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Neuromuscular transmission failure in myasthenia gravis:
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Abstract

An appropriate density of acetylcholine receptors (AChRs) and Na* channels (NaChs) in the
normal neuromuscular junction (NMJ) determines the magnitude of safety factor (SF) that
guarantees fidelity of neuromuscular transmission. In myasthenia gravis (MG), an overall
simplification of the postsynaptic folding secondary to NMJ destruction resultsin AChRs and
NaChs depletion. Loss of AChRs and NaChs accounts respectively for 59% and 40% reduction of
the SF at the endplate, which manifests as neuromuscular transmission failure. The extraocular
muscles (EOM) have physiologically less developed postsynaptic folding, hence alower baseline
SF, which predisposes them to dysfunction in MG and development of fatigue during “high
performance’ eye movements, such as saccades. However, saccadesin MG show stereotyped,
conjugate initial components, similar to normal, which might reflect preserved neuromuscular
transmission fidelity at the NMJ of the fast, pale global fibers, which have better devel oped
postsynaptic folding than other extraocular fibers.
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Introduction

In myasthenia gravis (MG), the autoimmune attack is directed towards the acetylcholine
receptors (AChRs) at the endplate with consequent complement-mediated destruction of the
neuromuscular junction (NMJ). Approximately 50% of patients with MG present with
ocular symptoms at onset while up to 80% devel op them during the course of the disease.
Several contributing factors might explain the common extraocular muscles (EOM)
involvement in MG, including an intrinsic deficiency in complement-inhibitory proteins.
Here? we summarize evidence from our previous studies on the role of safety factor
reduction at the “myasthenic” NMJ and provide an explanation for some characteristic eye
movement findingsin MG.2-3
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Role of the safety factor in the normal neuromuscular junction

In skeletal muscles, the normal postsynaptic architecture consisting of well developed
primary and secondary folding is instrumental in guaranteeing fidelity of neuromuscular
transmission. Thus, acetylcholine receptors (AChRs) are more concentrated at the crest of
the primary synaptic folds while the secondary synaptic folds house most of the voltage-
gated Na*" channels (NaChs). Following acetylcholine release from the synaptic vesiclesin
the synaptic space and its consequent binding to the AChRs, channel pores open up
generating alocalized potential, which results in a current conveyed towards the depths of
the secondary synaptic folds where, in turn, the NaChs rapidly open up.43 The passage of
the Na* current through the NaChs ultimately allows the muscle fiber to depolarize. The
efficiency of neuromuscular transmission at the skeletal NMJ largely depends on the
presence of a safety factor (SF) which ensures that an action potential (AP) is always
triggered following acethylcoline release. The SF can be defined by using the formula EPP/
Eap, Where EPP is the endplate potential amplitude and Eap is the voltage difference
between the resting potential (RP) and the action potential threshold.2 Appropriate
concentrations of AChRs and NaChs directly influence the SF magnitude. Thus, while
density of AChRs located at the primary postsynaptic folds increases the size of the EPP, the
density of NaChs located at the secondary postsynaptic folds reduces the AP threshold, both
ultimately resulting in increased SF magnitude.? Direct evidence for the critical role of
endplate NaChs in determining an appropriate SF magnitude comes from
electrophysiological studies. Thus, the values for Exp and the SF are respectively higher and
lower at the extrajunctional membrane, where the NaChs are physiologically less
concentrated than at the endplate. It is estimated that the NaChs concentration at the
endplate directly accounts for 34% of the safety factor.?

Decrement of the safety factor at the myasthenic junction

The AChRs antibodies involved in MG directly reduce the number of the endplate AChRs
following a combination of complement-mediated membrane lysis and accel eration of
AChR catabolism by receptor cross-linking.213 In addition, the voltage-gated NaChs are
also depleted as aresult of the overall simplification of the postsynaptic folding system that
takes place in the disease. 1416 Experimental models of MG, induced by immunization with
foreign or self AChRs (EAMG) or by passive transfer of myasthenogenic AChR-binding
1gG (PTMG) in therat, show that the combined loss of AChRs and NaChs resultsin a direct
reduction of the endplate Na* current at the muscle fibers,14.17-21

Loss of AChRs and NaChs account for decreased SF in myasthenia

Here we summarize evidence from our prior studies that diminished number of endplate
AChRs and NaChs in myasthenia directly reduces the SF magnitude,2 which leaves an
exiguous reserve for optimal neuromuscular transmission under demanding conditions (e.g.,
during exercise), leading to fatigue. The relative impact of AChRs versus NaChslossin
causing decrement of the endplate safety factor was investigated in human myasthenic
fibers.2 Intercostal muscle fibers type I1b were donated by five male patients with
myasthenia gravis (age 35-47 years) at the time of thymectomy. All patients had moderately
severe generalized myasthenia gravis (MGFA class I11a) and were seropositive for AChR
binding antibodies. Seven control male subjects (age 35-52 years) with no evidence of
neuromuscular disease, donated control intercostal muscle fibers at the time of a
thoracotomy for treatment of cardiac or pulmonary disease. The protocol was approved by
the Institutional Review Board of the Department of Veterans Affairs Medical Center in
Cleveland. Resting potentials (RPs) in the human intercostal muscle fibers at the endplate
and membrane potentials on extrajunctional membrane were measured using intracellular
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microel ectrodes. Miniature endplate potentials (MEPPs) and endplate potentials (EPPS)
were similarly measured at the endplate border. Action potential (AP) thresholds were
measured using two microelectrodes, one to record the passing current and the other to
record the membrane potential.

As expected, RPs were similar for control and MG patients. Both the MEPPs and the EPPs
were reduced in fibers from patients with MG, being respectively 53% and 58% of the
control value. The similar fractional reduction of MEPPs and EPPs is consistent with the
notion that reduction in the EPP is due to decrease in the sensitivity of the postsynaptic
membrane to acetylcholine. For control human muscle fibers, the depolarization threshold
for initiating an AP was lower on the endplate border compared to the extrajunctional
membrane, indicating that the density of NaChs was greater at the endplate. The values for
AP threshold (Eap) measured on the extrajunctional membrane were similar for MG patients
and controls. In contrast, the depolarization needed to trigger an action potential at the
endplate was 13.5 mV for controls and 21.6 mV for MG patients.

Ultimately, the safety factor in the type I1b intercostal fibers from MG patients was only
37% of the safety factor in the control fibers, which was equal to 3. Comparison of EPP and
Eap values between MG and control fibers made it possible to determine the relative impact
on the SF magnitude of diminished number of AChRs and of NaChs. If the EPP of the MG
fibers were the same as those of the control fibers, the safety factor for the MG fibers would
have been 1.86 rather than the observed value of 1.09. If the Epp of MG fibers were the
same as those of the control fibers, the safety factor for the MG fibers would have been 1.74.
Thus, the reduction in EPP, which reflects the decreased concentration of AChRs, and the
increase in Epp, Which reflects the decreased concentration of NaChs, accounted
respectively for 59% and 40% of the safety factor decrement in skeletal muscle fibers of
patients with myasthenia.

In this study, the issue of whether anti-AChRs antibodiesin MG reduce Na* current at the
endplate by adirect action towards the endplate NaChs was also addressed.?=3 With this
respect, it has been previously established that the gating properties of NaChs away from the
endplate are not atered in myasthenia gravis or PTMG and that, therefore, pathogenic
antibodies in myasthenia gravis or PTMG do not target extrajunctional NaChs.14 Light
microscopy and single channel Na*" current recording techniques were combined to study
omohyoid nerve-muscle preparations from rats injected with monoclonal myasthenogenic
1gG (McAb3) and inactive antibodies (McAbl), and from control rats. Injecting rats with the
inactive McAb1 did not ater Na* current at the endplate or on extrajunctional membrane
compared with recordings from animals injected with no antibody. Currents recorded from
the endplates of rat fibers injected with McAb3 and from rat fibers injected with McAbl
were similar to those recorded from the endplates of rats not treated with an antibody. Thus,
rather than by direct impairment, anti-AchRs antibodies cause NaChs dysfunction through
complement-mediated destruction of the endplate membrane.?

Suceptibility of extraocular muscles in myasthenia

Different structural and functional aspects of the extraocular muscles (EOM) need to be
considered in order to explain their common involvement in myasthenia: (1) the EOM and
orbital tissuein general, areintrinsically deficient in complement-inhibitory proteins, being
therefore at risk for complement-mediated attack, as it happensin the typical immunological
scenario of myastheniagravis;! (2) the EOM are physiologically subject to unusual demands
imposed by the visual system, which require sustained and precise ocular alignment for
single, binocular vision, in al conditions. Thus, even mild fatigue of the EOM can cause
dramatic visual symptoms such as diplopia, whereas similar fatigue of skeletal muscle may
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be asymptomatic; (3) there are six types of neuromuscular junction fibersidentified in the
orbital and the global layers of the EOM (Fig. 1). Five of these fibers, whether singly or
multiply innervated, lack the well-developed postsynaptic folding system which guarantees
an appropriate safety factor and fidelity of neuromuscular transmission in regular skeletal
muscles.? |n other words, EOM fibers are physiologically disadvantaged as the lack of a
prominent postsynaptic folding system may result into an inherently lower safety factor,
hence increased susceptibility to exercise-induced transmission failure in MG. However, the
pale global singly innervated fibers (PGSF) represent an exception, as they indeed possess
well developed postsynaptic folding (Fig. 1G). These fibers, which have fast-twitch
properties and low fatigue resistance, are believed to briefly discharge at the beginning of a
fast (saccadic) eye movement and provide the initial necessary drive to move the eyes
toward the desired target.23

of saccades in ocular myasthenia

Here we summarize the evidence from our prior studies to support the hypothesis that the
PGSF arerelatively spared in ocular myasthenia, because of their structural characteristics,
which in turn accounts for some typical eye movement findings.3 We studied interocular
conjugacy (i.e., how well the eyes move together) of fast eye movements (saccades) from a
group of patients affected by ocular myasthenia. As previously shown, interocular conjugacy
of horizontal saccades in patients with myasthenia gravis affected by disturbance of
horizontal gaze was consistently preserved in the initial portion of the eye movement,
despite the later component being markedly and variably dysconjugate.?4=2> Thiswasin
contrast to consistent normal conjugacy of saccades made by control subjects and abnormal
conjugacy of saccades made by patients with lesions at a site other than the NMJ (i.e.,
abducense nerve palsy or internuclear ophthalmoparesis),2> who showed instead early and
sustained interocular dysconjugacy. However, aminimal dysconjugacy of horizontal
saccades exists even in normal subjects, due the physiological delay of signal transmission
imposed by the presence of the medial longitudinal fasciculus (MLF) between one set of
burst neurons and one group of motoneurons for the medial rectus muscle.26-27 Thus, in a
later study we focused on vertical saccades in patients with myasthenia gravis who showed
disturbances of vertical gaze,3 asin healthy people vertical saccades are tightly yoked (burst
neurons in the midbrain rostral interstitial nucleus of the medial longitudinal fasciculus
directly project to motoneurons innervating yoke muscle pairs).

In particular, we recorded horizontal and vertical saccades from six patients with MG (age
range 40-73 years, median 63), three age-matched patients with cranial nerve palsies (1
oculomotor, 1 trochlear, 1 abducens) and 10 age-matched control subjects. All patients and
control subjects gave informed written consent in accordance with the Declaration of
Helsinki and the Ingtitutional Review Board of the Cleveland Veterans Affairs Medical
Center. On clinical examination of patients with MG, in three cases dysconjugate saccades
were evident horizontally; in two cases dysconjugate saccades were evident both
horizontally and vertically; and in one case saccades were dysconjugate vertically. During
the experimental protocol, subjects viewed a laser spot projected onto atangent screen at 1.2
m. Saccades were tested as the visual target jumped at 0.25 Hz with amplitude ranging 540
degrees horizontally and 5-20 degrees vertically; the direction of target jumps was non-
predictable. Binocular eye movements were recorded using the magnetic search coil
technique; coil signals were filtered (0-150 Hz) before digitization at 500 Hz; eye velocity
and acceleration were computed as previously described.?8 The interocular conjugacy of
horizontal and vertical saccades was assessed using the binocular phase-plane technique.26
For each saccade, the displacement (change in position) and velocity of each eye were
normalized by assigning avalue of 1.0 to the maximum displacement, and to the peak
velocity, of the eye making the larger movement. Thus, the phase plane plotted the
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normalized velocity of each eye against the normalized displacement in 1% (0.01) position
increments; this way, we were able to compare the velocity of each eye for the same
normalized eye displacement during the entire saccadic movement as a velocity
dysconjugacy plot. We applied this technique to over a thousand saccades from the 10 age-
matched normal subjects and used linear regression to define 5% to 95% prediction intervals
(Pls). Finally, for each patient, the average velocity dysconjugacy was calculated from at
least 10 saccades and was then compared with the Pl of the control subjects.

Representative records of an upward saccade from a control subject, a patient with ocular
myasthenia, and a patient with oculomotor nerve palsy are shown in Figure 2. To theleft in
each row of the panelsisatime plot; to the right are corresponding phase-plane plots of the
upward saccades shown in the time plots. The vertical saccade made by the control subject
(Fig. 2A) istightly conjugate, as expected. The vertical saccade made by the patient with
ocular myasthenia (Fig. 2B) is quite digunctive, with greatly reduced movement of his left
eye. However, as shown in the corresponding phase plane plot, the upward saccade was
initially conjugate (indicated by black arrow). In contrast, the saccade from the patient with
oculomotor nerve palsy (Fig. 2C) was disjunctive throughout its course, including the onset
(indicated by gray arrow on the phase-plane plot).

Thethree distinct patterns of vertical saccades were consistent from saccade to saccade
when we systematically compared normalized phase planes of patients and control subjects:
saccades of patients with ocular myastheniainvariably fell within the normal 95% prediction
intervals for at least the first 10% of the movement (although later components did not), but
saccades of patients with cranial nerve palsies aways fell outside the normal 95% prediction
intervals from their start. Similarly to what previously shown with horizontal saccades, 26
patients with ocular myasthenia exhibited a consistent initial interocular conjugacy of
vertical saccades, from saccade to saccade, even though later components of saccades
varied, reflecting fatigue.

Conclusions

Basic knowledge of physiological and pathological neuromuscular transmission can be
applied to account for typical disorders of saccades encountered in ocular myasthenia. In
health, the well-devel oped system of postsynaptic folding, which houses AChRs and NaChs,
allowsfidelity of neuromuscular transmission by determining an optimal magnitude of
safety factor. Thus, the normal folding architecture of the postsynaptic membraneis
instrumental in directing the current resulting from AChRs opening (at the crest of the
primary folds) to an area of the membrane rich in NaChs (at the bottom of the secondary
folds).8 In myasthenia gravis, the complement-mediated destruction of the postsynaptic
membrane results in simplification of the folding system and depletion of AChRs and
NaChs. Thisis ultimately responsible for the decrement of the endplate safety factor which
translates in exercise-induced failure of neuromuscular transmission.2=3 As opposed to
regular skeletal muscle, the NMJ of five out of six categories of extraocular muscle fibers
show physiologically poorly developed postsynaptic folding,22 which would result in a
lower baseline safety factor even in health. This could be an important factor to account for
the common occurrence of abnormal eye movements in myasthenia.2* However, one type of
EOM fibers, the pale globa singly-innervated fibers, have better devel oped synaptic folding
(Fig. 1) and their baseline safety factor may be higher than other EOM fiber types. The pale
global fibers are believed to exert their function at the beginning of the eye movement, when
their firing rate briefly increases, and are probably responsible for theinitial high-
acceleration component of saccades. The observation that the initial component of saccades
remains binocularly conjugate in MG, supports the hypothesis that the activity of the PGSF
isrelatively preserved in the disease due to their structural characteristics. Finaly, the
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relative preserved functioning of the PGSF in myasthenia gravis might also account for the
pathognomic clinical finding of “quiver movements’, where eye movements are typically
still fast despite having amarkedly restricted range of motion.29
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Figure 1.

Electron photomicrographs of mouse extraocular muscle neuromuscular junction (NMJ)
types. (A, B) Orbital singly innervated fibers (SIF) NMJs encircle individual myofibers,
with long terminals (t) embedded in deep depressions of the myofiber surface. Terminals are
capped by Schwann cells (S). Postjunctional folding is either absent or sparse (arrowheads),
and postjunctional accumulations of myonuclei (mn) and mitochondria (m) is evident.
Multiply innervated fibers (MIF) NMJs are small and do not lie in sarcolemmal depressions
for both orbital (C, D) and global (E) fiber types. The range of variability in globa SIF
NMJs includes most junctions with few or no folds (F), but junctions with a high density of
postjunctiond folds (G) are found, primarily on the global pale SIF type. Reproduced, with
permission from Khanna and Porter, /OVS May 2003, Val. 44, No. 5.
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Representative records of a vertical upward saccade made by one healthy control subject
(row A), apatient with ocular myasthenia manifest as left pseudo-oculomotor nerve palsy
(row B), and a patient with right oculomotor nerve palsy (row C). Each row comprises a
time plot of the upward saccade (left panel) and the correspondent phase-plane (right panel).
The normal subject shows tight interocular saccadic conjugacy. The saccade from the patient

with ocular myastheniaisinitially conjugate (black arrow) but subsequently very

digiunctive. The saccade from the patient with oculomotor nerve palsy is disjunctive from

the onset (gray arrow). Eye movements were recorded using the magnetic search coil

technique. Positive values on time plots indicate upward movements.
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