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1. Abstract

1.1 Abstract in English

Cyclic vomiting syndrome has an entry [MIM # 500007] in
the online catalogue of Mendelian Inheritance in Man [OMIM 2020] in
which it is currently attributed to mutations in the mitochondrial
transfer RNA-leucine [MTTLI; MIM # 590050] gene. Phenotipically, a
subset of patients, with cyclic vomiting syndrome, is also recognised
[Cyclic vomiting syndrome plus], as having coexisting neuromuscular
disorders, with cognitive delay, myopathy, or seizure disorders.
Additional differences within the cyclic vomiting syndrome have been
recorded by Li and colleagues [1999] in the majority (82%) of their
214 children with CVS who had associated migraines, less severe
vomiting and higher response rates to anti-migraine therapy. Families
with CVS running through multiple generations have been
anectodically reported.

Nowadays, we know that cyclic vomiting (syndrome), migraines,
epilepsy and other gastrointestinal motility functional disorders all
apparently underlie some forms of mitochondrial dysfunction. This
dysfunction, in mitochondrial unbalance, could be subclinical at
baseline, but exacerbated by physiological stressors such as an acute

systemic illness. Inherited disorders of metabolism [e.g., fatty acid



oxidation disorders, mitochondrial disorders, or urea cycle deficits]
have been sporadically reported in individuals with cyclic vomiting
syndrome as well as chromosomal abnormalities. On the other hand,
affected persons with cyclic vomiting syndrome as well as those with
hyperemesis gravidarum can harbour mutations in single gene(s),
which encode for voltage-gated ion channel (e.g., RYR2 or SCN4A
genes) or neurotransmitter (e.g., cannabinoid CNR! or opioid OPMRI
genes) proteins/receptors.

Cyclic vomiting syndrome, running through generations, has
been sporadically reported. In our personal experience, cyclic vomiting
[associated or not with migraines, gastrointestinal motor dysfunction
and/or epilepsy], was recorded in two to three and even four
generations [Ruggieri et al., unreported data]: interestingly, in all our 5
families CVS was constantly vertically inherited, either in females only
or in males only, through generations and segregated independently
from other associated genetic conditions [e.g., from neurofibromatosis
type 1 in one family].

In our study we have recruited five families with CVS in which
we have considered age of onset, maternal or paternal line, association
or not with migraines, gastrointestinal motor dysfunction, epilepsy
and/or genetic conditions. In these families we have found
mitochondrial dysfunction associated to CVS.

Mitochondrial ~ dysfunction [i.e., mitochondrial = DNA



polymorphisms [including A3243G, C16519T and G3010A mtDNA
polymorphisms and mutations in the MTTL1 mitochondrial gene (MIM
# 590050) or mitochondrial DNA rearrangements or deletions] has
been demonstrated in pediatric cyclic vomiting syndrome. The
functional significance of these single nucleotide polymorphisms
(SNPs) remains unknown. Besides, these mitochondrial associations
have not been replicated in adults with cyclic vomiting, thus suggesting
the role of other non-mitochondrial factors in adult CVS patients.

Inherited inborn errors of metabolism, including fatty acid
oxidation disorders, urea cycle defects, mitochondrial and aminoacids
disorders have been associated with pediatric CVS.

Among the chromosomal disorders, the 18q-syndrome has been
anectodically reported in combination with cyclic vomiting syndrome
in a girl.
Individuals with cyclic vomiting syndrome may also harbour
(polymorphic) mutations in single genes, including: (1)
RYR?2 (ryanodine receptor 2) [MIM # 180902; on chromosome 1g43];
(2) SCN4A (sodium channel voltage-gated, type IV subunit alpha)
[MIM # 603967; on chromosome 17g23.3]; (3) CNRI1 (cannabinoid
receptor 1) [MIM # 114610; on chromosome 6q15]; and (4) OPRM1
(opioid receptor MU 1) [MIM # 600018; on chromosome 6q25.2].

The RYR2 gene, encodes for a stress-induced calcium release

channel receptor 2, which is part of the ryanodine receptor [RYR: a



tetramer composed of 4 RYR2 polypeptides and 4 FK506-binding
proteins or FKBP12.6], present in the sarcoplasmic reticulum of: (a)
cardiac muscular cells [where it acts as the major source of calcium,
required for cardiac muscle excitation-contraction coupling], being
responsible for (type 2) right ventricular dysplasia with cardiac
arrhythmia type 2 [MIM # 600996] and (type 1) catecholaminergic
polymorphous ventricular tachycardia [MIM # 604772] and (b)
autonomic and other neurons. Interestingly, mutations in RYR2 have
also been recorded in hyperhemesis gravidarum. Marx et al. [2000]
demonstrated that protein kinase A [PKA; MIM # 176911; on
chromosome 7p22.3] phosphorylation of RYR2 dissociates FKBP12.6
and regulates the channel open probability: in defective hearts RYR?2 is
PKA hyperphosphorilated, resulting in defective channel function due
to increased sensitivity to calcium-induced activation.

The SCN4A gene, encodes for a component (i.e., the alpha sub-
unit 4) of the voltage gated sodium channel integral membrane protein,
which forms a pore in the cytoplasmic membrane conducting sodium
ions through the membane and is responsible so far for: (a) a group of
related muscular disorders, including hyperkalemic periodic paralysis
[HYPP; MIM # 170500], paramyotonia congenita [PMC; MIM #
168300]and (b) a group of disorders classified as potassium-aggravated
myotonia [MIM # 608390] and hypokalemic periodic paralysis type 2
[HOKPP2; MIM # 613345].



The CNRI gene encodes for the G-protein coupled pre-synaptic
cannabinoid receptor 1 (CBy), which is expressed in glutamatergic and
GABAergic interneurons, located prevalently in the central (e.g.,
hippocampus, basal ganglia, cerebellum, neo-cortex and spine),
peripheral and autonomic (e.g., heart and gut) nervous system but also
in the endocrine and sexual glands, and 1is activated by
endocannabinoids acting as a modulator, which in turn decreases the
release of glutamate and GABA. Interestingly, the use of cannabinoids
is relatively common among individuals with cyclic vomiting
syndrome, and chronic cannabis use has been associated paradoxically
with cannabinoid hyperemesis syndrome [CHS].

The OPRM1 gene encodes for the [1-opioid receptor (MOR),
which is the primary site of action for the endogenous enkephalins and
beta-endorphins, and is located in the pre- and post-synaptic regions of
neurons distributed over the brain (e.g., periacqueductal region, dorsal
horns of the spine, olfactory bulb and neocortex) and intestinal tract.

A proposed genetic-related unifying pathogenic mechanism
implies that the synergic roles of these nuclear DNA mutations and
single gene sequence variants may result in aberrant stress-induced
calcium release [RYR2-mediated] into the mitochondria, or sodium
release/balance [SNN4A-mediated] across the cytoplasmic membrane,
or neurotransmitter modulation [e.g., CNR1- or OPRMI1-mediated] or

axonal transport (KIF1B) or energy production (TRAP1) of autonomic



neurons, resulting in an increased risk of developing
autonomic/functional disease such as cyclic vomiting, and related
conditions such as migraine, epilepsy and gut dysmotility: this model
incorporates the existing hypotheses regarding cyclic vomiting
syndrome pathogenesis into a cohesive mechanism, and might have
treatment implications.

Chew and colleagues [2013] expanded a “TUBB3 E410K
phenotype” originally known as type 3 congenital fibrosis of the extra-
ocular muscles [CFEOM; MIM # 600638; on chromosome 16q24.3],
which is secondary to mutations in the TUBB3 [tubulin beta-3; MIM #
602661] gene, which encode for one (i.e., beta-tubulin) of the two
heterodimer proteins that compose microtubules by adding, besides
congenital fibrosis of the extra-ocular muscles, facial weakness,
developmental delay and progressive sensorimotor peripheral
neuropathy, Kallmann syndrome [1e., hypogonadotropic
hypogonadism and anosmia; MIM # 308700], stereotyped midface
hypoplasia, intellectual disabilities and, in some cases, vocal cord
paralysis, tracheomalacia and cyclic vomiting. They inferred that the
c.1228G>A mutation in the 7TUBB3 gene and subsequent E410K
aminoacid substitution in the beta-tubulin 3 protein, defines a new
genetic aetiology for Moebius syndrome [MIM # 157900], Kallmann
syndrome and cyclic vomiting.

In the perspective of future research directions larger genetic and



functional studies of CVS in both adults and children will be needed to
better establish the heritable basis of this disorder. It is critical that
these studies involve well-characterized patient sub-sets in order to
better delineate genotype-phenotype relationships.

To quote an instance, a patient with hypoglycemia-triggered
CVS attacks might be more likely to have genetically determined
mitochondrial dysfunction than an individual with CVS attacks

provoked primarily by psychological stressors.
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1.2 Abstract in Italian

La sindrome del vomito ciclico viene riportata [MIM # 500007]
nel catalogo online delle patologie ad eredita mendeliana nell’'uomo
[OMIM 2020] ed ¢ attualmente attribuita in questo catalogo a
mutazioni nel trasferimento mitocondriale RNA-leucina [MTTLI;
MIM # 590050]. Dal punto di vista fenotipico, viene riconosciuto
anche un sottogruppo di pazienti con sindrome del vomito ciclico
[sindrome del vomito ciclico plus], che hanno disturbi neuromuscolari
coesistenti, inclusi ritardo cognitivo, miopatia o disturbi convulsivi.
Ulteriorn differenze all'interno della sindrome del vomito ciclico, sono
state registrate da Lin e colleghi [1999] nella maggioranza (82%) dei
loro 214 bambini con CVS che avevano emicranie associate, vomito
meno grave e tassi di risposta piu elevati alla terapia antiemicranica.
Famiglie con CVS che si susseguono in piu generazioni sono state
segnalate dalla casistica aneddotica

Ormai sappiamo che la sindrome del vomito ciclico, I’emicrania,
I’epilessia e altri disturbi funzionali della motilita gastrointestinale sono
apparentemente alla base di alcune forme di disfunzione mitocondriale.
Questa disfunzione, nello squilibrio mitocondriale, potrebbe risultare di
base subclinica ma, a seguito di fattori di stress fisiologici, potrebbe
essere responsabile di una malattia sistemica acuta. Disturbi ereditari

del metabolismo [ad esempio, disturbi dell'ossidazione degli acidi
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grassi, disturbi mitocondriali o deficit del ciclo dell'urea] sono stati
segnalati sporadicamente in individui con sindrome del vomito ciclico,
cosi come anomalie cromosomiche. D'altra parte, le persone affette da
sindrome del vomito ciclico e quelle con iperemesi gravidica possono
presentare mutazioni in singoli geni, che codificano per il canale ionico
voltaggio-dipendente (p. Es., Geni RYR2 o SCN4A) o per
proteine/recettori dei neurotrasmettitori (p. Es. Geni CNRI1 o oppioidi
OPMRI).

La sindrome del vomito ciclico trasmessa in pit generazioni ¢
stata segnalata sporadicamente. Nella nostra esperienza personale, il
vomito ciclico [associato 0 meno a emicrania, disfunzione motoria
gastrointestinale e / o epilessia], ¢ stato registrato in due, tre e anche
quattro generazioni [Ruggieri et al., Dati non riportati]: interessante
come in tutte le nostre 5 famiglie la CVS ¢ stata costantemente
ereditata verticalmente, o solo nelle femmine o solo nei maschi,
attraverso le generazioni, e rilevata indipendentemente da altre
condizioni genetiche associate [ad esempio, dalla neurofibromatosi di
tipo 1 in una famiglia].

Nel nostro studio abbiamo reclutato cinque famiglie con CVS di
cui abbiamo considerato I’eta di esordio, la linea materna o paterna,
I’associazione o meno con I’emicrania, la disfunzione motoria
gastrointestinale, 1’epilessia e / o le condizioni genetiche. In queste

famiglie abbiamo riscontrato una disfunzione mitocondriale associata a
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CVS.

Mutazioni mitocondriali  [cioe, polimorfismi del DNA
mitocondriale [inclusi 1 polimorfismi del mtDNA A3243G, C16519T e
G3010A e mutazioni nel gene mitocondriale MTTL1 (MIM # 590050)
o riarrangiamenti o delezioni del DNA mitocondriale] sono state
dimostrate nella sindrome del vomito ciclico in eta pediatrica. 1l
significato funzionale di questi polimorfismi a singolo nucleotide
(SNP) rimane sconosciuto. Inoltre, queste associazioni mitocondriali
non sono state replicate negli adulti con vomito ciclico, presupponendo
cosi il ruolo di altri fattori genetici non mitocondriali nei pazienti adulti
con CVS. Errori congeniti del metabolismo - errori congeniti ereditari
del metabolismo, inclusi disturbi dell'ossidazione degli acidi grassi,
difetti del ciclo dell'urea, disturbi mitocondriali e amminoacidi- sono
stati associati alla CVS pediatrica.

Tra 1 disturbi cromosomici, ¢ stata segnalata la sindrome 18g- in
associazione con la sindrome del vomito ciclico in una ragazza.

Gli individui con sindrome da vomito ciclico possono anche
ospitare mutazioni (polimorfiche) in singoli geni, tra cui: (1) RYR2
(recettore 2 della rianodina) [MIM # 180902; sul cromosoma 1q43]; (2)
SCN4A (canale del sodio voltaggio-dipendente, subunita alfa di tipo
IV) [MIM # 603967; sul cromosoma 17q23.3]; (3) CNRI (recettore 1
dei cannabinoidi) [MIM # 114610; sul cromosoma 6ql5]; e (4)
OPRMI (recettore oppioide MU1) [MIM # 600018; sul cromosoma
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6q25.2].

Il gene RYR2 codifica di un recettore del canale di rilascio di
calcio indotto da stress, che fa parte del recettore della rianodina [RYR:
un tetramero composto da 4 polipeptidi RYR2 e 4 proteine leganti
FK506 o FKBP12.6] presente nel reticolo sarcoplasmatico di: (a)
cellule muscolari cardiache [dove agisce come la principale fonte di
calcio, necessaria per l'accoppiamento eccitazione-contrazione del
muscolo cardiaco], responsabili di (tipo 2) displasia ventricolare destra
con aritmia cardiaca di tipo 2 [MIM # 600996], di (tipo 1) tachicardia
ventricolare polimorfa catecolaminergica [MIM # 604772] e di (b)
neuroni autonomici e altri. E interessante notare che mutazioni in
RYR2 sono state registrate anche nell'iperemesi gravidica. Marx et al.
[2000] hanno dimostrato che la proteina chinasi A [PKA; MIM #
176911; sul cromosoma 7p22.3] attraverso la fosforilazione di RYR2
dissocia FKBP12.6 e regola la probabilita di apertura del canale: nei
cuori difettosi RYR2 ¢ iperfosforilato da PKA, con conseguente
funzione alterata del canale a causa dell'aumentata sensibilita
all'attivazione indotta dal calcio.

Il gene SCN4A codifica un componente (cioe, la subunita alfa 4)
della proteina di membrana integrale del canale del sodio con voltaggio
dipendente, che forma un poro nella membrana citoplasmatica che
conduce gli ioni sodio attraverso la membrana e la sua mutazione ¢

responsabile finora di : (a ) un gruppo di disturbi muscolari correlati,
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inclusa la paralisi periodica iperkaliemica [HYPP; MIM # 170500],
paramiotonia congenita [PMC; MIM # 168300]; e (b) un gruppo di
disturbi classificati come miotonia aggravata da potassio [MIM #
608390] e paralisi periodica ipokaliemica di tipo 2 [HOKPP2; MIM #
613345].

Il gene CNRI1 codifica del recettore cannabinoide pre-sinaptico
accoppiato a proteine G 1 (CB1), espresso negli interneuroni
glutammatergici e GABAergici, localizzati prevalentemente nel
sistema nervoso centrale (p. Es., Ippocampo, gangli della base,
cervelletto, neocorteccia e colonna vertebrale), e nel sistema nervoso
periferico e autonomo (p. es., cuore € intestino), ma anche nelle
ghiandole endocrine e sessuali, ed ¢ attivato dagli endocannabinoidi
che agiscono come un modulatore, che a sua volta diminuisce il rilascio
di glutammato e GABA. E interessante notare che 1'uso di cannabinoidi
¢ relativamente comune tra gli individui con sindrome del vomito
ciclico e 1'uso cronico di cannabis ¢ stato associato paradossalmente
alla sindrome da iperemesi dei cannabinoidi [CHS].

Il gene OPRMI codifica del recettore [J-oppioide (MOR), che ¢
il sito di azione principale per le encefaline e le beta-endorfine
endogene, e si trova nelle regioni pre e post-sinaptiche dei neuroni
distribuiti nel cervello (es. regione periacqueduttale, corna dorsali della
colonna vertebrale, bulbo olfattivo e neocorteccia) e nel tratto

intestinale.
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Un meccanismo patogeno unificante, correlato alla genetica
proposta, implica che i ruoli sinergici di queste mutazioni del DNA
nucleare e delle varianti di singole sequenze geniche possono
provocare un rilascio aberrante di calcio indotto da stress [RYR2-
mediato] nei mitocondri, o rilascio / equilibrio di sodio [SNN4A-
mediato | attraverso la membrana citoplasmatica o la modulazione del
neurotrasmettitore [p. es., mediata da CNR1 o OPRMI1] o il trasporto
assonale (KIF1B) o la produzione di energia (TRAP1) dei neuroni
autonomici, con conseguente aumento del rischio di sviluppare malattie
funzionali come il vomito ciclico e condizioni correlate come
emicrania, epilessia e dismotilita intestinale: questo modello incorpora
le ipotesi esistenti sulla patogenesi della sindrome del vomito ciclico in
un meccanismo coesivo, e potrebbe avere implicazioni terapeutiche.

Chew e colleghi [2013] hanno ampliato un "fenotipo TUBB3
E410K" originariamente noto come fibrosi congenita di tipo 3 dei
muscoli extra-oculari [CFEOM; MIM # 600638; sul cromosoma
16g24.3], che ¢ secondario a mutazioni nel TUBB3 [tubulina beta-3;
MIM # 602661], che codifica per una (cioe, beta-tubulina) delle due
proteine eterodimere che compongono i microtubuli, aggiungendo,
oltre alla fibrosi congenita dei muscoli extraoculari, debolezza facciale,
ritardo dello sviluppo e neuropatia periferica sensomotoria progressiva,
Sindrome di Kallmann [ciog, ipogonadismo ipogonadotropo e anosmia;

MIM # 308700], ipoplasia medio facciale stereotipata, disabilita
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intellettiva e, in alcuni casi, paralisi delle corde vocali, tracheomalacia
e vomito ciclico. Hanno dedotto che la mutazione c.1228G> A nel gene
TUBB3 e la successiva sostituzione dell'amminoacido E410K nella
proteina beta-tubulina 3, definisce una nuova eziologia genetica per la
sindrome di Moebius [MIM # 157900], la sindrome di Kallmann e il
vomito ciclico.

Nella prospettiva di indicazioni per ricerche future, saranno
necessari studi genetici e funzionali pitt ampi sulla CVS sia negli adulti
che nei bambini per stabilire meglio le basi ereditabili di questo
disturbo. E fondamentale che questi studi coinvolgano sottoinsiemi di
pazienti ben caratterizzati al fine di delineare meglio le relazioni
genotipo-fenotipo. Ad esempio, un paziente con attacchi di CVS,
innescati da ipoglicemia, potrebbe avere maggiori probabilita di avere
una disfunzione mitocondriale geneticamente determinata rispetto a un
individuo con attacchi di CVS provocati principalmente da fattori di

stress psicologico.
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2. Introduction

Cyclic vomiting syndrome is identified by acute, stereotyped and
recurrent episodes of intense nausea with incoercible vomiting lasting
from hours to a few days. There are difficulties in obtaining reliable
epidemiological evidences for CVS, being an undiagnosed condition;
both children and adults are affected although the clinical presentation
and natural history vary somewhat with age. Patient with CVS are
predominantly white, followed by African Americans and Hispanics.
CVS appears to be slightly more common in females and associates
with family (especially maternal) or personal history of migraines (up
to 82%). In fact, since pediatric age, CVS evolves into migraine later in
life in most patients, so CVS has been considered a migraine-related or
migraine equivalent disorder based on a high family prevalence of
migraines, on the effectiveness of anti-migraine therapy and the
observation of mitochondrial DNA polymorphisms in CVS and
migraine patients. According to the International Classification of
Headache Disorders (ICHD III beta) CVS is classified as a pediatric
migraine variant among the episodic syndromes that may be associated
with migraine.

Clinically, four phases have been identified: prodromal, emetic,

recovery and inter-episodic. About 90% of the patients experience a
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prodromal phase, that is characterized mainly by signs and symptoms
of autonomic dysfunction such as pallor, sweating, lethargy, hot flashes
and rarely fever and drooling. Abdominal pain is described in the
prodromal as well as in other phases. In approximately three-quarters
of the patients, recurring stressors, such as emotional stress or
infections, among the most common, are identified prior to the
outbreak of CVS episodes. The emetic phase is characterized by a
projectile, intense vomit, often bilious, averaging 6 times an hour at its
peak, that often leads to children’s dehydration. After the episode,
children return to normal or baseline state of health lasting weeks to
months (inter-episodic phase). Five to 12% of the suffers may
experience interictal nausea and emesis (“‘coalescent CVS) usually less
severe than that during the CVS episodes. There are three main
different sets of criteria to consider for diagnosis of CVS in children.
The most widely used in pediatric literature are the NASPGHAN (1)
and the Rome IV classifications. The third classification was provided
by ICHD (6), which, in its 3" edition (beta version), includes the CVS
among the episodic syndromes that may be associated with migraine.
The fundamental difference among classifications involves the number
of recurrent episodes of vomiting that are required to make the CVS
diagnosis.

The recent Roma IV criteria include Cyclic Vomiting Syndrome

among the functional gastrointestinal disorders (FIGID), idiopathic
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disorders of gut brain interaction affecting different parts of the
gastrointestinal tract symptoms that are not attributable to organic
etiology.

CVS goes in differential diagnosis with seven main disorders
that can be grouped in the acronym “URGENTIME”: Urologic,
Gastrointestinal, Endocrine, Neurologic disorders, Toxins/medications
(recurrent) Infections and Metabolic diseases.

Anxiety and mood symptoms represent the most prevalent
comorbidities. Among gastrointestinal comorbidities, irritable bowel
syndrome, gastroparesis and gastroesophageal reflux are the most
frequently shown in population with CVS. Even epilepsy and panic
disorder share some clinical features with CVS.

The natural history of CVS says that CVS resolves in most
children (50-70%), in late childhood or early adolescence. In one study,
among 41 children with CVS, 39% of them reported resolution of
symptoms, either immediately or within weeks from diagnosis.
According to another study on 28 cases (adult and children) with CVS,
62% of the patients showed a gradual improvement in symptoms and
24% of them had complete resolution at the average of 7 years’ time
lapse. Less commonly, CVS persists in adulthood or it may even begin
in adulthood.

CVS is a relatively uncommon condition, therefore there are no

therapeutic controlled or open trials in the management of CVS, and
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treatment recommendations are mainly based on experts’ opinions.
Further clinical studies are crucial to assessing the efficiency and safety
of the different treatment opinions and how the quality of life, the
attack-free interval and the acute phase of the disease change with
antiepileptic drugs administration compared to a standard therapy.

The etiopathogenesis is likely to be multifactorial. Recent
evidence suggests that aberrant brain-gut pathways leading to migraine,
mitochondrial enzymopathies, gastrointestinal motility disorders,
calcium channel abnormalities and hyperactivity of the hypotalamic-
pituiritary-adrenalaxis in response to a triggering environmental
stimulus are involved in the CVS development. Genetic factors have
been linked to CVS, but further research is required to better establish
the heritable basis of these disorders.

Cyclic vomiting syndrome, running through generations has
been sporadically reported [Haan et al., 2002; Salpietro et al., 2003;
Boles et al., 2003, 2005]. From our personal experience, cyclic
vomiting [associated or not with migraines, gastrointestinal motor
dysfunction and/or epilepsy], was recorded in two to three and even
four generations [Ruggieri et al., unreported data]: interestingly, in all
of our 5 families CVS was constantly vertically inherited either in
females only or in males only through the generations [Boles et al.,
2003, 2005], and segregated independently from other associated

genetic conditions [e.g., from neurofibromatosis type 1 in one family].
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Among the several pathophysiologic mechanisms that have been
postulated, a very interesting role is played by mitochondrial
dysfunction in CVS pathophysiology based on the striking maternal
inheritance pattern, the presence of an energy-depletion pattern on
urine organic acid measurements and the efficacy of mitochondrial-
targed therapies, such as coenzyme Q10, L-carnitine and riboflavin.

However, so far CVS has an entry (MIM#500007) in the online
catalogue of Mendelian Inherence in Man, in which it is currently
attributed to mutations in the mitochondrial transfer RNA-leucine
(MTTL1; MIM#590050) gene. Mitochondrial dysfunction (i.e.
mitochondrial DNA polymorphisms including A3243G, C16519T and
G3010A mtDNA polymorphism and mutations in the MTTLI
mitochondrial gene (MIM #590050) or mitochondrial DNA
rearrangements or deletions) has been demonstrated in some patients.
The genotype/phenotype correlation remains unclear as well as the
functional role of mitochondrial dysfunction has yet to be determined.
A simplistic underlying hypothesis is that mtDNA polymorphisms
might impact energy metabolism during both a resting state, by
decreasing the ability to preserve transmembrane ion gradients and
hence predisposing to a hyperexcitability state, and during stress
circumstance, by failing to mount a greater energy supply for increased
demand. Furthermore, these mitochondrial associations have not been

replicated in adults with cyclic vomiting, thus suggesting the role of
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other non-mitochondrial factors. Individuals with CVS may also
harbour (polymorphic) mutations in single genes, including: (1) RYR2
(ryanodine receptor 2) (MIM # 180902; on chromosome 1g43); (2)
SCN4A (sodium channel voltage-gated typelV subunit alpha) (MIM #
114610; on chromosome 17g23.3); (3) CNR1 (cannabinoid receptor 1)
(MIM # 114610; on chromosome 6ql5); and (4) OPRMI1 (opioid
receptor MU1)(MIM#600018;0n chromosome 6q25.2).

The 18q- syndrome has been anectodically reported in
combination with cyclic vomiting syndrome in a girl.

The RYR2 gene encodes for a stress-induced calcium release
channel receptor 2, which is part of the ryanodine receptor [RYR: a
tetramer composed of 4 RYR2 polypeptides and 4 FKS506-binding
proteins or FKBP12.6], present in the sarcoplasmic reticulum of: (a)
cardiac muscular cells [where it acts as the major source of calcium,
required for cardiac muscle excitation-contraction coupling], being
responsible for (type 2) right ventricular dysplasia with cardiac
arrhythmia type 2 [MIM # 600996] and (type 1) catecholaminergic
polymorphous ventricular tachycardia [MIM # 604772]; and (b)
autonomic and other neurons. Interestingly, mutations in RYR2 have
also been recorded in hyperhemesis gravidarum. Marx et al. [2000]
demonstrated that protein kinase A [PKA; MIM # 176911; on
chromosome 7p22.3] phosphorylation of RYR2 dissociates FKBP12.6
and regulates the channel open probability: in defective hearts RYR2 is
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PKA hyperphosphorilated, resulting in defective channel function due
to increased sensitivity to calcium-induced activation.

The SCN4A gene encodes for a component (i.e., the alpha
subunit 4) of the voltage gated sodium channel integral membrane
protein, which forms a pore in the cytoplasmic membrane conducting
sodium ions through the membrane and is responsible so far of: (a) a
group of related muscular disorders, including hyperkalemic periodic
paralysis [HYPP; MIM # 170500], paramyotoniacongenita
[PMC; MIM # 168300]; (b) a group of disorders classified as
potassium-aggravated myotonia [MIM # 608390], and hypokalemic
periodic paralysis type 2 [HOKPP2; MIM # 613345].

The CNRI gene encodes for the G-protein coupled pre-synaptic
cannabinoid receptor 1 (CB,;), which is expressed in glutamatergic and
GABAergic interneurons, located prevalently in the central (e.g.,
hippocampus, basal ganglia, cerebellum, neo-cortex and spine),
peripheral and autonomic (e.g., heart and gut) nervous system but also
in the endocrine and sexual glands, and 1is activated by
endocannabinoids acting as a modulator, which in turn decreases the
release of glutamate and GABA. Interestingly, the use of cannabinoids
i1s relatively common among individuals with cyclic vomiting
syndrome and chronic cannabis use has been associated paradoxically
with cannabinoid hyperemesis syndrome [CHS].

The OPRM1 gene encodes -opioid receptor ([ /for the MOR),

24



which is the primary site of action for the endogenous enkephalins and
beta-endorphins, and is located in the pre- and post-synaptic regions of
neurons distributed over the brain (e.g., periacqueductal region, dorsal
horns of the spine, olfactory bulb and neocortex) and intestinal tract.

A proposed genetic-related unifying pathogenic mechanism
infers that the synergic roles of these nuclear DNA mutations and
single gene sequence variants may result in aberrant stress-induced
calcium release [RYR2-mediated] into the mitochondria [Hasler et al.,
2019], or sodium release/balance [SNN4A-mediated] across the
cytoplasmic membrane, or neurotransmitter modulation [e.g., CNRI1-
or OPRMI-mediated] or axonal transport (KIFIB) or energy
production (TRAP1) of autonomic neurons, resulting in an increased
risk to develop autonomic/functional disease such as cyclic vomiting,
and related conditions such as migraine, epilepsy and gut dysmotility:
this model incorporates the existing hypotheses regarding cyclic
vomiting syndrome pathogenesis into a cohesive mechanism, and
might have treatment implications.

Chew and colleagues [2013] expanded a “TUBB3 E410K
phenotype” originally known as type 3 congenital fibrosis of the extra-
ocular muscles [CFEOM; MIM # 600638; on chromosome 16q24.3],
which is secondary to mutations in the TUBB3 [tubulin beta-3; MIM #
602661] gene, which encodes for one (i.e., beta-tubulin) of the two

heterodimer proteins that compose microtubules, by adding, besides
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congenital fibrosis of the extra-ocular muscles, facial weakness,
developmental delay and progressive sensorimotor peripheral
neuropathy, Kallmann syndrome [1e., hypogonadotropic
hypogonadism and anosmia; MIM # 308700], stereotyped midface
hypoplasia, intellectual disabilities and, in some cases, vocal cord
paralysis, tracheomalacia and cyclic vomiting. They deduced that the
¢.1228G>A mutation in the TUBB3 gene and subsequent E410K amino
acid substitution in the beta-tubulin 3 protein, defines a new genetic
aetiology for Moebius syndrome [MIM # 157900], Kallmann
syndrome and cyclic vomiting.

Larger genetic and functional studies of CVS in both adults and
children will be needed to better establish the heritable basis of this
disorder. It is critical that these studies involve well-characterized
patient sub-sets in order to better delineate genotype-phenotype
relationships. As an example, a patient with hypoglycemia-triggered
CVS attacks might be more likely to have genetically determined
mitochondrial dysfunction than an individual with CVS attacks

provoked primarily by psychological stressors.

Analysis of disease course and treatment

We examined the clinical phenotypes, disease burdens and

treatment of 16 patients affected by cyclic vomiting syndrome [CVS]
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belonging to 5 families: (1) family I: three generations [grandfather,
father, 2 boys, of whom 1 affected by neurofibromatosis type 1]; (2)
family 2: three generations [grandmother, mother, daughter; (3-5)
family 3 to 5: two generations families [3 mothers and three daughters].
Data were retrieved from medical records, including demographic
features, age of onset, past medical history, family history of migraine,
CVS characteristics, imaging findings, laboratory results, length of
stay, hospitalization costs and treatment. Imaging studies included:
general and neurological examination; fundoscopy;
electrocardiography and heart ultrasonography; upper and lower
abdominal ultrasound; upper gastrointestinal series;
electroencephalography (EEG) and brain magnetic resonance imaging
(MRI). CVS patients underwent upper and lower endoscopy.
Laboratory studies included complete blood count and chemistry panel.
Metabolic tests included blood and urine tandem mass spectrometry

and extended metabolic screening.
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3. The research project

Genetics of cyclic vomiting syndrome (CVS): a case series and

review of the literature

3.1 Case series

We examined the clinical phenotypes, disease burdens and
treatment of 16 patients affected by cyclic vomiting syndrome [CVS]
belonging to 5 families: familyl comprises three generations
[grandfather, father, 2 boys, of whom one affected by
neurofibromatosis type 1]; family 2 includes three generations
[grandmother, mother and daughter]; family 3,4 and 5 are made up of
two generations [3 mothers and 3 daughters]. Data were retrieved from
medical records, including demographic features, age of onset, past
medical history, family history of migraine, CVS -characteristics,
imaging findings, laboratory results, length of stay, hospitalization
costs and treatment. Imaging studies included: general and neurological
examination; fundoscopy; electrocardiography and  heart
ultrasonography; upper and lower abdominal ultrasound; upper
gastrointestinal series; electroencephalography (EEG); and brain
magnetic resonance imaging (MRI). CVS patients underwent upper
and lower endoscopy; laboratory studies included complete blood
count, and chemistry panel; metabolic tests included blood and urine

tandem mass spectrometry and extended metabolic screening.
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3.2 Genetic sequencing

We performed mtDNA sequencing among 16 patients according
to this procedure : genomic DNA was extracted from whole peripheral
blood of patients, amplification of mtDNA was performed using
specific primers, and genomic DNA library was built. Subsequently
mtDNA sequencing resulted in an average 100x coverage using the
[llumina HiSeq X ten platform. Sequence read alignments were
completed using Next-Gene V2.3.4 against the reference genome
NC_012920.1. Variants were filtered with public database after quality
control, and annotated using Mitomap. Sanger sequencing was
performed with ABI3730XL and analyzed by Mutation Surveyor
V4.0.8 to confirm the causal mutations with a mutant proportion higher

than 10%.

3.3 Statistical analysis

Data was analysed using SPSS 24.0 for Windows (SPSS Inc.,
Chicago, IL). Continuous variables were presented as means and
standard deviation, or median and inter-quartile range. Categorical

variables were reported with the use of proportions and percentages.
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3.4 Ethical considerations

The present study was approved by the Ethical Committee,
Catania 1 [EC CT1]; based at the AOU *“Policlinico”, PO “G.
Rodolico”, University of Catania, Italy. Informed consents for
participation and blood sample collection were obtained from parents

of the patients.

3.5 Results
3.5.1 Demographic features of patients

Of all the 16 CVS patients, 12 were females (75%). Patients
were born in 3 different provinces in Sicily, including the province of
Catania. All the 16 patients had family history of migraine, including
the 2 grandparents and the 5 parents belonging to the 5 families; as a
result, all had personal history of migraine and 10 had family members
suffering from similar cyclic vomiting attacks. Three patients had prior

history of gastrointestinal diseases, including intussusception (n=2) and
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Henoch-Schonlein purpura (n=1). Two patients suffered from

vasovagal syncope.

3.5.2 Cyclic vomiting characteristics

The average age of onset was 4.0 + 3.4 years while the one at
diagnosis was 6.7 + 4.2 years. Among these 16 patients, average
duration of each attack was 3.0 (range: 2-7) days, peak episodes of
vomiting per day was 9 (range: 3-27), average interval between attacks
of vomiting was 28 (range: 10-44) days, and average attacks per year
was 11 (range: 3-23).

Onset of CVS episodes was stereotypical among all the patients,
being characterized by onset at the same time of the day. Of all the 16
patients: (a) 55.4% had signs/symptoms in the early morning; (b)
11.6% were awakened around midnight because of the attacks; and (c)
33% of the patients reported episodes beginning after specific trigger
events. Parents of the 6 children in the 5 families reported recognizable
prodromes, including abdominal pain (n=6), vertigo (n=5), low degree
fever (n=2), nausea (n=5), headache (n=6), weather change (n=3),
hiccups (n=1), emotional stress (n=4), and salivation (n=1). All the 16
patients had gastric contents in vomitus during attacks, bilious
vomiting was present in 9 patients (56.2%), and parent-reported coffee

ground vomitus in 2 patients (12.5%).
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Patients suffered from other neurologic comorbidities, including
neurofibromatosis type 1 [NF1] (n=1; family 1); febrile seizures (n=1);
anaesthesia (n=1); and motion sickness (n=2). Three patients (18.5%)
reported weight-loss during the course. For associated gastrointestinal
symptoms, 14 complained abdominal pains, two had diarrhea, and

three had constipation.

3.5.3 Results of diagnostic studies

All the patients had neuroimaging by brain MRI. Neuroimaging
showed previously unknown intracranial abnormalities in four patients
even though in none of them was the culprit for cyclic vomiting: just
one child, affected by NF1, had the typical high signal hyperintensities
on T2-weight images in the basal ganglia, thalami and cerebellum,
which regressed over time [NF1 follow-up = 11 years]. Sinusitis was
found in four patients (n=4) and no abnormality was found in patients
undergoing gastrointestinal series. All the 16 patients underwent
abdominal ultrasonography and 4 underwent abdominal CT, during
which two patients had mild hepatomegaly on both studies. All the 16
patients received upper endoscopy, three patients were positive to rapid
urease test for Helicobacter pylori infection, and the remaining ones
had mild to moderate esophagitis. No abnormality was found in lower

endoscopy. In all patients undergoing EEG and video-EEG-both
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critical (n=6) and inter-critical (n=16)- no abnormality was recorded,
except for minor slow-amplitude waves in the occipital areas (n=6) or
short brushes with no EEG, or clinical significance in the
central/temporal areas. As far as other unexpected abnormalities are

concerned, ventricular pre-excitation was present in one patient.

3.5.4 Laboratory findings

Our research showed that only one patient had mild anaemia, one
had marginally elevated aminotransferase and another one had
marginally decreased level of ceruloplasmin. Incident gastrointestinal
infection was found among patients with four positive to serum
Helicobacter pylori IgG and one with positive blood on stool analysis.
One patient had Hepatitis B infection probably due to vertical
transmission from her mother. All the 16 patients underwent blood and
urine tandem mass spectrometry. Results showed slightly high urine
citric acid (n=1), elevated serum isovaleryl- carnitine (C5) and
hydroxyvaleryl carnitine (C5-OH) (n=1), elevated level of urine 3-
hydroxybutyric acid, acetylacetic acid (n=1), low serum free carnitine

(n=1), and mild urine ketosis (n=1).

3.5.5 Treatment

During the attacks, patients received fluid replacement (n=16),
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acid suppression (n=14) and ondansetron (n=1) at our Institute
according to available medical records and personal experience. After
CVS had been diagnosed as CVS, all patients were evaluated by a
pediatric psychologist in our tertiary care center. Six patients were
treated with sertraline, eight received valproic acid, two received
sulpiride and seven received cyproheptadine as an additional

medicament.

3.5.6 Disease burden

All the 16 patients had multiple outpatient visits and prior
hospitalizations in local hospitals because of the attacks: 6 (37.5%) had
been admitted just once to other hospitals, and 10 (62.5%) had been
admitted for more than two times to other hospitals and/or emergency
care units. None of them got definite diagnosis of CVS in other
hospitals. Nine patients were not local residents and were referred to
the outpatient clinic in our Institute. Among all the patients,
hospitalization average cost was 10,891£3557 euros in this
Centre/Institution. Average duration of hospitalization was 7.0 +2.4

days.

3.5.7 Analysis of mtDNA variants
All the 16 patients underwent mtDNA sequencing. Of these
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patients, C16519T and G3010A mtDNA polymorphisms were found in
4/16 (25%) and 2/16 (12.5%) of the patients. An in-house database
showed that the prevalence of C16519T and G3010A mtDNA
polymorphisms were 50.0 and 17.5%, respectively among Italian
patients undergoing mtDNA sequencing. We also identified other
variants, including T12338C (n=1), A15662G (N=1), A14693G (n=1),
C13967T (n=1), and A4136G (n=1). None mtDNA deletions were

found in these patients.
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4. Cyclic Vomiting Syndrome: A Mini Literature Review

Genetic evidences in CVS - Cyclic vomiting syndrome has an
entry [MIM # 500007] in the online catalogue of Mendelian
Inheritance in Man [OMIM 2020] and is currently attributed in this

catalogue to mutations in the mitochondrial transfer RNA-leucine
[MTTLI; MIM # 590050] gene [Salpietro et al., 2003]. Phenotipically,
a subset of patients, with cyclic vomiting syndrome, is also recognised
[Cyclic vomiting syndrome plus] [Boles et al., 2003; OMIM 2020],
who have coexisting neuromuscular disorders, including cognitive
delay, myopathy, or seizure disorders [Boles et al., 2006]. Additional
differences within the cyclic vomiting syndrome, had been recorded by
Lin and colleagues [1999] in the majority (82%) of their 214 children
with CVS who had associated migraines, less severe vomiting and
higher response rates to anti-migraine therapy. Families with CVS
running through multiple generations have been anectodically reported
[Haan et al., 2002; Salpietro et al., 2003; Boles et al., 2005; OMIM
2020].

Nowadays we know that cyclic vomiting (syndrome) [Salpietro
et al., 2003; Wang et al., 2004; Boles, 2011; Boles and Williams, 1999;
Boles et al., 1997, 2003, 2005, 2007, 2009, 2015; Zaki et al., 2009;
Moses et al., 2014; Venkatesan et al., 2014; Finsterer and Hayman,
2014, 2015; Ye et al., 2018; McAbee et al., 2020], migraines [Yorns
and Hardison, 2013; Yu et al., 2018; Gross et al.,, 2019], epilepsy
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[Rahman, 2012; Lim and Thomas, 2020] and other gastrointestinal
motility functional disorders [Boles et al., 2015] all apparently underlie
some form(s) of mitochondrial dysfunction. This dysfunction, in
mitochondrial unbalance, could be subclinical at baseline but
exacerbated by physiological stressors such as an acute systemic illness
[Hasler et al., 2019]. Inherited disorders of metabolism [e.g., fatty acid
oxidation disorders, mitochondrial disorders, or urea cycle deficits]
have been sporadically reported in cyclic vomiting syndrome
individuals [Zaki et al., 2009; Venkatesan et al., 2014; Boles et al.,
2015; Lee et al.,, 2015; Gelfar and Callagher, 2016] as well as
chromosomal abnormalities [Kakisaka et al., 2009]. On the other hand,
affected persons with cyclic vomiting syndrome [Lee et al., 2015;
Hasler et al., 2019] as well as those with hyperemesis gravidarum
[Fejzo et al., 2017] can harbour mutations in single gene(s), which
encode for voltage-gated ion channel (e.g., RYR2 or SCN4A genes) or
neurotransmitter (e.g., cannabinoid CNRI or opioid OPMRI genes)
proteins/receptors.

Familial CVS - Cyclic vomiting syndrome, running through

generations has been sporadically reported [Haan et al., 2002; Salpietro
et al., 2003; Boles et al., 2003, 2005]. In our personal experience,
cyclic vomiting [associated or not with migraines, gastrointestinal
motor dysfunction and/or epilepsy], was recorded in two to three and

even four generations [Ruggieri et al., unreported data]: interestingly,
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in all our 5 families CVS was constantly vertically inherited either in
females only or in males only through the generations [Boles et al.,
2003, 2005], and segregated independently from other associated
genetic conditions [e.g., from neurofibromatosis type 1 in one family].
Mitochondrial dysfunction - Mitochondrial dysfunction [i.e.,
mitochondrial DNA polymorphisms [including A3243G, C16519T and
G3010A mtDNA polymorphisms and mutations in the MTTLI
mitochondrial gene (MIM # 590050) or mitochondrial DNA

rearrangements or deletions] has been demonstrated in pediatric cyclic
vomiting syndrome [Salpietro et al., 2003; Wang et al., 2004; Boles,
2011; Boles and Williams, 1999; Boles et al., 1997, 2003, 2005, 2007,
2009, 2015; Zaki et al., 2009; Finsterer and Hayman, 2014, 2015;
Moses et al., 2014; Venkatesan et al., 2014; Ye et al., 2018; McAbee et
al., 2020]. The functional significance of these single nucleotide
polymorphisms (SNPs) remains unknown. Further, these mitochondrial
associations have not been replicated in adults with cyclic vomiting
[Venkatesan et al., 2014] suggesting the role of other non-
mitochondrial factors in adult CVS patients [Hasler et al., 2019].

Inborn errors of metabolism - Inherited inborn errors of

metabolism, including fatty acid oxidation disorders, urea cycle defects
mitochondrial and and amino acids disorders, have been associated
with pediatric CVS [Rinaldo, 1999; Boles et al., 2007; Zaki et al.,
2009; Venkatesan et al., 2014; Boles et al., 2015; Lee et al., 2015;
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Nozaki et al., 2016].

Chromosomal disorders - The 18q- syndrome has been

anectodically reported in combination with cyclic vomiting syndrome
in a girl [Kakisaka et al., 2009].

Single gene(s) mutations - Individuals with cyclic vomiting

syndrome may also harbour (polymorphic) mutations in single genes,
including: (1) RYR2 (ryanodine receptor 2) [MIM # 180902; on
chromosome 1g43] [Lee et al., 2015]; (2) SCN4A (sodium channel
voltage-gated, type IV subunit alpha) [MIM # 603967; on chromosome
17q23.3] [Hasler et al., 2019]; (3) CNRI1 (cannabinoid receptor 1)
[MIM # 114610; on chromosome 6q15] [Wasilewski et al., 2017]; and
(4) OPRM1 (opioid receptor MU1) [MIM # 600018; on chromosome
6q25.2] [Wasilewski et al., 2017].

The RYR2 gene, encodes for a stress-induced calcium release
channel receptor 2, which is part of the ryanodine receptor [RYR: a
tetramer composed of 4 RYR2 polypeptides and 4 FK506-binding
proteins or FKBP12.6], present in the sarcoplasmic reticulum of: (a)
cardiac muscular cells [where it acts as the major source of calcium,
required for cardiac muscle excitation-contraction coupling], being
responsible for (type 2) right ventricular dysplasia with cardiac
arrhythmia type 2 [MIM # 600996] and (type 1) catecholaminergic
polymorphous ventricular tachycardia [MIM # 604772]; and (b)

autonomic and other neurons. Interestingly, mutations in RYR2 have
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been also recorded in hyperhemesis gravidarum [Fejzo et al., 2017].
Marx et al. [2000] demonstrated that protein kinase A [PKA; MIM #
176911; on chromosome 7p22.3] phosphorylation of RYR2 dissociates
FKBP12.6 and regulates the channel open probability: in defective
hearts RYR2 is PKA hyperphosphorilated, resulting in defective
channel function due to increased sensitivity to calcium-induced
activation [Marx et al., 2000].

The SCN4A gene, encodes for a component (i.e., the alpha
subunit 4) of the voltage gated sodium channel integral membrane
protein, which form a pore in the cytoplasmic membrane conducting
sodium ions through the membane and is responsible, so far of: (a) a
group of related muscular disorders, including hyperkalemic periodic
paralysis [HYPP; MIM # 170500], paramyotonia congenita
[PMC; MIM # 168300]; and (b) a group of disorders classified as
potassium-aggravated myotonia [MIM # 608390], and hypokalemic
periodic paralysis type 2 [HOKPP2; MIM # 613345].

The CNRI gene encodes for the G-protein coupled pre-synaptic
cannabinoid receptor 1 (CBy), which is expressed in glutamatergic and
GABAergic interneurons, located prevalently in the central (e.g.,
hippocampus, basal ganglia, cerebellum, neo-cortex and spine),
peripheral and autonomic (e.g., heart and gut) nervous system but also
in the endocrine and sexual glands, and 1is activated by

endocannabinoids acting as a modulator, which in turn decreases the
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release of glutamate and GABA. Interestingly, the use of cannabinoids
i1s relatively common among individuals with cyclic vomiting
syndrome and chronic cannabis use has been associated paradoxically
with cannabinoid hyperemesis syndrome [CHS] [Spiller et al., 2019;
Venkatasen et al., 2020].

The OPRM1 gene encodes for the [1-opioid receptor (MOR),
which is the primary site of action for the endogenous enkephalins and
beta-endorphins, and is located in the pre- and post-synaptic regions of
neurons distributed over the brain (e.g., periacqueductal region, dorsal
horns of the spine, olfactory bulb and neocortex) and intestinal tract.

A proposed genetic-related unifying pathogenic mechanism
infers that the synergic roles of these nuclear DNA mutations and
single gene sequence variants may result in aberrant stress!/induced
calcium release [RYR2-mediated] into the mitochondria [Hasler et al.,
2019], or sodium release/balance [SNN4A-mediated] across the
cytoplasmic membrane, or neurotransmitter modulation [e.g., CNRI1-
or OPRMI-mediated] or axonal transport (KIFIB) or energy
production (TRAP1) of autonomic neurons, resulting in an increased
risk to develop autonomic/functional disease such as cyclic vomiting,
and related conditions such as migraine, epilepsy and gut dysmotility:
this model incorporates the existing hypotheses regarding cyclic
vomiting syndrome pathogenesis into a cohesive mechanism, and

might have treatment implications [Kakisaka et al., 2009; Boles et al.,
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2010].

Chew and colleagues [2013] expanded a “TUBB3 E410K
phenotype” originally known as type 3 congenital fibrosis of the extra-
ocular muscles [CFEOM; MIM # 600638; on chromosome 16q24.3],
which is secondary to mutations in the TUBB3 [tubulin beta-3; MIM #
602661] gene, which encode for one (i.e., beta-tubulin) of the two
heterodimer proteins that compose microtubules, by adding, besides
congenital fibrosis of the extra-ocular muscles, facial weakness,
developmental delay and progressive sensorimotor peripheral
neuropathy, Kallmann syndrome [ie., hypogonadotropic
hypogonadism and anosmia; MIM # 308700], stereotyped midface
hypoplasia, intellectual disabilities and, in some cases, vocal cord
paralysis, tracheomalacia and cyclic vomiting. They inferred that the
¢.1228G>A mutation in the TUBB3 gene and subsequent E410K amino
acid substitution in the beta-tubulin 3 protein, defines a new genetic
aetiology for Moebius syndrome [MIM # 157900], Kallmann
syndrome and cyclic vomiting [Chew et al., 2013].

Future directions - Larger genetic and functional studies of CVS

in both adults and children will be needed to better establish the
heritable basis of this disorder. It is critical that these studies involve
well-characterized patient sub-sets in order to better delineate
genotype-phenotype relationships. As an example, a patient with

hypoglycemia-triggered CVS attacks might be more likely to have
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genetically determined mitochondrial dysfunction than an individual
with CVS attacks provoked primarily by psychological stressors
[Hasler et al., 2019].
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5. Discussion

In our study we found a statistically significant correlation
between our results and literature data. Of all the 16 CVS patients, 12
were females (75%) and, according to literature data, CVS appears to
be slightly common in females and associated with family (especially
maternal) or personal history of migraines. Lin and colleagues in a
study describe that in the majority (up to 82%) of their 214 children
with CVS there is an association with migraines. This datum is in
correlation with our results. In fact, all the 16 patients have family
history of migraine, including 2 grandparents and 5 parents belonging
to the 5 families. The average age of onset in our study was 4.0+-3.4
years and this datum is in accord with the literature in which it is
reported that CVS mainly occurs in pre-school or early school-age.

Among these 16 patients, the average duration of each attack was
3.0 (range: 2-7) days, peak episodes of vomiting per days was 9 (range:
3-27), the average interval between attacks of vomiting was 28 (range
10-44) days, and the average attacks per year was 11 (range: 3-23). A
study conducted on 181 children reported a duration of attacks ranging
from a few hours to 10 days (average 4.25 days) with intervals of 0.25
to 12 months (average 1.8 months). Literature describes that up to 75%
of the children exhibit symptoms during the night or in the early
morning (generally 2.00 to 7.00 AM). According to literature, of all the
16 patients 55.4% had signs/symptoms in the early morning, 11.5 6%
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during midnight, and 33% reported episodes beginning after specific
trigger events.

Four phases have been identified in CVS: prodromal, emetic,
recovery and inter-episodic. About 90% of the patients experience a
prodromal phase that is characterized mainly by signs and symptoms of
autonomic dysfunction such as pallor, sweating, lethargy, hot flashes
and rarely fever and drooling. Abdominal pain is described in the
prodromal as well as in the other phases. In our study, parents of the 6
children in the 5 families reported recognizable prodromes, including
abdominal pain (n= 6), vertigo (n= 5), low-degree fever (n=2), nausea
(n=5), headache (n=6), weather change (n=3), hiccups (n=1), emotional
stress (n=4) and salivation (n=1). All the 16 patients had gastric
contents in vomitus during the attacks, bilious vomiting was present in
9 patients (56.2%), and parent-reported coffee ground vomitus in 2
patients (12.5%), according to literature data. There are comorbidities
associated with CVS. In our study we have found patients suffering
from other neurologic comorbidities, including neurofibromatosis type
1 (NF) (n=1); febrile seizures (n=1); anaesthesia (n=1); motion
sickness (n=2). Three patients (18.5%) reported weight loss during the
course. For associated gastrointestinal-symptoms, 14 complained of
abdominal pain, two had diarrhoea and three had constipation.

All the 16 patients underwent blood and urine tandem mass

spectrometry. According to literature data, results showed slightly high
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urine citric acid (n=1), elevated serum isovaleryl- carnitine (C5) and
hydroxyvaleryl carnitine (C5-OH) (n=1), elevated level of urine 3-
hydroxybutyric acid and acetylacetic acid (n=1), low serum free
carnitine (n=1), and mild urine ketosis (n=1).

In literature, mitochondrial dysfunction (i.e. mitochondrial DNA
polymorphisms including A3243G, C16519T and G3010A mtDNA
polymorphism and mutations in the MTTL1 mitochondrial gene (MIM
#590050) or mitochondrial DNA rearrangements or deletions) has been
demonstrated in some patients with CVS. In our study of these 16
patients, C16519T and G3010A mtDNA polymorphisms were found in
4/16 (25%) and 2/16 (12,5%) of the patients, respectively. An in-house
database showed that the prevalence of C16519T and G3010A mtDNA
polymorphism was 50.0 and 17.5%, respectively among Italian
subjects undergoing mtDNA sequencing. We also identified other
variants, including T12338C (N=1), A14693G (N=1), C13967T (N=1)
and A4136G (N=1). No mtDNA deletions were found in these patients.

6. Conclusions
In closing this project, being aware of the fact that the results of
our research study are not wholly self-sufficient, in order to better

establish the heritable basis of this disorder, we suggest that directions
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for future studies would definitely entail larger genetic and functional

studies of CVS in both adults and children.
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