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Abstract.

Congenital myasthenic syndromes are a heterogeneous group of genetically determined disorders characterized by impaired
neuromuscular transmission. They usually present from birth to childhood and are characterised by exercise induced weakness
and fatigability. Genotype-phenotype correlations are difficult. However, in some patients particular phenotypic aspects may
point towards a specific genetic defect.

The absence of ptosis and ophthalmoparesis in patients with limb-girdle weakness makes the diagnosis of a neuromuscular
transmission defect particularly challenging (LG-CMS). This is illustrated by a well-documented case published by Walton in
1956. The diagnosis of LG-CMS is secured by demonstrating a neuromuscular transmission defect with single fibre EMG or
repetitive nerve stimulation, in the absence of auto-antibodies. Ultimately, a genetic test is required to identify the underlying
cause and assure counselling and optimization of treatment. LG-CMS are inherited in autosomal recessive traits, and are often
associated with mutations in DOK7 and GFPT1, and less frequently with mutations in COLQ, ALG2, ALG14 and DPAGT.

Genetic characterization of CMS is of the upmost importance when choosing the adequate treatment. Some of the currently
used drugs can either ameliorate or aggravate the symptoms depending on the underlying genetic defect. The drug most frequently
used for the treatment of CMS is pyridostigmine an acetylcholinesterase inhibitor. However, pyridostigmine is not effective or
is even detrimental in DOK7- and COLQ-related LG-CMS, while beta-adrenergic agonists (ephedrine, salbutamol) show some
sustained benefit. Standard clinical trials may be difficult, but standardized follow-up of patients and international collaboration
may help to improve the standards of care of these conditions.

INTRODUCTION

The congenital myasthenic syndromes (CMS)
include a broad range of genetically determined
conditions characterized by impaired neuromuscular
transmission that results from mutations in several
genes that code for constitutive proteins of the neu-
romuscular junction (NMJ).

The NMJ has three main compartments; the presy-
naptic terminal (demyelinated motor neuron with
synaptic vesicles containing acetylcholine as a neu-
rotransmitter), the synaptic cleft (20-30 nm space
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composed of basal lamina structured so that it allows
the concentration and flux of the neurotransmitter
towards the muscle) and the postsynaptic region
(specialized region of the muscle cell plasma mem-
brane were the neurotransmitter receptors are located)
(Fig. 1).

Traditionally due to the structure of the NMJ the
CMS were classified according to the location of the
mutated protein as presynaptic, synaptic or postsynap-
tic (Table 1). In recent years new groups of genes,
coding for ubiquitous proteins, were identified such as
those involved in the glycosylation pathways (GFPT]I,
DPAGTI, ALG2, ALG14, and GMPPB) [1-4 ] orin the
synthesis of propyl-oligopeptidase (PREPL) [5].

The most common genetic defects associated with
CMS are mutations in the CHRNE gene resulting in

ISSN 2214-3599/15/$35.00 © 2015 — IOS Press and the authors. All rights reserved

This article is published online with Open Access and distributed under the terms of the Creative Commons Attribution Non-Commercial License.


mailto:hanns.lochmuller@ncl.penalty -@M ac.uk

S22 T. Evangelista et al. / Limb-Girdle CMS

Neurofilament

Synaptophysin

Fig. 1. NMlJs of the mouse extensor digitorum longus muscle. Motor axons and pre-synaptic region labelled with anti-neurofilament antibody;
post-synaptic region labelled with anti-AChR antibody. Synaptic vesicle membrane proteins labelled with anti-synaptophysin antibody.

Table 1
Classification of CMS
Gene Pathology
Presynaptic
Choline acetyltransferase deficiency CHAT Reduced synthesis of ACh
Mitochondrial citrate carrier SLC25A1 Abnormal carrier function
Pre-synaptic nerve terminal abnormalities
Synaptotagmin 2 SYT2 Disruption of synaptic vesicle exocytosis of
neurotransmitter
Synaptosomal-associated protein 25 SNAP25B Inhibits synaptic vesicle exocytosis
Synaptic
Endplate-AChE deficiency COLQ Reduced AChE
Increased permanence of ACh in the synaptic cleft
End-plate myopathy
Laminin beta 2 LAMB?2 Reduced B2-laminin
Agrin AGRN Impaired NMJ formation and AChR clustering
Postsynaptic
Kinetic changes of AChR / CHRNA1 Kinetic abnormalities: slow or fast channel syndromes
endplate-AChR deficiency
CHRNBI End-plate AChR deficiency: Reduced expression of AChR
CHRND
CHRNE
Rapsyn (impaired cluster of AChR) RAPSN Impaired clustering of AChR
Muscle-specific kinase MUSK Impaired NMJ formation and AChR clustering
Docking Protein 7 DOK7 Small and simplified NMJ
Kinetic defect in voltage-gated SCN4A Altered sodium channel function
Sodium channel 1.4
Low density lipoprotein LRP4 Expressed on the surface of the postsynaptic membrane
receptor-related protein 4
Is a receptor for neural agrin
Reduction in size of the nerve terminal and in the
postsynaptic region
Congenital defects of Glycosylation GFPTI Abnormal glycosylation of NMJ components
DPAGTI
ALG2
ALG14
GMPPB
Other
PREPL deletion syndrome PREPL
Plectin deficiency PLECI Abnormal muscle fibre morphology

primary acetylcholine receptor deficiency; other fre-
quent defects are the CMS with mutations in DOK7
and COLQ and the CMS with mutations in the RAPSN
gene [6-8].

Although CMS have been defined as clinical entities
in the 1970 s, Walton published the first full clinical

description of a patient resembling limb-girdle CMS
well before that in 1956 [9]. Walton’s introduction
to the case report states that “... in addition to
cases which fall into recognizable categories of
muscle disease, a number of less common disorders
occur from time to time which do not correspond to
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Fig. 2. Bilateral ptosis and moderate atrophy of the shoulder girdle
and arm muscles (figure reprinted with permission).

the accepted descriptions. ... seem to fall into a
borderland of either myopathy or myasthenia gravis.”
The case report refers to a woman (Fig. 2) who
developed muscular weakness and hypotonia in the
first year of life. She had delayed motor development
being able to walk only at the age of 5 years old.
The ability to keep her head up remained poor and
she developed marked proximal limb weakness. She
experienced particular difficulties with raising her
arms and climbing stairs; had a waddling gait and lum-
bar hyper-lordosis. The proximal muscle weakness
became worse after exertion and tended to fluctuate
during the day. The eye movements’ were normal. The
muscle biopsy showed unspecific myopathic changes
and an extensive investigation excluded a metabolic
cause for the disease. The patient had an unsustained
response to esterase inhibitors and a good response
to ephedrine. She was re-evaluated in 1974 at the age
of 54 years and she remained independent for most
of her daily living activities. On examination her face
was described as myopathic and it was noted that
she had a “paralytic kyphoscoliosis”, severe bilateral
ptosis and limitation of the upward gaze with fatigue
of the elevation of the right eye. There was weakness
of the neck muscles with wasting of the sternomastoid
muscles. Slight wasting of the girdle muscles with
marked proximal weakness was noted. Fifty years
later, in 2006, the same phenotype was associated
with CMS due to DOK7 mutations [10].

This review highlights the particular clinical fea-
tures of LG — CMS to assist with the differential
diagnosis.

CLINIC AND LABORATORY
INVESTIGATIONS

The hallmark of CMS is fatigable weakness with
markedly fluctuating severity of symptoms. The
disease onset is usually from birth to the first 2 years
of age although patients can present much later in life.

When present from the neonatal period the most fre-
quent manifestations relate to the cranial or respiratory
muscles with poor suck and cry, choking spells, respi-
ratory failure and ptosis. The symptoms are worsened
by crying or activity. Later in life the limb muscles and
spinal erector muscles are most affected with subse-
quent delayed motor milestones. These patients seldom
learn how to run, experience difficulties with stairs,
and have abnormal fatigability on exertion that does
not allow them to keep with their peers. Ptosis, fixed
or fluctuating ocular palsies, spinal deformities and
reduced muscle bulk are other common manifestations.
In contrast, eye muscle symptoms are usually subtle or
completely lacking in LG-CMS.

The diagnosis is secured by demonstrating a neu-
romuscular transmission defect using single fibre
EMG (SFEMG) or repetitive nerve stimulation (RNS).
SFEMG is more sensitive but less specific than RNS.
The usual findings are an increased jitter in SFEMG
and a decrement larger than 10% on the amplitude
of the compound muscle action potential (CMAP) on
RNS. If a LG-CMS is suspected, then RNS should be
carried out in proximal muscles otherwise the test may
potentially be misleading as normal. Itis also important
to verify the absence of auto-antibodies against acetyl-
choline receptors (AChRs) and muscle-specific tyro-
sine kinase (MuSK). More recently other autoantibod-
ies have been described in the so called seronegative
Myasthenia Gravis, antibodies against the low-density
lipoprotein receptor-related protein 4 (LRP4) or agrin.
Except for some rare forms of CMS showing tubular
aggregates, conventional muscle biopsy is inconspicu-
ous. The presence of tubular aggregates in the muscle
biopsy may help to distinguish between the LG-
CMS that respond to acetylcholinesterase inhibitors
(GFPTI, DPAGT]I) from the ones that aggravate or do
not respond to this medications (DOK7; COLQ).

Most CMS are autosomal recessive with the excep-
tion of the dominant slow channel syndrome and the
SYT2 -related CMS. All LG-CMS so far are recessive.
Support for a genetic condition comes from a positive
family history of a NMJ disorder, consanguinity and
the lack of response to immunosuppressive treatment.

Although most patients respond to treatment with
acetylcholinesterase inhibitors, CMS due to mutations
in COLQ, DOK7 and the slow channel syndromes may
deteriorate with pyridostigmine.

Recently SNAP25B and LRP4 mutations have been
described in anecdotal cases with complex CMS
phenotypes. [11, 12]. Although the muscle weakness
in these cases was described as generalised, it may
have a proximal predominance.
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CONGENITAL MYASTHENIC
SYNDROMES WITH PREDOMINANT
LIMB GIRDLE WEAKNESS (TABLE 2)

DOK 7 mutations

DOKY7 is a postsynaptic cytoplasmic protein that
binds and activates the muscle specific tyrosine kinase
(MUSK) and induces Rapsyn-associated AChR clus-
tering and folding of the postsynaptic membrane [13].
DOK7 mutations interfere with the AChR (acetyl-
choline receptors) clustering pathway [10].

CMS due to DOK7 mutations are the most common
form of limb-girdle myasthenia [6-8]. It usually starts
after the first year of life with limb girdle weakness
however, in younger children, the presence of feeding
difficulties and vocal cord paralysis with stridor may
be a clue for the diagnosis even in the absence of limb
muscle weakness. These children in spite of the LG
weakness achieve normal motor milestones and start
walking at a normal age.

Some patients may experience respiratory crisis
with need for assisted ventilation and some may
develop respiratory weakness with the need for
regular non-invasive ventilation. Other common sign
is the presence of ptosis without ophthalmoparesis.
Some patients may have tongue wasting and some
nonspecific myopathic features. Characteristically the
disease fluctuations do not occur on a daily basis but
go on over weeks. Patients with DOK7 mutations
do not experience long term benefit from acetyl-
cholinesterase inhibitors and can even exacerbate with
these drugs. They have a good response to salbutamol
or ephedrine.

Neurophysiology (SFEMG and RNS) is character-
istic of a postsynaptic involvement. Due to the major
involvement of the proximal muscles, attention should
be made that these muscles are tested.

Mutations in DOK7 affect both the size and
structure of the neuromuscular junction [10]. The
majority of the mutations are located in exon 7.
The most common mutation is a frameshift muta-
tion ¢.1124_1127dupTGCC (p.Ala378SerfsTer30) in
particular in patients with central/western European
ancestry. The mutation S45L is more frequently found
in patients of Portuguese/Spanish origin [14].

GFPTI and DPAGTI mutations

These 2 autosomal recessive syndromes result from
defects in genes involved in glycosylation. They give

Table 2
LG-CMS distinctive features, (?) no data or insufficient data

Tubular

Pyridostigmine

Tongue Motor

Respiratory ~ Bulbar

weakness

Ptosis  Ophthalmoparesis

Stridor/vocal

cord paralysis,
neo-natal period

Double

CK

level

1st

Gene (AR)

atrophy development

weakness

CMAP aggregates

symptoms

delay

No

Deterioration

Yes

>1st year Raised No No Yes Yes No Yes yes

DOK7

(occasionally)

Normal

Deterioration

Yes

No Yes  Yes (+ slow pupillary Yes Yes No

No

Yes

Early

COLQ

response to light)

infancy

Benefit

Childhood Raised No Yes No No No No No No In the most

DPAGTI

severe cases
In the most

(occasionally)

Raised

Benefit

No No No No No No

Yes

No

Infancy to

GFPTI

severe cases

No

(occasionally)

Normal

adulthood

Benefit

No No

No

No

No

No

No

No

Childhood
Infancy

ALG2

Yes

No No No No

No

No

Yes

No

Normal

Raised

ALG14

Benefit

Yes

No No

No

No

No

No

No

No

Infancy to

GMPPB

adulthood
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rise to CMS with limb-girdle weakness and some show
tubular aggregates in the muscle biopsy. These patients
do not experience ptosis or ophthalmoparesis and ben-
efit from esterase inhibitors. CK levels may be slightly
raised.

GFPTI mutations are usually associated with slowly
progressive LG muscles weakness that may begin from
infancy to adulthood. These patients usually don’t
experience weakness of the respiratory or bulbar mus-
cle and they also do not have ocular or facial weakness.
RNS shows a decrement of the CMAP at 3 Hz stimula-
tion and SFEMG will show abnormal jitter compatible
with a post-synaptic defect of the NMJ. To increase the
accuracy, these tests should be performed in proximal
muscles.

GFPT1 or glutamine-fructose-6-phosphate transam-
inase 1 is the rate-limiting enzyme in the biosynthesis
of N-acetylglucosamine, which is essential for both
O- and N-glycosylation. GFPT1 has a muscle spe-
cific isoform GFPTL1 and mutations that hamper
this specific isoform although rare usually manifest
with a very severe phenotype resulting both in a
myopathy with autophagy and in severe impairment
of the NMJ [15, 16]. However, GFPTI mutations can
occur along the entire coding sequence of the gene.
Most are missense mutations and a few truncating
mutations.

UDP-N-acetylglucosamine-dolichyl-phosphate N-
acetylglucosaminephosphotransferase 1 (DPAGT1),
like GFPT]1, is also involved in the N-glycosilation
pathway. It promotes the first step of the dolichol-
linked oligosaccharide pathway for the glycoprotein
biosynthesis. Like with GFPT1, mutations in DPAGT1
are responsible for a distinct form of CMS with
predominant involvement of the proximal muscle
of the limbs and the axial muscles. The facial,
ocular, bulbar or respiratory muscles are usually
not involved. The onset is usually during childhood
and patients show a good response to pyridostig-
mine. The EMG with SFEMG and RNS shows
features of a post-synaptic involvement. These patients
may also have tubular aggregates in the muscle
biopsy.

Most of the patients reported in literature, with CMS
due to DPAGTI mutations also have some degree of
cognitive impairment that goes from mild learning dif-
ficulties to autistic spectrum disorder and this can also
be seen in GFPTI-CMS patients [17, 18].

Some studies [19] have shown that the possible pri-
mary defect at the NMJ level, in both DPAGT1 and
GFPT1 CMS, is a loss in the number of AChR due to
deficient glycosylation of AChR subunits.

COLQ mutations

Homozygous or compound heterozygous mutations
in the acetylcholinesterase collagen-like tail subunit
gene (COLQ) cause synaptic basal-lamina CMS with
end-plate AChE deficiency [20]. The absence of AChE
does not allow for the acetylcholine to be removed
from the synaptic cleft so the end-plate current outlasts
the muscle refractory period and a second compound
muscle action potential is generated. At the same time
the prolonged end-plat currents induce an end-plate
myopathy with loss of AChRs.

The classical phenotype of COLQ mutations is
that of a severely affected patient, starting early in
infancy with respiratory insufficiency, motor develop-
ment delay and severe scoliosis. EMG with double
CMAP, slow pupillary reflexes, no response or dete-
rioration with pyridostigmine are useful clues for the
diagnosis [21].

These patients may have day-time fluctuation of the
symptoms and also long term fluctuation lasting weeks
to months. Some patients may experience increased
fatigability around puberty and during the last months
of pregnancy and early post-partum period [22].

A cohort of 22 patients published in 2008 [20]
points out that a broader spectrum of clinical features
should be considered. Although muscle weakness is
usually generalized, some patients present with LG
weakness suggestive of either a myopathy or LG-CMS.
A subgroup of COLQ-mutated patients has prominent
proximal muscle weakness, waddling gait and muscle
atrophies similar to DOK7-mutated patients.

Other frequent manifestations found in this cohort
are facial weakness, impairment of ocular movements
and ptosis. Delayed pupillary light response although
typical of the condition was present in only a quarter
of the patients.

A decremental response on RNS may be elicited in
the majority of the patients. The same is true for one
of the hallmarks of the disease the double CMAP as
response to single nerve stimulus. Double CMAPs are
also found in slow channel CMS.

Treatment with esterase inhibitors is not advisable
in these patients due to the lack of response or clinical
deterioration, but some patients may show an initial,
transitory benefit. These patients usually respond well
to ephedrine and 3, 4-diaminopyridine.

ALG2, ALG14 and GMPPB mutations

ALG2, ALG14 and GMPPB defects are the cause of
extremely rare forms of autosomal recessive LG-CMS,
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and are therefore clinically less well defined [3]. They
have also been found in more severe childhood condi-
tions such as CDG syndromes and congenital muscular
dystrophy. ALG14 forms a complex with ALG13 and
DPAGT! constituting the UDP-GIcNAc transferase
that catalyses the first two steps in endoplasmic reticu-
lum N-linked glycosylation. ALG14 is localized in the
endoplasmic reticulum membrane and at the endplate
region of the NM1J.

ALGI4-mutated patients have slowly progressive
and fatigable, proximal muscle weakness present from
childhood. No facial, ocular or bulbar muscle impair-
ment was described although strabismus was reported.
The unspecific clinical findings make the differential
diagnosis with other LG-CMS and with limb girdle
muscular dystrophies challenging. The ancillary diag-
nostic tests and therapeutic response to pyridostigmine
are useful tools for this. Muscle biopsies do not show
tubular aggregates and have unspecific changes. RNS
shows a decremental response and SFEMG shows
increased jitter. There is a good response to pyridostig-
mine that is sustained over time.

In ALG2-mutated patients [23] the course may be
slowly progressive from early infancy. Patients have
delayed motor milestones and hypotonia and most of
them never achieve ambulation. Muscle weakness is
predominantly proximal and mild facial weakness may
be present. There is no involvement of the ocular or
bulbar muscles. CK levels may be normal and tubular
aggregates were found in some of the few reported
muscle biopsies.

GDP-mannose pyrophosphorylase B (GMPPB) cat-
alyses the formation of GDP-mannose required for
the glycosylation of lipids and proteins. Mutations in
GMPPB are responsible for a secondary dystrogly-
canopathy [24]. The usual clinical phenotype extends
from severe congenital muscular dystrophy [25] with
or without brain abnormalities to limb girdle muscular
dystrophy (LGMD2T) or episodes of rhabdomyolysis
[26]. Recently mutations in the GMPPB gene have
been identified in 7 patients with CMS [4]. These
patients share clinical features of other CMS asso-
ciated with glycosylation defects; proximal fatigable
muscle weakness with sparing of facial, eye and bul-
bar muscles. In these 7 cases ptosis was only present
in one and the age of onset as in the case of the
muscular dystrophies was quite variable from child-
hood to adulthood. The EMG was clearly myopathic
with associated decrement of CMAP with RNS of the
proximal muscles. CK levels were raised and the mus-
cle biopsy in 2 of the patients revealed dystrophic
features with necrosis, centralized nuclei and type 1

fibre predominance. Most of the patients responded
to pyridostigmine in isolation or in combination with
salbutamol.

ANIMAL MODELS AND
PATHOPHYSIOLOGY

Zebrafish are useful to examine the NMJ disruption
in vivo. As vertebrates they share genetic similarity
and functional homology with mammals. They are eas-
ier to care and to bread compared to rodents. Genetic
changes are easily introduced and the effects can be
monitored as the embryo is transparent and has external
embryonic development. Although the muscle struc-
ture of the zebrafish is different from mammals the
NMIJ development occurs in a similar way. First a
band of AChR forms in the middle region of the mus-
cle; subsequently the axonal growth cone contacts the
muscle and forms the synapse. Knockdown of neuro-
muscular junction proteins in zebrafish usually affects
motility and swimming behaviour of the injected
embryos.

Two good examples of defect neuromuscular trans-
mission in LG-CMS are morpholino-knockdown
experiments for DOK7 and GFPT] in zebrafish.

DOKY7 is crucial in the very early stages of the NMJ
formation (clustering of the AChR in the middle of the
muscle fibre prior to the axonal contact). The contact of
the axonal growth cone with the muscle, in morphant
zebrafish with down-regulated expression of DOK?7 is
established; however these contacts are smaller than in
the wild-type zebrafish. This aspect mimics the endplate
pathology seenin patients with DOK7 mutations. There
are also changes in slow muscle fibre arrangement. Due
to this finding promotion of slow muscle fibres was sug-
gested as an additional role for Dok7 [27].

GFPT1 is conserved in zebrafish. It was possible
to knock-down GFPT1 and confirm that it is required
for the normal NMJ formation. The knock-down of
the zebrafish GFPT1 induces a reduction of GFPT1
levels at 48 hrs. post-fertilization and the embryos dis-
play altered tail morphology (Fig. 3), and impairment
of swimming and touch-evoked escape response. His-
tologically there is abnormal muscle morphology and
delayed NMJ development. Motor neuron axons lose
their ability to project branches into laterally located
muscle fibers and form synapses [28].

Mice are valid models to study the role of pro-
teins in synapse formation and maintenance, to study
CMS pathophysiology due to specific mutations and
to understand the effects of certain drugs in the NMJ.
However, the complete inactivation of NMJ genes in
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Fig. 3. Zebrafish a) Control; b) GFPT1 morpholino, showing altered tail morphology.

knockout mice is often lethal during embryonal devel-
opment or shortly after birth. Interestingly, mice do not
upregulate the foetal subunit of the AChR encoded by
the CHRNG gene in the same way as humans do, when
the adult subunit (CHRNE) is mutated [29]. There-
fore it is necessary to overexpress human CHNRG in
transgenic mice with a CHNRE background to model
human receptor deficiency.

Several mouse models have been developed to study
different subtypes of CMS including LG-CMS. A
mouse model of AGRIN-associated CMS was devel-
oped by chemical mutagenesis. The affected mice
(nmf380) manifested symptoms of NMJ dysfunction
and whole-mount NMJ studies showed simplified post-
synaptic regions and axonal sprouting beyond the
post-synaptic region [30]. Other mousse models were
developed to study CMS due to MuSK mutations [31],
slow channel syndromes [32, 33] or DOK7 associated
CMS [13]. Mice lacking Dok-7 do not form AChR
clusters or NMIJs, and die shortly after birth due to
breathing difficulties.

CONCLUSION

The clinical heterogeneity of CMS and the diffi-
culty in establishing correlations between genotypes
and phenotypes often delay the clinical diagnosis.
LG-CMS presentations are particularly challenging, as
some of the hallmarks of CMS are frequently absent.
Like in the case described in 1956 by Walton, the
combination of LG weakness with myasthenic find-
ings is the best clue for the diagnosis of LG-CMS.
In undiagnosed patients with congenital myopathies
or limb-girdle muscular dystrophies it is important
to consider LG-CMS in the differential diagnosis,
as, effective pharmacological therapies are already

available for LG-CMS, but not for the dystrophies.
However, we would like to stress that single cases
of congenital myopathies may be treatable with
pyridostigmine, e.g. some myotubular or centronu-
clear myopathies and RYR1-related myopathies with
demonstrated aberrant NMJ transmission [34, 35]
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