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Abstract: Background: Congenital myasthenic syndromes (CMSs) are a heterogeneous group of
neuromuscular disorders. Mutations of the nicotinic acetylcholine receptor epsilon subunit gene
(CHRNE) are the most common causes of these disorders. CMSs are gaining increasing recogni-
tion by clinicians. However, pharmacological treatment of CMS with CHRNE mutations has only
been discussed in a small number of case reports.

Objective: This study aims to determine how to choose an appropriate pharmacological strategy for
CMS with CHRNE mutations.

Methods: A meta-analysis was performed. PubMed, MEDLINE, Web of Science, and Cochrane Li-
brary databases were searched for studies published in English prior to June 1, 2020. The extracted
data included clinical information, gene mutations, pharmacological treatment, and treatment ef-
fects.

Results: A total of 48 studies and 208 CMS patients with CHRNE mutations were included in our
meta-analysis. Ten different pharmacological strategies were used in these patients. Our research
found that  β2-adrenergic receptor agonists  had the best  treatment effect  for  CMS patients  with
CHRNE mutations, especially in patients with primary AChR deficiency. In addition, our analysis
found no evidence that age at disease onset influences the treatment results.

Conclusion: This meta-analysis provides evidence that (1) β2-adrenergic receptor agonist therapy
could be the first choice of pharmacological strategy for treating CMS with CHRNE mutations; (2)
a single-drug-regime, rather than a combination therapy, should be the first choice of treatment;
and (3) it is never too late to initiate pharmacological treatment.

Keywords: CHRNE, congenital myasthenic syndrome, β2-adrenergic receptor agonist, fast-channel syndrome, slow-channel
syndrome, primary AChR deficiency.

1. INTRODUCTION
Congenital myasthenic syndromes (CMSs) are a hetero-

geneous group of inherited disorders in which the safety mar-
gin of neuromuscular transmission is impaired due to muta-
tions of proteins involved in the organization, function, main-
tenance, and modulation of the neuromuscular junction (N-
MJ) [1]. The incidence of CMSs was estimated to be 1.8 per
million in a total population [2, 3] and 2.3 to 22.2 per mil-
lion in the pediatric population [4-6], but due to complexity
of the procedures that are used to reach an accurate diagno-
sis,  these incidence rates are likely underestimations. Cur-
rently,  approximately  30  proteins  are  involved  in  various
types of CMSs; these proteins are either located at the presy-
naptic, synaptic, or postsynaptic part of the NMJ or they un-
dergo abnormal glycosylation (Fig. 1a). Among them, muta-
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tions of the nicotinic acetylcholine receptor epsilon subunit
gene (CHRNE) are the most frequent; the incidence of this
mutations was estimated to be 3.4 per million children in the
UK [4], and it accounted for nearly 49% of all the CMS cas-
es in a large-scale analysis of 680 patients [7].

The CHRNE gene encodes the ε-subunit of acetylcholine
receptor (AChR). Mutations of CHRNE fall into two major
groups: kinetic mutations with or without minor AChR defi-
ciency and low-expressor mutations with or without minor
kinetic effects, which are also called primary AChR deficien-
cy (Fig. 1b). The kinetic mutations consist of two classes:
slow-channel  syndromes  or  fast-channel  syndromes  [8].
Slow-channel syndrome is named after the abnormally slow
decay  of  synaptic  currents  caused  by  prolonged  opening
events  of  the  AChR channel.  In  contrast,  the  fast-channel
syndrome is named after the abnormally fast decay of the sy-
naptic response caused by brief channel opening events due
to decreased affinity of acetylcholine (ACh), decreased gat-
ing efficiency, or impaired fidelity of gating [9]. In fast-cha-

http://dx.doi.org/10.2174/1570159X18666200729092332
mailto:fangfangbi@csu.edu.cn
mailto:yangh69@126.com


Pharmacological Strategy for Congenital Myasthenic Syndrome Current Neuropharmacology, 2021, Vol. 19, No. 5   719

Fig. (1). Heterogeneity of genetic defects in CMS. (a) Genes related to CMS are highlighted in khaki. Over 30 genes are involved in varied
types of CMS. (b) Schematic diagram of CHRNE showing the exons and introns of different mutations identified within the cohort of pa-
tients. Mutations of fast-channel syndrome, slow-channel syndrome, and primary AChR deficiency are in blue, red, and black, respectively.
(A higher resolution / colour version of this figure is available in the electronic copy of the article).

nnel  syndrome and primary AChR deficiency,  the NMJ is
frequently underdeveloped, providing a relatively explicit ba-
sis for muscle weakness. In contrast, in slow-channel syn-
drome, the opening time of AChR is increased,  producing
prolonged endplate currents and excess calcium leakage into
the endplate region of the muscle fiber [10]. Mutations un-

derlying the fast-channel syndrome or primary AChR defi-
ciency cause a “loss of function” and show recessive inheri-
tance,  whereas  mutations  of  the  slow-channel  syndrome
cause a “gain of function” and usually show dominant inheri-
tance.  Compared  with  the  other  two  types  of  CMS  with
CHRNE mutations, many patients with the slow-channel syn-
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drome have a prominent involvement of the neck, forearm
extensors, wrist and finger extensor muscle [11]. Mutations
of  not  only  CHRNE  but  also  other  subunits  of  AChR can
lead to kinetic mutations.

The clinical phenotype of CMS with CHRNE mutations
is highly heterogeneous. Patients with CMS usually have a
neonatal-onset; however, symptoms can also present as late
as  in  the  second decade of  life.  Although the  existence of
CMS has been characterized for decades, pharmacological
treatment is still lacking and unsatisfactory. Establishing op-
timal therapeutic management of CMS with CHRNE muta-
tions is always a difficult task for clinicians due to (1) the
low prevalence, (2) the lack of characteristic manifestation
or clinical features, and (3) the absence of consensual crite-
ria for the assessment of pharmacological strategy efficacy
among  previously  published  studies.  Therefore,  the  treat-
ment of CMS with CHRNE mutations currently relies main-
ly upon the clinicians' experience, with no consensus or pri-
ority of a specific pharmacological strategy over the others.
Acetylcholinesterase  inhibitors  (AChEIs),  a  kind  of  drug
that inhibits the hydrolysis of ACh, and 3,4-diaminopyridine
(DAP), a drug that increases ACh release from the nerve ter-
minal  by  blocking  voltage-gated  potassium  channels
(VGKCs), were efficient in some CMS cases with CHRNE
mutations; however, the improvement was unsatisfying. In
some reports, fluoxetine (FLX) and quinidine (QUIN), both
of  which  are  long-lived  open-channel  blockers  of  AChR,
and salbutamol,  a  selective β2-adrenergic  receptor  agonist
(BA), showed striking amelioration effects. Thus, the phar-
macological treatment for CMS with CHRNE mutations re-
mains controversial for many clinicians. This study aims to
determine  how  to  choose  an  appropriate  pharmacological
strategy for CMS with CHRNE mutations.

2. METHODS

2.1. Search Strategy
The literature search was restricted to articles published

in  English.  Two  authors  (K.H.  and  YB.L.)  independently
searched the PubMed (1966-2020), MEDLINE (1950-2020),
Web of Science (1864-2020), and Cochrane Library (2020)
databases  using  the  keywords  “CHRNE  mutations”,
“CHRNE” or “congenital myasthenic syndrome, CHRNE”.
The most recent search was performed on June 1, 2020. In
addition, a manual search was carried out to identify refer-
ences in the identified studies to find possible other studies.
The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) [12] chart for the search strategy
is shown in (Fig. 2). No randomized clinical trial was identi-
fied, and only observational case reports or studies were in-
cluded in our analysis. The studies were read thoroughly to
assess the eligibility to be included in the meta-analysis.

2.2. Inclusion and Exclusion Criteria for the Literature
Case reports and studies were included if they fulfilled

the following criteria: (1) English-language article; (2) pa-
tients with CHRNE mutations with no restriction regarding
their age, gender, ethnicity and treatment; (3) genetic tests
confirmed the CHRNE mutation regardless of the details of

the mutations. The exclusion criteria were as follows: (1) ar-
ticles without pharmacological treatment and (2) articles that
do not mention the treatment effect of pharmacologic thera-
py.

2.3. Data Extraction
The following data were extracted directly from the arti-

cles:  clinical  information,  gene mutation,  pharmacological
treatment, and follow-up data. Clinical data included the age
at symptom onset and the age when the case study was re-
ported. If more than one patient had been reported in differ-
ent studies or by the same group, a comparison of the partici-
pants in the studies was made, and data appearing more than
once were excluded. Data were independently extracted by
two authors (K.H. and YB.L.) with a standardized data ex-
traction  form  and  were  inspected  by  other  authors  (FF.B.
and H.Y.). We examined the published information provid-
ed in the original studies. Any contradictory data were dis-
cussed until we reached a consensus.

2.4. Quality Assessment of Individual Studies
The quality of individual studies was assessed using the

recently published “Tool for evaluating the methodological
quality of case reports and case series” proposed by Murad
et al. [13] based on the previous criteria from Pierson, Brad-
ford Hills, and Newcastle-Ottawa scale. Each study was in-
dependently evaluated according to four domains (selection,
ascertainment,  causality,  and  reporting)  by  two  authors
(K.H. and YB.L.), leading to an overall assessment for each
study (Table 1). The quality assessment included 8 leading
exploratory questions with a binary response (yes/no) to de-
termine whether the item suggested the presence of bias.

2.5. Statistical Analysis
Data  analysis  was  performed using Statistical  Package

for Social Sciences (SPSS Inc., Chicago, IL, USA) Version
25.  Statistical  differences  were  estimated  by  the  Kruskal-
Wallis test or one-way ANOVA followed by the Bonferroni
post hoc test. A p-value < 0.05 was considered statistically
significant.

3. RESULTS

3.1. Search and Selection Results
A total of 48 studies fulfilled the inclusion and exclusion

criteria mentioned in the methods’ section. Among the 48 ar-
ticles  selected  [2,  3,  6,  14-58],  most  are  case  reports,  and
none are randomized controlled trials. A total of 208 CMS
patients with CHRNE mutations were treated with ten differ-
ent pharmacological strategies in these studies. Since the ef-
fect of different pharmacological strategies is described as in-
complete, moderated or remarkable, the treatment effect of
different  pharmacological  strategies  was  categorized  into
four types: (-) no effect; (+) partial, incomplete, moderate,
modest or mild effect; (++) beneficial, positive or clear ef-
fect; (+++) remarkable, dramatical or satisfying effect. The
treatment details are listed in the Supplementary Table S1-
S3.
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Fig. (2). Flow chart presenting the process of the study selection for systematic reviews and meta-analysis.

Table 1. Qualitative assessment of the included studies.

- Domains for Evaluating the Methodological Quality of Case Reports and Case Series [13]
- Selection Ascertainment Causality Reporting

References Question 1 Question 2 Question 3 Question 4 Question 5 Question 6 Question 7 Question 8
Mihaylova et al. [2] Yes Yes Yes Yes No No Yes No

Natera-de Benito et al. [3] Yes Yes Yes Yes No No Yes No
Anja et al. [6] Yes Yes Yes Yes No No No No

Angelini et al. [14] Yes Yes Yes Yes No No Yes No
Yang et al. [15] Yes Yes Yes Yes No No No Yes

McMacken et al. [16] Yes Yes Yes Yes No No Yes No
Estephan et al. [17] Yes Yes Yes Yes No No Yes No
Durmus et al. [18] Yes Yes Yes Yes No No Yes No

Ardissone et al. [19] Yes Yes Yes Yes No No Yes No
Verma et al. [20] Yes Yes Yes Yes No No Yes No

Tan et al. [21] Yes Yes Yes Yes No Yes Yes No
Shen et al. [22] Yes Yes Yes Yes No No No Yes

Natera-de Benito et al. [23] Yes Yes Yes Yes No No Yes No
Chang et al. [24] Yes Yes Yes Yes No Yes Yes No
Santos et al. [25] Yes Yes Yes Yes No Yes Yes No

Rodriguez Cruz et al. [26] Yes Yes Yes Yes No Yes Yes No
Azuma et al. [27] Yes Yes Yes Yes No No Yes Yes
Webster et al. [28] Yes Yes Yes Yes No No No Yes
Pavone et al. [29] Yes Yes Yes Yes No No Yes No

(Table 1) contd....
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- Domains for Evaluating the Methodological Quality of Case Reports and Case Series [13]
- Selection Ascertainment Causality Reporting

References Question 1 Question 2 Question 3 Question 4 Question 5 Question 6 Question 7 Question 8
Finlayson et al. [30] Yes Yes Yes Yes No Yes Yes Yes
Webster et al. [31] Yes Yes Yes Yes No No No Yes

Shen et al. [32] Yes Yes Yes Yes No No No Yes
Chaouch et al. [33] Yes Yes Yes Yes No No Yes No

Salih et al. [34] Yes Yes Yes Yes No No Yes No
Sadeh et al. [35] Yes Yes Yes Yes No Yes Yes No

Maselli et al. [36] Yes Yes Yes Yes No No Yes No
Brugnoni et al. [37] Yes Yes Yes Yes No No Yes Yes
Outteryck et al. [38] Yes Yes Yes Yes No No No No

Faber et al. [39] Yes Yes Yes Yes No No No No
Richard et al. [40] Yes Yes Yes Yes No No Yes No
Richard et al. [41] Yes Yes Yes Yes No No No No
Colomer et al. [42] Yes Yes Yes Yes No Yes Yes No

Soltanzadeh et al. [43] Yes Yes Yes Yes No Yes No No
Ohno et al. [44] Yes Yes Yes Yes No No No Yes
Muller et al. [45] Yes Yes Yes Yes No No Yes Yes

Fidzianska et al. [46] Yes Yes Yes Yes No No No Yes
Ohno et al. [47] Yes Yes Yes Yes No No No Yes
Sine et al. [48] Yes Yes Yes Yes No No No Yes

Ealing et al. [49] Yes Yes Yes Yes No No Yes Yes
Ohno et al. [50] Yes Yes Yes Yes No No No Yes

Milone et al. [51] Yes Yes Yes Yes No No Yes Yes
Harper et al. [52] Yes Yes Yes Yes No No Yes Yes
Ohno et al. [53] Yes Yes Yes Yes No No No Yes
Engel et al. [54] Yes Yes Yes Yes No No Yes Yes
Shen et al. [55] Yes Yes Yes Yes No Yes No Yes

Karimzadeh et al. [56] Yes Yes Yes Yes No No Yes No
Gul Mert et al. [57] Yes Yes Yes Yes No No Yes No
Uchitel et al. [58] Yes Yes Yes Yes No No No No

Selection:
1. Does the patient(s) represent(s) the whole experience of the investigator (center) or is the selection method unclear to the extent that other patients with similar presentation may
not have been reported?
Ascertainment:
2. Was the exposure adequately ascertained?
3. Was the outcome adequately ascertained?
Causality:
4. Were other alternative causes that may explain the observation ruled out?
5. Was there a challenge/rechallenge phenomenon?
6. Was there a dose–response effect?
7. Was follow-up long enough for outcomes to occur?
Reporting:
8. Is the case(s) described with sufficient details to allow other investigators to replicate the research or to allow practitioners make inferences related to their own practice?

3.2. Pharmacological Treatment Effects in Patients with
the Fast-Channel Syndrome

In  the  included  studies,  nine  patients  were  diagnosed
with the fast-channel syndrome. The pharmacological strate-
gies used in these patients mainly included AChEIs, predni-
sone (PDN),  AChEIs+BA, AChEIs+PDN, and other  treat-
ments.  All  the patients  reported were first  prescribed with
AChEIs alone and were all responsive. Specifically, due to
being misdiagnosed with myasthenia gravis (MG), one pa-
tient was prescribed with PDN [58]. Between different phar-
macological strategies used in the treatment of fast-channel
syndrome,  no  significant  differences  were  found,  partially
due to the limited data (p = 0.294) (Fig. 3a).

3.3. Pharmacological Treatment Effects in Patients with
Slow-Channel Syndrome

Twenty patients were diagnosed with the slow-channel
syndrome. All the mutations of the slow-channel syndrome
in our study were restricted to exon 7 and exon 8. Seven dif-
ferent  pharmacological  strategies,  i.e.,  AChEIs,  BA,  FLX,
QUIN, AChEIs+DAP, BA+FLX, and other treatments, were
prescribed to improve the symptoms; however,  no signifi-
cant  differences  were  found  between  these  strategies  (p  =
0.057) (Fig. 3b). In contrast to all fast-channel syndrome pa-
tients  responding  to  AChEIs  to  some  extent,  almost  half
(5/11) of the patients with slow-channel syndrome showed
no response to AChEIs. Moreover, all the slow-channel syn-
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Fig. (3). The treatment effect of different pharmacologic strategies based on a review of the literature. Treatment effect was cate-
gorised into four grades: (-) no effect; (+) partial, incomplete, moderate, modest or mild effect; (++) beneficial, positive or clear effect; (+++)
remarkable, dramatical or satisfying effect. The mean and SEM in each group are indicated. The data were analyzed by the Kruskal-Wallis
test. *p < 0.05, **p < 0.01, ***p < 0.001.

drome  patients  showed  an  alleviation  in  symptoms  after
other pharmacologic strategies, which suggests that AChEIs
should not be the first option for patients with the slow-chan-
nel syndrome.

3.4. Pharmacological Treatment Effects in Patients with
Primary AChR Deficiency

A total of 179 patients with primary AChR deficiency,
which  is  the  main  type  of  CMS  with  CHRNE  mutations,
were  examined  in  the  included  studies.  Once  the  patients
were diagnosed with a genetic test, AChEIs were tried in all
the patients alone or with other drugs. Intriguingly, BA was
used in ten patients with primary AChR deficiency, and all
ten patients showed a remarkable clinical improvement. In-
terestingly,  PDN  was  prescribed  to  several  patients  who
were initially diagnosed with MG; however,  the ameliora-
tion  was  limited.  Compared  with  other  pharmacological
strategies,  BA treatment  was  the  best  strategy  (p  =  0.000,
0.000,  0.000,  0.000,  0.007  compared  with  AChEIs,  PDN,
AChEIs+BA,  AChEIs+DAP  and  other  treatments,  respec-
tively) (Fig. 3c).

3.5. Pharmacological Treatment Effects in CMS Patients
with CHRNE Mutations

A  total  of  208  CMS  patients  were  diagnosed  with
CHRNE mutations, and ten different pharmacological strate-
gies  were  prescribed:  AChEIs,  BA,  FLX,  PDN,  QUIN,
AChEIs+BA, AChEIs+DAP, AChEIs+PDN, BA+FLX, and
other  treatments.  Since  both  AChEIs+PDN  and  BA+FLX
were only used in three patients, we categorized them into
the “other treatments” group. Among them, BA had a better
treatment effect than AChEIs, PDN, QUIN, AChEIs+DAP
and others (p = 0.000, 0.000, 0.021, 0.000 and 0.005, respec-
tively)  (Fig.  3d).  Moreover,  the  treatment  effect  of  drugs
used alone was not significantly different from the effect of
combination therapy, suggesting that it is better to use drugs
alone rather than drug combination.

3.6.  Influence  of  Age  at  Symptom Onset  on  the  Treat-
ment Effect of Pharmacological Treatment

Age  at  onset  varied  widely  among  CMS  patients  with
CHRNE  mutations.  Information  on  age  at  symptom  onset
was available in 5 of 9 cases, 17 of 20  cases, and  86 of 179
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Fig. (4). Age at onset of symptoms and treatment effect based on a review of the literature. (a) Age of symptoms onset of each group.
The data were analyzed by one-way ANOVA followed by Bonferroni post hoc test. ***p < 0.001. (b-e) The relationship between age of
symptoms onset and treatment effect in each group. (A higher resolution / colour version of this figure is available in the electronic copy of
the article).

cases of the fast-channel syndrome, slow-channel syndrome,
and primary AChR deficiency, respectively (Supplementary
Table S1-S3). The age of symptom onset of the slow-chan-
nel syndrome was significantly higher than that of the fast-
channel  syndrome  (p  =  0.000  and  0.000,  compared  with
fast-channel  syndrome  and  primary  AChR  deficiency,  re-
spectively) (Fig. 4a). Responses to medicine, however, were
not  influenced  by  this  variability  in  the  age  of  symptom
onset in each group (p = 0.143 in fast-channel syndrome, p
=  0.067  in  slow-channel  syndrome,  p  =  0.099  in  primary
AChR deficiency, and p  = 0.361 in all CMS with CHRNE
mutations) (Fig. 4b-e). These results suggest that it is never
too  late  to  initiate  pharmacological  treatment  in  CMS pa-
tients with CHRNE mutations.

4. DISCUSSION
CHRNE mutations account for up to almost half of the

cases of CMS among humans [7]. Our meta-analysis found

that  primary  AChR  syndrome  is  the  most  common  syn-
drome,  as  it  was  found  in  86%  of  cases  of  CMS  with
CHRNE  mutations.  Homozygous  or  more  frequently
heterozygous  mutations  in  AChR  subunit  genes,  such  as
CHRNA1(α), CHRNB1 (β), CHRND (δ) and CHRNE(ε), can
cause primary AChR deficiency.  However,  mutations of  ε
subunit gene are the most common cause for primary AChR
deficiency, which may be partly because the expression of
fetal type γ subunit, even at a low level, compensates for the
absence of the ε subunit. In contrast, patients harboring low-
expression or null mutations in subunits other than the ε sub-
unit might not survive due to the lack of a substituting subu-
nit [54].

Currently, evidence-based medicine primarily considers
that randomized clinical trials (RCTs) provide the most ro-
bust evidence regarding the efficacy of new treatments in pa-
tients with a certain disease. However, RCTs can be nearly
impossible to conduct for rare diseases due to the lack of pa-
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tients available for enrollment [13]. In such cases, a meta-a-
nalysis for clinical knowledge regarding the efficacy of phar-
macological treatments and other kinds of interventions may
be based on observational studies and case reports. An in-
creasing number of meta-analyses of case reports examining
rare  diseases  have  been  proven  to  be  useful  for  evi-
dence-based  medicine  [59,  60].  In  our  current  study,  al-
though all the studies reviewed in our meta-analysis are case
reports rather than RCTs, the conclusion that β2-adrenergic
receptor agonists are an effective first-line treatment for con-
genital myasthenic syndrome with CHRNE mutations in our
analysis is reliable.

Unlike the related autoimmune NMJ disorders  such as
MG and Lambert-Eaton syndrome, CMS with CHRNE muta-
tions is not caused by an immune response, so theoretically,
immunosuppressors are not effective [61, 62]. Most pharma-
cological strategies for CMS with CHRNE mutations widely
depend  upon  whether  it  is  beneficial  to  upregulate  the
amount  of  available  ACh  in  the  synaptic  cleft  (such  as
AChEIs and DAP) or to shorten the excessive duration of sy-
naptic current by reducing the channel-open time (such as
FLX  and  QUIN).  AChEIs  are  inhibitors  that  inhibit  ACh
from breaking down to choline and acetate, thereby increas-
ing the level and duration of action of the neurotransmitter
ACh. DAP is a drug that blocks VGKCs at the presynaptic
membrane, prolonging nerve terminal depolarization and in-
creasing ACh release from the nerve terminal into the synap-
tic cleft [63]. The mechanism of both AChEIs and DAP for
the treatment of CMS with CHRNE  mutations is a tempo-
rary aggregation of ACh, which activates AChR on the post-
synaptic muscle membrane. FLX and QUIN, which are both
long-lived AChR open-channel blockers, shorten the dura-
tion of pathologically long synaptic currents, leading to the
prevention of endplate depolarization block and AChR de-
sensitization at the NMJ [64, 65]. FLX and QUIN work in
some slow-channel syndromes functionally characterized by
prolonged AChR single-channel currents, which may short-
en  the  duration  of  otherwise  prolonged  synaptic  currents
[66].  In  the  current  study,  we  found  that  AChEIs,  DAP,
FLX,  and  QUIN are  effective  in  some CMS patients  with
CHRNE  mutations but  are  still  not  the right  choice for  all
CMS patients with CHRNE mutations.

Specifically, we found that AChEIs had no effect or only
a slight effect, while AChEIs+DAP had a beneficial effect
on most slow-channel syndromes with CHRNE  mutations.
In  addition,  no  detrimental  effect  was  found  on  the  slow-
channel syndrome with CHRNE mutations, which is interest-
ingly opposite to the opinion that AChEIs or DAP may even
worsen slow-channel syndrome. The mechanism underlying
this phenomenon is still unclear. The following points may
partially account for this phenomenon. First, in slow-chan-
nel syndrome with other gene mutations, such as CHRNA1
[33],  AChEIs  showed overt  side  effects  or  even worsened
muscle weakness, suggesting that the different gene muta-
tions in slow-channel syndrome may lead to different cura-
tive effects  of  AChEIs and DAP. We hypothesize that  the
pharmacological  strategies  are  different  for  slow-channel
syndrome according to different mutations. Second, most of

the curative effects we extracted from the original literature
were descriptive and lacked objective evaluations, such as
manual muscle testing (MMT) [67] or quantitative myasthe-
nia gravis (QMG) scores [68], which is also a limitation of
our  study due to  the  scarcity  of  CMS with  CHRNE  muta-
tions per se, possibly leading to bias. Third, in slow-channel
syndrome with CHRNE  mutations, the effect of prolonged
AChR activation events is to increase the entry of Ca2+ into
the postjunctional sarcoplasm through the endplate AChRs,
rather than increase the binding of ACh to AChR [69, 70].
The disturbance of the intracellular ionic milieu rather than
ACh may also partially explain why AChEIs and DAP were
found  to  have  no  deleterious  effect  in  slow-channel  syn-
drome with CHRNE mutations.

Compared with the use of AChEIs, where the treatment
effect mostly varies from incomplete to moderate,  BA de-
monstrates a robust improvement in the treatment response.
BA, such as ephedrine and salbutamol, is also broadly used
in CMS patients with CHRNE mutations, which was acciden-
tally discovered to be beneficial for MG first [71]. β2-adren-
ergic receptors are abundantly expressed in skeletal muscle,
and β2-adrenergic receptor stimulation results in various ef-
fects on muscle function, including muscle growth, protein
regulation, and muscle fiber transitions [72]. Recently, salbu-
tamol, a BA, was found to affect proteins located at the NMJ
and  exert  a  stabilizing  effect  on  AChR clusters  in  normal
C2C12 myogenic cells and the C2C12 cell model of CMS
with  downstream  of  tyrosine  kinase  7  (DOK7)  mutation
[73]. In zebrafish models of CMS with DOK7 mutation and
CMS with muscle-specific receptor tyrosine kinase (MuSK)
mutation,  β2-adrenergic receptor stimulation was found to
improve AChR clustering, motor axon guidance, and the de-
velopment of prepatterned AChR clusters [74]. Moreover, in
a mouse model of another CMS with collagen Q (ColQ) mu-
tation, salbutamol leads to a gradual improvement in muscle
strength and significant improvements in several postsynap-
tic morphological defects of NMJ [75]. The exact mode of
action  of  BA  in  CMS  with  CHRNE  mutations  is  still  un-
known; however, a compensatory mechanism of stabilizing
AChR clusters is one of the plausible explanations.

In addition, it has been recently suggested that in skele-
tal  muscle,  β2-adrenergic  receptor  signaling  might  con-
tribute to exercise training-mediated adaptations [76]. Other
researchers found that BA increases skeletal muscle mass by
inducing autophagy without any histological abnormalities
and enhances muscle force and power output as a result of
skeletal  muscle  hypertrophy  [77,78].  Taken  together,
another possible mechanism of BA on CMS with CHRNE
mutations may be that β2-adrenergic receptors can be benefi-
cial by promoting skeletal muscle mass and force.

There are several limitations to this meta-analysis. First,
clinical reports have a risk of publication bias, and it is ex-
pected that only positive results will be published [79]. Se-
cond, we cannot estimate the effect size of an outcome. We
found that almost all the clinical cases do not report enough
information to aggregate study results using mean, median,
or a proportion with a confidence interval. Third, our data
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may be biased due to incorrect reporting. All studies includ-
ed are observational studies that lack a QMG score or other
objective scores that can be used to help clinicians estimate
the treatment effects of different pharmacological strategies.
Last,  most  of  the  studies  do  no  specify  the  dosage  of  the
drugs prescribed, and thus, the specific therapeutic response
that could not be adequately evaluated.

CONCLUSION
Our meta-analysis advocates for the use of BA, such as

salbutamol  or  ephedrine,  as  the  first-line  pharmacological
treatment  for  CMS with CHRNE  mutations,  especially for
patients with primary AChR deficiency, which is the most
common type of CMS with CHRNE  mutations.  Compared
with CMS with DOK7 mutation, in which AChEIs worsened
symptoms in 40% of the patients [80], AChEIs were never
reported to worsen symptoms in CMS with CHRNE muta-
tions, which suggests that AChEIs are safe and may also be
an option for CMS with CHRNE mutations. However, more
clinical trials are needed to provide solid insight regarding
the pharmacological strategy to treat CMS with CHRNE mu-
tations.
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