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Abstract. Presynaptic congenital myasthenic syndromes (CMS) are a group of genetic disorders affecting the presynaptic
side of the neuromuscular junctions (NMJ). They can result from a dysfunction in acetylcholine (ACh) synthesis or recycling,
in its packaging into synaptic vesicles, or its subsequent release into the synaptic cleft. Other proteins involved in presynaptic
endplate development and maintenance can also be impaired.

Presynaptic CMS usually presents during the prenatal or neonatal period, with a severe phenotype including congenital
arthrogryposis, developmental delay, and apnoeic crisis. However, milder phenotypes with proximal muscle weakness and
good response to treatment have been described. Finally, many presynaptic genes are expressed in the brain, justifying the
presence of additional central nervous system symptoms.

Several animal models have been developed to study CMS, providing the opportunity to identify disease mechanisms and
test treatment options. In this review, we describe presynaptic CMS phenotypes with a focus on in vivo models, to better
understand CMS pathophysiology and define new causative genes.
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tion (NMJ). CMS can be classified into presynaptic,
synaptic, and postsynaptic defects depending on the
localization of the affected protein. A fourth CMS
group comprises disorders related to glycosylation
[1].

The prevalence of CMS is highly variable world-
wide, but it has been estimated at 1.8 to 14.8 per
million under those aged 18 years [2—4].

Clinical onset is usually within the first two years
of life with non-progressive fluctuating muscle weak-
ness and fatigability involving ocular, bulbar, and
limb muscles. Less frequently CMS presents at birth
with respiratory discomfort, feeding difficulties, poor
cry, joint contractures, and other typical symptoms
and signs [5]. However, it is not uncommon that
some symptoms appear later in life, resulting in an
“adult-onset” CMS. This occurs in the case of a few
postsynaptic (e.g., slow channel syndrome, DOK7,
and RAPSN) and glycosylation-defect related forms
(e.g., GFPTI) [6]. Some patients suffer from subtle
muscular manifestations in infancy, but do not exhibit
aclear distal or proximal muscle weakness until early
or late adulthood [7].

CMS diagnosis is based on personal and family
history, clinical examination, and neurophysiological
studies. A decrement of the compound muscle action
potential (CMAP) amplitude is typically detected in
response to repetitive nerve stimulation (RNS), and
single fibre electromyography (SFEMG) can reveal
abnormal jitter and blocking. However, these findings
are not always observed due to the fluctuating nature
of CMS symptoms, so gene sequencing remains cru-
cial in confirming the diagnosis [1].

Presynaptic forms are deemed at around 5%-10%
of all CMS and usually present earlier than postsy-
naptic forms, at birth or during the prenatal period.
CHAT defects are the most frequent among presy-
naptic CMS, amounting to 4-5% of all CMS. Each of
the other presynaptic CMS represents less than 1%
of the total [5]. In pre-synaptic forms the phenotype
is more severe including congenital arthrogryposis,
joint contractures, developmental delay, and apnoeic
crisis that can result in death [5], The abnormal cog-
nitive development may also be impacted by hypoxic
brain damage, as suggested by the radiological pres-
ence of hypoxic ischaemic encephalopathy in several
CMS patients affected by repeated apneas [8]. More-
over, many presynaptic genes are also expressed in
the brain, leading to additional central nervous system
(CNS) symptoms which are uncommon in postsy-
naptic CMS (Fig. 1) [9-11]. However, milder cases
of presynaptic CMS have been described, presenting

with mild proximal weakness and good response to
treatment [11].

Presynaptic CMS can result from a dysfunction
in acetylcholine (ACh) synthesis or recycling, in its
packaging into synaptic vesicles, or its subsequent
release into the synaptic cleft [12]. Recently, new
proteins have been discovered that are involved in
presynaptic endplate development and maintenance,
although their function is not yet fully explained
[13-15].

Increasingly animal models have been used to
study the NMJ, aided by the fact that all mam-
mals and many other research organisms use ACh
for neuromuscular transmission. Presynaptic CMS
caused by a mutated pathway directly associated with
ACh can only be modelled in species using ACh as
a neurotransmitter. In contrast, other CMS can be
evaluated in a wider range of species, resulting in
many discoveries with respect to NMJ formation and
function.

In Zebrafish, which use ACh for synaptic trans-
mission, morpholino oligonucleotides (MOs) have
been used to knock down genes of interest at
the NMJ. More recently CRISPR/Cas9 technology
has been employed. Mouse models of CMS have
also been extensively used to determine pathome-
chanisms and investigate potential drug treatments.
These have been both tissue specific and whole-body
knock outs. Caenorhabditis elegans (C. elegans) is
another animal using ACh as the principal excita-
tory transmitter at the NMJ with a well-conserved
synaptic machinery and a simple genetic system
[16]. Drosophila melanogaster (D. melanogaster)
is an additional good model for studying synaptic
transmission. Indeed, many NMJ proteins are con-
served between Drosophila and vertebrates, as well
as synaptic molecular development. However, flies
use glutamate as an excitatory neurotransmitter, high-
lighting the necessity of identifying the right animal
model to use [17].

In this review, we provide an update on presynap-
tic CMS phenotypes with a focus on in vivo models
which are important to better understand NMJ disease
mechanisms and for defining new causative genes.

We conducted a PubMed literature search, consid-
ering papers of any design, except for reviews, pub-
lished in English from January 2000 to March 2022.
Each presynaptic CMS gene was checked as single
search term and in association with “congenital myas-
thenic syndromes”, while the relative encoded protein
was searched in combination with “models”. We
selected studies focused on the evaluation of altered
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Fig. 1. Common phenotypes of pre-synaptic forms of CMS. In pre-synaptic forms of CMS the phenotype is frequently more severe due to
the presence of affected genes in the peripheral and central nervous system. Patients often present with a multi-systemic condition.

protein effects, mutant animal phenotypes, and CMS
clinical case reports, assessing their reference lists
to identify other relevant articles. Additional infor-
mation for the characterization of genes and proteins
was obtained from https://www.genecards.org/ and
https://www.ncbi.nlm.nih.gov/omim/.

We provide details about the function and tis-
sue expression of each gene. Then we proceed to
delineate the clinical picture of the related CMS,
highlighting how the use of animal models has
allowed a better understanding of the pathophysio-
logical mechanisms of the disease.

ACETYLCHOLINE SYNTHESIS AND
RECYCLING

SLC5A7

Solute Carrier Family 5 Member 7 gene (SLC5A7),
also called Choline Transporter (CHT), is located
on chromosome 2q12.3, and encodes a high-affinity
choline transporter (CHT). CHT is involved in the
resynthesis of ACh, taking up the choline from
the extracellular space into presynaptic terminals
(GCO2P107969, GeneCards). (Fig. 2).
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Fig. 2. — The synthesis and recycling of acetylcholine: 1. Syn-
thesis of ACh requires the influx of glucose through a glucose
transporter (GLUT) into the cell. 2. Intracellular glucose is then
metabolized by glycolysis to produce pyruvate 3. Pyruvate then
enters the mitochondria where it is further metabolized to Acetyl-
CoA. 4. Choline acetyltransferase (CHAT) combines Acetyl-CoA
with choline to produce acetylcholine (ACh). 5. ACh is pack-
aged into vesicles through Vesicular Acetylcholine Transporter
(SLC18A3), a 12-membrane protein located on the synaptic vesi-
cle. Prolyl Endopeptidase (PREPL), plays a role in the packaging
of ACh and other pre-synaptic machinery such as SNAREs into the
synaptic vesicle, although the exact mechanism remains unknown.
6. Vesicles travel towards the pre-synaptic membrane and undergo
exocytosis. 7. ACh is released from the pre-synaptic membrane
through vesicle exocytosis. ACh diffuses across the synaptic
cleft and binds to acetylcholine receptors (AChR). Acetylcholine
esterase (AChE) breaks down ACh. 8. SLC5A7 is a Na™ and C1~
dependent high-affinity transporter that mediates the uptake of
choline at the motor neuron terminal. Genes implicated in CMS
are in red.

SLC5A7 CMS is typically inherited in an autoso-
mal recessive manner presenting at birth, however,
prenatal signs like antenatal hydramnios, reduced
foetal movements, and arthrogryposis have been
described [8, 9, 18-20]. Respiratory dysfunction
with life-threatening episodic apnoeas is a con-
stant feature, in variable association with hypotonia,
fatigable weakness, oculo-bulbar symptoms and gas-
trointestinal alterations [8, 9, 18-21]. RNS reveals a
decremental response, and brain MRI may show brain
atrophy with hypoxic ischaemic encephalopathy [8,

9, 18, 20, 21]. Cognitive defects and neurodevelop-
mental delay are not unusual features in SLC5A7
CMS, underlying the link between cortical choliner-
gic neurotransmission and CHT [9, 20, 21] (Table 1).

SLC5A7 CMS can be referred to as a multisystem
disorder, encompassing the central, peripheral, and
possibly the autonomic nervous system. This multi-
systemic involvement was apparent in animal models
prior to the first case reports, confirming a causal link
between clinical features and the CHT mutation.

The presence of CHT in both the central [22, 23]
and peripheral nervous system was apparent when
Ferguson., et al. created Cht-knockout (KO) mice
(Cht=/~) which became paralyzed and cyanotic a
few minutes after birth and died of hypoxia prob-
ably due to failure of diaphragm neurotransmission
[24]. When these mice were later transfected with
the Cht gene under control of the motor neuron pro-
moter Hb9, they were able to move and breathe
for about 24 hours [25]. Additionally, intracellular
recordings from muscle fibres revealed only initial
evoked and spontaneous responses, supporting the
hypothesis that Cht~/~ mice are not able to syn-
thetize ACh after depleting initial stores. The attempt
to rescue the phenotype, by limiting the degradation
of ACh with AChEI physostigmine and neostigmine,
failed in these animals [24]. In humans, the response
to AChEI is variable, resulting in some improvements
in most cases, sometimes in addition with ephedrine
or salbutamol [8, 9, 20, 21]. However, in one patient,
presenting with a delayed motor development and
MRI brain atrophy, pyridostigmine was not efficient
after 3-days neonatally [21]. This was also the case
in an older 14-year-old patient with ocular and bulbar
involvement [8]. Finally, three patients died despite
treatment with AchEI [19, 20].

Heterozygous Cht™/~ mice survive and exhibit
lower, but functionally acceptable CHT levels
compared with WT [24]. They present normal perfor-
mance on multiple sensorimotor, anxiety and cogni-
tive tasks, except under physical or pharmacological
stress [26]. Similar results have been obtained by
Paolone G. et al., who tested cognitive performance
in mice to examine cortical cholinergic neurotrans-
mission. They postulated the presence of mechanisms
that could compensate for reduced cholinergic activ-
ity in Cht*/~ mice during moderate cognitive
challenges, but not in conditions requiring a sudden
ACh increase. Some behavioural and mood disorders
in humans were correlated with CHT gene mutations,
especially the p.Ile89Val variant [27]. Indeed, a new
mouse model expressing the Chz — p.Ile89Val variant



Table 1

Summary of clinical and instrumental features of published patients affected by pre-synaptic CMS

Gene Frequency Onset Phenotype Brain MRI RNS/SFEMG Muscle biopsy Genotype Drugs Ref.
Chromosome
Inheritance
SLC5A7 14 pts con Hypotonia, apneas, brain atrophy decremental ~ Myopathic c.282T>A/c.282T>A some [8,9,
2q12.3 AD swallowing difficulties, (rare: intraven- response changes, (p-Ser94Arg/Ser94Arg) response to 18-21]
developmental delay, tricular and to RNS atrophic fibres, ¢.335T>A/c.335T>A pyridostig-
ptosis, ophtalmoplegia, putamen targetoid areas (p-Val112Glu/Vall12Glu) mine and
muscle atrophy (rare: hemorrage) ¢.629 C>T/c.629 C>T ephedrine;
hydramnios, (p-Pro210Leu/Pro210Leu) no
arthrogriposis, facial c.194 G>A/c.313C>T response to
dysmorphism, seizures) ((p.Gly65Glu/Pro105Ser) 3,4-DAP
and
salbutamol
CHAT 52 pts con or reduced fetal movements, (rare: mild decremental  unspecific ¢.1007T>C/c.1007T>C variable [11,
10q11.23 AR early hypotonia, apneas, delay in response to myopathic (p-11e336Thr/11e336Thr) response to 30-41]
infancy swallowing and feeding myelination of RNS after changes, type ¢.629T>C/ 631 C>G pyridostig-
difficulties, the centrum prolonged 1 fibre (p.Leu210Pro/Pro211Ala) mine and
developmental delay, semiovale, and high predominance ¢.678_684del TGGCACC/ 3,4-DAP
fluctuated ptosis, corpus frequency; 2078T>G (p.*/11e693Ser)
ophthalmoparesis, muscle callosum increased c.1078 G.A/1078 G.A
fatigability atrophy) jitter and (p-Gly360Arg/Gly360Arg)
blocking at
SFEMG
SLCIS8A3 4 pts con hypotonia, cyanosis, brain atrophy, decremental  n.p. ¢.557G>C/557G>C slight [10,
10q11.23 AR feeding difficulties, global demyelination response (p-Gly186Ala/Gly186Ala) response to 47-51]
developmental disability, (rare: small to RNS +10q11.22-q11.23del pyridostig-
ptosis, ophthalmoplegia, hemorrhages ¢.1192 G>C/1192 G>C mine, and
fatigable weakness (rare: in the frontal (p-Asp398His/Asp398His) 3,4- DAP,
arthrogryposis, severe and parietal c.1078 G.A/1078 G.A distigmine
necrotizing enterocolitis) lobes) (p-Gly360Arg/Gly360Arg) and
ephedrine
SNAP25 2 pt con fetal hypomotility, normal (1 pt), decremental  normal (1 pt), ¢.200T>A (p.Ile67Asn) no [74]
20p12.12 AD cyanosis, fluctuating n.p. (1 pt) response mild fibres ¢.529 C>T (p.GInl77X) response to
ptosis, dysarthria, ataxia, to RNS (1 size variation pyridostig-
fatigable weakness, pt), n.p. (1 (1 pt) mine;
arthrogryposis and fatal pv slight
respiratory failure (1 pt) response to
3,4-DAP
(Continued)
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Table 1
(Continued)
Gene Frequency Onset Phenotype Brain MRI RNS/SFEMG Muscle biopsy Genotype Drugs Ref.
Chromosome
Inheritance
VAMP1/SYBI 9 pts con hypotonia, feeding n.p decremental  myopathic ¢.200T>A/200T>A slight [67-70]
12p13.21 AR difficulties, delayed motor response features and (p-Ile67Asn/Ile67 Asn) response to
development, to RNS borderline low c.146 G>C/146 G>C pyridostig-
ophthalmoparesis, facial complex IV (p.Arg49Pro/Arg49Pro) mine and
and bulbar muscle activity, type 2 ¢.51_64del AGGTGGGG salbutamol
weakness, generalized fibres atrophy GTCCCC/
muscle weakness, joint ¢.51_64delAGGTGGGG
contractures GTCCCC
(p.Gly18TrpfsTer5*/Gly
18TrpfsTer5%)
¢.340delA/340del A
(p-Ile114SerfrsTer72 for
isoform A,
p-Ser114ValfsTer32 for
isoform D)
SYT2 1q32.1 10 pts childhood ptosis, ophthalmoparesis, n.p decremental  n.p ¢.920A>C (p.Asp307Ala) no [81-87]
AD limb weakness, muscle response ¢.923 C>T (p.Pro308Leu) response to
fatigue, gait difficulties, to RNS pyridostig-
foot deformities, reduced mine;
or absent deep tendon slight
reflexes response to
3,4-DAP
UNCI3A 19 1pt con premature birth, thin corpus decrement marked type 2 ¢.304 C>T/304 C>T no [94]
AR hypotonia, ventilator callosum response fibres atrophy (p-GIn102#/GIn102%*) response to
dependent, facial to RNS pyridostig-
dysmorphism, ptosis mine;
modest
response to
3,4-DAP
MYO9A 15q23 3 pts con fetal hypomotility, normal decremental  n.p. p-Argl1517His/Arg2283His good [15]
AR swallowing difficulties, response p-Asp1698Gly/Asp1698Gly response to
apneas, delayed cognitive to RNS; pyridostig-
functions, ptosis, abnormal mine and
ophthalmoplegia, muscle jitter at 3,4-DAP
weakness SFEMG

sautodpuds omuayispApy piuaduo)) oudvulsalg /v 12 asa1sng 'y



PREPL 2p21 11 pts con hypotonia, feeding normal normal irregular c.616+1G>T/616+1G>T slight [103-109]

AR difficulties, respiratory response to intracellular (p.Glu206Glyfs*22/Glu response
distress, cognitive RNS (rare: vacuoles and 206Glyfs*22) to pyri-
impairment, ptosis, bulbar decremen- perimysium ¢.1528 C>T/2094 G>T dostigmine
signs, muscle weakness, tal fibrosis (p-Arg510*/Lys698Asn)
short stature (rare: response) c.1529+ 1 G>A/c.1784
absence of uterus and delinsAA (p.?/Thr595
ovaries, microcephaly) Lysfs * 19)

.1282_1285delTTTG/c.1282
_1285delTTTG
(p.Phe428Argfs*18/Phe428
Argfs*18)

c.342delA/342del A (p.Val
115Leufs*39/Vall15Leufs*39)

LAMAS 1 pt con hypotonia, respiratory mild cerebral decremental  type I fibres p-Arg2659Trp/Arg2659Trp response to [14, 112]
20q13.33 AR failure, scoliosis, chronic atrophy response predominance; pyridostig-
inflammatory bowel to RNS EM: increased mine and
disease, ptosis, postsynaptic 3,4-DAP
ophthalmoplegia, muscles folding,
weakness, dysmorphic moderate
features, myopia, tics reduction of
SVs
RPH3A 1pt childhood limb weakness, normal Incremental  type I fibres ¢.806 G>A/ c.1390 G>T response to [119]
12q24.13 fatigability, hand tremors, response predominance; (p-Arg269GlIn/p.Val464Leu) albuterol
AR/AD? hands incoordination, to high EM: reduction sulfate
postural imbalance, nasal frequency of SVs,
speech, learning RNS; degenerative
disabilities abnormal lamellar
jitter at bodies
SFEMG
SLC25A1 19 pts childhood ptosis, ophthalmoplegia, normal decremental  non-specific ¢.205 G>T/c.205 G>T partial [122-126]
22q11.21 AR some dysmorphisms, response myopathic (p-Asp69Tyr/p.Asp69Tyr) response to
dysarthria, chewing to RNS; features; ¢.740 G>A/c.740 G>A pyridostig-
difficulties, generalized abnormal enlarged (p-Arg247GIn/p.Arg247GlIn) mine and
weakness, mild jitter and mitochondria c.628 C>T/c.145 G>A 3,4-DAP
intellectual disability blockings and increased (p-Arg210X/p.Val49Met)
at SFEMG in number on
EM

MRI: magnetic resonance imaging; RNS: repetitive nerve stimulation, SFEMG: single fiber electromyography; AD: autosomal dominant, AR: autosomal recessive; 3,4-DAP: 3,4-diaminopyridine;
SVs: synaptic vescicles: con: congenital: pts: patients; n.p.: not performed; ?: inheritance pattern not clear.
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has been generated, resulting in a reduction of choline
clearance in the striatum and cortex, decreased ACh
release after prolonged neuronal depolarization, and
altered attentional performance [28]. These atten-
tional and behavioural deficits reflect cognitive alter-
ations found in humans. Indeed, a few patients have
presented with global developmental delay, resulting
in speech, learning and social interaction impairment
with no awareness of surroundings [20, 21].

Chtt/~ mice also exhibited diminished parasym-
pathetic heart effects with basal resting tachycardia
and hypertension, because of depleted cardiac ACh
levels [29]. There is no evidence of cardiac involve-
ment in patients harbouring mutations in CHT, but
autonomic dysfunction has been noted with core tem-
peratures as low as 32 °C [20].

In contrast to mice, homozygous null alleles of
C. elegans CHT (cho-1) are viable but only release
around 40% ACh compared to WT animals. How-
ever, this is enough to permit thrashing under normal
conditions, but with marked motor alterations when
stressed [16] (Table 2).

CHAT

The Choline-O-Acetyltransferase (CHAT) gene
encodes the homonym enzyme which catalyses
ACh synthesis from acetyl CoA and choline at
cholinergic synapses. It is expressed both in the cen-
tral and peripheral nervous system. (GC10P049609,
GeneCards) (Fig. 2).

CHAT CMS is the most common presynaptic
form, accounting for 4-5% of all CMS cases. It
is inherited in an autosomal recessive manner, and
also known as CMS with episodic apnoea (CMS-
EA) [30, 31]. Sudden episodes of respiratory crises
and bulbar weakness may be provoked by infec-
tion, fever, or other stressful conditions in birth or
early infancy, and in several cases this has resulted in
death [32-34]. Occasionally EA is accompanied by
loss of consciousness and tonic—clonic seizures [35].
Other reported symptoms comprise ptosis, fatigable
weakness, proximal muscle weakness, aggravated by
exposure to cold, delayed motor milestones and intel-
lectual disability [11, 36—41]. RNS usually detects
no decrement at low-frequency stimulation, but it
appears after prolonged high-frequency stimulation
[11]. AChEI are effective in moderating respiratory
crises and improving other symptoms in some cases
[11] (Table 1).

Mice with targeted deletion of the Chat gene at the
NMIJ appear normal in a heterozygous state, while

homozygous pups die at birth, displaying flaccid
paralysis. Both spontaneous and nerve-evoked post-
synaptic potentials are absent in mutants, and several
morphology and developmental abnormalities have
been noted at the NMJ (i.e., marked excess of nerve
terminal branching, altered synapse distribution with
widened endplate, thinner muscles, and precocious
appearance of larger AChR-rich sites at the postsy-
naptic membrane) [42, 43].

Similar results came from two mutant zebrafish
lines, bajan and chata'*%% . Bajan zebrafish have a
single point mutation (A to C) at the splice acceptor
site of Chat intron 2, while chatat*64 carry a mis-
sense mutation changing a highly conserved serine
to an arginine (p.S102 R). Both exhibited no coiling
movements and reduced touch response in a homozy-
gous state [44, 45]. Spontaneous synaptic currents
as well as evoked synaptic responses were markedly
decreased [44] (Table 2).

Finally, an example of a naturally occurring CHAT
mutant animal is the Old Danish Pointing Dog, carry-
ing a valine to methionine substitution at position 29
of the CHAT exon 6. Affected dogs can walk and run
for only 5-30 min before manifesting fore- and hind
leg fatigability. Moreover, electrophysiology shows a
decrement at 3 Hz induced by a long stimulation train
[46].

ACETYLCHOLINE PACKAGING INTO
SYNAPTIC VESICLES

SLCIS8A3

Solute Carrier Family 18 Member A3 (SLC18A3)
mapped to chromosome 10q11.2, encodes for vesic-
ular acetylcholine transporter (VAChT) that mediates
ACh internalization into vesicles in the presynaptic
terminal (600336, OMIM). Mutations of this gene
leads to an autosomal recessive inherited CMS form
(Fig. 2).

Clinical onset of SLCIS8A3 CMS occurs in the
neonatal period, and is often associated with apnoeic
episodes, hypotonia, variable degrees of joint con-
tractures, and feeding difficulties [10, 47, 48].
However, four patients also displayed prenatal alter-
ations [49, 50]. Ptosis, ophthalmoplegia, mild facial
weakness and generalized fatigable weakness are
other common symptoms. Hakoken A.H. et al.
described two cases of severe and lethal CMS charac-
terized by foetal akinesia, arthrogryposis, generalized
body edema and dysmorphic features [51].



Table 2

Published literature for animal models available for pre-synaptic CMS genes

Gene Animal Technology Used Model Phenotype Strength Weakness References
SLC5A7 Mouse Homologous CHT/™) Paralysis at birth, only ACh quantal release Not viable; paralysis at [16,22-29]
recombination spontaneous quantal release deficiency birth
deletion (exon 2 to of ACh. Crossing with
intron 4) HB9-Cre increased
survivability to 24hrs
CHT/) Improved survivability, Improved survival in Cardiac involvement
cardiac involvement heterozygotes, noted in model, not
observed, or studied in
CMS patients
CRISPR/Cas9 CHT'®V Developmental and Diminished ACh Impact on muscle
behavioural defects, reduced release in cortex and morphology unknown
ACh release and choline striatum; neurological
clearance deficit observed
C. elegans Cas9-sgRNA Cho-1 Viable, reduced ACh release, Reduced ACh release, Impact on muscle
worsening phenotype when stressing the model morphology unknown
stressed worsens phenotype
CHAT Mouse Injection of J1 ChAT =77 Not viable at birth, paralysis, Severe phenotype, Not viable; paralysis at [42-46]
Embryonic Stem Cell absent spontaneous and absent birth
in C57BL/6 blastocyst induced neurotransmission neurotransmission
with loss of Exon 11,
12 and 13
ChAT7H) Developmental impairment Viable, severe Further work required to
and behavioural defects, phenotype examine NMIJs structure
reduced lifespan, reduced and muscle morphology
muscle strength, motor
function decreased
D. renio Point mutation (A to Bajan Tail bend, behavioural Viable, CMS-like NMIJ structure and muscle
C) to the splice defects, no evoked touch phenotype morphology not
acceptor site of ChAT response, decreased investigated
intron 2 spontaneous synaptic
responses
Missense mutation Chata Viable, CMS-like NMIJ structure and muscle
S102R phenotype morphology not
investigated
(Continued)
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Table 2
(Continued)
Gene Animal Technology Used Model Phenotype Strength Weakness References
Canine None (Spontaneous Exon 6 Reduced run distance, stride Exercise-induced Spontaneous mutation,
Mutation) length and recovery after muscle fatigue reproducibility
exercise, decremental observed with challenging
response at 3Hz decremental response
SLCI8A3 Mouse Homologous VACRT—/=) Reduced spontaneous and Knockdown of No major weakness [52-58, 60-65]
recombination Neo/tk induced ACh release, SLC18A3; Impaired detected; due to CMS-like
knockdown of VAChT behavioural defects, loss of ACh release, and loss phenotype
muscle strength of muscle strength;
CMS-like phenotype
VAChT™/P) Slight impairment in Impaired ACh release, Phenotype is mild, not
spontaneous ACh release, and loss of muscle consistent with human
reduced memory output strength; CMS-like CMS patients
(maze test) and olfactory phenotype
function
Cre/LoxP creation of VACRT-/=) Not viable at birth, paralysis, Severe phenotype Not viable; paralysis at
VAChT(x3—Crefl/I) respiratory insufficiencies, observed birth, cardiac dysfunction
created and crossed cardiac development delay not documented in CMS
with above line between parasympathetic and patients
sympathetic tone
Motor neuron specific VAChT /=) Smaller motor neurons, Motor neuron Motor neuron specific
Cre/LoxP ablation of decreased strength, specific, Severe
VAChT hypoactive, impaired NMJ phenotype, with
function and formation, impaired NMJ
atrophic muscle, kyphosis function, improved
lifespan from other
VACHT models
D. melanogaster Deletion of Cha, Cha=/77) Lethal phenotype at larval Severe phenotype, Not viable
VAChT present in 1% stage NMJ development not
exon of Cha studied
C. elegans Mutational screen VAChTG34™% " Reduced growth, poor Phenotype in some Lethality in some
revealed 19 coordination; other mutations unc-17 mutants mutations, viable
independent unc-17 reveal lethality that ablated mutations NMJ structure
mutants gene function and function not studied
SYB1/ VAMPI Mouse Nonsense mutation VAMP 1%/ Developmental and Severe phenotype, Reduced lifespan, joint [71-73]

truncating SYB1 and
VAMP1

behavioural defects, muscle

wasting, reduced survival (<3

weeks), decreased ACh
release and synaptic
transmission

with impaired NMJ
function, and delayed
motor development

contractures not noted in
model

ovL
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SNAP25 Mouse Cre/LoxP knockout at SNAP25—/=) Embryonic lethal, Severe phenotype, Not viable [76-80]
Exon 4 development delay, impaired with impaired NMJ
NMIJ formation, with reduced function
ACh release
SNAP25=/%) Viable and fertile, minimal Viable No significant
behavioural defects observed behavioural defects
observed. Severe
phenotype reported in
SNAP25 CMS patients
Missense mutation Blind- Ataxic gait, behavioural Neurological CMS phenotype not
167T Drunk impairment consistent with a phenotype linked to observed
Mouse schizophrenia-like symptoms schizophrenia
B-6-Snap25™3me2 SNAP25/7) Fragmented axonal Impaired axonal More studies need to be
LoxP sites flanking projections, axonal projections, with determined to link to a
Exon 5a/5b deterioration over time, deterioration CMS-phenotype
behavioural defects suggesting
neurological
phenotype
Rat rAAV2/5 Male Cognitive defects, Neurological Overexpression model
Over-expression in Wistar behavioural impairments phenotype observed with AAV, not observed
dorsal hippocampus Rats (WT) in patients
SYT2 Mouse Homologous SYT2(=/-) Developmental defects, Severe phenotype Non-viable, severe [88-92]
recombination impaired NMJ form and with impairment of neurological phenotype
inserting LacZ/Neo function, ataxic, seizures, NMIJ form and observed with seizures,
marker at Exon 2 non-viable function not consistent to CMS
patients
D. melanogaster Mutation of aspartate SyT27ull Decrease in evoked Decreased Further studies are
residues in the C2B transmitter release neurotransmitter required to investigate
domain release CMS-like phenotype
L308P mutation in SYT2/7) Developmental and Severe neurological Reduced lifespan
C2B domain behavioural defects, phenotype
homozygous insertion of
L308P resulted in lethal at 3
weeks
SYT20=/9 Developmental and Moderate CMS like however, NMJ
behavioural defects, neurological structure not investigated
increased fatigability, reduced phenotype, CMS-like
evoked transmitter release
D. renio Morpholino injection MO SYT2 Loss of synchronous Impaired synchronous Mosaic expression of
of splice and transmission at NMJs, transmission knockdown
translation blocking asynchronous transmission
sequences not impacted
(Continued)
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Table 2
(Continued)
Gene Animal Technology Used Model Phenotype Strength Weakness References
UNCI13A Mouse Homologous MUNC13- Paralysis at birth, only Severe phenotype Not viable [93, 95, 96]
recombination in 1/2/3 spontaneous quantal release observed, NMJ form
embryonic stem cells =/ of Ach, small NMJs and function impaired
C. elegans Single copy MUNCI13/7)  Developmental defects, Severe phenotype Not viable
transgenes introduced paralysis due to impaired observed, NMJ form
to EC6699 strain synaptic transmission and function impaired
using mosI-mediated
single copy insertion
e1091, an amber MUNCI13 Developmental and Viable model with Model requires more
mutant obtained by mutant behavioural defects, impaired studies to confirm
ethyl methansulfonate incoordination, impaired neurotransmission CMS-like phenotype
mutagenesis neurotransmission
MYO9A D. renio Morpholino injection MO Developmental delay, bent CMS phenotype, Mosaic expression system [15,97-101]
of splice and myo9aa tail, behavioural defects, impaired NMJ with morpholino
translation blocking and impaired NMJ structure and structure and function
sequences myo9ab function
Mouse Mouse Exon 2 flanked MYO9AT/™) Retarded growth, behavioural Neurological NMIJ form and function
with Cre/LoxP defects, severe phenotype observed, not studied
hydrocephalus, trembling muscle function
gait, impaired kidney function impairment
MYO9AT/T) Behavioural defects, impaired Neurological NMI form and function
hippocampal synapse phenotype observed not studied
formation, memory and
learning impairment
PREPL Mouse Cre/LoxP targeting PREPL/7) Reduced body weight, Viable, Muscle Mitochondrial deficits not [110, 111]
Exon 10 of PREPL behavioural defects, impaired morphology confirmed in patients
mitochondrial function, dysfunction, with
hypotonia behavioural changes
LAMAS D. renio Morpholino injection MO Muscle and nerve structural CMS phenotype, Mosaic expression system [113-118]
of splice and LAMAS abnormalities, developmental impaired NMJ with morpholino

translation blocking
sequences

delay, behavioural and
developmental defects

structure and function

L
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Mouse CRISPR/Cas9 LAMAP™ Die at birth, severe Severe phenotype Not viable, NMJs not
creation of R291 L developmental defects, with developmental studied
mutant impaired kidney, and lung defects
function
Inducible Cre/LoxP SP- Lethal shortly after birth, Severe phenotype, Early lethality, more
(SP-Clama5fl/-) with CLama5/—) hypoxic, impaired epithelial with developmental studies required to
doxycycline differentiation and lung delay, respiratory examine NMJs of this
development issues consistent with model
patients
Chimeric transgene LAMATT) Embryonic lethal, impaired Mr5G2H are viable Not viable; Mr5G2 H
Mr51 and Mr5SG2H lung and limb development; and have impaired viable but CMS
Mr5G2 H mice were viable development phenotype not studied,
but have reduced body size, lacks severe CMS
and kidney function. phenotype seen in
LAMAS-CMS patients
RPH3A Mouse Neomycin cassette Rph Fertile, Enhanced axonal Neuronal phenotype NMIs specifically not [142-146]
flanking between 3atmiSudyy regeneration; rescues observed, mice are investigated, more
exons of Rph3a, behavioural deficits after fertile information is needed to
electroporated into ES spinal cord injury. confirm CMS phenotype
cells
Mouse asyn-PFF injected hSyn- asyn-PFF reduced Rph3A Neuronal phenotype NMI phenotype not
into C57B16 with GFP- interaction with observed, impacting observed, not linked to
AAV9-Rph3A Rph3a- GluN2a-contiaing NMDRs, Rph3A CMS phenotype
overexpression WPRE- inducing neurological
AAV9 behavioural dysfunction,
rescued with AAV9-Rph3a.
Rat RNAi knockdown in LV- Exacerbates cerebral Neurological MCAO model
Middle cerebral artery Rph3A- infarction and neuronal death phenotype observed investigated, effect on
occulusion (MCAO) RNAI leading to neurological NMJ unknown
model behavioural dysfunction
C. elegans Null mutation - Rbf-1 Appeared lethargic, no Lethargic model, Did not alter NMJ
1500bp deletion impact on NMJ morphology, appears weak. morphology,
including the defecation, pharyngeal
promoter and 3 exons pumping and mating
(Continued)
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Table 2
(Continued)
Gene Animal Technology Used Model Phenotype Strength Weakness References
SLC25A1 D. renio Morpholino injection MO Motor impairment, altered Neuromuscular Mosaic expression system [123, 126, 127]

of splice and SLC25A1 tail morphology, decreased phenotype observed, with morpholino
translation blocking swim and touch-evoked viable
sequences response, stunted motor

neuron branching, with

incomplete synapses

Mouse SLC25A1 TRE- Autistic-like phenotype Neurological SLC25A1 overexpression
overexpression SLC25A1 (aberrant behaviours and phenotype observed, not observed in patients
nTg repetitive jumping), altered limited to brain

synaptic structure and white involvement

matter content
SLC25A1 SLC25A17/~  Viable, normal liver Model restricted to NMIJ phenotype not
liver-restricted histology, body weight and liver assessment observed, not linked to
knockout liver fat content, protected CMS phenotype
(SLC25A1m1a(EUCOMM) from steatosis, improved
Wisi+tg(Alb—cre)21Mgn blood glucose clearance

D. melanogaster Mutation to I(3)EP3364 Increased chromosome Viable model, more No phenotype observed

sea®P (reduced
expression)

aberrations, no functional
characteristics noted

studies need to
examine impact on
NMJ
neurotransmission

YL
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Cognitive function, especially learning capacity,
attention and working memory, may also be affected
[10, 47]. A decremental response to RNS is usually
detected. Pyridostigmine improves clinical mani-
festations, and 3,4-Diaminopyridine (3,4-DAP) and
ephedrine may be added in some cases [10, 48, 50].
Intriguingly, a mild reduction of left ventricular sys-
tolic function was rescued after treatment with AChEI
in one patient [10] (Table 1).

One of the first animal models of the VAChT
mutation was generated in Drosophila melanogaster
(common fruit fly). Homozygous mutants were
lethal, and those that survived till the larval stage
showed reduced motility. Moreover, heterozygous
flies exhibited electrophysiological defects in the
giant fibre pathway after high-frequency stimulation
[52]. More recently, Drosophila models have been
tested with an overexpression of VAChT, demonstrat-
ing its negative impact on longevity, locomotor ability
in an age-dependent way, learning and memory [53].
Surprisingly, reduced VAChT function produced a
similar effect on lifespan and locomotive behav-
ior [54]. There are currently no specific reports on
VAChHT mutations and life expectancy of patients, but
clinical and electrophysiological features of affected
Drosophila resemble those recognized in patients.

The effects of a reduced expression of VAChT in
the central and peripheral nervous systems were later
confirmed by Prado V.F. et al. in a Slc/8a3 knock-
down (KD) mouse model. They detected a reduction
in VAChHT levels in several central nervous system
regions both in heterozygous KD mice and more
markedly in homozygous ones. Moreover, miniature
end-plate potentials (MEPPs) recorded at NMJs were
smaller and less frequent in homozygous mutants.

Homozygous KD mice were significantly limited
in physical activity, while both mutant genotypes
showed difficulty in learning or remembering fea-
tures for discriminating a novel object or recognizing
a littermate [55]. The reduced cholinergic tone due to
a slow refilling of synaptic vesicles in homozygous
KD mice was displayed through an alteration in basic
cognitive capacity, especially functions requiring a
prolonged cholinergic involvement [56].

In addition, homozygous KD mice displayed
impaired cardiac function related to autonomic
imbalance between parasympathetic and sympathetic
tone that was rescued by pyridostigmine [57, 58].

Further proof that VAChT is rate-limiting for neu-
rotransmission is derived from Slc/8a3 KO mice
who died of respiratory insufficiency within 2 to 5
minutes following birth. However, small-amplitude

and low-frequency MEPPs were detected in embry-
onic NMJs, probably due to a spontaneous ACh
entry into presynaptic vesicles. Indeed, a lack of
VACHT leads to the increase of CHAT and CHT
expression, and subsequently of cytoplasmic ACh
levels. Although, they demonstrated alterations in
neuromuscular development like an absence of ACh,
proving that passive ACh uptake by vesicles cannot
compensate for VAChT deficiency [59]. Similar feed-
back mechanisms were detected in C. elegans by Zhu
H. et al [60].

Conversely, heterozygous KO mice presented no
locomotor activity dysfunction, no alteration in
MEPPs or in NMJ morphology [59].

To avoid the interference from impaired peripheral
cholinergic function, Martin-Silva C. et al. gener-
ated novel mutant lines with intact VAChT expression
in the somatomotor cholinergic neurons, but signifi-
cant reductions in the other cholinergic neurons. This
technique allowed them to alter only brain choliner-
gic activity, resulting in the hyperactive behaviour
of mice [61]. Deleting Sic/8a3 from their forebrain
impaired spatial memory, cognitive flexibility, and
sustained attention [62, 63]; and knocking it out of the
striatum caused different degrees of short-term mem-
ory deficit [64]. These studies provide evidence that
ACh is fundamental to control locomotor function
and to modulate hippocampal memory.

Finally, Cre-loxP technology has allowed for the
deletion of Slc18a3 in select groups of motoneurons
(mnVAChT-KD). Mutant mice have atrophy in mus-
cle fibres innervated by mnVAChT-KD and appear
hypoactive, leaner and with kyphosis and less muscle
strength [65] (Table 2).

Findings from mice models trace once again the
human phenotype from a motor, cardiac and cognitive
point of view. Notably, a compromised cardiac pump
function was found both in homozygous KD mice and
in an affected patient, benefiting from AchEI [10]; as
well as compromised hippocampal and other superior
functions, that were identified as significant deficits
in attention span, working memory, and immediate
and delayed visual memory in a formal psychometric
assessment of the same patient [10].

ACETYLCHOLINE VESICLES
EXOCYTOSIS

VAMPI1/SYBI

The vesicle-associated membrane protein
(VAMP), also called synaptobrevin (SYB) is part
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Fig. 3. — The mechanism of calcium-dependent synaptic vesicle exocytosis at the NMJ: The ready releasable pool (RRPs) of synaptic
vesicles containing ACh. When activated, the synaptic vesicle moves towards the pre-synaptic membrane terminal where calcium influx
releases the synaptic vesicle bound to actin and other cytoskeletal elements (not shown in image). The “Active Zone” is the area at the
pre-synaptic terminal membrane where exocytosis occurs. 1. The pool of synaptic vesicles is termed the “readily releasable pool” (RRP)
and is necessary to respond to an electrical impulse. Synaptotagmin II (SytII) and Synaptobrevin/VAMP1 (SYB1/VAMP1) proteins attach
to the outer synaptic vesicle membrane forming the soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptor (SNARE)
complex. The cell membrane contains SNAP-25 and syntaxin components essential to the fusion of the vesicle and the cell membrane. 2.
Docking — Here as the synaptic vesicle moves closer to the cell membrane, the SNARE complex begins to form 3. When an action potential
depolarizes the pre-synaptic membrane, this causes the excitation of voltage-gated calcium channels and calcium entry. Calcium binds to both
C2-domains (C2a and C2b) of SytII which induces a simultaneous binding of the vesicle to the cell membrane while completing the formation
of the SNARE complex. Calcium induced binding of the SNARE complex requires additional proteins for vesicle exocytosis. MUNCI18-1
inhibits the formation of the SNARE complex, locking syntaxin in a closed conformation, upon calcium induction MUNCI18-1 interacts
with MUNC13-1 opening the syntaxin conformation enabling the formation of the SNARE complex. This change in syntaxin conformation
enables the binding of SYB1/VAMPI initiating the fusion of the synaptic vesicle and cell membrane. In addition, MUNCI13-1 contains C1,
C2A, C2B, and C2C domains which sequester calcium. MUNC13-1 also contains a central MUN domain. Importantly, Rab3-interacting
molecule (RIMS1), which serves as an active zone scaffolding protein has been shown to interact with proteins ELKs and RIM-BPs. RIMS1
also interacts with MUNC13-1 by preventing homodimerization and recruiting MUNC13 s towards the active zone. RIMS1 also serves as a
key regulator as it acts upon MUNC13 and 18, which are essential in determining the number of release sites and in the fusion of competent
vesicles. RIMS1 can interact directly with the voltage-gated calcium channels at the presynaptic membrane, but altering the density of
calcium channels present at the active zone, hereby effecting the size of the RRP. 4. The vesicle and cell membrane fuse together, the SNARE
complex “zippers” the vesicle tightly to the cell membrane releasing ACh and other proteins into the synaptic cleft. Genes implicated in
CMS are in red.

of the soluble N-ethylmaleimide sensitive factor cle atrophy, bulbar dysfunction, feeding difficulties,

attachment receptor (SNARE) complex, in associ-
ation with syntaxinl and synaptosomal-associated
protein 25 kilodalton (kDa). The SNARE complex
is involved in the fusion of synaptic vesicles with the
presynaptic plasma membrane for the subsequent
ACh release into the synaptic cleft [66] (Fig. 3).
SYBI/VAMPI CMS is an autosomal recessive
disorder, occurring at birth. To date, nine patients
have been described with a typical phenotype
characterized by generalized hypotonia and mus-

delayed motor milestones, joint contractures or lax-
ity, kyphoscoliosis and respiratory distress, perhaps
caused by pulmonary infections [67-69]. Elongated
myopathic face with ophthalmoparesis, frontal boss-
ing, low set ears and high arched palate have also
been reported [69, 70]. RNS revealed a decremental
response in one case, with synaptic facilitation indi-
cating a presynaptic defect [67] and an incremental
response in others [68, 70]. Therapy with pyridostig-
mine led to a variable degree of improvement. In one
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of the most recently reported patients, salbutamol was
administered in addition with pyridostigmine with
some benefit [69] (Table 1).

Several VAMPs have been targeted in mice
and different phenotypes elicited depending on the
mutated isoform. Two highly homologous isoforms,
VAMP1/SYBI and VAMP2/SYB2, have been detected
in neurons and in nerve terminals of the NMJ [71].

A nonsense mutation in Vampl/Sybl truncated
nearly half the protein, resulting in a lethal-wasting
mutant phenotype (lew) in mice. Vamp1/Syb1'ew/lew
mice displayed altered movements of paws and
legs, becoming progressively immobile before death
within three weeks [72]. While motor endplates
developed with no delay in Vamp 1/Syb1'€®/1ew mice,
spontaneous and evoked synaptic activities were
reduced [71]. The minimal registered activity was
probably due to the presence of SYB2, which can
partially compensate for the absence of SYBI, but
its presence in the spinal cord is not enough to
guarantee Vampl/Syb1'¢®/!€¥ mice survival. How-
ever, SYB2 plays a critical role in the sensitivity to
calcium-triggered vesicle release [71]. Indeed, the
complete lack of SYB2 drastically reduced evoked
synaptic activity in hippocampal neurons of Syb2~/~
mouse embryos, while spontaneous miniature exci-
tatory currents had normal amplitude and rise time.
Mice died immediately after birth, exhibiting body
shape dysmorphism [66].

To examine the link between Sybl and Syb2, Liu
Y. et al. compared Syb2~/~ to Sybllew/lew gyp2—/=
mice. Both presented with increased intramuscu-
lar nerve branching. Moreover, in the latter, evoked
synaptic transmission was completely abolished and
spontaneous ACh release was insensitive to calcium
[73] (Table 2).

Human clinical features are relatively milder than
the mouse model. Salpietro V. et al. suggested the pos-
sibility of a species-specific compensation of vesicle
fusion and release at the nerve terminal to explain
this difference [68]. Electrophysiological results in
mouse models can explain the synaptic facilitation
detected in some patients, but there is no evidence of
increased intramuscular nerve branching. Since the
molecular pathways involving VAMP1 are still not
clear, we need research to deeply understand its role
at the NMJ.

SNAP25

The Synaptosomal-associated protein 25 kDa
(SNAP25) gene is located on chromosome 20p12.2

and encodes for a protein that is part of the SNARE
complex (SNAP25). SNAP2S5 and syntaxinl mediate
the fusion of synaptic vesicles to presynaptic plasma
membrane where they are docked. (600322, OMIM).
(Fig. 3) An obligate alternative splicing of two exon
5 sequences in SNAP25 can result in two isoforms
of SNAP25 (SNAP25A and SNAP25B), which are
identical except for 9 residues. In the mouse brain,
SNAP25B replaces SNAP25A by the second postna-
tal week, as the adult-specific isoform [74].

The first report of SNAP25 CMS dates to 2014,
when a de novo dominant mutation of the isoform
SNAP25B (c.200T>A; p.Ile67Asn) was identified
in a patient who presented with foetal hypomotil-
ity, cyanosis, and joint contractures at birth. During
childhood, she exhibited developmental delay with
epileptic absence episodes, confirmed by EEG,
and developed eyelid ptosis, fatigable weakness,
dysarthria, and ataxic gait. The response to RNS
was decremental. Therapy with pyridostigmine was
ineffective, while 3,4-DAP along with levetiracetam
for seizures, resulted in some improvements [74]
(Table 1).

While not in our original literature search time
frame (from January 2000 to March 2022), a
recent publication has reported another de novo
SNAP25B mutation (¢.529 C>T; p.GIn177X). The
patient died in the sixth day of life due to respi-
ratory failure. Prenatal ultrasound revealed multiple
anomalies including severe polyhydramnios and mul-
tiple findings consistent with arthrogryposis such
as micrognathia, right clubfoot, left rocker-bottom
foot, diffuse skin thickening, and hypomobility [75]
(Table 1).

Like other forms of presynaptic CMS, the phe-
notype observed in the mouse models was more
pronounced than in the patient. Heterozygous Snap25
null mutant mice were phenotypically indistin-
guishable from WT, while homozygous mice were
embryologically lethal with smaller body size and no
spontaneous movements. Evoked ACh release was
abolished at NMlJs, proving that the SNARE complex
is crucial for Ca?*-triggered synaptic transmission
and explaining the lethality as linked to failure of
diaphragm contraction [76].

As well as the peripheral nervous system, SNAP25
is highly expressed by neurons in the central nervous
system. Which may explain the presence of central
neurologic manifestations such as seizures and ataxic
gait in patients.

The Snap25 mouse model obtained by creat-
ing a missense mutation in a highly conserved



748 A. Pugliese et al. / Presynaptic Congenital Myasthenic Syndromes

domain of the SNAP25b isoform has been termed
the “blind-drunk mouse”. These mice display ataxic
gait with behavioural impairment resembling that
of schizophrenia. They also have a lower frequency
of evoked cortical excitatory postsynaptic potentials
[77].

A brain-specific Snap25 KO mouse also demon-
strated behaviour signs related to schizophrenia.
The reduction of SNAP25 expression in the cortex
caused a remarkable elevation of extracellular gluta-
mate levels, resulting in abnormal hyperactivity and
stereotypical behavior [78]. Hoerder-Suabedissen et
al. produced a transgenic mouse with cell-specific
loss of Snap25 from cortical projection neurons
(cKO). cKO mice were viable at birth with nor-
mal neuronal development, but axonal projections
became fragmented and deteriorated three weeks
later [79].

In 2010, McKee A.G. et al. over-expressed Snap25
in the adult rat dorsal hippocampus by infusion of
a recombinant adeno-associated virus vector. They
noticed a defect in synaptic function resulting in cog-
nitive deficits, such as delayed acquisition of spatial
and fear memory consolidation. Hence, both reduced
and excessive Snap25 activity has been implicated
in memory and cognitive function impairment [80]
(Table 2).

The only reported patient did not suffer from cogni-
tive and behavioural alterations. However, we should
consider these features as part of SNAP25 CMS clin-
ical pictures in order to reduce misdiagnoses of this
type of CMS.

SYT2

The Synaptotagmin 2 (SY72) gene encodes for
a synaptic vesicle membrane protein (SYT2) that
works as a calcium sensor in vesicular traffick-
ing and exocytosis (GC01M202559, GeneCards)
(Fig. 3).

SYT2 CMS can be inherited in either an autoso-
mal dominant or a recessive manner. The former
pattern was described in patients mainly with a child-
hood onset [81-83], although not exclusively [84].
The latter, was associated with early onset and a
more severe phenotype, characterized by reduced
foetal movements, hypotonia at birth, joint lax-
ity, and delayed motor milestone [85-87]. Typical
manifestations include muscle weakness and fati-
gability, variable muscle atrophy and reduced or
absent deep tendon reflexes, partially reversible after

exercise [81]. Ocular involvement has been reported
in a few families [82]. Other common features
are foot deformities, such as pes cavus and ham-
mer toe, and lower limbs sensitivity alterations [81,
82]. Sometimes electromyography of distal muscles
detects a slight reinnervation, that is consistent with
a motor neuropathy [81, 86]. Electrophysiological
studies revealed low-amplitude CMAPs and a cer-
tain degree of post exercise amplitude facilitation [81,
83]. Therapy with 3,4-DAP ameliorated both clin-
ical and electrophysiological manifestations, as did
pyridostigmine and salbutamol in some patients [82,
84-87] (Table 1).

The role of SYT2 was first examined in
Drosophila, in which a decrease of evoked trans-
mitter release and its calcium-affinity was obtained
through mutating two aspartate residues in the C,B
calcium-binding pocket of SYT?2 [88]. More recently,
Shields. et al. reproduced the human substitution of
a leucine with a proline in position 308 (syr/~7),
in the same domain of Drosophila SYT2, via pan-
neuronal expression of syt transgenes in the sy/™!!
background. SYT?2 is substituted by other isoforms
in flies, but sytL_P results in lethality in the absence
of WT syt. Heterozygous syt“~F were viable and
showed marked fatigability, less motor capacity and
reduced evoked transmitter release, similar to humans
[89].

Analogous results were obtained from mice with a
point mutation in Syt2, resulting in a decreased neu-
rotransmitter calcium-dependent release in the Calyx
of Held. Mice were viable but infertile, presenting
smaller and severely ataxic in a homozygous state
[90]. These results were further confirmed in Sys2
homozygous KO mice, which displayed severe motor
dysfunction two weeks after birth and died after three
weeks [91].

Finally, experiments on syt2 MO KD zebrafish
showed a reduction in synchronous release that was
responsible for around 90% of the neuromuscular
transmission [92] (Table 2).

UNCI3A

UNC13A encodes the protein MUNC13-1 which is
a protein of the presynaptic active zone in choliner-
gic neuromuscular synapses and glutamatergic brain
synapses that is involved in synaptic vesicle priming
[93]. It binds the SNARE protein syntaxin 1B, shift-
ing in closed conformation the position of Munc18-1,
that normally stabilizes syntaxin 1B. In this way, syn-
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taxin 1B is active and contributes to form the SNARE
complex for vesicles exocytosis [94] (Fig. 3).

UNCI3A CMS has been reported in only one
patient with a homozygous nonsense mutation.
The patient was born prematurely, presenting with
hypotonia, feeding difficulties and respiratory dis-
tress with cyanotic episodes. She developed some
dysmorphisms (marked frontotemporal narrowing,
high-arched palate, small jaw, thoracic kyphoscol-
iosis, clinodactyly and joint contractures), delay in
motor function acquisition, eyelid ptosis and reduced
oculomotion. Clinical features comprised micro-
cephaly and cortical hyperexcitability. EMG revealed
low-amplitude CMAPs at rest, decremental response
to low-frequency RNS and an incremental response
to high-frequency. Therapy with pyridostigmine and
3,4-DAP slightly improved her symptoms, but the
child died around 4 years old [94] (Table 1).

This type of CMS looks like a syndromic disor-
der, comprising a marked involvement of the central
nervous system supported by the fact that MUNC13-
1 has been abundantly shown in rat brain. Two
other minor isoforms of the protein are MUNCI13-
2 and MUNC13-3 that are expressed in the rostral
brain region and cerebellum, respectively. MUNC13-
1 mice died postnatally because of a deficiency in
synaptic vesicle exocytosis in the central nervous
system. While Munc13-3 mice presented parallel
fibre—Purkinje cell synapses of normal morphology
but altered function, with a negative impact on motor
learning [93]. Varoqueaux et al. created mice with
a double deletion of Munci3-1/2 and triple dele-
tion of Muncl3-1/2/3 and, once more, the absence
of MUNC13-1 resulted in lethality for both. Exper-
iments on embryos, presenting paralyzed, showed
morphological alterations in NMJs such as abnor-
mal nerve terminal branching, larger endplates and
improper alignment of muscle fibres. Evoked synap-
tic transmission was reduced while spontaneous
release persisted [95].

UNCI3A was also evaluated in C. elegans as the
ortholog unc-13, which shares similar C1 and C2B
domains that are essential for neurotransmission reg-
ulation. Removal of either the C1 or C2B domain
enhanced calcium-triggered synaptic transmission,
while deletion of both domains stopped synaptic
transmission. Indeed, unc-13 null mutants were par-
alyzed, but the rescue of a single copy of unc-13 or
of the protein lacking only C2B domain reverted to
normal locomotion [96].

Motor impairments, altered learning, and reduced
synaptic transmission from mouse and C. elegans

models reflect UNC13A CMS, resulting in lethality
in a homozygous state.

OTHER PRE-SYNAPTIC MECHANISMS

MYO9%A

The Myosin IXA (MYO9A) gene encodes for
an unconventional myosin that is an actin-based
motor molecule that inhibits RhoA by stimulat-
ing its GTPase activity (MYO9A) (GeneCards,
GC15M071822) (Fig. 4A).

To date, three patients of German and Turkish ori-
gin have been described in a single publication [15].
They variably presented with ptosis and ophthal-
moplegia, bulbar dysfunction, generalized muscle
weakness, hypotonia, episodic apnoea and respira-
tory failure at birth. During follow-up, developmental
delay and some cognitive abnormalities were evident.
SFEMG detected abnormal jitter and RNS revealed a
decremental response in one patient. The best treat-
ment approach remains ambiguous as the German
patient responded to pyridostigmine and 3,4-DAP, but
the Turkish siblings suffered from a respiratory cri-
sis after oral intake of 3.4-DAP and fluoxetine [15]
(Table 1).

MYO9A CMS presents a complex clinical pic-
ture, probably due to the ubiquitous expression of
this protein. Rho activity is involved in morphol-
ogy and differentiation of ciliated epithelial cells and
renal proximal tubules, reflecting different aspects of
MYO9A mutated animal models.

Myo9a deficient mice developed severe hydro-
cephalus with enlargement of lateral and third
ventricles and stenosis of the Sylvian aqueduct. As a
result, they displayed hopping and a trembling gait in
adulthood [97]. They also developed bilateral renal
disease, characterized by dilated renal calyces and
parenchyma fibrosis, leading to polyuria and pro-
teinuria [98]. Folci et al. demonstrated that MYO9A
plays a role in hippocampal synapses and cognitive
behaviour. Myo9a heterozygous KO mice presented
with structural and molecular changes in hippocam-
pal synapses, affecting learning and memory tasks as
in reported patients [99].

Recently, the function of MYO9A at the mam-
malian NMJ was examined and while its exact
location has still not been determined, several pieces
of evidence suggest a presynaptic role [I15]. A
zebrafish model, in which the MYO9A orthologues,
myo9aa and myo9ab, were knocked down using mor-
pholinos developed curly tails, cardiac oedema, and
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Fig. 4. - MYO9A and LAMAS in CMS: A) Loss of MYOO9A has been shown to impair actin cross-linking, causing an alteration in the
growth of axons and terminal structure. In addition, RhoGAP activity is impeded, increasing the activation of the RhoA pathway, impairing
the nerve cytoskeleton and intracellular transport resulting in compromised secretion of agrin. A reduction in agrin secretion results in less
activation of the Agrin-MuSK-LRP4 AChR clustering pathway. B) Laminins are the most abundant non-collagenous protein in the basal
lamina. There are five extracellular matrix heterotrimeric glycoproteins composed of «, 3, and -y subunits. Laminins are involved in cell
signalling, development and maintenance of the NMJ, and regeneration of the nerve terminal. While Laminin a5 (LAMAS) function has not
been fully elucidated, CMS patients with mutations in LAMAS have a reduction in the number of synaptic vesicles present for release due
to the small size in nerve terminals and a reduction in the number of active zones. In addition, specific mutation to the coiled-coil domain
LAMAS may play a role in preventing interaction with other laminins causing dysfunctional agrin secretion.

abnormal swimming in response to tactile stimu-
lation. The axons were aberrant, branching to the
adjacent myotome beyond their target [15].

Based on the results from Myo9a-depleted NSC-
34 cells (mouse motor neuron-derived cells), the
same group demonstrated an impaired trafficking
and release of proteins in the absence of Myo9a.
One of these proteins, agrin, is crucial for the
proper development and function of the postsy-
naptic endplate. It was hypothesized that some of
the aberrations in the myo9a morphant fish were
due to its reduction. This theory was confirmed

in deficient myo9aa/ab zebrafish, obtained through
a CRISPR/Cas9 approach where injection of mor-
phants and crispants with agrin improved their
locomotion and NMJ morphology [100, 101].
Animal models’ motor and behaviour alter-
ations partly match the human phenotype. Patients’
hypotonia and muscle weakness assume the same
pathophysiological mechanism of zebrafish abnor-
mal swimming. In addition, patients present with
cognitive impairment, similar to mice who display
learning and memory defects. However, there is
no evidence of hydrocephalus in reported patients,
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whose brain MRIs are normal, and there is no evi-
dence of renal dysfunction.

PREPL

Prolyl Endopeptidase-Like (PREPL) is a ubiqui-
tous serine protease, highly expressed in the brain,
kidney and muscle. Its function remains partly elu-
sive, but it is probably involved in the control of
the trans-Golgi network morphology and sorting, as
well as in the regulation of synaptic vesicle exocy-
tosis (GC02M044281, GeneCards; 609557, OMIM)
(Fig. 2).

Deletions of PREPL in combination with other
genes at the 2p21 chromosomal region are associated
with different variants of the hypotonia-cystinuria
syndrome (HCS), characterized by cystinuria, neona-
tal hypotonia, eyelid ptosis, occasional bulbar
symptoms, and growth hormone deficiency [102].
Some of these features suggest a neuromuscular
transmission defect, but the first case diagnosed with
a myasthenic syndrome related to PREPL deficiency
was reported by Régal L. et al. The patient presented
with marked hypotonia and feeding difficulties at
birth, later associated with ptosis and daily fluctu-
ating proximal muscle weakness. Electrophysiology
studies revealed low amplitude MEPPs. Addition-
ally, growth hormone blood levels were deficient.
Genetic analysis detected compound heterozygos-
ity for a paternal nonsense mutation in PREPL
(p-Met270Ter) and a maternal deletion involving
PREPL and SLC3A1 (one of the genes causing HCS).
The patient improved with pyridostigmine treatment
and did not worsen after weaning off the medica-
tion [103]. Other patients have been recently reported
with similar features and various combinations of
facial dysmorphism, developmental delay, hyperg-
onadotropic hypogonadism, and childhood obesity
[104-108]. One patient with a splicing mutation in
the PREPL gene was characterized by the absence
of a uterus and ovaries, microcephaly and short neck
[109] (Table 1).

PREPL is a unique protein, different from the
others in the family, because it plays a role in protein-
protein interactions rather than in peptide proteolysis
[110]. It shows homology with prolyl endopepti-
dase (PREP), whose knock-down in mice produced
an impairment in spatial learning and memory, due
to its expression in hippocampus and entorhinal
cortex [111]. Deletion of Prepl in mice led to hypo-
tonia in five-day old pups and impaired growth,
as reported in patients. Therefore, it could be also

hypothesized an underlying reduced growth hormone
signalling, remarking patients’ phenotype [110]
(Table 2).

LAMAS

Laminin alpha-5 (LAMADY) is part of the laminins
family, a group of extracellular matrix glycopro-
teins that participate in several biological processes.
LAMAS is widely expressed in vertebrate tissues
and mediates cellular attachment and migration
during embryonic development (GC20M062307,
GeneCards) (Fig. 4b).

Currently, the only described LAMA5S CMS was
caused by a homozygous missense mutation, result-
ing in a deficient number of releasable SVs.
Indeed, the mutant LAMAS5 reduces cell adhe-
sion and neurite outgrowth, and influences agrin
attachment to the extracellular matrix. Further-
more, the reported mutation impairs the interaction
between LAMAS and the synaptic vesicle gly-
coprotein 2A (SV2A), which in turn binds to
synaptotagmin, regulating the Ca2 + dependent SVs
eXocCytosis.

LAMAS5 CMS patient presented with a multi-
faceted phenotype. Clinical features comprised
congenital hypotonia and respiratory failure, sco-
liosis, chronic inflammatory bowel disease, neck
and limb muscles weakness. Dysmorphic features,
myopia, bilateral ptosis, facial muscles weakness
and tics were also observed. RNS showed a marked
decremental response and facilitation occurred after
maximal muscle activation. The patient responded
well to pyridostigmine and 3,4 DAP [14, 112]
(Table 1).

A more complex phenotype occurred in mouse
models, which also demonstrated the role of LAMAS
in pulmonary [113, 114] and renal development
[115]. For instance, Lama5 KO mice died at the
embryonic stage. Embryos presented with a defec-
tive anterior neural tube closure, syndactyly, aberrant
genesis of kidneys and an absence of visceral
pleura basement membrane with reduced lobar lung
septation [113]. To avoid early lethality, LAMAS
deficiency was restricted to lung epithelial cells
but mice still died perinatally of respiratory failure
due to marked abnormalities in lung development
[114].

However, a specific neuromuscular phenotype was
obtained by creating a muscle specific KO Lama5
mouse, showing a delayed pre- and postsynaptic dif-
ferentiation in NMJs [116].
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In addition, a missense mutation of the Lama5 gene
was generated in mouse models via CRISPR-Cas9
genome editing, further elucidating the importance of
the role of laminin in tissue development and home-
ostasis. Mutant mice showed defective foetal growth
and developmental abnormalities. Similar alterations
occurred in the reported patient, such as elongated
face, elevated hard palate, and eye defects, reflect-
ing the role of LAMAS in embryonic development
[117].

Finally, comparable results were obtained from
zebrafish, in which LAMAS deficiency led to an
altered formation of pectoral fins and a lack of fin
folds, highlighting its role in basement membrane
integrity [118] (Table 2).

RPH3A

Rabphilin 3a (RPH3A) encodes for the protein
RPH3A, which is involved in docking and fusion
steps for neurotransmitter release. Specifically, at the
presynaptic level, RPH3A is recruited to the synap-
tic vesicle membrane binding 14-3-3 protein, Ca2+,
phosphatidylinositol 4,5-bisphosphate (PIP2) and
SNAP25 to modulate vesicle trafficking and calcium-
triggered exocytosis (GC12P112570, GeneCards)
[119].

An 11-year-old girl with a heterozygous mutation
in RPH3A was described by Maselli R.A. etal. During
early childhood, she presented with limb weakness
and fatigability, later followed by hand tremors, hands
incoordination, postural imbalance, and nasal speech.
She also had learning disabilities with no abnormal-
ities at brain MRI and EEG. High frequency RNS
revealed and increment of 30% of CMAP areas and
SFEMG detected an increased jitter. A favourable
response to treatment with albuterol sulfate was
shown. The authors demonstrated a synaptic ves-
sicle density reduction, an increase in nonvesicular
synaptic membranes, and the presence of degen-
erative lamellar bodies in the patient NMJ [119]
(Table 1).

The exact function of RPH3A in the NMJ has
not been completely elucidated. A null mutation in
rbf-1, the RPH3A homolog in C. elegans, did not
alter NMJ general morphology, nor defecation, pha-
ryngeal pumping, and mating assays. Rbf-1 mutants
appeared lethargic in absence of exogenous stimu-
lation. Indeed, RPH3A alterations seemed synergic
with SNARE complex’s ones, but rbf-I mutants
did not enhance the behavioural defects of synap-
totagmin mutants. Thus, the role of RPH3A in the

Ca?* -sensitive SVs release is still controversial [120]
(Table 2).

PRE- AND POST-SYNAPTIC MECHANISMS
Mitochondrial genes

It has long been thought that mitochondria
play a critical role at the NMJ, partly due to
their clustering at the synapse. Solute carrier
Family 25 Member 1 (SLC25A1) encodes the
mitochondrial citrate carrier across the inner mito-
chondrial membrane. (GC22M019407, GeneCards)
Hence, SLC25A1 mutations result in an impaired
citrate/isocitrate export from mitochondria, and sub-
sequently increased excretion of 2-hydroxyglutaric
acid. This condition was reported in an 18-month-
old female manifesting poor sucking, hypotonia, and
prolonged apnoeas at birth, followed by psychomo-
tor retardation, epilepsy, sensorineural deafness,
and radiological evidence of corpus callosum age-
nesia and optic nerves hypoplasia [121]. Other
patients with a variable associations of speech and
motor developmental delay, learning difficulties, fati-
gable weakness, ptosis, and diplopia were later
described, recognizing a link between SLC25A1
and altered NMJ transmission [122-126]. Indeed,
SFEMG examination showed increased jitter or jit-
ter with blocking and RNS detected a decremental
response with some clinical improvement after ther-
apy with 3,4-DAP or AChEI. Interestingly, reflexes
were reduced at rest with post-exercise potentiation in
one patient, suggesting a presynaptic alteration [123,
124].

This hypothesis was corroborated by the SLC25A 1
zebrafish orthologues knocking down via antisense
MOs injection. The animal model presented a
motor impairment similarly to humans, displaying
altered tail morphology, swimming, and touch-
evoked escape responses. Furthermore, histological
NMIJ evaluation revealed short motor axon terminals
with incomplete synapse formation [123]. Indeed,
mitochondria are crucial for the presynaptic nerve
terminal function since it requires a high energy
demand [124] (Table 2) [127-129]. To date the
SLC25A1 mutation is the only mitochondrial muta-
tion described to cause CMS. However, given the
importance of mitochondria to neurotransmission it
is likely future mutations will be described neces-
sitating the creation of a fifth *mitochondrial CMS’

group.
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CONCLUSIONS

Presynaptic CMS are very rare neuromuscular dis-
orders, only comprising 5-10% all CMS types. Most
proteins involved in presynaptic function are highly
expressed in the central nervous system and other
tissues besides the motor endplate, complicating the
clinical picture. Some types of CMS classified in
other groups, such as postsynaptic or glycosylation
defects CMS, result from the alteration of proteins
which may partly influence the presynaptic site. A
low or no presence of motor neuron axon branches
was demonstrated at the presynaptic zone, as well as a
reduced quanta number available for release, result-
ing in a decreased endplate quantal content in two
cases of glycosylation CMS [130, 131]. Frequently,
CMS phenotypical and genotypical heterogeneity
makes diagnosis challenging and delays treatment.

Clinicians can exploit animal models to deeply
consider the pathophysiology of CMS, from which
the broad spectrum of their clinical features derives.
Recent technologies have allowed us to create ever
more valid models, limiting off-target effects and
providing a reliable substrate to test new drugs.

Many different animals have been used to study
the organization and function of the NMJ, includ-
ing C. elegans, D. melanogaster, zebrafish, and
mice. Since the mouse NMJ is large and easily
accessible, mouse models are currently the most
functional option to investigate histologically and
electro-physiologically. Moreover, they allow testing
the clinical disease severity by objective measure-
ment of muscle strength and fatigue, repeating the
evaluation during the disease course and after treat-
ment [132].

However, the localization of many presynaptic pro-
teins even in the central nervous system has made
presynaptic animal models hard to produce. The cen-
tral clinical manifestations may cover or alter the
NM]J features. Additionally, since most presynaptic
proteins are essential for animal survival, specific
techniques of NMJ gene modulation are needed. In
general, presynaptic gene-KO mice are lethal at the
embryonic stage in a homozygous state, preventing
the possibility of studying the genetic pathomecha-
nisms. Although, Cre-loxP technology enables gene
deletion in select groups of cells such as motoneu-
rons. There are however differences between human
and mouse NMJs: anatomically human NMJs are
smaller, have a higher folding index and active zone
density, lower quantal content, and lower safety fac-
tor; finally, protein expression is quite different,

influencing NMJ function. Proteomic profile analy-
sis shows no significant variation between the two
species. However, the expression profile highlights
distinct expression levels for 97% of at least 36
distinct nervous system-related molecular pathways
impacting on NMIJs. They include synaptic signalling
pathways, particularly, those related to agrin [133,
134].

C. elegans is another useful model to exam-
ine neurotransmission mechanisms, in particular at
the presynapse, due to the conservation of many
pathways between the nematode and mammals. C.
elegans is a simple and transparent model to analyse
gene and protein expression patterns using fluores-
cence [135].

Zebrafish is an advantageous model as many
pathways of muscle development and differentia-
tion are conserved between zebrafish and mammals.
Zebrafish muscle has similarities to human, sharing
some components of the sarcomere and contraction
machinery [136]. NMJs are cholinergic with pen-
tameric nicotinic ACh receptors at the postsynaptic
membrane like humans. In addition, zebrafish present
many synaptic molecules with a similar function in
mammals. Finally, the transparent nature of this ani-
mal is useful for the characterization of genes and
proteins’ activity in vivo [137].

Morpholino oligonucleotides (MOs) are an effi-
cient method of gene-specific antisense knockdown,
frequently used in zebrafish. However, the knock-
down effectiveness is not always clear and off-target
effects may complicate interpretation of findings.
MOs could inhibit an irrelevant gene instead of,
or in addition to, the intended gene [138]. More-
over, they are a short acting and must be injected
at the embryos stage. Recently, crispr-technology
has been employed for both short-term observations
(“crispants”) as well as generating stable zf lines with
specifically engineered mutations [139].

However, in some situations animal models may be
inappropriate to provide evidence of the entire human
genotypic heterogeneity. For example, most animal
models have been created via a knocking out mecha-
nism mimicking a null gene mutation. However, the
majority of patients present with missense mutations
which preserves the function of the encoded pro-
tein at least in part. Thereby, the distinct phenotypes
between humans and animal models depend on both
species properties and different types of mutations
with their impact on the relative protein structure and
function. While many presynaptic CMS causative
genes have recently been discovered, we lack repro-
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ducible and reliable animal models. However, they
remain a valid tool to determine drugs’ mechanism
of action and response [140].

Finally, the NMJ has also been studied across a
wider range of mammalian species such as cat, dog,
pig, and sheep, showing that the latter is most similar
to humans [141]. Hence, the opportunity to use large
animal models for a more accurate NMJ diseases
study should be considered.

In conclusion, animal models still present sev-
eral limitations in reproducing human genotypes and
phenotypes and many molecular details about NMJs
need to be elucidated. However, a bilateral exchange
between clinical and preclinical studies offers the
only promising way to increase our recognition of
CMS.
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