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Abstract

We investigated the basis for a novel form of the slow-channel congenital myasthenic syndrome 

presenting in infancy in a single individual as progressive weakness and impaired neuromuscular 

transmission without overt degeneration of the motor endplate. Prolonged low-amplitude synaptic 

currents in biopsied anconeus muscle at 9 years of age suggested a kinetic disorder of the muscle 

acetylcholine receptor. Ultrastructural studies at 16 months, at 9 years, and at 15 years of age 

showed none of the typical degenerative changes of the endplate associated with the slow-channel 

congenital myasthenic syndrome, and acetylcholine receptor numbers were not significantly 

reduced. We identified a novel C-to-T substitution in exon 8 of the δ-subunit that results in a serine 

to phenylalanine mutation in the region encoding the second transmembrane domain that lines the 

ion channel. Using Xenopus oocyte in vitro expression studies we confirmed that the δS268F 

mutation, as with other slow-channel congenital myasthenic syndrome mutations, causes delayed 

closure of acetylcholine receptor ion channels. In addition, unlike other mutations in slow-channel 

congenital myasthenic syndrome, this mutation also causes delayed opening of the channel, a 

finding that readily explains the marked congenital weakness in the absence of endplate 

degeneration. Finally, we used serial morphometric analysis of electron micrographs to explore the 

basis for the progressive weakness and decline of amplitude of endplate currents over a period of 

14 years. We demonstrated a progressive widening and accumulation of debris in the synaptic 

cleft, resulting in loss of efficacy of released neurotransmitter and reduced safety factor. These 

studies demonstrate the role of previously unrecognized mechanisms of impairment of synaptic 
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transmission caused by a novel mutation and show the importance of serial in vitro studies to 

elucidate novel disease mechanisms.

In its classical form, the slow-channel congenital myasthenic syndrome (SCCMS) is 

characterized by progressive weakness and fatigability of the voluntary muscles as a result 

of impaired neuromuscular transmission. SCCMS is attributed to the consequences of 

missense mutations in the skeletal muscle acetylcholine receptor (AChR) that alter the 

gating kinetics of the AChR ion channel. The pathological hallmark of the SCCMS, the 

endplate myopathy, consists of degeneration of postsynaptic folds, subsynaptic nuclei, and 

mitochondria, as well as accumulation of vacuoles in the subsynaptic region.1–4 Up to 12 

distinct mutations have been detected in the genes encoding the α-, β-, and ε-subunit of the 

AChR within regions encoding the first three transmembrane domains (M1–3) or ligand-

binding domain. Individual cases of SCCMS demonstrate marked differences in clinical 

severity, in the nature of the AChR kinetic abnormality, and in the ultrastructural changes of 

the neuromuscular junction (NMJ).3–9

It has been proposed that the weakness, muscle atrophy, and endplate myopathy seen in 

SCCMS are caused by the prolonged AChR channel openings through a sequence of events 

initiated by calcium overload and culminating in degeneration of subsynaptic organelles and 

the postsynaptic membrane, AChR loss, diminished endplate potentials, and reduced safety 

factor of neuromuscular transmission.1,3,4 We recently identified a patient with severe 

SCCMS in whom end-plate potentials were markedly diminished in childhood and further 

deteriorated in adolescence in the absence of overt endplate myopathy. This finding 

suggested that distinct, unrecognized mechanisms might account for this patient's clinical 

and electrophysiological abnormalities. We report here molecular genetic evidence, in vitro 

expression studies, and serial ultrastructural studies over 14 years showing that the deficit in 

neuromuscular transmission in an individual with a novel δ-subunit mutation results from 

delayed ion channel opening and progressive remodeling and widening of the cleft of the 

neuromuscular junction.

Patient and Methods

Clinical Data

The patient, currently 15 years of age, was the product of a non-consanguineous marriage 

and was born after an uncomplicated 34-week pregnancy and delivery. At 1 month of age, he 

appeared floppy, with poor head control. At 6 months, eyelid ptosis was observed, and at 10 

months, he was still unable to sit without support. Serum creatine kinase and edrophonium 

tests were normal. At 16 months, he began to walk but required rest every 2 to 4 m. 

Intercostal muscle biopsy was performed at age 16 months (biopsy 1). At age 9 years, the 

patient required a wheelchair and support when sitting and developed difficulty chewing and 

swallowing. Anticholinesterase medications produced no improvement. A left anconeus 

muscle biopsy was performed at this time (biopsy 2). The weakness continued to progress 

with two episodes of respiratory failure at age 14, one requiring ventilatory assistance. At 

age 15, a right anconeus muscle biopsy was performed (biopsy 3). Neurological examination 

showed normal mental development and sensation, normal muscle bulk, but severe 
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weakness, and fatigability in all muscles. There was no history of neuromuscular disease in 

either parent or in two half-siblings.

Venous blood samples from the patient, his parents, and two half-siblings and muscle 

biopsies were obtained under procedures approved by the institutional human studies review 

boards. Normal human genomic DNA samples from the Centre d'Etude du Polymorphisme 

Humain panel were used as control DNA.

Clinical Electrophysiological Studies

Clinical electromyographic recordings were performed at ages 9 years and 15 years. In both 

studies, nerve conduction velocity studies and repetitive stimulation of the right median and 

ulnar nerves were performed using conventional techniques of skin surface nerve stimulation 

and recording. In vitro microelectrode studies were performed on the left anconeus muscle 

at age 9 and the right anconeus muscle age 15 as previously described.10,11

Genetic Analysis of AChR Subunit Genes

Polymerase chain reaction and single-strand conformation polymorphism (SSCP) analyses 

used to amplify and screen the second transmembrane (M2) domains of the four adult AChR 

subunits were performed as described,5 except that nucleotide sequence analysis of DNA 

templates amplified from genomic DNA or from SSCP conformers was performed on an 

automated DNA sequencer (ABI 377, Applied Biosystems, Foster City, CA). To exclude the 

presence of additional mutations, the nucleotide sequence of the remainder of the coding 

regions for the four AChR subunits was determined for exon segments amplified from the 

patient genomic DNA (primer sequences available upon request).

In Vitro Expression Studies

Site-Directed Mutagenesis—Generation of the homologous δS268F mutation in mouse 

δ-subunit cDNA, preparation and injection of AChR subunit mRNA were carried out as 

described.3 Xenopus oocytes were injected with 40 nl of mRNA (0.2 μg/μl) mixed in the 

ratio of 2:1:1:1 (α:β:δ:ε). Electrophysiological recording was performed 3 days after mRNA 

injection.

Patch-Clamp Electrophysiological Analysis—Oocyte vitelline membranes were 

removed manually after incubation in a hypertonic solution (150mM NaCl, 2mM KCl, 3% 

sucrose, and 5 mM Hepes, pH 7.6), and the oocytes were placed in a recording chamber 

containing bath solution (100mM KCl, 1mM MgCl2, 10mM Hepes, pH 7.2, 20 to 22°C). 

Patch pipettes (8 to 12MΩ) were made of thick-walled borosilicate glass (Sutter Instruments, 

Novato, CA). The pipette solution contained 100mM KCl, 10mM Hepes, and 10 mM EGTA 

(pH 7.2) and, for single-channel studies, 4, 100, or 500μM ACh. All experiments were 

performed in a cell-attached patch configuration. Single-channel currents were recorded 

using an Axopatch 200B (Axon Instruments, Union City, CA), filtered at 5kHz (Frequency 

Devices, Haverhill, MA) and stored on VHS tapes using a digital data recorder (VR-10B, 

Instrutech, Mineola, NY). The data traces were played back into a Pentium IV-based 

computer through a DigiData 1200 interface (Axon Instruments) and digitized at 20μsec.
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Single-channel events were detected with a half-amplitude crossing algorithm (pClamp6). 

Amplitude histograms were constructed from event list files created to include well-defined 

full openings, fitted by a Gaussian function with the appropriate number of components. 

Single-channel current amplitudes were plotted as a function of holding potential to obtain 

the current–voltage relationship.

Open and closed time duration distributions were constructed from pClamp6-generated files 

and for 4μM ACh were fitted using the maximum likelihood algorithm with the appropriate 

number of components. Records at 100 or 500μM ACh were fitted using the simplex least-

squares algorithm with the appropriate number of components. Under our recording 

conditions, the apparent or effective opening rates (β-values) of the channel are obtained 

from closed times and depend on the ACh concentration (see kinetic scheme below).

We estimated effective β-values during bursts using 100 or 500μM ACh (5kHz, −100mV). 

Bursts arise from single channels as they periodically return from relatively long-lived 

desensitized states.12 Each activation episode begins with the transition of a single receptor 

from the desensitized to the activatible state and then ends as the receptor returns to the 

desensitized state. Thus, in our burst-oriented analysis, bursts were defined as a series of 

openings separated by closures shorter than a critical duration (τcrit, 3 to 5 times longer than 

the predominant closed time). We fitted closed interval durations to the sum of three to five 

exponentials, and the intracluster open probability (Po) was calculated from the sum of open 

durations divided by the burst duration.13,14

To interpret the single-channel kinetics, we used a model with two open states:

In this scheme, R is the receptor, A is ACh, A2R is the biliganded species, AR* and A2R* 

are the monoliganded and biliganded (and most abundant) open-state of the receptor–ligand 

complex, respectively, B is the block molecule (in this case ACh), and A2R*B is the blocked 

state of the channel. k+1 and k+2 are the binding rate constants, and k−1 and k−2 the first and 

second dissociation rate constants for the first and second sites, respectively. α1 and α2 are 

the fast and slow closing rate constants, respectively, and β1 and β2 are the opening rate 

constants, respectively. K+b is the blocking rate and k−b is the rate of opening from the 

blocked state (later denoted β3 in Results). We evaluated only effective channel rates 

associated with isomerizations to and from the two open-channel states AR* and A2R*.

Pathological Studies

Biopsies obtained from intercostal muscle (age 16 months) and anconeus muscle (ages 9 and 

15 years) were performed under procedures approved by the institutional human studies 

review boards. Muscle specimens were fixed in 4% glutaraldehyde and prepared for electron 

microscopy as described.15

Gomez et al. Page 4

Ann Neurol. Author manuscript; available in PMC 2016 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Electron micrographs of all identifiable NMJs in three biopsies of the patient and from four 

other control patients were printed at 5 to 30K magnification and scanned at 600dpi using a 

Bio-Rad flatbed scanner. Tiff images were analyzed using the imaging program Photoshop 

(Adobe). To obtain an index of mean width of the synaptic cleft, the width was measured at 

five to six points for each NMJ. To correct for differences in print magnification, cleft width 

was normalized to the mean width of the Z lines (∼0.1μM) in the same image.

Determination of Endplate AChR Number

The number of AChRs per endplate was estimated by determining the number of α-

bungarotoxin (αBT) binding sites per cholinesterase-stained endplate.16 Briefly, 12 to 20 

fine muscle fiber bundles of the anconeus muscle were dissected and incubated at room 

temperature for 3 hours in Ham's F-12 culture medium containing 1μM 125I-αBT, washed 6 

times for 2 hours, and fixed overnight in freshly prepared 4% paraformaldehyde. The 

endplates were localized by means of a histochemical stain for cholinesterase,17 the muscle 

fiber bundles were trimmed to 1- to 2mm lengths with and without endplates, and their 

radioactivity (counts per minute) determined in a Gamma 5500B, Beckman gamma counter. 

The specific counts per minute for bundles with endplates were determined by subtraction of 

the background counts per minute for endplate-free bundles. The ratio of the specific counts 

per minute for endplate bundles to the number of fibers in the bundle is equivalent to the 

αBT binding per endplate. From this value the number of AChRs per endplate can be 

calculated, assuming two binding sites per receptor. All statistical comparisons were made 

using a two-tailed t test assuming unequal variances.

Results

Electrophysiological Studies

Compound muscle action potentials (CMAP) evoked by single stimuli to either median or 

ulnar nerves were followed by prominent repetitive discharges (Fig 1A). Repetitive 

stimulation of the ulnar nerve at 2Hz elicited a profound decremental response in the CMAP 

amplitude, recorded at 44% in the second study (Fig 1B).

In microelectrode studies of biopsied anconeus muscles, there was a severe reduction of 

miniature endplate potential (MEPP) amplitudes (43%) in the study performed at the age of 

9 years. This reduction became even more profound (73%) in the study performed at 15 

years (Table 1; see Fig 1). In addition, in the second study, the quantal content of endplate 

potentials (EPPs) was reduced by 57% in comparison with control muscles. Voltage-clamp 

studies showed that MEPC amplitudes were reduced by 61% in the first study and were 

unobtainable in the study performed at age 15 years. Exponential fitting of MEPC and EPC 

decay phases demonstrated greater than sixfold prolongation, but because of the small size 

of the MEPCs, a biphasic component could not be resolved. Finally, nerve stimulation at 

physiological rates of muscle activation (20 to 30Hz) showed the typical “staircase 

phenomenon” of summation of prolonged EPPs, providing evidence of activation-dependent 

endplate depolarization.18
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These results indicate a severe reduction in safety factor of neuromuscular transmission that 

was responsible for the clinical findings of weakness and fatiguability. Moreover, our 

findings indicate that impairment in safety factor worsened with time, concomitant with the 

clinical deterioration. The abnormal EPC decay phase suggested a kinetic abnormality in the 

AChR channel caused by an AChR subunit mutation.

Molecular Genetic Studies

Based on the electrophysiological findings, we investigated the possibility of a mutation in 

one of the genes encoding the four AChR subunits. SSCP screening the M2 domains of the 

four adult AChR subunits of the proband showed two distinct conformers in the DNA 

amplified from δ-subunit exon 8, which encodes the δ-subunit M2 domain (Fig 2A, lane 4, 

arrow). Only a single conformer was present in DNA amplified from the δ-subunit M2 

region of the genomic DNA of the parents and siblings and of 100 normal controls (see Fig 

2A, lanes 1–3).

Direct sequencing of SSCP conformers demonstrated that the abnormal SSCP conformer 

contained a C-to-T transition within codon 268, coding for a serine-to-phenylalanine 

substitution (S268F) in the twelfth residue of the δ-subunit M2 domain (see Fig 2B, mutant 

allele, arrow). This mutation was not present in the sequence amplified from the normal 

conformer (see Fig 2B, normal allele). The δ-subunit M2 DNA amplified from the patient's 

genomic DNA contained both the wild-type and mutant sequences (see Fig 2B, patient), 

while the δ-subunit M2 regions amplified from genomic DNA of both parents (Fig 2B, 

mother) contained only the normal sequence. Direct nucleotide sequence analysis failed to 

show any additional mutations in the coding regions for the α-, β-, δ-, and e-subunits of this 

patient (not shown).

Figure 3 shows aligned sequences of δ-subunit M2 domains from six species, and the M2 

domains of six other human AChR subunits. The codon 268 residue is completely conserved 

among the δ-subunits shown and is highly conserved among M2 domains of other nicotinic 

AChR subunits.

In Vitro Expression Studies

To investigate the effect of the novel δ-subunit mutation on AChR channel function and 

explain the basis for the weakness and impaired neuromuscular transmission, we studied the 

properties of the homologous mutation δS268F in mouse AChRs expressed in Xenopus 
oocytes. The slope of the current–voltage relationship for δS268F–AChRs is essentially 

identical to that of wild type AChRs and corresponds to a single channel conductance of 60 

pS (Fig 4A). Thus, diminished MEPC amplitudes cannot be explained by an effect of the 

δS268F mutation on channel conductance.

To determine the effect of the δS268F mutation on mean open duration, we recorded single-

channel currents at low ACh concentration (4μM, where interruptions of open time by 

channel block are infrequent). As shown in Figure 4B and Table 2, the intraburst open 

probability increased, with an apparent increase in open time for biliganded AChRs of more 

than sevenfold. This change is consistent with the observed prolongation of MEPC decay 

times (see Fig 1C and Table 1).
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To analyze further the kinetics of activation of the mutant δS268F-AChRs, single-channel 

currents were elicited at high ACh concentrations (100μM or 500μm ACh, Table 3; see Fig 

4C). As ACh concentration increases, the fraction of biliganded AChRs also increases, and 

thus the recordings provide an increasingly sensitive estimate of apparent opening rate and 

channel block. As summarized for the mutant channel in Figure 4C and Table 3, (1) short 

intraburst closures can be incomplete (best seen in Fig 4C at 100μm ACh); (2) the apparent 

closing rate increases more rapidly than for the wild-type as ACh concentration increases, 

suggesting an increased propensity for open channel block; and (3) the apparent opening rate 

is decreased (β1, β2, and β3 values at 500μm ACh) by 1.5-to 3.4-fold. All these observations 

suggest markedly increased steric hindrance in the channel, introduced by the large mutant 

phenylalanine residue in place of the wild-type serine.

Toxin-Binding and Pathological Studies

Impaired neuromuscular transmission and weakness in classical SCCMS is attributed to 

reduced AChR num-bers at the endplate.1 We estimated the number of AChRs present in the 

NMJ in biopsy 3 by determining the specific αBT binding as a fraction of histochemically 

identified motor endplates in each muscle fiber. The AChR number per endplate in the 

patient (1.53 ± 0.41 × 107 n = 10) was not significantly different from the AChRs/endplate 

in controls (1.83 ± 0.71 × 107 n = 10). This finding further emphasizes the importance of the 

kinetic changes revealed by the expression studies in directly affecting synaptic responses.

Although in vitro expression studies provide an explanation for the change in AChR channel 

kinetics and for the impaired neuromuscular transmission, they could not explain the 

progressive deterioration in both strength and MEPP amplitude. Therefore, we performed 

serial pathological studies to investigate the basis for worsening synaptic function. 

Ultrastructural studies displayed only minimal changes in the neuromuscular junction in 

biopsy 1 at age 16 months. Both normal and mildly abnormal (14/22) neuromuscular 

junctions were identified (Fig 5A). Abnormal endplates had slightly widened synaptic cleft 

or had regions of postsynaptic membrane in which no nerve terminus was visible. This 

observation suggested the occurrence of remodeling or reinnervation.19 In biopsy 2 (age 9) 

(see Fig 5B), nearly all NMJs appeared abnormal (8/10). The width of the synaptic cleft was 

more variable and numerous endplate regions were innervated by two nerve termini. The 

postsynaptic membrane frequently extended far beyond the proximity of the nerve terminus. 

Small collections of amorphous debris were found in some of the clefts. In biopsy 3 (age 

15), the changes in the cleft were dramatic, and all neuromuscular junctions (9/9) were 

abnormal (see Fig 5C). Nerve terminals frequently appeared shrunken and widely separated 

from the postsynaptic membrane. The primary clefts were filled with amorphous or globular 

debris. There were numerous areas of postsynaptic membrane that were not associated with 

a nerve terminal. In rare cases, degenerating folds could be seen.

The mean cleft width of the NMJ profiles of the three patient biopsies and four control 

biopsies were compared by normalizing to the width of the Z line of the sarcomeres in each 

field (Fig 6). The control value of 57 to 69nm agrees well with previous estimates of cleft 

width.20 The width of the primary cleft was increased in all three patient biopsies (see Fig 

6). More importantly, the width of the primary cleft underwent a dramatic increase by the 
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third biopsy, suggesting a morphological and structural basis for progressive weakness and 

reduction in MEPP amplitude.

Discussion

We describe the molecular and physiological basis for a unique form of SCCMS attributed 

to a novel mutation in the δ-subunit of the AChR. In this patient pronounced weakness in 

infancy and progressive weakness in adolescence could not be explained by the presence of 

a classical endplate myopathy. We found that the patient, but neither parent, bore a mutation 

in the AChR δ-subunit, predicting a serine to phenylalanine substitution at position 268 in 

the ion-channel domain, M2. As with other SCCMS mutations, the δS268F mutation causes 

delayed channel closing when expressed in mouse AChRs in vitro. In addition, this mutation 

tended to prevent complete channel closure, increased the propensity for open-channel 

block, and, most importantly, reduced the rate of channel opening. Because the opening rate 

determines the probability that AChRs open in response to released ACh this change can 

have a significant effect on the amplitude of the synaptic currents. Finally, using serial 

biopsies performed over 14 years, we demonstrated that continued progression of disease 

was associated with progressive reduction in MEPP amplitudes and with progressive 

widening of the synaptic cleft.

This case is important for several reasons: (1) it is the first report, to our knowledge, that a δ-

subunit AChR mutation can result in form of SCCMS; (2) it illustrates that certain forms of 

SCCMS, caused by AChR mutations, can occur in the absence of endplate myopathy; (3) it 

demonstrates that reduced safety factor of neuromuscular transmission and diminished 

MEPC and EPC amplitudes may be caused by changes in AChR properties, such as the rate 

of AChR channel opening; and (4) it demonstrates the role of progressive synaptic 

remodeling in disease progression.

AChR point mutations responsible for the SCCMS have been found in transmembrane 

domains of the α-, β-, and ε-subunits, and in the ACh-binding domain of the α subunit in 

different cases or families of SCCMS.3–9 Although this case demonstrates similar clinical 

and electrophysiological features, the previously studied cases had ultrastructural evidence 

of severe endplate myopathy and reduced AChR numbers, believed to underlie the defective 

neuromuscular transmission.1,3–6,8 In the present patient, there were occasional subsynaptic 

vacuoles in the intercostal muscle endplates at 16 months, but in these endplates and in those 

of anconeus muscle at age 9 and 15 years, there was initially mild, and only later severe, 

widening of the cleft, with little or no degeneration of subsynaptic organelles or postsynaptic 

folds. Despite nearly normal AChR numbers and the absence of endplate degeneration, 

quantal amplitudes were reduced by approximately twofold (early, minimal cleft widening) 

or approximately fourfold (late, severe cleft widening).

The pathogenesis of weakness in this patient includes both established and novel 

mechanisms. First, the number of endplate AChRs may have been slightly reduced (16%) at 

age 15 years, but this change was not statistically significant. A small reduction in AChR 

number, or, AChR density in the postsynaptic membrane, may contribute to the reduced 

safety factor of neuromuscular transmission.21 Second, a reduction in quantal content further 
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diminishes the safety factor by reducing the amplitude of the endplate potentials. Third, the 

markedly prolonged decays of MEPCs and EPCs in this patient predict staircase summation 

of EPP potentials leading to an activation-dependent depolarization blockade similar to that 

demonstrated with cholinesterase inhibitors.18,22 Although this effect does not reduce the 

safety factor, it impairs the generation of muscle fiber action potentials and reduces fiber 

contraction.

Beyond these familiar mechanisms, the kinetic analysis and serial ultrastructural studies 

demonstrated at least two additional sources of weakness in this patient.

1. Impaired neuromuscular transmission through slowed AChR channel opening: 
Single-channel recordings of δS268F AChRs expressed in Xenopus oocytes 

showed a 1.5- to 3.4-fold decrease in effective opening rate. Without exhaustive and 

technically demanding recordings performed with extremely high bandwidth and 

rapid ACh application at multiple concentrations, it is very difficult to correlate 

apparent opening rates with actual (concentration-independent) rate constants, and 

the fastest rates (e.g., β2 for wild-type AChRs) are most markedly underestimated. 

After taking this technical limitation into account, our data strongly suggest an 

overall two- to threefold decrease in actual opening rate of the mutant AChRs. Such 

a decrease is expected to cause significant weakness by reducing quantal and 

multiquantal EPC amplitudes and the safety factor of neuromuscular transmission. 

From modeling studies, an actual reduction in β values on the order of threefold 

could easily reduce the current amplitude by about twofold, because the probability 

that each liganded AChR opens (to initiate a burst of openings) is reduced.23,24 In 

addition, the probability of reopenings within a burst would be similarly reduced, 

an effect that would tend to shorten the burst duration and partially offset the 

prolonged open time introduced by concomitant slowing of channel closure. Thus, 

the combined effects of a reduction in opening rate, coupled to a reduction in 

closing rate, would make possible an overall reduction in EPC amplitude despite an 

apparent increased AChR open probability within a burst.

Although other mutations affecting the δ-subunit have not yet been identified in 

SC-CMS, a mutation of the homologous residue, εT264P, position 12′ of the ε-

subunit M2 domain, was found in one case associated with a severe endplate 

myopathy.25 Channel kinetics have been investigated after substitutions at this 

position in the four subunits of mouse AChR expressed in HEK cells, using choline 

as agonist in patch-clamp studies.26 Not unexpectedly, most substitutions resulted 

in a decreased closing rate. In addition, most substitutions also increased rather 

than decreased the rate of channel opening. Such findings are not necessarily 

incompatible with our results, however, because of the difference in ligand and 

substituted amino acid residue (phenylalanine was not tested). Regardless, in the 

earlier study, the δ-subunit was more sensitive to mutations at this position than 

were the other three subunits.26 This finding suggests an asymmetrical structure to 

the ion channel and the prominent role of residues at this position in channel 

opening. Therefore, it may be that the increase in volume and reduced polarity of 
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the phenylalanine side-chain in the δS268F mutation might cause a more dramatic 

steric stress to the channel-gating mechanism than do other substitutions.

A large decrease in β has not been suggested in kinetic studies of other spontaneous 

mutations in SCCMS.4,7,8,27 One mutation, αN217K, identified in a patient 

demonstrating a typical endplate myopathy, may have caused a slight reduction in 

the β parameter,27 which may have compounded the weakness resulting from the 

endplate myopathy. In the present case, the simplest explanation for early onset 

weakness in the absence of overt endplate myopathy is a relatively large reduction 

in opening rate.

2. 2. Deterioration in neuromuscular transmission due to widening synaptic cleft: 
Weakness and impaired neuromuscular transmission in this patient clearly 

progressed with age. Although AChR numbers were not followed serially, they 

were not significantly reduced in the third biopsy at 15 years of age. However, the 

striking alteration was the structure of the synaptic cleft, which changed markedly 

over time. At both 16 months and 9 years of age, the cleft width showed marked 

focal increases and an average increase of up to 50%. By 15 years of age, the 

synaptic clefts were on average more than four times wider than normal and filled 

with basement membrane-like debris. The basis for the widened, debris-filled cleft 

may relate to the effect of chronic remodeling of areas of the neuromuscular 

junction, with reinnervation at sites of accumulated basement membrane debris in 

areas previously affected by the disease process. A widened synaptic cleft increases 

the distance between ACh release sites and the postsynaptic membrane, thus 

increasing the cleft volume into which ACh is diluted as it diffuses toward AChRs 

and acetylcholinesterase. Such dilution decreases the efficiency of MEPC and EPC 

generation, because far fewer AChRs ever become biliganded. Therefore, far fewer 

AChRs have an effective chance to open. Hence, the MEPC and EPC amplitude is 

severely reduced, which decreases the safety factor for neuromuscular transmission 

and contributes to the overall neuromuscular weakness.23,28–30

This study further demonstrates the importance of detailed evaluation of the genetic, 

physiological and ultrastructural basis for impaired synaptic transmission as in the SCCMS. 

These findings clearly justify the value of such detailed and serial evaluations, which have 

led to identification of two previously unrecognized (potentially novel) mechanisms of 

synaptic failure.
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Fig 1. 
Classical electrophysiological features of slow-channel congenital myasthenic syndrome. 

(A) Compound muscle action potentials (CMAPs) recorded over the hypothenar muscles 

evoked by single nerve stimulus. As is typical for SCCMS, there is a repetitive response to 

the single stimulus. (B) CMAPs evoked by repetitive stimulation. The amplitude of each of 

four successive responses decreases, indicating failure of neuromuscular transmission. (C) 

Superimposed miniature end-plate currents recorded from anconeus muscle of control and 

the proband. The prolonged waveform of the patient miniature endplate current (MEPC) has 

a decay time constant of 31 msec, compared with control of 3.2 msec. The MEPC amplitude 

of the patient is about 50% of the control. Scale bars = A: 5 mV, 50 msec; B: 1 mV, 50 msec; 

C: 1 nA, 10 msec.
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Fig 2. 
(A) Single-strand conformation polymorphism gel analysis of δ-subunit exon 8 DNA 

fragments amplified from control (lanes 1–3) and patient (lane 4). Shown are 

autoradiograms of both single strands of exon 8 DNA fragments internally labeled with 32P 

by polymerase chain reaction-amplified using primers δ 8U4I: 

GTC.TGA.ATC.GAC.ACT.GGA.ACC and δ 8D: TGC.CGA.TAA.GGGGGA.TGGC. In all 

four lanes, the lower strand of amplified DNA does not show any difference in mobility. 

Lanes 1–3, upper strand also migrates as a single band; lane 4, upper strand has two distinct 

conformers (arrow indicates upper conformer). (B) Sequence of a portion of the plus 

(coding) strand of exon 8 of the gene encoding the δ-subunit of the acetylcholine receptor 

from the patient (patient), his mother (mother), and the two alleles (normal allele, mutant 

allele) isolated by single-strand conformation polymorphism. Codons 267–270 are indicated 

by a line and the corresponding single letter amino acid code. The nucleotide affected is 

indicated by an arrow above each sequence. The sequence of the mutant allele contains a 

TTT codon (F, phenylalanine), rather than a TCT codon (S, serine) because of a C-to-T 

substitution in the second position (arrow). The sequence of the patient contains both this 

position (arrow), indicating the presence of one mutant allele and one wild-type allele in 

DNA amplified from his δ-subunit exon 8.
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Fig 3. 
Alignment of amino acid sequence of M2 domains of normal and mutant δ-subunits and 

other nicotinic acetylcholine receptor subunits. The residue is 100% conserved among other 

δ-subunits and highly conserved among other nicotinic receptor subunits.
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Fig 4. 
(A) Current–voltage relationships for single-channel currents recorded from wild-type (open 
squares) or δS268F-acetylcholine receptor (AChR) (open circles) expressed in Xenopus 

oocytes. (B) Wild-type mouse and δS268F AChR single-channel currents recorded at low 

ACh concentration. AChR single-channel currents recorded from cell-attached patches on 

Xenopus oocytes expressing wild-type AChR (left) and AChRs expressing the δS268F 

mutation (right). All channels were recorded at a holding potential of −100 mV, 4μm ACh, 

filtered at 5kHz, sampling rate at 20μsec per point and temperature of 22°C Openings are 

shown as downward deflections, with close state denoted by the c, and the open state 

denoted by o. Representative histograms for current amplitude and open time distributions 

are shown for each of the AChR tested. Amplitude histograms were constructed from events 

list files created to include all event amplitudes that could be detected. The resulting 

distribution data was fitted with a Gaussian function with the appropriate number of 

components. Both the wild-type and mutant AChR show a single amplitude component of 

− 7.874 ± 0.883 pA and −7.371 ± 0.465 pA, respectively. Open time histograms were fitted 

with exponential functions of the appropriate number of components using the maximum 

likelihood algorithm. The wild-type AChR shows two open time constants: τo1 = 0.411 msec 

(f = 0.229) and τo2 = 1.435 (f = 0.711), while the δS268F AChR shows two open time 

components of τo1 = 0.826 msec (f = 0.164) and τo2 = 10.582 msec (f = 0.896). Data were 

filtered at 5kHz for each current sample display. Scale values are 5 pA for the vertical bar 

and 10 msec for the horizontal bar. The number of patches is included in Table 2. (C) 

Kinetics of activation of wild-type and δS268F AChR at high ACh concentrations. (Left) 
Single-channel currents elicited by the indicated concentration of ACh recorded from cell-

attached patches from Xenopus oocytes expressing adult mouse AChRs containing the wild-

type δ (upper) or mutated δS268F (lower) subunit. Recordings were done at holding 

potential of −100 mV, filtered at 5kHz, sampling rate at 20μsec per point and temperature of 

22°C Channel openings are shown as downward deflections. (Center and right) Open and 

closed time duration histograms for adult mouse AChRs containing the wild-type δ (upper) 
or mutated δS268F (lower) subunits generated and fitted using pSTAT6. Fitting was done 
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using the simplex least-squares algorithm. Values of rate constants are shown in Table 3. 

Single-channel currents displayed were filtered at 4kHz.
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Fig 5. 
Electron micrographs of neuromuscular junctions from serial biopsies of patient bearing 

δS268F mutation. (A) Biopsy 1, intercostal muscle at age 16 months. Nerve terminal 

(asterisk), synaptic cleft (black arrowhead) and endplate folds (white arrow) are normal. (B) 

Biopsy 2, left anconeus muscle at age 9 years. Nerve terminal (asterisk) and endplate folds 

(white arrow) are normal. The synaptic cleft is obviously widened and contains dense 

granular debris (black arrowhead). (C) Biopsy 3, right anconeus muscle at age 15 years. 

Nerve terminal (asterisk) and endplate folds (white arrow) are normal. The synaptic cleft is 

substantially wider than that of biopsy 2 and contains a greater amount of dense granular 

debris (black arrowhead). Scale bars = 0.33 μm (A); 0.62μm (B); 0.49μm (C).
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Fig 6. 
Synaptic cleft widening in slow-channel congenital myasthenic syndrome. The width of the 

synaptic cleft for control biopsies (gray bars) is relatively uniform for 4 individuals. Cleft 

width for all three patient biopsies (black bars) is more variable and is significantly greater 

than controls. The cleft width is greatly enlarged at age 15, corresponding to severe 

progression of weakness. Shown are mean ±SEM for the relative cleft width determined at 

five to seven sites per neuromuscular junction normalized to the width of the Z lines. A 

value of 0.1μm for the thickness of the Z lines20 was used to calculate the absolute cleft 

widths (nm). Controls (C): 1: 57 ± 6 (n = 12); 2: 66 ± 4 (n = 6); 3: 69 ± 2 (n = 8); 4: 69 ± 3 

(n = 10). Patient biopsy (Bx) 1: 115 ± 9 (n = 14, p < 0.001, biopsy 1 vs control); patient 

biopsy 2: 97 ± 6 (n = 6); biopsy 3: 315 ± 37 (n = 8, p < 0.001 biopsy 3 vs biopsy 1. 2).
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Table 1
Serial Microelectrode Studies of Neuromuscular Transmission in the Slow Channel 
Congenital Myasthenic Syndrome

Measurement Control Biopsy 2 Biopsy 3

MEPP amp. (mV) 0.83 ± 0.04
(n = 82)

0.47 ± 0.10a
(n = 7)

0.22 ± 0.06b
(n = 6)

EPP QC (1Hz) 22.61 ± 3.00
(n = 16)

17.93 ± 7.97
(n = 4)

9.64 ± 5.05c
(n = 10)

MEPC amp (nA) 4.55 ± 0.28
(n = 11)

1.75 ± 0.23c
(n = 4)

NA

MEPC decay time constant (ms) 3.58 ± 0.16
(n = 11)

23.11 ± 8.25
(n = 4) NA

EPC amplitude (nA) 15.71 ± 7.97
(n = 12)

8.90 ± 3.75d
(n = 14)

EPC rise time (ms) 0.33 ± 0.21
(n = 12)

0.94 ± 0.35b
(n = 14)

a
p < .025 compared with control.

b
p < .001 compared with biopsy 2.

c
p < .005 compared with control.

d
p < .05 compared with biopsy 2.
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