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Abstract

Pediatric dysphagia—feeding and swallowing difficulties that begin at birth, last throughout
childhood, and continue into maturity—is one of the most common, least understood
complications in children with developmental disorders. We argue that a major cause of pediatric
dysphagia is altered hindbrain patterning during pre-natal development. Such changes can
compromise craniofacial structures including oropharyngeal muscles and skeletal elements as well
as motor and sensory circuits necessary for normal feeding and swallowing. Animal models of
developmental disorders that include pediatric dysphagia in their phenotypic spectrum can provide
mechanistic insight into pathogenesis of feeding and swallowing difficulties. A fairly common
human genetic developmental disorder, DiGeorge/22q11.2 Deletion Syndrome (22q11DS)
includes a substantial incidence of pediatric dysphagia in its phenotypic spectrum. Infant mice
carrying a parallel deletion to 22q11DS patients have feeding and swallowing difficulties. Altered
hindbrain patterning, neural crest migration, craniofacial malformations, and changes in cranial
nerve growth prefigure these difficulties. Thus, in addition to craniofacial and pharyngeal
anomalies that arise independently of altered neural development, pediatric dysphagia may reflect
disrupted hindbrain patterning and its impact on neural circuit development critical for feeding and
swallowing. The mechanisms that disrupt hindbrain patterning and circuitry may provide a
foundation to develop novel therapeutic approaches for improved clinical management of pediatric
dysphagia.
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INTRODUCTION

Approximately 25% of all infants and children, and as many as 80% with
neurodevelopmental disorders have pediatric dysphagia (Figure 1A)—extreme difficulties
with feeding and swallowing that slow weight gain, disrupt nutrition, cause acute choking
that can lead to life threatening aspiration-based infections of the nasal sinuses, middle ears,
and lungs [1-10]. Dysphagia-related symptoms likely compromise many aspects of
postnatal development including sensory experience, motor activity, cognitive exploration,
language acquisition and social engagement. Perhaps due to a general increase in the
incidence of neurodevelopmental disorders or enhanced diagnostic awareness, current data
suggest that the frequency of pediatric dysphagia is increasing [11]. Nevertheless, our
current understanding of this serious complication for many infants and children is based
primarily upon descriptions of clinical phenomena. The basic underlying biology remains
unknown, in large measure because of a lack of valid animal models of human
neurodevelopmental disorders that include early post-natal feeding and swallowing
dysfunction in their phenotypic spectrum.

22011.2 Deletion Syndrome (22g11DS), also known as DiGeorge Syndrome has become a
“model” genetic disorder [12] for understanding the relationship between complex
behavioral disruptions and additional phenotypes that are often coincident in a broad range
of neurodevelopmental disorders (Figure 1B,C). One of the most clinically relevant
22g11DS phenotypes, aside from cognitive and social impairment, is disrupted feeding and
swallowing that defines pediatric dysphagia [13]. All 22g11DS patients have neonatal
feeding and swallowing impairments, and nearly 60% continue to experience complications
from 4 years of age onward [13]. In some patients, these difficulties likely result from
craniofacial dysmorphology including cleft palate and other anomalies that often require
surgical intervention. Unfortunately, current surgical treatments are only effective in
approximately 25% of patients [14, 15], suggesting mechanisms beyond oropharyngeal
mechanics may contribute to pathology. Indeed, many cases of pediatric dysphagia in
22(11DS patients are not accompanied by overt craniofacial dysmorphology that requires
surgical intervention [13, 16]. Nevertheless, these patients have the same nutritional and
respiratory complications. Apparently, pediatric dysphagia can arise due to disruptions in
developmental mechanisms other than those responsible for oropharyngeal morphogenesis.

The lack of foundational knowledge of pediatric dysphagia pathogenesis in 22q11DS or any
other developmental disorder makes it difficult to predict clinical course, and design
effective new therapies. Current therapies—often based upon approaches used for dysphagic
adults—focus on oral motor interventions like non-nutritive sucking or oral stimulation [17,
18], modified feeding schedules, altered food consistency [19-22], and peripheral
neuromuscular stimulation [11, 23, 24]. These approaches, however, are only marginally
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effective [11, 25], and most have not been adequately evaluated in controlled clinical trials
[26]. Moreover, while possibly helpful, these approaches do not define or ameliorate
underlying pathology. In this review, we will address likely developmental biological
foundations of pediatric dysphagia. We argue that key mechanisms for understanding the
disorder, especially in neuro-developmental disorders, reflect early hindbrain patterning and
its consequences for neural and oropharyngeal development. We summarize our use of
22g11DS mouse models to discover craniofacial and related neuro-developmental
perturbations that cause pediatric dysphagia. We discuss how understanding coordination of
early hindbrain patterning for differentiation of brainstem motor and cranial sensory neural
circuitry as well as oropharyngeal structures necessary for feeding and swallowing may lead
to novel therapeutic interventions to improve the quality of life of affected children.

Pediatric dysphagia: the face, the hindbrain, and neurodevelopmental disorders

The ability to feed is one of the earliest—and most essential—complex behaviors to emerge
in all animals. It is not surprising that disruption of this behavior has significant, and in some
cases, life threatening consequences. In most vertebrates, this essential behavior begins in
utero with swallowing of amniotic fluid and becomes essential for survival within hours of
birth. Thus, the developmental mechanisms critical for feeding and swallowing must operate
during embryonic and fetal development to prepare the newborn for these essential
behaviors. Similarly, pathogenic mechanisms must also operate primarily during embryonic
and fetal development. The high incidence of dysphagia in children with
neurodevelopmental disorders suggests that the developing nervous system, in addition to
the oropharyngeal periphery, must be a pathogenic target. Of course, developmental
disorders that do not primarily target the nervous system include pediatric dysphagia in their
clinical spectrum. For example, Pompe Disease, a lysomal glycogen storage disease that
primarily compromises cardiac and skeletal muscle includes pediatric dysphagia as a
significant complication [27-29]. It remains uncertain, therefore, whether dysphagia in
infants and children is fundamentally a cranial musculo-skeletal disorder, or a disorder of
neural circuits that control feeding and swallowing behavior. Thus, understanding the
relationship between neural and craniofacial development, especially in neurodevelopmental
disorders, is likely to provide new insight into causes of pediatric dysphagia.

The fundamental relationship between craniofacial anomalies and neurodevelopmental
disorders has been recognized for nearly half a century [30]. Remarkably, the relationship
between peripheral oropharyngeal structures, brainstem neural circuits, and disrupted
feeding and swallowing in newborns and young children remain undefined. Clinical
manifestations for pediatric dysphagia have been well documented [24, 31, 32]. Due to a
lack of research focused on pediatric dysphagia pathology, even the primary targets for
pathologic changes are not clear. Dysphagia might be due to developmental disruption of the
facial and oropharyngeal cartilages, bones, and muscles (which we will collectively call the
“oropharyngeal apparatus”; Figure 2A) that are critical for feeding and swallowing [33],
independent of a major contribution from the developing nervous system. Alternately, it
may arise from disruption of hindbrain neurons or cranial sensory neurons that innervate
these structures (Figure 2B). Since normal feeding and swallowing depends critically upon
the coordinated activity of hindbrain motor and cranial sensory neural circuits that regulate
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the movements of the oropharyngeal apparatus (Figure 2C), it seems likely that all three
entities are either structurally or functionally impaired.

Hindbrain neural circuits are implicated in pediatric dysphagia by two sets of observations.
First, most children with pediatric dysphagia, including those with 22q11DS, do not have
severe craniofacial malformations and there is no clear indication that surgical repair can
effectively eliminate symptoms [34-37]. Second, studies of another key behavior that, like
feeding and swallowing, depends upon the integrity of the hindbrain from birth onward—
control of eye movements—demonstrate the important contribution of hindbrain neural
circuitry to disrupted craniofacial function. Until the mid-2000s, it was thought that most
eye movement deficits in infants and children could be corrected by surgical adjustment of
defective extra-ocular muscles [38]. In the last decade, however, multiple genetic studies
have shown that hindbrain patterning, neuronal differentiation, axon growth and circuit
formation underlie several severe disorders [39-42]. Similar to morphogenesis of structures
necessary for optimal feeding and swallowing, eye movements depend on hindbrain neural
crest migration and differentiation necessary for differentiation of ocular structures [43], as
well as hindbrain motor and cranial sensory circuit development [44, 45]. The assessment of
human genetic eye movement disorders in mouse models has led to a new emphasis on
neural as well as oculo-muscular mechanisms in the clinical management of perinatal oculo-
motor disturbances [46, 47]. These insights may provide alternatives to surgical
interventions that under- or over-correct disrupted eye movements, leading to further
complications [48, 49]. These insights have transformed clinical diagnosis and treatment of
eye movement disorders [40]. To gain parallel insight into developmental origins of
pediatric dysphagia, it is imperative to assess potential contributions of neural circuitry as
well as the oropharyngeal apparatus. Developmental disruptions in hindbrain patterning may
contribute to feeding and swallowing pathogenesis—similar to that now established for
ocular motor disruptions—and provide a new foundation for more precise diagnoses, and
effective therapeutic interventions.

The mechanics and neural circuitry of normal feeding and swallowing

Normal feeding and swallowing relies upon the coordination of oral, lingual, palatal,
laryngeal, and esophageal musculo-skeletal structures ([33]; Figure 2). The biomechanical
apparatus that ingests and propels food from the mouth to the stomach is controlled by
motor commands and sensory feedback from cranial nerves. These include the maxillary and
mandibular branches of the trigeminal nerve (Cranial Nerve V) for jaw closing, the facial
nerve (CN VII) for jaw opening and movements of relevant facial muscles (e.g., the lips),
the glossopharyngeal nerve (CN IX) and the vagus nerve (CN X) for pharyngeal and
laryngeal muscles, and the hypoglossal nerve (CN XII) for tongue muscles (Figure 2C). The
activity of hindbrain motor neurons that contribute to each cranial nerve is modulated by
local interneurons as well as sensory input from ganglion neurons associated with each
nerve. Descending forebrain inputs also regulate these circuits; however, the details are
beyond the scope of this review. Together, three neuronal types: peripheral cranial sensory
neurons, hindbrain motor neurons and interneurons (Figure 3) constitute neural circuits for
sequential control of distinct phases of feeding and swallowing [50, 51], analogous to the
distributed brainstem circuitry that regulates coordinated eye movements [52].
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The neural circuit for feeding and swallowing has been mostly characterized in adults [53].
Four phases of feeding [33, 53]—(1) ingestion/transport; (2) chewing and processing; (3)
oropharyngeal accumulation/transport; (4) swallowing—rely upon sequential activation of
motor and sensory components of CN V, CN VII, CN IX, CN X, and CN XII (Figure 2C).
By synchronous activation and inhibition of cranial motor neurons, the network generates
voluntary ingesting, chewing, and swallowing movements as well as reflexes that ensure
safe and efficient feeding [2, 54]. Patterned muscular contractions reflect rhythmic,
sequential hindbrain sensory relay and motor neuron activity [55, 56]. The network depends
upon appropriate excitation and inhibition of motor neurons reflexively activated for food
ingestion, transport, and chewing (CN V, VII, XII), oropharyngeal accumulation, transport,
and swallowing (CN IX, X). GABAergic internuclear and premotor interneurons inhibit
motor neurons to ensure unidirectional, sequential movement of food, preventing
regurgitation and aspiration. There is little information about how this neural circuit
develops, how it functions during early postnatal life, or fails to function in pediatric
dysphagia [50]. It is unclear whether differences in early effects of inhibitory
neurotransmitters seen in several other brain regions [57] influence initial excitatory/
inhibitory balance, whether there is a critical period for adaptive change to adjust to
peripheral variations [58], or whether early experience has a long lasting impact on feeding
and swallowing [59, 60].

The anatomical and physiological details of feeding and swallowing suggest that very early
disruption of embryonic patterning that could affect both the peripheral and central elements
required for optimal food intake. Assessing such early developmental changes in human
patients is all but impossible—feeding and swallowing deficits are diagnosed after birth,
long after pathogenic insults likely occur. Thus, to assess whether pediatric dysphagia may
be a disorder of early hindbrain patterning or additional mechanisms that contribute to
craniofacial and oropharyngeal development, one must identify valid animal models of
dysphagia. Using such models it should be possible to explore causal associations between
early patterning changes, oropharyngeal and neural circuit anomalies, and biologically
significant impairment of perinatal feeding and swallowing.

Dysphagia, animal models and 22q11DS

Valid animal models of any developmental disorder must meet at least three criteria: First,
the model must approximate clinical phenomena seen in patients. Second, the model must
have a relationship to either causal genetic mutations or end stage pathology in patients.
Third, the model must provide opportunities to test mechanistic hypotheses that could not
easily be tested in patients. Unlike analysis of developmental disruption of eye movement
control, which moved forward based upon human genetic observations of single gene
mutations associated with eye movement disorders subsequently reproduced in mutant mice
(see above), there has been no focused genetic analysis of pediatric dysphagia in human
patients. Instead there are a small number of developmental disorders including 22q11DS
with a fairly high incidence of dysphagia as part of a broader phenotypic spectrum [5, 6, 61].
Therefore, we set out to determine whether mice that model 22q11DS genetically—
particularly the LgDel mouse that has a heterozygous 28 gene deletion that parallels the
minimal critical deletion in human 22g11DS patients (see Figure 1C) and the Thx1 mouse,
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with a mutation of a candidate gene for 22q11DS phenotypes [12, 62]—accurately model
pediatric dysphagia.

Our first challenge was to assess whether LgDel or Thx1*/~ mutant mice have any of the
essential features associated with pediatric dysphagia. An initial clinical sign of dysphagia is
delayed or diminished weight gain from birth onward [63]. LgDel mice, like children with
22011DS [64], fail to gain weight from birth onward compared to their typically developing
counterparts (Figure 4A). Thx1*/~ neonates, on the other hand, do not show this phenotype.
In addition, like many 22q11DS patients, LgDel mice have signs of food aspiration-related
naso-sinus, middle ear, and respiratory inflammation and infection (Figure 4B). There are
protein inclusions in the nasal sinuses, middle ear and lungs that are composed primarily of
murine milk protein, consistent with aspiration during nursing. These protein inclusions are
accompanied by leukocyte infiltration including neutrophils and macrophages at all three
sites, increased frequency of mucus producing goblet cells in the middle ear, accumulations
of red blood cells in the lungs—all indicators of infection and significant inflammatory
responses [65—67]. These infections were seen at high frequency (4/5) in LgDel P7 pups, but
not in wild type (WT) controls. Finally, we developed a behavioral assay of acute feeding
and swallowing in mouse pups that parallels the barium swallow test [68] used to assess
dysphagia in children. We adapted a previously published mouse pup nursing protocol that
uses appropriately sized nipples to maximize the effectiveness of hand feeding [69].
Fluorescent microspheres were added to formula and immediately following one nursing
session, pups were sacrificed and analyzed for distribution of the fluorescent beads. The
accumulation of fluorescent milk in the stomachs of WT controls confirmed the
effectiveness of the general approach. Using this test, we found that LgDel pups acutely
aspirate milk, while typically developing littermates do not (Figure 4C). Based upon these
observations, the LgDel, but not the Thx1*/~ mouse, apparently provides a robust model in
which we can rigorously define the behavioral, pathological, and perinatal developmental
dimensions of dysphagia.

How does 22g11 deletion disrupt feeding and swallowing?

Our confirmation of the LgDel mouse as a model of pediatric dysphagia, based upon parallel
features to clinical manifestations of the disorder makes it possible to ask fundamental
mechanistic questions about etiology that are more or less impossible to ask in patients. One
key question is whether pediatric dysphagia is primarily a peripheral craniofacial
development disorder that leads to disrupted oropharyngeal biomechanics, or a neural circuit
disorder accompanied by subsequent craniofacial malformations and dysfunction? This
distinction is significant, particularly for neurodevelopmental disorders, because neural
circuits that control feeding and swallowing may be altered in the context of broader
disruptions of brain development that also impact cognition, social interaction and
communication. General pathogenic mechanisms may disrupt all neural circuit development
in these disorders, with variable consequences for distinct behaviors. Furthermore, clinical
management of oropharyngeal dysmorphology versus neural circuit changes that lead to
dysphagia would likely be distinct. Accordingly, without determining if defects are
peripheral versus central in origin, there can be no rational foundation for refining diagnostic
criteria to improve clinical management, identifying useful therapeutic targets, or optimizing
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pre-natal health for at-risk fetuses to minimize later dysphagia complications. Thus, we
analyzed fundamental aspects of craniofacial differentiation as well as central and peripheral
nervous system development in the LgDel mouse, and identified three key developmental
disruptions that prefigure these postnatal dysphagic symptoms: branchial arch-related
craniofacial malformations, disrupted early cranial nerve growth, and altered anterior-
posterior hindbrain patterning.

Oropharyngeal dysmorphogenesis in 2211 DS, Thx1 mutants, and the LgDel mouse

Despite clinical acknowledgement of mild to severe craniofacial anomalies in 22q11DS,
there are only a small number of rigorous analyses of key craniofacial phenotypes in
patients. The consensus of recent studies [70, 71] indicates cranial skeletal changes in the
skull, nasal processes, maxilla, and teeth—all sites of cranial neural crest contributions.
22q11DS patients also have variable palatal defects ranging from overt cleft, submucusoal
cleft or a shorter palate [72]. These defects result in the diagnostic “velo-pharyngeal
insufficiency” that characterizes the syndrome [73]. Velo-pharyngeal insufficiency
complicates feeding and swallowing by allowing aspiration from the mouth into the nasal
sinuses [13, 16]; it is also associated with sleep apnea [74, 75], as well as speech and
language difficulties including hyper-nasality at later stages due to altered airflow during
articulation [76-78]. It remains uncertain, however, whether this phenotype, a likely a
critical contributor to dysphagia in 22911DS infants and children, reflects oropharyngeal
structure, or altered palatal control due to hypotonia. In addition, laryngotracheoesophageal
anomalies are often present in 22q11DS patients [72], which can further disrupt feeding and
swallowing. Speech difficulties in 22q11DS have also been associated with velo-pharyngeal
insufficiency in 22q11DS [79]. Surgical interventions to correct velo-pharyngeal
insufficiency are variably successful [80-82]. 22q11DS mouse models provide an
opportunity to assess the relative developmental contributions of peripheral oropharyngeal
versus neural disruption of mouth, tongue and palate movement in dysphagia. Such
information will provide a useful new dimension for assessing dysphagia-related
dysfunction, and may serve as the foundation for selecting clinical treatments, and
predicting outcomes for dysphagic 22q11DS patients.

Previous analysis of craniofacial anomalies in 22q11DS mouse models has focused
primarily on Thx1 mutants, in which cardiovascular anomalies are accompanied, at variable
penetrance, by craniofacial dysmorphology [83-90]. Thx1 null mutants exhibit a variety of
craniofacial phenotypes including micrognathia, cleft palate and missing or abnormal cranial
bones [91, 92] as well as defects in development of mastication and facial muscles derived
from branchial arches 1 and 2 [87, 93]. The hyoid bone that anchors the tongue and muscles
of mastication is missing in Thx1 null mutants [94]. Nevertheless, the tongue muscles
themselves, derived from the anterior somites rather than the cranial mesenchyme, appear
normal in Thx1 null mice [93]. In addition, Thx1 is required for cranial tendon development
[95]. Finally, there are non-neural as well as neural ear anomalies in Thx1 mutant embryos
[96-99], raising the possibility that pharyngeal mesoderm, neural crest as well as cranial
placode morphogenetic mechanisms may be compromised. Most phenotypes reported have
been in Thx1 ™~ embryos; therefore, it is difficult to assess the relevance of these data to
phenotypes caused by diminished Thx1 dosage in the context of broader 22q11 gene
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deletion. There are a limited number of reports in Thx1™~ mice of altered neural crest
migration and signaling interactions, including for neural crest that contributes to aortic arch
arteries [100] as well as branchial arches [101], even though Thx1 itself is expressed
primarily in pharyngeal and cranial epithelia, rather than presumed neural crest-derived
mesenchyme in craniofacial and aortic arch primordia [102]. Thus, while heterozygous Thx1
loss of function in the context of broader 2211 deletion may contribute to anomalies
relevant for dysphagia, these anomalies have not been assessed in mice carrying deletions
parallel to those in 22q11DS patients.

We evaluated craniofacial malformations in the developing and mature LgDel mouse [9],
and found at two distinct variably penetrant phenotypes. At mid-gestation (E14.5) there is an
apparent delay in palatal shelf elevation that occurs at relatively low penetrance (Figure 5A).
Young adult LgDel mice have smaller mandibles with altered morphometric features (Figure
5B). Since these structures depend in part upon neural crest contributions, it is possible that
these phenotypes ultimately reflect altered neural crest differentiation due to 22911 gene
deletion. Indeed, in a gPCR expression analysis of 22q11-deleted genes in WT branchial
arch BA1A/BA1B/BAZ2 (Figure 5C), we found robust expression of 19 22q11 genes in these
structures [9]. This is in agreement with our previous PCR and in situ hybridization
observations localizing multiple 22q11 genes (20/28 murine orthologues) to craniofacial
primordia [103-105]. For two of these genes, Prodh2 [105] and Ranbpl [104], detailed in
situ hybridization analyses show robust expression at sites where cranial neural crest cells
are found. Similar analyses remain to be completed for the additional 18 murine 22g11
orthologues expressed in craniofacial structures that include neural crest contributions.
Mechanistic details of cranial neural crest migration and differentiation have not yet been
assessed in LgDel or other broadly deleted 22q11DS mouse models; accordingly, the
relevance of Thx1~/~ phenotypes remains uncertain. Resolution of whether the neural crest is
developmentally intact upon departure from the hindbrain, and altered peripherally by
disrupted interactions with placodal ectoderm, cranial mesoderm, or visceral endoderm due
to broader 2211 deletion will be key to determining peripheral cranial versus early central
neural morphogenetic contributions to the pathogenesis of pediatric dysphagia.

Multiple origins: mesodermal and neural crest contributions to dysphagia?

The development of the oropharyngeal apparatus and the neural circuits that control its
movements for optimal feeding and swallowing depends upon a shared mechanism:
patterning the embryonic hindbrain into domains along the anterior-posterior axis called
rhombomeres [106, 107] (Figure 3A). For the oropharyngeal apparatus, however,
development also engages pharyngeal mesoderm, including that from cardiac regions, as
well as the hindbrain-derived neural crest [108, 109]. For the peripheral cranial sensory
innervation, both ectodermal placodes and the neural crest are involved [110, 111], and for
motor innervation, motor neuron progenitors are specified based upon their position in the
hindbrain [112]. Thus, although hindbrain pattering is a common regulator of key events that
generate muscular, skeletal and neural components necessary for feeding and swallowing, it
alone does not account for normal development. Furthermore, although neural components
are essential for controlling the behavior of feeding and swallowing, optimal myogenesis
and skeletogenesis, due to mesodermal patterning and differentiation independent of the
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nervous system, is also required. Indeed in 22q11DS, it is clear that both neural crest [113]
and pharyngeal mesoderm are compromised [87, 114]. This dual disruption may contribute
to the origins of perinatal dysphagia in 22q11DS and other neurodevelopmental disorders.

Mesoderm, particularly from posterior pharyngeal regions and cranial neural crest cells,
specified at distinct rhombomeric locations (Figure 3B,C) contribute to the mesenchyme of
the branchial arches [109, 115, 116]. The branchial arches in turn differentiate into the facial
and oropharyngeal skeletal elements crucial for feeding and swallowing. Branchial arches
consist of pharyngeal ectoderm, endoderm, and mesenchyme composed of cells from both
the mesoderm and hindbrain neural crest [95]. The branchial arch mesenchyme
differentiates into facial and oropharyngeal skeletal and muscular elements crucial for
feeding and swallowing. In parallel, the hindbrain cranial motor neurons and their associated
interneurons arise from distinct rhombomeres (Figure 3D) and the growth of their axons into
the periphery is constrained by their positions. Accordingly, neural crest-derived
oropharyngeal target structures generally have the same rhombomeric origin as the nerve
that innervates them [117-119]. Development of branchial arches into skeletal, connective
and muscle derivatives of the oropharyngeal apparatus requires complex interactions of
these different cell types. The anterior posterior origin of hindbrain specifies neural crest
cells and determines which branchial arches they will contribute to. These arches associate
with specific cranial nerves and muscles. For example, brachial arch 1 (maxillo-mandibular
arch) will contribute to the jaw, muscles of mastication and will be innervated by CN V;
brachial arch 2 (hyoid arch) will contribute to bones and muscles associated with the face
and innervated by CN VII; brachial arch 3 will contribute to the hyoid bone and the
Stylopharyngeus muscle and is innervated by CN IX. More posterior arches, comprised of
mesodermal as well as neural crest cells, contribute to connective tissues and muscles
associated with the palate and more posterior structures. Thus, there may be multiple
pathogenic disruptions of mesoderm and neural crest, as well as ectodermal placodes,
leading to the oro-pharnygeal and cranial neural dysfunction underlying dysphagia.

Cranial sensory and motor nerve disruption in LgDel embryos

Appropriate control of all cranial functions, including feeding and swallowing, depends
upon the coordination of cranial sensory information from the periphery with ongoing
cranial motor neuron activity in the brainstem. The basic organization of this peripheral/
central coordination is established during early hindbrain patterning and differentiation [112,
120]. Thus, by evaluating the developing cranial nerves in mid-gestation embryos, one can
recognize disruption of these fundamental processes. We found that several of the cranial
nerves that control feeding and swallowing have aberrant growth patterns early in
development. LgDel embryos have significant, frequent defects in CN V and CN IX/X, with
a lower penetrance of defects in CN VII (Figure 6A). These observations suggest that
aberrant development of hindbrain motor and/or sensory neurons, both of which contribute
to cranial nerves, could underlie neural circuit dysfunction leading to aberrant feeding and
swallowing. It is still not possible, however, to discount the contribution of disrupted
differentiation of the oropharyngeal periphery to this potential pathogenic foundation for
dysphagia. The rhombomeric origins of the neural crest from which these nerves arise, is
shared by branchial arch skeletal elements, which may be disrupted in parallel. Moreover,
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the periphery may be compromised by 22q11 gene-dependent, hindbrain independent
mechanisms. Cranial nerve phenotypes in LgDel would then be a compensatory response by
otherwise unaffected populations of central and peripheral neurons and their axons.

To begin to distinguish the relative contributions of central and peripheral mechanisms and
their consequences for the oropharyngeal periphery or cranial neural circuits to dysphagia
pathogenesis, we returned to a comparison of Thx1 and LgDel 22q11DS models. Thx1 is
particularly useful for this comparison, since the gene is not expressed in the developing
brain [121], suggesting that mutant phenotypes are most likely the consequence of
peripheral changes. We confirmed previous observations [90] that suggested that Thx1
mutant mice had partially penetrant CN IX/X dysmorphic phenotypes—primarily ganglion
fusions or aberrant axon fascicles, as well as diminished peripheral axon growth (Figure
6B). We did not find, however, any evidence for CN V or VII phenotypes in these mice.
This distinction between Thx1 and LgDel mice indicates that changes caused by 22q11 gene
deletion beyond Thx1 are likely focused on anterior cranial nerves, particularly CN V. The
absence of signs of peri-natal dysphagia in Thx1*/~ mouse pups that are seen in LgDel (see
above) reinforces the interpretation that anterior cranial nerve dysmorphology due to 22g11
deletion beyond Tbx1 is an essential contributor to dysphagia, whereas posterior cranial
nerve dysmorphology due primarily to Thx1 diminished dosage is not.

Anterior-posterior hindbrain patterning is disrupted in the LgDel mouse

The available evidence in 22q11DS animal models points to disrupted hindbrain patterning
and its consequences—particularly anterior hindbrain patterning based upon comparison of
LgDel (CN V) and Thx1 (CN 1X/X) dependent phenotypes—as a likely pathogenic
mechanism that leads to pediatric dysphagia. This evidence raises another central question:
which mechanisms that normally regulate hindbrain patterning are modified by 22g11
deletion leading to dysphagia-related pathology? It is well known that anterior-posterior
patterning in the hindbrain is sensitive to retinoic acid (RA) signaling [122-125]. RA, an
essential morphogenetic signal, is the biologically active derivative of dietary Vitamin A.
Rigorous regulation of RA levels is crucial for normal development of multiple tissues and
organs. Indeed, disruption of RA levels, or transcription of RA-regulated genes can lead to
changes in anterior-posterior identity of hindbrain neurons and cranial nerves [126, 127].
Changes in RA signaling result in phenotypes similar to those in 22q11DS mouse models or
patients [128-140]. In 22q11DS mouse models, diminished 22g11 gene dosage alters
expression of both RA synthetic and degradation enzymes, and disrupts RA signaling in the
heart, face and forebrain [103, 141-144]. Thus, we asked if there were parallel local changes
in RA signaling, patterning, and subsequent differentiation in the developing LgDel or
Tbx1*/~ hindbrain.

To assess the relationship between CN developmental anomalies, hindbrain patterning, RA
signaling and dysphagia in 22911DS mouse models we first quantified expression of RA-
regulated genes in microdissected embryonic day (E) 9.5 hindbrain, a time when patterning
mechanisms have established rhombomeric domains. Excess RA signaling can result in
phenotypes similar to those seen in the LgDel [145]; therefore, disrupted RA signaling is a
likely candidate for hindbrain anomalies in LgDel embryos. We found that multiple RA-

Dev Biol. Author manuscript; available in PMC 2017 January 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

LaMantia et al.

Page 11

regulated genes were increased in expression level in the LgDel hindbrain (Figure 7A).
These data led us to evaluate whether increased expression was due to locally enhanced
transcription of RA-regulated genes in the hindbrain with maintenance of expression
patterns, or changes in patterning that might alter anterior-posterior rhombomere identities
and subsequent differentiation. We selected an RA-regulated gene that showed substantial
up-regulation and had a distinctive posterior expression pattern, Cyp26b1, and performed in
situ hybridization (ISH) analysis in E9.5 WT, LgDel, and Thx1*/~ mice [9]. Cyp26b1,
normally maximally expressed in rhombomeres 5 and 6, with minimal expression in r3 and
r2, expands into r2 and is increased in expression in r3 and r4 in LgDel embryos (Figure
7B). We did not see parallel changes in Tbx1*/~ embryos. All of these changes are consistent
with a posteriorizing shift in RA-dependent hindbrain patterning in the LgDel embryo,
potentially leading to selective disruption of anterior cranial nerves, particularly CN V, that
regulate distinct aspects of feeding and swallowing.

To begin to assess the contribution of RA signaling to disrupted hindbrain patterning
following 22q11 gene deletion more thoroughly, we asked whether we could restore
developmental phenotypes in CN V or other dysmorphic CNs in the LgDel to the WT state
by manipulating RA signaling levels. Since RA signaling is increased in the LgDel
hindbrain, at least based upon our gPCR and ISH analysis of RA-regulated genes, we chose
to genetically diminish RA synthesis in WT and LgDel embryo [103, 146, 147] and assess
the consequences for anterior versus posterior cranial nerve patterning, as well as levels and
patterns of RA-dependent genes. We bred into WT and LgDel mice one inactivated allele of
Raldh2, the key RA synthetic enzyme for hindbrain patterning [103, 136]. This
heterozygous Raldh2*/~ mutation diminishes RA signaling, assessed using an RARE
reporter mouse, by approximately 25% [103]. When we scored CN V versus VII/VI1II versus
IX/X phenotypes, we found that the frequency of CN V phenotypes diminishes significantly
—so0 that there is a lower frequency of anomalies than those seen, occasionally in WT
embryos—and the morphology of CN V was returned to WT appearance (Figure 7C). We
did not see a parallel change in CN IX/X phenotypes, consistent with selective rescue of
anterior versus posterior rhombomeres and cranial nerves. We have not yet analyzed the
consequences of this rescue of cranial nerve phenotypes in post-natal LgDel:Raldh2*/~ mice
('which are viable) based upon diminished weight gain or milk aspiration (see Figure 4).
Nevertheless, the current data demonstrate that the 22911DS cranial nerve developmental
phenotypes result from the combined effects of disrupted RA signaling for anterior cranial
nerves and disrupted Thx1 function for posterior cranial nerves. Our comparison of LgDel
and Thx1 phenotypes relevant for dysphagia suggests that disrupted anterior patterning in
the LgDel, independent of Thx1, may be an essential determinant for the developmental
origins of pediatric dysphagia.

Easier to swallow? Hindbrain patterning and new therapies for pediatric dysphagia

Our new understanding of potentially pathogenic changes in RA-dependent hindbrain
patterning and subsequent disruption of brainstem circuits that prefigure pediatric dysphagic
phenotypes in 22q11DS mouse models provides a foundation for improving diagnosis and
treatment of the dysphagia in 22q11DS, and more generally in neurodevelopmental
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disorders. Three broad questions must be answered to fully assess the clinical utility of basic
insights into hindbrain pathogenesis of pediatric dysphagia:

1. Can insight into developmental disruption improve diagnosis?—There is
currently no framework for assessing genetic risk for pediatric dysphagia, including risk in
the context of genetic neurodevelopmental syndromes like 22q11DS. Analysis of the role of
individual 22g11 genes beyond Thx1 in disrupting hindbrain patterning or differentiation can
identify novel genes, their upstream regulators, and downstream targets that contribute to
dysphagia risk in 22q11DS, and potentially other neurodevelopmental disorders. By
identifying additional hindbrain, cranial sensory, and oropharyngeal gene expression
changes, particularly those regulated by RA, in the developing LgDel hindbrain, it should be
possible to identify broader gene networks that compromise mechanisms necessary for
optimal development of circuits and structures for feeding and swallowing. Some of these
genes no doubt will emerge as candidate genes for pediatric dysphagia, independent of
established genetic syndromes, or modifiers in the context of such syndromes. Accordingly,
a new understanding of genetic networks that regulate hindbrain patterning and
differentiation critical for feeding and swallowing, made possible by the use of animal
models and a variety of gene discovery approaches, will provide a strong foundation for a
new clinical genetics of pediatric dysphagia. This insight will aid in improved outcomes for
dysphagia by enhancing diagnostic precision and providing a new spectrum of targets for
intervention.

2. What is the contribution of neural circuit dysfunction to pediatric dysphagia
pathology?—Currently, there is no evidence for whether the neural circuits that innervate
oropharyngeal structures critical for feeding and swallowing are altered in pediatric
dysphagia. Since early rhombomere patterning and cranial nerve outgrowth are disrupted, at
least in the LgDel 22911DS model, it is likely that there are functional disruptions in
segmental hindbrain circuits; however, this is yet to be demonstrated experimentally.
Disrupted neural circuits, either those that coordinate motor control based on concerted
activity of segmentally distributed brainstem motor neurons, or appropriate proprioceptive
or nociceptive feedback from cranial sensory neurons, can clearly lead to difficulty in each
phase of feeding and swallowing. Identification of circuit anomalies at the cell biological
level based upon assessment of dendritic and axonal differentiation and the frequency/
distribution of synaptic inputs can identify essential processes that are disrupted by earlier
hindbrain changes. Physiological assessment of circuit function relevant for feeding and
swallowing will provide an outline of how behavioral control can be compromised. These
circuit features include membrane properties of relevant motor, sensory or interneurons,
excitatory/inhibitory balance, conductance of channels, and activation of neurotransmitter
receptors or other regulators of synaptic function. These receptors, channels or synaptic
regulators may prove to be useful targets for therapeutic intervention to improve circuit
function, and thus feeding and swallowing. Modeling pediatric dysphagia in LgDel and
other 22g11DS model mice will provide a new opportunity to analyze the physiology and
pharmacology of hindbrain motor and sensory circuit anomalies and their relationship to
feeding and swallowing behaviors.
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3. Are there feasible strategies to prevent pediatric dysphagia?—Appropriate
levels of maternal micronutrients protect the fetus from stress and facilitate morphogenesis;
altered levels disrupt specific developmental mechanisms. Recent clinical experience
demonstrates that controlling fetal micronutrient exposure via the maternal diet dramatically
improves outcomes for at-risk pregnancies [148]. Two micronutrients, retinoic acid (RA)
and folic acid (FA), have been implicated in developmental processes potentially disrupted
in pediatric dysphagia: hindbrain patterning and craniofacial differentiation. Studies in
animal models demonstrate that FA levels influence dysphagia-related craniofacial
development [149, 150]. Of particular interest, FA supplementation in mice prevents RA-
induced neural tube, palate, heart, and thymus malformations—all 22q11DS phenotypes
[151-154]. Since RA signaling in the hindbrain of the LgDel mouse is associated with
dysphagic phenotypes, FA may prevent some of these defects. Interestingly, similar
developmental anomalies result from exposure to too much or too little RA itself [145],
which is metabolized from maternal sources of Vitamin A during critical stages of
development [155]. We have found that LgDel embryos are sensitized to RA exposures that
are apparently benign for WT embryos [103]. Thus, small changes in RA levels, due to
variation in maternal Vitamin A intake, may significantly alter hindbrain and cranial nerve
development in the 22q11DS embryo. Investigating whether maternal micronutrient-based
therapies—including rigorous control of Vitamin A/RA levels—can prevent specific feeding
and swallowing deficits by correcting disrupted developmental mechanisms could result in
dietary strategies to prevent pediatric dysphagia in at-risk pregnancies.

Understanding the pathology, developmental origins, and prevention of pediatric dysphagia
remains one of the major challenges for improving treatment, quality of life, and attainment
of developmental milestones for infants and children with neurodevelopmental disorders.
Pediatric dysphagia likely arises from a combination of disrupted oropharyngeal musculo-
skeletal as well as cranial neural circuit development. We identified the first functionally
validated genetic model of pediatric dysphagia. The LgDel 22q11DS model has remarkably
parallel perinatal feeding and swallowing difficulties to those seen in infants and children
with 22q11DS. We used developmental biological, genetic, behavioral, and pharmacological
approaches to define pre-natal causes, and likely consequences of disrupted hindbrain
patterning that lead to disrupted feeding and swallowing in this model. Our data indicate that
the pathogenic mechanism is likely focused on alterations of the developing hindbrain and
related neural crest, rather than disrupted peripheral mechanisms that compromise
pharyngeal mesendoderm, cranial ectoderm, or visceral endoderm (Figure 8). Using this
insight, made possible only by the availability of a valid animal model, it is now possible to
identify genetic networks, disrupted morphogenetic mechanisms and altered neural circuits
that account for specific aspects of feeding and swallowing difficulty in pediatric dysphagia
from birth onward. These new data will facilitate design of pre- and peri-natal interventions
that might ameliorate dysphagic complications. Thus, by understanding the early
developmental biology that makes it “hard to swallow” in neurodevelopmental disorders, it
should be possible to define a new basis for the clinical management of pediatric dysphagia
and improve outcomes for the children whose early lives are complicated by this disorder.
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HIGHLIGHTS
Pediatric dysphagia is very common in children with developmental disorders

We assessed this problem in mouse models of DiGeorge/22g11.2 Deletion
Syndrome

Mouse models of 22q11 Deletion Syndrome have multiple phenotypes that are
parallel to key clinical features of pediatric dysphagia.

We present evidence that a primary cause is altered hindbrain patterning
This results in craniofacial defects and changes in growth of cranial nerves

Mechanisms that disrupt hindbrain patterning may idenfity new targets for
effective therapies
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A Incidence of B Neonatal Anomalies
Dysphagia in 22q11.2 DS
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Figure 1.

A. Pediatric dysphagia is a frequent complication in early life. Top: Otherwise typically
developing children with no diagnoses of known developmental or neurodevelopmental
disorders. Current estimates suggest that as few as 25% and as many as 45% of typically
developing children have dysphagia at some point during infancy or childhood (data from
[5]). Middle: Incidence of pediatric dysphagia in all developmental disorders, including
neurodevelopmental disorders suggesting that approximately 80% of children with
developmental disorders have pediatric dysphagia (data from [5]). Bottom: Frequency of
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pediatric dysphagia in children with DiGeorge/22q11.2 Deletion Syndrome (22q11DS).
Available estimates [13] indicate that all of these children have dysphagia at birth, and 57%
continue to have dysphagic symptoms from 4 years of age onward. B. A summary of
clinically significant morphogenetic anomalies seen in infants with 22g11DS. As these
infants grow, they will also encounter behavioral difficulties that identify 22q11DS as a
neurodevelopmental disorder. C. The minimal critical deletion on human Chromosome 22,
ql11.2 that causes 22g11DS, and the parallel deletion in LgDel mice that model 22g11DS. In
humans, low copy repeats (LCR) flank the deleted region, providing a potential mechanism
for deletion during meiotic recombination. In mice, there are no LCRs that flank the
orthologous region to 22g11.2 on mmChromosome 16. The deletion was engineered by
placing lox-p sites at the 3’ and 5’ genes in the orthologous region followed by Cre
recombination to recover heterozygous deleted mice [62]. Figure adapted from (Meechan et
al, 2015).
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Figure 2.
A summary of oropharyngeal structures, cranial nerves, and neural circuits necessary for

normal feeding and swallowing. A. The key oropharyngeal skeletal (gray/white), muscular
(pink) and other soft tissue (dark pink) structures necessary for feeding and swallowing
around birth (left) and in adulthood (right). Note that the soft palate (velum; stipple) must be
elevated and the epiglottis must be lowered to prevent aspiration into the nasopharynx and
trachea, respectively. The relationship between these structures, the mouth and the
esophagus (blue) changes between birth and adulthood (after [33]). B. Multiple cranial
nerves are essential for optimal feeding and swallowing. These nerves are clearly defined in
the embryo (left) and in the adult (right). Cranial Nerve (CN) V (trigeminal) provides much
of the innervation for the lips, tongue and palate. CN VII (facial) innervates primarily the
tongue. CN IX (glossopharyngeal) innervates primarily the tongue and pharynx/esophagus,
and CN X innervates the larynx and the pharynx. Finally, CN XII innervates the muscles of
the tongue. C. The basic organization of the neural circuit for feeding and swallowing
reflects sensory input from peripheral cranial sensory ganglia whose axons run in the cranial
nerves summarized in panel B, as well as cranial motor neurons in the brainstem whose
activity is modulated by multiple inhibitory interneurons, and whose axons also travel to
peripheral muscles via the cranial nerves summarized in panel B.
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Figure 3.
Hindbrain patterning and differentiation in the mouse. Embryos between Embryonic day

E9.5 and E10.5 are shown. A. Rhombomeres, repeating segments that begin at the anterior
aspect of the spinal cord (r7) and end at the region of the hindbrain that will give rise to the
cerebellum (rl), are sites of differential gene expression. This information is maintained by
migratory neural crest in the branchial arches (ba). B. Neural crest migration from the
hindbrain at E10.5, visualized by Wnt1:Cre-dependent recombination of a tdTomato
reporter, generates the cranial ganglia essential for feeding and swallowing (QCN V, VII, IX,
and X). C. Cranial ganglion cells express a variety of transcription factors (Onecutl, or Ocl
is shown here) as cranial sensory neurons differentiate and extend axons into the peripheral
structures that will mediate feeding and swallowing. D. Cranial motor neurons and their
progenitors express multiple transcriptional regulators (Nkx6.1 and Isl1 are shown here) that
identify subsets of these cells during mid-gestation. TuJ1 = anti neuron-specific f-tubulin
(Tubb3).
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Figure 4.
Evidence of dysphagia in LgDel neo-natal mice. A. Left: Growth curves for 22q11DS

patients from birth through 3 years of age (a time when all 22q11DS patients have dysphagic
syndromes) in females (pink) and males (blue). Female and male 22q11DS patients have
equivalent slowing of weight gain. Right: Growth curves for LgDel female (pink) and male
(blue) mice from birth through 30 days of age (identified individually and weighed daily)
show similar diminished weight gain in the 22g11DS model mice. B. Aspiration infections
in the nasopharynx of Postnatal day 7 (P7) LgDel mouse. Left: There are protein
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accumulations that are infiltrated with leukocytes (*asterisks). Right: These accumulations
are composed primarily of murine milk protein (red inset), and are coincident with
accumulations of neutrophils (blue inset). C. Acute aspiration of milk (labeled with
fluorescent green microspheres) into the nasopharynx (NP) of LgDel (right) but not Wild
Type (WT) P7 mouse pups. To = tongue. Figure adapted from (Karpinski et al., 2014,
Meechan et al., 2015).
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Figure 5.
Craniofacial anomalies in developing and mature LgDel mice are prefigured by expression

of multiple 22g11 genes in the craniofacial primordia. A. Failure of palatal elevation in the
E14.5 LgDel mouse (right). The palatal shelves (arrows) have not completed the
characteristic upward growth, as is seen in the WT E14.5 embryo (+/+; left). B. The
mandible of the young adult LgDel mouse (P30) is smaller and morphometrically anomalous
(measurements between cardinal points identified in circles at left are provided in the
histogram at right). C. Multiple 22q11 genes are expressed at substantial levels in WT
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craniofacial primordia. g°PCR measurements of these genes for branchial arch 1b (balb;
mandible) and branchial arch 2 (ba2; hyoid) are shown here; similar values are seen for bala

[
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CNgl

Figure 6.
Development of cranial nerves that are critical for feeding and swallowing is disrupted in

LgDel mice. A. A comparison of cranial nerve differentiation at E10.5 in WT and LgDel
mice. Left; a dorsal view of the hindbrain from an E10.5 WT (left) and E10.5 LgDel embryo
(right) in which the cranial nerves have been labeled in the whole specimen using a
neurofilament antibody. The arrows indicate the diminished distance between gCN V and
gCN VII in the LgDel. The asterisks indicate the diminished presence of presumed motor
axons exiting into CN V and CN VII in the LgDel. Finally, gCN IX and X are distinct
entities in the WT, but are fused and appear to be shifted anteriorly (possibly due to
diminished size of the anterior regions), in the LgDel. Right: High magnification lateral
views compare WT cranial nerves with those compromised in the LgDel mouse. Both CN V
and CN VII appear smaller and dysmorphic. The most consistent changes (statistically
significant based on blind scoring by 4 independent observers; [9]) are: diminished thickness
and lack of branching of all three divisions of CN V (ophthalmic-op; maxillary-mx;
mandibular-md; arrows and bracket; upper panels); lack of terminal bifurcated branching in
CN VII (arrows, middle panels), and fusions or anomalous axon branches that join CN X
and X (arrows, lower panels). B. Distinct changes in cranial nerve development are seen in
Thx1*/~ E10.5 embryos. Left: The distance between CN V and V11, seen in a dorsal view of
the neurofilament labeled E10.5 hindbrain in the Thx1*/~ embryo is not diminished (arrows),
as is the case in the LgDel (shown for comparison in the right panel), and the size and
branching of CN V and VII are comparable to WT. In contrast, we found fusions and
anomalous axon fascicles between CN IX and X, and these approximate the phenotypes
seen in the LgDel embryo. We note, however, that CN 1X and X appear smaller in the LgDel
than in the Thx1*/~ mouse. Right: WT CN IX and X (top) are separated (arrows) and their
axons extend in an orderly fashion both centrally and peripherally. Tbx1*~ CN IX and X are
fused (arrows), as in the LgDel (compare with lower right panel in A). These fusions in the
Thx1*/~ embryo happen at the same frequency as those seen in the LgDel [9], supporting a
key role for heterozygous loss of function of Thx1*/~ for this CN phenotype.
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Figure 7.
Retinoic acid (RA) signaling is altered in the LgDel hindbrain, leading to changes in

anterior-posterior patterning. A. gPCR analysis, in microdissected E9.5 hindbrains from WT
and LgDel embryos, of a subset of highly RA-regulated genes known to be expressed at
substantial levels in the E9.5 hindbrain, as well as two control genes (Shh, and Cdc45, a
22011 gene). Expression levels for all but one of these genes (Cyp26a1l) are significantly
increased in the E9.5 hindbrain. B. Disrupted pattern of RA-regulated gene expression in the
E9.5 hindbrain of LgDel, but not Tbx1*/~ embryos. We used in situ hybridization (ISH) for
Cyp26b1, which is highly retinoid regulated in WT, and has a distinct posterior-hindbrain
expression pattern: enhanced in r5 and r6 with diminished expression in r3 and r4 and little
to no expression in r2 (left). There is a dramatic anterior shift of expression, in parallel with
the increased expression seen in our g°PCR measurements (see panel A), in the LgDel
embryo (middle). There is now substantial Cyp26b1 expression in r3 and r4, and expression
continues into r2. This shift is consistent with a “posteriorizing” influence of altered RA
signaling on hindbrain differentiation in the LgDel. A similar expansion of Cyb26b1 labeling
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is not seen in the Thx1*/~ hindbrain (right). C. Lowering RA signaling levels in LgDel mice
by approximately 25% [103] using a heterozygous null allele of the RA synthetic enzyme
Raldh2, results in rescue of the CN V phenotypes in LgDel, but not CN IX and X
phenotypes. The CN V rescue in LgDel was remarkably statistically robust (far right, top);
however there is no statistical evidence for rescue of the CN IX/X phenotype (far right,
bottom). D. ISH analysis of Cyp26b1 expression in Raldh2*/~;LgDel compound embryos
shows that the expression levels and pattern of this RA-regulated gene are now comparable
to WT. gPCR analysis (not shown; Karpinski et al, 2014) is consistent with this rescue; RA
dependent genes are restored in their expression to levels indistinguishable from WT. Figure
adapted from (Karpinski et al., 2014).
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Figure 8.
Multiple developmental disruptions may underlie pediatric dysphagia. One possibility,

supported by some of the observations in the LgDel mouse model of 22q11DS summarized
in this review, is that feeding and swallowing dysfunction arises due to disruptions of
hindbrain patterning. These disruptions then compromise hindbrain motor neuron
differentiation as well as neural crest specification that is key for cranial nerve growth,
appropriate sensory and motor innervation as well as morphogenesis of oropharyngeal
structures critical for optimal feeding and swallowing. A second possibility is that pediatric
dysphagia is primarily a disorder of disrupted craniofacial/oropharyngeal development due
to altered patterning and differentiation of cranial mesendoderm and ectodermal placodes—
independent of any significant, primary involvement of the central nervous system or
neuroectodermal derivatives. These changes would lead primarily to oropharyngeal
morphogenetic anomalies that would alter feeding and swallowing mechanics, with only
secondary changes in motor or sensory innervation and circuit function—some of which
might be compensatory for the peripheral dysmorphology. We note that these two possible
general mechanisms are not mutually exclusive. Indeed mutations, teratogens, or maternal
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stress might alter both in parallel, modifying normal central/peripheral interactions leading
to pathogenesis that results in pediatric dysphagia.
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