerdes et al 1999; Kitsiou-Tzeli et al 2004; Oskarsdottir et al 2005a), was
found to be universally prevalent among children with 22q11DS and VPD (Havkin
et al 2000).

About 40 genes (Shprintzen 2008), including TBX1, are located in the 3.0
megabase region deleted in 22q11DS (Saitta et al 2004), affecting countless
downstream signaling pathways. The central roles of the TBX1 and CRKL genes in
the anomalous developmental of pharyngeal structures in 22q11DS have recently
been reviewed (Wurdak et al 2006). The murine Tbx1” model for 22q11DS has
hypoplastic branchiomeric muscles (Kelly et al 2004; Xu et al 2005), but the
sporadic muscles that develop have a normal distribution of muscle fibers types
(Grifone et al 2008). In patients with 22q11DS, decreased PCM muscle thickness on
MRI (Zim et al 2003) suggests hypoplasia. The temporal Thx1 gradient follows the
cranial-caudal development of pharyngeal structures (Xu et al 2005), causing
structures that are derived from more cranially located pharyngeal arches, such as

the levator palatini muscles, to be less affected by the mutation than structures
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derived from more caudally located pharyngeal arches, such as the PCM muscle
(Vitelli et al 2002b; Walker & Trainor 2006). Although Thx1 is not expressed in
primary neural crest cells (Garg et al 2001), Tbx1 mutants have aberrant structures
derived from neural crest cells including cranial nerves (Vitelli et al 2002b) since
defective Thx1 expression in the pharyngeal endoderm affects the downstream
expression Fgf8 and Fgf10 which are necessary for neural crest cell migration (Abu-
Issa et al 2002; Arnold et al 2006; Vitelli et al 2002b). As suggested by studies on
the deleted TBX1 gene (Grifone et al 2008; Kelly et al 2004; Vitelli et al 2002b),
primary aberrant myogenesis leads to aberrant neurogenesis.

In summary, the poorer functional outcome after velopharyngoplasty in
patients with 22q11DS may be attributed to pharyngeal hypotonia. Anomalous
myogenesis and neurogenesis which may underlie the hypotonia have been reported
in a murine model for 22q11DS. In this study we aimed to confirm a myogenic
component of the etiology of VPD in children with 22q11DS by analyzing the
histology of the PCM muscle. Our clinical experience is that the PCM seems thicker
in children with 22911DS. We expect to find fiber hypertrophy as a corollary of the
muscle hypoplasia (Kelly et al 2004; Xu et al 2005) necessitating the few fibers
present to take on a heavier workload.

Methods

Ethics Statement
This study was approved by the institutional medical ethics review board

(Utrecht University Medical Center Ethics Review Board) and the patients’ parents

gave written informed consent to participate.

Patients
The University Medical Centre in Utrecht is the Dutch national centre for

children with 22q11DS. Children undergoing velopharyngoplasty for VPD with and

without the 22q11DS were included in the study. Children with contra-indications



for velopharyngoplasty (including bleeding disorders or extensive comorbidity such

as cardiac problems) and known neurological disorders were excluded.

Sample size calculation
Using the results of the only previous study on PCM histology in 22911DS

(Zim et al 2003) which found a difference of mean diameter of type | fibers of 5.0
m between patients with and without 22g11DS, with a standard deviation of 2.0
m, an alpha of 0.05, and a power of 0.80 in the two-tailed two-sample t-test sample

size formula yields a sample size of 4 subjects in each group. This number was

arbitrarily doubled as the difference between two groups of children is likely smaller

than the difference between children and adults in the previous study.

Muscle specimens
During velopharyngoplasty, a cranially attached pharyngeal flap

(measuring around 10 x 40-50 mm) is mobilized from the dorsal pharyngeal wall
and attached to the velum. This flap is comprised of part of the PCM muscle and the
overlying mucosa. Muscle at the caudal end of the flap is trimmed (measuring
around 10 x 3 mm) and delivered fresh to the pathologist in a damp gauze for

histological evaluation.

Outcome parameters
Histological evaluation of the muscle specimens included qualitative

analysis and quantitative measurements. The analysts were blinded for age, gender
and presence of the syndrome. The specimens were qualitatively evaluated for the
presence of increased perimysial and endomysial space, muscle fiber grouping by
size or type, and presence of internalized nuclei. After staining with ATPase at pH
4.3, representative areas from each specimen were photographed. For quantitative
analysis, muscle fibers were counted and the percentage of type | muscle fiber was
calculated per patient. The diameters of up to 100 fibers of each type were measured
for each patient. For each muscle fiber type, the mean fiber diameter and variance
((SD x 1000)/mean diameter) were calculated per group (males, females, and
children with and without 22q11DS).
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Statistical analysis
The genders of children with and without 22q11DS were compared using

the Chi-square test. Age at surgery of males and females and children with and
without 22q11DS were compared using the independent samples t-test. The
presence of increased perimysial and endomysial space, muscle fiber grouping by
size and type, and internalized nuclei was compared between the two groups using
Fisher’s exact test. The relationship between age at surgery and fiber diameters was
examined using the Spearman correlation. The independent samples t-test was used
to compare the mean percentage of type | fibers and muscle fiber diameters between
males and females and between children with and without 22q11DS.

Results

Patients

Muscle specimens were available for 16 children, eight with 22911DS and
eight without 22q11DS. The groups did not differ regarding gender (5/8=63% and
4/8=50% female, respectively, p=0.63) or age at surgery (6.5 and 7.0 years,
respectively, p=0.68) (Figure 1.1). Males and females did not differ regarding age at
surgery (7.4 and 6.2 years, respectively, p=0.39).

Figure 1.1. Group demographics.
O: males, X: females.
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Figure 1.2: Histological specimens with ATPase stain at pH 4.3. A) a 5-year-
old female without 22q11DS but with increased perimysial and endomysial
space. B) a 10-year-old male with 22g11DS and without increased perimysial

and endomysial space. Bars 50 m.
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Qualitative analysis
No structural differences were seen between histological specimens from

children with and without 22q11DS (Table 1.1, Figure 1.2). Increased perimysial
and endomysial space was seen equally in both groups. No grouping by muscle fiber
type was seen in any patient. One non-syndromic patient had localized grouping of
smaller fibers, but these were round fibers without nuclear clumping which do not
suggest neurogenic atrophy or other signs of fiber degeneration and regeneration.

One patient with 22q11DS had an increased percentage of internalized nuclei.

Table 1.1: Qualitative analyses.

Parameter 22(11:18?5 No Z(ﬁq:g;DS p-value
Increased perimysial space, No. (%) 5 (63) 5 (63)
Increased endomysial space, No. (%) 4 (50) 6 (75) 0.61
Grouping by size, No. (%) 0(0) 1(13)
Grouping by fiber type, No. (%) 0(0) 0(0) 1
Internalized nuclei, No. (%) 1(13) 0 (0) 1
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Figure 1.3: Mean diameters of type | (A) and type Il (B) muscle fibers and
age at surgery. Solid lines: males, dashed lines: females.
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Quantitative measurements
There was no correlation between muscle fiber diameter and age at surgery

(p=0.78 for type | fibers and p=0.48 for type Il fibers, Figure 1.3). Neither the
percentage of type I fibers nor the diameters of the fiber types differed significantly

between males and females or between children with and without 22q11DS (Table

Figure 1.4: Muscle fiber type measurements for children with and without
22q11DS. Bands, means. Boxes, 25"-75™ percentiles. Whiskers, 95% confidence

intervals.
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1.2, Figure 1.4). All calculated fiber diameter variances were less than 250 (Table
1.2). For all groups, the mean diameters of type | fibers were more than 12% smaller

than the mean diameters of the larger type 1l fibers.

Table 1.2: Quantitative analyses.

Parameter Male Fe- Mean p- 22q No Mean p-
male difference  value | 11DS  22q  difference value
(95% CI) 11DS  (95% CI)
Type | fibers, 24.8 30.7 v 30.6 25.7 4.9
%(SD) | (103) (Lo OC186) 043 1 oa qom (717 046
apelfiber | 206 185 193 196 .
(D). @9, @3 57 0z | GD @8 (5u e
variance 189 232 192 245
Typell fiber |5 8 233 247 233
diameter, m 2.6) (3.3) 2.8) (3.4) 14
(SD), o = 2(-2,5) 0.37 ey o (-2,5) 0.25
variance 105 142 113 146
Discussion

Few studies have looked at the histology of the PCM. With the exception of
specimens obtained from patients undergoing pharyngoplasty (Zim et al 2003) or

laryngectomy (Sundman et al 2004), most only study specimens from cadavers.

Morphology
Our qualitative analysis revealed no morphologic differences between PCM

muscles in children with and without 22q11DS (Table 1.1). We found increased
perimysial and endomysial space in both groups. While increased space is associated
with chronic muscle damage, it is unclear whether this is also true for pharyngeal
constrictors. Since it affects both groups equally, it is unlikely to be a factor in the
poorer speech in children with 22q11DS. Zim et al. (Zim et al 2003) found increased
endomysial space in children with 22q11DS relative to adults without the syndrome,

but did not test the difference for significance. Like Zim et al. (Zim et al 2003), we
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did not find any grouping by muscle fiber type, indicating the absence of innervation
distubances.

Fiber type
We found 30.6% (SD 12.3) and 25.7% (SD 10.5) type | muscle fibers,

respectively, in children with and without 22q11DS. Zim et al. (Zim et al 2003)
found 27.7% (SD 2.01) and 17.9% (SD 2.15) type | muscle fibers, respectively, in
children with and adults without 22q11DS. The significant difference between the
groups in the study by Zim et al. may not necessarily be attributed to the presence of
the syndrome, but may be distorted by the unusually small percentage of type I
fibers found in the adult controls (81-86 years, cadavers). Other studies on
pharyngeal constrictor specimens in adults found 35% (43-77 years, live) (Sundman
et al 2004), 49% (SD 9.2) (38-61 years, cadavers) (Smirne et al 1991), and 33.7%
(SD 12.0) (over 50 years, cadavers) (Leese & Hopwood 1986) type | fibers. Leese
and Hopwood (Leese & Hopwood 1986) report 20.4% (SD 8.7) type | fibers in
infants (0-3 years) and 30.2% (SD 15.3) type | fibers in young adults (12-49 years).
While they report no significant change with respect to age, they also report that

infant muscle fibers exhibit a significantly lesser percentage of type I fibers.

Fiber diameter
Previous reports on the mean diameter of type | muscle fibers in pharyngeal

constrictor muscles in adults without 22q11DS range from 26.6 to 29 m (Smirne et
al 1991; Zim et al 2003). In children without 22q11DS we found a mean diameter of
19.6 m (SD 4.8). In children with 22g11DS, Zim et al. (Zim et al 2003) found a
mean diameter of 21.6 m (SD 2.09) and we found a mean diameter of 19.3 m (SD
3.7). It is tempting to conclude that, as with limb muscles, mean fiber diameter is
related to age (Brooke & Engel 1969). However, we did not find a correlation
between age and diameter among children of different ages (Figure 1.3) and Leese
and Hopwood (Leese & Hopwood 1986) failed to find a relationship among adults
of different ages. They did find a significant difference between fiber diameters in

infants (0-3 years) and adults (over 12 years). Like Leese and Hopwood (Leese &
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Hopwood 1986), we found no difference in fiber diameter between males and
females, reflecting similar usage of the muscles by both genders.

The similar diameters of both type | and Il muscle fibers in children with
and without 22q11DS found in this study reflect similar strain put on this muscle by
all children with VPD. Unfortunately, we did not have a control group of PCM
specimens from children without VPD. Presumably, children without structural
abnormalities that lead to VPD will have smaller muscle fiber diameters as they
have do not have to employ the pharyngeal muscles as vigorously to close the
oropharynx off from the nasopharynx.

Fiber type disproportion, reflected in a difference between the mean fiber
type diameters of more than 12% of the mean diameter of the larger fiber type, is
characteristic of congenital myopathies (Brooke & Engel 1969). In this study, the
type Il fibers were more than 12% larger than the type | fibers in both children with
and without 22q11DS. In the study by Zim et al. (Zim et al 2003), the diameters of
the type 1l fibers were also more than 12% larger than the type | fibers in children
with 22q11DS, while the muscle fiber types had similar diameters in adults without
22911DS. The disproportion is likely a result of selective type Il hypertrophy rather
than type | atrophy as children with VVPD place extra strain on the fast type Il fibers
while attempting to articulate properly and preventing nasal regurgitation while
swallowing.

We found greater variance in muscle fiber diameter (192 and 113) than Zim
et al. (Zim et al 2003) (97 and 77, respectively, for type I and Il fibers in children
with 22q11DS). Our measurements are based on more fibers per patient (171 to 200)
than the study by Zim et al. (Zim et al 2003) (64 to 113 fibers per patient). We found
greater variance among children without 22q11DS (245 and 146, respectively, for
type | and Il fibers), but no groups had variances greater than 250, which is
considered pathologic in limb muscles, but has been found in healthy palatal
muscles (Stal & Lindman 2000).
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Conclusion
Therefore, we conclude that there is no evidence of innervation or

myogenic disturbances in the histologic specimens of the PCM in children with
22g11DS relative to non-syndromic counterparts. The absence of histologic deficits
in the PCM muscle of patients with 22q11DS does not preclude the functional
deficits manifest in the hypodynamic pharynx seen on nasendoscopy and poorer
functional outcome after velopharyngoplasty. Future studies to elucidate the etiology
of the pharyngeal hypotonia in 22q11DS should investigate the role of the central
nervous system, such as by comparing fMRI images taken during speech.
Meanwhile, unanswered etiologic and clinical questions hamper adequate
management of the compromised speech understandability in patients with

22g11DS, contributing to poor social functioning and quality of life.
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Abstract

Objective: Velopharyngeal hypotonia seems to be an important factor in
velopharyngeal dysfunction in 22g11.2 deletion syndrome, but the etiology is not
understood. Because TBX1 maps within the typical 22q11.2 deletion and Thx1-
deficient mice phenocopy many findings in patients with the 22g11.2 deletion
syndrome, TBX1 is considered the major candidate gene in the etiology of these
defects. Tbx1 heterozygosity in mice results in abnormal vocalization 7 days
postnatally, suggestive of velopharyngeal dysfunction. Previous case-control studies
on muscle specimens from patients and mice revealed no evidence for a myogenic
cause of velopharyngeal dysfunction. Velopharyngeal muscles are innervated by
cranial nerves that receive signals from the nucleus ambiguus in the brainstem. In
this study, a possible neurogenic cause underlying velopharyngeal dysfunction in
Tbx1 heterozygous mice was explored by determining the size of the nucleus
ambiguus in Thx1 heterozygous and wild type mice.

Methods: The cranial motor nuclei in the brainstems of postnatal day 7 wild
type (n=4) and Tbx1 heterozygous (n=4) mice were visualized by in situ
hybridization on transverse sections to detect Islet-1 mRNA, a transcription factor
known to be expressed in motor neurons. The volumes of the nucleus ambiguus
were calculated.

Results: No substantial histological differences were noted between the
nucleus ambiguus of the two groups. Tbx1 mutant mice had mean nucleus ambiguus
volumes of 4.6 million um? (standard error of the mean 0.9 million um®) and wild
type mice had mean volumes of 3.4 million pm® (standard error of the mean 0.6
million um?®). Neither the difference nor the variance between the means were
statistically significant (t-test p=0.30, Levene’s test p=0.47, respectively).

Conclusions: Based on the histology, there is no difference or variability
between the volumes of the nucleus ambiguus of Thx1 heterozygous and wild type
mice. The etiology of velopharyngeal hypotonia and variable speech in children with

22911.2 deletion syndrome warrants further investigation.
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Introduction

The 22g11.2 deletion syndrome (22g11DS) is the most frequent survivable
human syndrome that is caused by a hemizygous microdeletion within a
chromosome (Scambler 2010). In approximately 85% of all 22q11DS patients, a 3
megabase (Mb) region on chromosome 22 is deleted (Saitta et al 2004) containing
about 45 genes (Bassett et al 2011). One of the genes that maps within the deleted
region is Thx1, which is expressed in pharyngeal endodermal pouches, in pharyngeal
mesoderm including the mesodermal cores of the pharyngeal arches, and in head
mesenchyme during embryonic development (Scambler 2010) and in the brain after
birth (Paylor et al 2006). Major phenotypes of 22q11DS can be related to aberrant
development of the pharyngeal arches and pouches 3, 4, and 6, including facial
dysmorphism, feeding and speech problems due to velopharyngeal dysfunction
(VPD), hypocalcaemia due to parathyroid dysfunction, immune disorders due to
thymus dysfunction, and congenital heart disease.

VPD occurs when the valve mechanism of the soft palate and the lateral
and posterior pharyngeal walls fail to close the port between the oral and nasal
cavities, resulting in hypernasal speech. Some children with VPD undergo surgery
to decrease the size of the velopharyngeal port. In general, postoperative residual
VPD is more prevalent among children with 22q11DS than in children without the
syndrome (D'Antonio et al 2001a; D'Antonio et al 2001b; Losken et al 2003; Losken
et al 2006; Sie et al 1998; Sie et al 2001; Widdershoven et al 2008b), but some
patients with 22q11DS fare as well as their non-syndromic counterparts (Argamaso
et al 1994; Meek et al 2003; Milczuk et al 2007; Perkins et al 2005; Pryor et al 2006;
Rouillon et al 2009). It is not clear why some children with 22q11DS benefit more
from surgery than others (Losken et al 2006; Spruijt et al 2011). Phenotype
variability of VPD in 22q11DS has been one of the research foci of the 22q11DS
team at our tertiary hospital.

All surgical techniques rely on some intrinsic muscle activity for closure of
the remaining velopharyngeal port (McDonald-McGinn & Sullivan 2011). A

possible explanation for the different postoperative outcomes is a neuromuscular
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component of VPD in 22q11DS as seen on nasendoscopic views of attempted
velopharyngeal closure (Witt et al 1995b). On magnetic resonance imaging, the
pharyngeal constrictor muscle in patients with 22q11DS was found to be
hypotrophic compared to controls (Zim et al 2003), which may be the result of
abnormal development of the muscle or its innervation. The etiology of
velopharyngeal hypotonia is uncertain, but may primarily result from myogenic or
neurogenic abnormalities. Superior constrictor muscle biopsies taken from children
with and without 22q11DS revealed no clear histological differences, suggesting a
nonmyogenic origin of velopharyngeal hypotonia in patients with 22911DS
(Widdershoven et al 2011a). Whether a neurogenic cause underlies VPD in patients
with 22q11DS is unclear.

Neurogenic pharyngeal weakness is seen in amyotrophic lateral sclerosis, a
neurodegenerative disease accompanied by a decreased number of cells in the
brainstem nucleus ambiguus (nA) (Ferrucci et al 2009; Zang et al 2004). The nA
transmits signals from the cerebral cortex to the vagal (n.X) and accessory (n.XI)
cranial nerves which innervate the pharyngeal muscles (German & Palmer 2006;
Keller et al 1984; Standring 2005). Additionally, some patients with Madbius
syndrome, which is characterized by congenital weakness or paralysis of the
muscles innervated by the facial nerve (n.VII), have hypoplastic brainstem facial
cranial nerve nuclei with fewer neurons than controls (Richter 1960; Towfighi et al
1979; Verzijl et al 2005). Similarly, congenital VPD in 22q11DS could be caused by
hypoplastic development of the nA. Unfortunately, noninvasive imaging does not
permit an accurate estimation of the size the brainstem nuclei (Komisaruk et al
2002), necessitating a histological analysis of brainstem tissue.

Postmortem human brainstem material is difficult to obtain, therefore we
resorted to studying an animal model of 22q11DS. Among vertebrate model
organisms, the neuronal architecture of the mouse is the most similar to that of
humans (Cordes 2001). Mouse models for 22q11DS have been generated by
deleting a 1 Mb homologous region on mouse chromosome 16 (Df (16)1, LgDel)
including Thx1, or specifically disrupting the Thx1 gene (Lindsay et al 2001; Paylor
& Lindsay 2006). The phenotype of Thx1 heterozygous mutant mice (Tbx1*") is less
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penetrant and does not phenocopy the entire phenotypic spectrum of patients with
22911DS. However, recent findings demonstrated that seven to eight-day-old
Thx1*" mouse pups (P7-8) may have VVPD since they vocalize at a lower frequency
and for a shorter duration compared to wild type littermates (Hiramoto et al 2011).
Interestingly, a loss-of-function point-mutation of TBX1 in patients without the
typical 22q11.2 deletion, results in phenotypes similar to those found in patients
with 22q11DS, including VPD (Yagi et al 2003). Therefore, Tbx1*" mice can be
used as an adequate model to study the VPD phenotype found in 22q11DS.

Moreover, as in patients with 22q11DS, phenotypic variance is seen in the
Thx1*" mouse model (Vitelli et al 2002a): all Thx1*" embryos have fourth
pharyngeal arch artery hypoplasia at E10.5, but at term only 30-50% have fourth
pharyngeal arch artery-derived cardiovascular defects (Lindsay et al 2001). The
differences in phenotypic penetrance depends on the genetic background of the
mouse strains (Taddei et al 2001; Vitelli et al 2002a; Zhang et al 2005), and on
genetic modifiers including Vegfa, Nrpl, Spry, and retinoic acid (Ryckebusch et al
2010; Simrick et al 2012; Stalmans et al 2003; Vermot et al 2003; Zhou et al 2012).

The presence of velopharyngeal hypotonia as underlying cause for the VPD
was not specifically mentioned in the study with mouse pups (Hiramoto et al) nor in
the study with patients with the TBX1 point-mutation (Yagi et al 2003). The
requirement of Thx1 during development of velopharyngeal muscles and nerves has
been shown in Thx1-deficient (Tbx1”) mice which die during fetal and neonatal
stages: Thx1™” mice have hypoplastic branchiomeric head and neck muscles (Grifone
et al 2008; Kelly et al 2004) and abnormally fused ganglia of the glossopharyngeal
(n.1X) and n.X nerves (Calmont et al 2010; Vitelli et al 2002b). Thus, although Thx1
is not expressed in primary neural crest cells (Garg et al 2001), the neural crest-
derived ganglia are aberrantly formed in the absence of Thx1 (Angeles Fernandez-
Gil et al 2010).

The objective of this study was to explore the possibility that a neurogenic
defect causes velopharyngeal hypotonia in 22q11DS by comparing the gross
histology of the nA in the Tbx1*" mouse model for 22q11DS to that of wild type

mice. Diminished or absent activity of Tbx1 gene may indirectly effect the brainstem
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as it does the cranial nerves (Calmont et al 2010; Vitelli et al 2002b). Our results
indicate that the volume of the nA is not significantly affected by Tbxl
haplosufficiency.

Materials and Methods

Mice

Thx1*"®% mice (Lindsay et al 2001) were intercrossed to generate wild type
and heterozygous mutant pups. Genotypes were confirmed by PCR using primers
specific for the lacZ gene (Lindsay et al 2001). All mice were maintained on an FVB
background. Animal care was in accordance with national and institutional
guidelines. The experimental procedure was approved by the animal ethics
committee of the Academic Medical Center in Amsterdam, the Netherlands. On
postnatal day 7 (P7) the pups (n=4 of each genotype) were brought into a
hypercapnic coma in a sealed cage and sacrificed for tissue isolation. The brainstems
were isolated in ice-cold phosphate-buffered saline (PBS 1x), fixed by overnight
immersion in 4% paraformaldehyde (PFA), and embedded in paraplast for further

processing.

In situ hybridization
Embedded brainstem tissue was cut into 10 m thick transverse sections

with a Leica RM 2165 rotation microtome, mounted on Starfrost slides, and
processed for non-radioactive in situ hybridization (ISH) as described (Moorman et
al 2001). The brainstem motor nuclei were visualized by ISH with a DIG-labeled
Islet-1 (Isl1) (deLapeyriere & Henderson 1997; Pfaff et al 1996) mRNA probe
(Moorman et al 2001). The sections were photographed using a camera connected to
a Zeiss Axiophot microscope.

Outcome
Morphometric analyses were performed blinded using imaging software

(Amira 5.4, Visage Imaging, San Diego, CA, USA). The nA of the mutant and the
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wild type pups were compared qualitatively by describing the appearance, and
quantitatively by calculating the volume marked by Isl1. Rather than measuring
every section that contained the nA, the surface area of the nA on a minimum of 10
equally spaced sections encompassing the nA were measured. Using Cavalieri’s
principle, the sum of the measured areas was multiplied by the distance between the
selected sections (Figure 2.1). This approximation of the volume is accurate to
within 5% of the true volume (Howard & Reed 1998). The volumes of the nA of
Thx1*" and wild type mice were compared using a two-tailed t-test. The variance
was measured with Levene’s test. Statistical calculations were performed using IBM
SPSS Statistics for Windows (Version 20.0. Armonk, NY, USA).

Sample size calculation
The number of pups needed to obtain statistically significant results, was

determined based on a study in which n.X innervation of the stomach was compared
between wild type and Thx1*" mice (Calmont et al 2010). At embryonic day 16.5
(E16.5), significantly less n.X fibers intersected in the stomachs of Thx1*" mice
(n=9) than in wild type mice (n=9) (14.6+1.6 versus 20.4+1.3, p<0.05). With these

Figure 2.1: Methods. Sagittal view of a mouse brain and brainstem showing the
locations of the facial nucleus (nVII) and nucleus ambiguus (nA). Signals from
the cerebral motor cortex are relayed to the velopharyngeal muscles via the nA.
Inset showing magnification and Cavalieri’s principle of calculating the volume

of a structure based on equally-spaced transverse sections.
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numbers, the required sample size to find a similarly significant difference in nA
volumes between the genotypes, with an alpha of 0.05, and a power of 0.80 is only
n=2 pups per genotype. Since this calculation is based on the n.X and not the nA,
this number was empirically doubled so n=4 pups per genotype were used in this

pilot study.

Results

To test whether a neurogenic abnormality underlies velopharyngeal
hypotonia in patients with 22q11DS, we harvested and analyzed brainstems from
Thx1*" (n=4) and wild type (n=4) pups from two litters. No macroscopic qualitative
differences were noted between both genotypes. As previously described (Bieger &
Hopkins 1987; Brown 1990; Kitamura et al 1993), the spindle-shaped nA extends
cranio-caudally from the facial nucleus (nVII) to the pyramidal decussation
(Friedland et al 1995). To identify and localize the nA (Figure 2.2A), we used a
riboprobe directed against IslL mRNA, encoding a LIM domain-containing
transcription factor. Isll is expressed in motor neurons of all cranial nerves,
including the oculomotor, trochlear, trigeminal, abducens, facial, ambiguus, and
hypoglossal nuclei in the brainstem (Jurata et al 1996; Pfaff et al 1996; Varela-
Echavarria et al 1996). This approach furthermore allowed the identification of the
facial nucleus directly cranial to the nA and the hypoglossal nucleus dorsal to the nA
(VanderHorst & Ulfhake 2006), facilitating the localization of the nA. We found
that within the nA, the cranially located neurons are packed more compactly and the
caudally located neurons are more loosely arranged (Figure 2.2B). The nA in the
two genotype groups did not differ in shape or cell density. Quantitatively, Thx1*"
mutant pups had mean nucleus ambiguus volumes of 4.6 million pm? (standard error
of the mean (SEM) 0.9 million pm®) and wild type mice had mean volumes of 3.4
million pm® (SEM 0.6 million pm®) (Figure 2.2C). The difference between the
means was not statistically significant (t-test p=0.30), nor was the variance
(Levene’s test p=0.47).

26



Figure 2.2: Nucleus ambiguus offbx1"" and wild type P7 pups.A) Isl1 in situ
hybridization-labeled transverse brainstem sectior&cale: bar = 1mm.
B) Magnification of nucleus ambiguus, showing cedmiompact and caudal loosely
spread cells. C) Mean volumes of the nucleus anulsigkrror bars = standard error

of the mean. Scale: small dark cube = 1 millior’um
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