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Abstract
Background—Congenital myasthenic syndromes (CMS) are disabling but treatable disorders.
Anticholinesterase therapy is effective in most, but is contraindicated in endplate (EP)
acetylcholinesterase (AChE) deficiency, the slow-channel syndrome, Dok-7 myasthenia, β2-
laminin deficiency, and is not useful in CMS due to defects in MuSK, agrin, and plectin. EP
AChE, Dok-7 and β2-laminin deficiencies respond favorably to ephedrine but ephedrine can no
longer be prescribed in the US.

Methods—We used albuterol, another sympathomimetic agent, to treat three patients with EP
AChE deficiency and 15 with Dok-7 myasthenia. Response to therapy was evaluated by a 9-point
questionnaire pertaining to activities of daily life.

Results—Comparison of the pre- and post-treatment responses indicated a beneficial response to
albuterol (p values <0.001) in both patient groups. The adverse effects of therapy were like those
of ephedrine.

Discussion—Our observations should spur controlled prospective clinical trials of albuterol in
these as well as other CMS.
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Introduction
Congenital myasthenic syndromes (CMS) are clinically and genetically heterogenous
disorders in which the safety margin of neuromuscular transmission is compromised by one
or more specific mechanisms.1 Because drugs that benefit one type of CMS can be harmful
in another type, treatment is guided by the identified defect of neuromuscular transmission2

and by empiric observations. Acetylcholinesterase (AChE) inhibitors, which augment the
synaptic response to ACh, are usually effective when the synaptic response to ACh is
attenuated, as in patients with primary endplate (EP) acetylcholine receptor (AChR)
deficiency. However, they are ineffective and potentially harmful in the slow-channel CMS,
EP AChE deficiency, Dok-7 myasthenia2 and the CMS caused by mutations in β-2 laminin,3
and are of no or limited use in the CMS caused by defects in MuSK,4,5 agrin,6 and
plectin7–9.
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Ephedrine, a sympathomimetic amine with α- and β-adrenergic effects,10 has been used in
asthma and as a decongestant. In 1930, Dr. Harriet Edgeworth, a physician, a biochemist and
a patient with adult-onset myasthenia gravis (MG), reported improved muscle strength and
decreased fatigability while taking a medication containing ephedrine for dysmenorrhea.11

She subsequently subjected herself to a single-blind experiment with a placebo, which
confirmed her initial hypothesis.11 After her seminal observation, ephedrine was widely
used in MG but was eventually replaced by anticholinesterase and immunosuppressive
medications. More recently, ephedrine was shown to be beneficial treatment of the CMS
caused by defects in EP AChE, 12,13β2-laminin,3 and Dok-714–16 but its mode of action is
unknown.

In 2004, an FDA regulation prohibited prescribing ephedrine in the United States and
thereby deprived CMS patients with EP AChE, 12,13β2-laminin, and Dok-7 deficiency from
the mainstay of their therapy. For this reason we evaluated the use of albuterol, a selective
β2 adrenergic agonist10 commonly used as a bronchodilator, in the treatment of patients with
EP AChE deficiency and Dok-7 myasthenia.

METHODS
This study was initiated as an open label study with intent to treat. After reviewing the
results of the study based on questionnaires completed by patients, we obtained written
consent from each patient (or their parents if the patient was a minor) to publish their
responses. The human studies described here were reviewed and approved by the
Institutional Review Board of the Mayo Clinic.

Fifteen of the 18 patients in this study had been initially examined at the Mayo Clinic. In 5
of these the defect in neuromuscular transmission and EP ultrastructure were further
investigated by intercostal muscle biopsies. Histories of 3 patients were available from other
medical centers. The generic diagnosis of a CMS was based on the history, examination, and
compatible EMG studies. A specific diagnosis of AChE deficiency was suggested by a
repetitive compound muscle action potential unaffected by edrophonium and refractoriness
to pyridostigmine; that of Dok-7 myasthenia was suggested by a predominantly limb-girdle
distribution of the muscle weakness and refractoriness or worsening of the symptoms on
exposure to pyridostigmine. Patients 1,17 2,18 and Patients 9, 10, 11 and 1214 were
previously reported. The genetic diagnosis was established by capillary sequencing of DNA
isolated from blood or muscle from each patient and their nuclear family members, and by
absence of the identified mutation from 100 to 200 control subjects.

After the diagnosis of Dok-7 myasthenia or EP AChE deficiency was established by
combined clinical, electrophysiological and/or molecular genetic methods, the patients (or
their parents) were explained possible benefits and risks of albuterol therapy and advised to
discontinue the medication should they experience undue palpitation, irregular pulse, or any
other unusual symptoms. The prescribed dose of albuterol typically ranged from 4 mg from
once to three times a day for adults, 2 mg two to three times a day for children 6 to 12 years
of age, and 0.1 mg/kg/day (maximum 2 mg) three times daily for children 2 to 6 years of
age.

Because most patients were unable to return for reevaluation, they (or their parents) were
requested to complete an evaluation form regarding when the medication was started, the
dose employed, and respond to a 9-question survey related to disease-specific symptoms
(see Table 1). The participants were asked to return the questionnaire after treatment with
albuterol for at least one month and thereafter if they experienced further changes. Some
patients continued to inform us even if their clinical status had stabilized. Four of the nine
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questions concerned limb and axial muscles weakness (difficulty sitting up from supine
position, difficulty rising from sitting position, weakness of arm or hand muscles, and
weakness of leg or foot muscles), two assessed respiratory function (shortness of breath on
exertion and shortness of breath at night), and one pertained to oropharyngeal weakness
(difficulty speaking or swallowing). For these questions, the participants were asked to rate
their symptoms as normal, mild, moderate or severe. The last two questions aimed to
evaluate abnormal fatigability; these inquired about how far patients were able to walk and
how many steps they were able to climb without having to rest. The participants were also
encouraged to describe any other changes in activities of daily living during therapy and
report any adverse reactions. Age at onset, duration of disease, and additional relevant
information were obtained from the patients’ medical records. In some cases, additional
information came from follow-up letters from referring physicians or patients.

Data Analysis
For the first 7 questions, the responses of normal, mild, moderate, and severe were assigned
scores of 0, 1, 2, and 3 respectively. The scale was modified by adding 0.5 to the score when
the severity of a symptom was rated between two established ranks. The responses before
and after treatment to these 7 questions were evaluated by the Wilcoxon signed rank test.
The numerical responses to the distance walked and the steps climbed were not normally
distributed and were therefore also evaluated by the Wilcoxon signed rank test.

RESULTS
Three patients with EP AChE deficiency and 15 with Dok7-CMS were enrolled in the study.
Patients 1, 7, 9, 12, 14, 15, and 17 had previously been treated with pyridostigmine; 5
patients (1, 9, 14, 15, and 17) did not respond, and 2 patients (7 and 12) became weaker.
Patient 14 was also treated with 3,4-DAP before treatment with albuterol (see text).
Exposure to albuterol ranged from 1 to 25 months (median 4 months) except for Patient 14
whose treatment was stopped after 2 weeks due to atrial flutter. Table 2 summarizes the
clinical data, the identified mutations, as well as the dose, duration, and adverse effects of
therapy. Table 3 indicates the sum of disability scores rated from 0 to 3, the distance walked
without having to rest and the number of steps climbed without having to stop before the
start of therapy and at the time of the last evaluation.. Figure 1A and B show the distance
walked and the number of steps climbed by each patient before albuterol therapy and at the
last evaluation. Comparison of each category of response before and after treatment revealed
a beneficial effect of albuterol (P values <0.001).

The effects of the short acting medication lasted 4–6 hours and that of the extended release
medication lasted 8–12 hours. None of the patients reported that the effectiveness of the
medication wore off with continued use. In addition, Patients 2, 3 and 15 reported a
progressive increase of baseline strength in the course of therapy. Some patients reported
albuterol therapy was a life-changing experience. Patient 11 was the only poor responder
with essentially unchanged pre- and post-treatment scores. All except Patient 11 reported an
improved quality of life. For example, Patients 2 and 18 became independent in all daily
activities at home and were able to return to school. Patients 2, 3 and 18 were no longer
wheelchair bound, and Patient 2 no longer needed nocturnal ventilation. Patient 15 was able
to return to work full time, and Patient 16 became nearly symptom free.

Patients with combined therapy
Patient 1 has taken prednisone before and during treatment with albuterol. Prednisone was
initially thought to improve his weakness but he remained severely disabled. Patient 14 was
first treated with 3,4-diaminopyridine (3,4-DAP) for 19 months and then with 3,4-DAP plus
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albuterol for 2 weeks. Before any treatment, the sum of the 7 disability scores was 19; after
therapy with 3,4-DAP it was 12; and after combined therapy with 3,4-DAP plus albuterol it
was 4.5. Figure 1C shows the distance walked and the number of steps climbed before
treatment, after 3,4-DAP treatment, and after treatment with 3,4-DAP plus albuterol by
Patient 14.

Patients with multiple responses to the questionnaire
Patient 15 completed questionnaires at 1, 2, 5, and 10 months after taking albuterol. Figure
1D shows the distance walked and the number of steps climbed at each time point. Using the
MRC scale, before taking albuterol, she had grade 2 weakness of iliopsoas and quadriceps
muscles, grade 4 weaknesses of the hamstring, biceps, triceps, deltoid, neck flexor and
bulbar muscles as well as moderately severe ptosis. After taking albuterol for 2 months, her
limb muscles were of normal strength, but her ptosis and bulbar weakness remained
unchanged.

Adverse reactions during therapy
Patients 2, 12 and 13 developed variable degrees of exercise-induced muscle cramps or
burning sensation of the calf and occasionally of other muscles. Patients 12 and 13 also
noted tightness of the jaw muscles on chewing. The cramps were considered mild by Patient
2, moderately severe by Patient 13, and severe by Patient 12. Decreasing the dose of
albuterol from 12 to 8 mg per day in Patients 12 and 13 alleviated these adverse effects.
Patients 9 and 10 noted mild jitteriness and tremor; Patient 11 noted insomnia; Patient 12
had worsening of hypertension which was corrected by medication. These side effects were
tolerable in the context of the beneficial effects of therapy. Patient 14 developed atrial flutter
which mandated stopping therapy with albuterol after two weeks.

Discussion
The present study indicates that albuterol, like ephedrine, has a beneficial effect in the
treatment of EP AChE deficiency and Dok-7 myasthenia. Although there are several well-
established outcome measures for the treatment of autoimmune MG, outcome measures for
the different types of CMS have not been defined or standardized. The first seven questions
used in this study are similar to questions that evaluate the MG-specific activities of daily
living (MG-ADL)19 but include no questions on weakness of the extraocular and facial
muscles because, except for ptosis, this is usually absent in Dok-7 myasthenia14,15,20 and is
variable in EP AChE deficiency.12

Although not in the questionnaire, Patients 2 and 15 reported no improvement of ptosis, and
Patient 11 noted mild worsening of facial weakness during therapy. Previous studies on the
use of ephedrine in Dok-7 myasthenia reported similar observations.15,16 In both studies, the
positive effects of ephedrine were more pronounced in proximal limb than in other muscles
including the levator palpebrae15 and facial muscles.16

Patients typically noticed improvement after the first few days of therapy but in Patient 15
albuterol reached its maximum effect at 2 months (Figure 1D). In Patients 6, 7, 12, and 13,
the response to albuterol was dose-dependent. The effective daily dose of albuterol in the
current study ranged from a total of 4 to 12 mg per day. The optimal dose of albuterol varied
from patient to patient. For example, Patient 4 achieved a post-treatment disability score of 0
taking 4 mg of albuterol per day whereas Patient 5 required 10 mg per day to achieve this
effect.

The adverse effects of albuterol noted here have also been observed in patients treated with
albuterol for obstructive airway disease, and nearly half of these patients experienced muscle
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cramps.21–23 Decreasing the dose of albuterol in Patients 12 and 13 alleviated the muscle
cramps but also attenuated the beneficial effects of the medication. Patient 13 elected to
resume taking the higher dose of albuterol despite his leg and jaw discomfort.

The mechanism by which ephedrine or albuterol improves neuromuscular transmission is
not known. In vitro microelectrode studies of canine intercostal muscles showed that 100
μM ephedrine increased the quantal content of the endplate potential by 21%, but reduced
the amplitude of miniature endplate potential by 38%, probably by blocking the AChR
channel.24 A subsequent single-channel patch-clamp study of rat lumbrical muscles revealed
that both ephedrine and albuterol act as short-lived open-channel blockers of the AChR
channel.25 In both studies, the effects on neuromuscular transmission occurred only at drug
concentrations higher than attainable in clinical practice. A possible explanation of the
beneficial effect of sympathomimetic agents would be that they increase muscle strength by
an anabolic effect;10,26 however, such an effect would not appear within 2 days after the
start of therapy.

Sympathomimetic agents could also affect neuromuscular transmission in other ways.27

Stimulation of presynaptic α1- and β-adrenoceptors facilitates neuromuscular transmission
via activation of the diacylglycerol-protein kinase C signaling pathway and the cyclic AMP-
protein kinase A (PKA) cascade, respectively. Liganding of the postsynaptic β2-
adrenoceptors, the most common adrenoceptor subtypes in skeletal muscle, activates the
PKA signaling pathway in the muscle fibers.26–29 Postsynaptic accumulation of PKA is
important for synaptic integrity and AChR stability.30 Reduced PKA levels in the
juxtajunctional sarcoplasm caused fragmentation and decreased the size of the EPs, and
increased the AChR turnover rate.30 After denervation, calcitonin-gene related peptide, a
cAMP agonist, or cAMP by itself, prevented fragmentation of the EPs and decreased the
AChR degradation rate via PKA.30,31

Although the mechanism by which albuterol or ephedrine improve neuromuscular
transmission in EP AChE deficiency or Dok-7 myasthenia is not understood, our
observations should spur prospectively designed clinical trial to determine the efficacy of
albuterol in the two CMS considered here as well as in other types of CMS. Ideally, such
study should be cooperative, multicenter, randomized, and placebo-controlled. However,
launching such a study could be hindered by the CMS being rare disorders and because the
affected patients are geographically dispersed.
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Figure 1.
Distance walked (A) and steps climbed (B) without having to rest before and after albuterol
therapy. Asterisks indicate patients who were unable to climb steps before therapy and have
not tried to do so after therapy. (C) Effect of 3,4-DAP, and of 3,4-DAP plus albuterol, on
walking distance and steps climbed by Patient 14. (D) Walking distance and steps climbed
by Patient 15 before and at 1, 2, 5, and 10 months after the treatment with albuterol.
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Table 1

Evaluation of response to Albuterol

Name: Date of this report: (dd/mm/yyyy): Before taking Albuterol On Albuterol (date of this report)

-- Current daily dose of albuterol:

Dates when started (d/m/year)

Difficult to sit up from lying on back*

Difficult to rise from sitting*

Difficult to speak or swallow*

Shortness of breath on exertion*

Shortness of breath at night*

Weakness of arm or hand muscles *

Weakness of leg or foot muscles*

Distance walked without stopping to rest

Number of steps climbed without stopping to rest

*
Rate as normal, mild, moderate, severe

Describe below any additional changes in your condition such as arm elevation time, number of deep knee bends before having to stop, or in
activities of daily living relevant to the effects of the treatment. Also indicate any unwanted side effects of the medication. Continue on other side
or separate page if necessary. Return this questionnaire after treatment with albuterol for 1 month and then if you note further changes.
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