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Decremental Response to High-Frequency Trains of Acetylcholine
Pulses but Unaltered Fractional Ca®* Currents in a Panel
of “Slow-Channel Syndrome” Nicotinic Receptor Mutants
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The slow-channel congenital myasthenic syndrome (SCCMS) is a disorder of the neuromuscular junction caused
by gain-of-function mutations to the muscle nicotinic acetylcholine (ACh) receptor (AChR). Although it is clear
that the slower deactivation time course of the ACh-elicited currents plays a central role in the etiology of this dis-
ease, it has been suggested that other abnormal properties of these mutant receptors may also be critical in this re-
spect. We characterized the kinetics of a panel of five SCCMS AChRs (aS2691, BV266M, eL.221F, eT264P, and
€L269F) at the ensemble level in rapidly perfused outside-out patches. We found that, for all of these mutants, the
peak-current amplitude decreases along trains of nearly saturating ACh pulses delivered at physiologically relevant
frequencies in a manner that is consistent with enhanced entry into desensitization during the prolonged deactiva-
tion phase. This suggests that the increasingly reduced availability of activatable AChRs upon repetitive stimulation
may well contribute to the fatigability and weakness of skeletal muscle that characterize this disease. Also, these re-
sults emphasize the importance of explicitly accounting for entry into desensitization as one of the pathways for
burst termination, if meaningful mechanistic insight is to be inferred from the study of the effect of these naturally
occurring mutations on channel function. Applying a novel single-channel-based approach to estimate the contri-
bution of Ca* to the total cation currents, we also found that none of these mutants affects the Ca*-conduction
properties of the AChR to an extent that seems to be of physiological importance. Our estimate of the Ca**-carried
component of the total (inward) conductance of wild-type and SCCMS AChRs in the presence of 150 mM Na’, 1.8
mM Ca*, and 1.7 mM Mg** on the extracellular side of cell-attached patches turned out be in the 5.0-9.4 pS range,
representing a fractional Ca®* current of ~14%, on average. Remarkably, these values are nearly identical to those
we estimated for the NRI-NR2A N-methyl-p-aspartate receptor (NMDAR), which has generally been considered to
be the main neurotransmitter-gated pathway of Ca* entry into the cell. Our estimate of the rat NMDAR Ca®* con-
ductance (using the same single-channel approach as for the AChR but in the nominal absence of extracellular

MgQ*) was 7.9 pS, corresponding to a fractional Ca?* current of 13%.

INTRODUCTION

Naturally occurring mutations to the muscle nicotinic
acetylcholine (ACh) receptor (AChR) are one of the
multiple possible causes of congenital myasthenic syn-
drome, a genetically and phenotypically heterogeneous
disease of the neuromuscular junction that is typically
manifest as increased fatigability and weakness of skele-
tal muscle with a distinctive electromyographic pattern
(Engel et al., 2003; Hantai et al., 2004). Specifically,
AChR mutations that prolong the mean duration of
individual channel activations (that is, the duration
of a “burst of single-channel openings”; Colquhoun
and Sakmann, 1985) cause a particular type of congeni-
tal myasthenic syndrome known as “slow-channel syn-
drome,” in which the time course of the endplate-current
decay is abnormally slow. Unsurprisingly, the study of
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the functional impact of these gain-of-function muta-
tions has elicited considerable interest both as a step to-
ward an understanding of the molecular basis of this
type of neuromuscular disorder and as an opportunity
to reveal novel properties of the AChR that may be un-
likely to be stumbled upon as a result of unguided mu-
tagenesis approaches.

Although our knowledge of the link between the ob-
served quantitative changes in AChR function and the
different clinical and histological manifestations of this
pathology remains incomplete, it is clear that the slower
deactivation time constant of the mutated AChRs is key.
On the one hand, the prolonged time constant of the
synaptic-current decay may lead to the summation of
inward currents upon repetitive motor-neuron firing, re-
sulting in sustained endplate depolarization, inactivation

© 2009 Elenes et al. This article is distributed under the terms of an Attribution-Noncom-
mercial-Share Alike—No Mirror Sites license for the first six months after the publication
date (see http://www.jgp.org/misc/terms.shtml). After six months it is available under a Cre-
ative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as
described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

151



of muscle voltage-dependent Na' channels, and, ulti-
mately, neuromuscular blockade. On the other hand,
the prolonged currents could result in an excessive Ca®*
load with potentially cytotoxic effects (Leonard and
Salpeter, 1979), a phenomenon that may well underlie
the degeneration of junctional folds typically observed
in skeletal muscle biopsies from affected individuals
(Gomez et al., 1997; Groshong et al., 2007).

Another aspect of AChR function that is severely com-
promised upon gain-of-function mutations (that is,
mutations that slow down channel closing, speed up
channel opening, and/or slow down ACh dissociation
from the transmitter-binding sites in the closed state) is
the ability to respond reliably to trains of high-frequency
stimulation. Using outside-out patch clamp recordings
from heterologously expressed receptors (harboring
mutations that increase the diliganded-gating equilib-
rium constant but leave the kinetics of agonist-dissociation
essentially unaffected; Grosman and Auerbach, 2000,
2001) and a piezo-electrically driven, fast perfusion sys-
tem, we found that the response to repetitive, brief
(<1-ms) applications of ACh decreases gradually along
the train, with the extent of this “depression” increasing
as the frequency of the train does (Elenes et al., 2006).
Furthermore, we found that (for the different con-
structs and at a given stimulation frequency) the slower
the deactivation time course, the deeper the extent of
this depression. In mechanistic terms, these observations
indicate that: (a) bursts of diliganded openings can ter-
minate not only through ligand dissociation, but also
through entry into desensitization; (b) the kinetics of
recovery from desensitization are such that its extent is
sensitive to the duration of the applied interpulse in-
tervals (tens to hundreds of milliseconds); and (c) de-
sensitization can proceed from the open-diliganded
conformation in such a way that mutations that slow
down deactivation by increasing the CAy; = OA, gating
equilibrium constant can increase the contribution of
entry into desensitization to the termination of a burst
of diliganded openings (Fig. 1).

A slower deactivation (or, its single-channel counter-
part, a prolonged mean burst duration; Colquhoun
et al., 1997; Wyllie et al., 1998) alone, however, need
not be accompanied by a decremental response to high-
frequency trains of agonist pulses because mutations
may also affect the kinetics of desensitization. Certainly,
a slower rate of entry into desensitization and/or a
faster rate of recovery from it can compensate for the
effect of a slower deactivation time constant, and thus,
may result in a rather uniform response to repetitive
agonist applications. One of the questions we address
here is, precisely, whether the slow deactivation of naturally
occurring, slow-channel syndrome AChR mutants leads
to a progressive reduction of peak currents upon repeti-
tive exposure to ACh. The importance of a positive result
would be twofold. First, such depression could compro-

Figure 1. A reaction mechanism for the muscle AChR. C, O, and
D denote the closed, open, and desensitized conformations of the
channel, respectively, whereas A denotes a molecule of ACh. The
red arrows identify the subset of rate constants that, according to
Eq. 1, determine the kinetics of the macroscopic current decay
through the muscle AChR during channel deactivation (or, equiv-
alently, the mean duration of a burst of single-channel diliganded
openings). The states indicated in red (CAy and OAy) are those
that would interconvert during a burst of diliganded openings.

mise the safety margin of the motor endplate, and thus,
could contribute to the deranged neuromuscular trans-
mission and ensuing clinical symptoms. Second, such
depression would indicate that a sensible study of the
impact of these mutations on the AChR’s function could
not be done unless the desensitization phenomenon is
explicitly accounted for in the reaction schemes used to
interpret the observations. Needless to say, kinetic mod-
els that do not include desensitized states predict a uni-
form response to trains of ACh pulses regardless of the
value of the mean burst duration, as if the only pathway
out of a burst of activity were agonist dissociation.

The other question we address here is whether the
contribution of Ca®* to the total cation influx through
the muscle AChR (that is, the “fractional Ca*" current”)
is altered in “slow-channel” mutants. By combining
whole cell patch clamp and Ca*-indicator fluorescence
recordings (Thayer et al., 1988; Neher and Augustine,
1992; Zhou and Neher, 1993; Vernino et al., 1994;
Schneggenburger, 1996), it has been recently reported
that the fractional Ca®* currents through some of these
disease-causing AChRs are twice as high as those through
the wild-type channel (Di Castro et al., 2007), a notion
that would have strong implications not only for the de-
lineation of the molecular basis of the disease, but also
for our understanding of the molecular determinants
of Ca* conduction through this channel. However,
these measurements are inherently complex and re-
quire that a large number of variables be strictly con-
trolled. The method, thus, becomes prone to large
errors (Zhou and Neher, 1993) as, perhaps, reflected in
the disparate values reported by different studies on the
same types of ion channel (for example, Schneggenburger
et al., 1993; Schneggenburger, 1996). Here, we pres-
ent a simple alternative to tackle this problem. Our
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approach relies solely on single-channel current mea-
surements and avoids altogether the calculation of per-
meability ratios from reversal potentials estimated under
nonphysiological ion conditions.

MATERIALS AND METHODS

Complementary DNA (cDNA) Clones, Mutagenesis,

and Heterologous Expression

cDNAs encoding for the al, 1, 3, vy, and & subunits of the mouse
muscle AChR were provided by S.M. Sine (Mayo Clinic College of
Medicine, Rochester, MN), whereas those encoding for the al,
B1, 3, and & subunits of the human muscle counterpart were pro-
vided by L.G. Sivilotti (University College London, London, Eng-
land, UK). cDNAs encoding for the NRI (splice variant NR1-1a;
Hollmann et al., 1993) and NR2A subunits of the rat N-methyl-p-
aspartate receptor (NMDAR) were provided by J. Woodward
(Medical University of South Carolina, Charleston, SC). HEK-293
cells were transiently transfected using a calcium-phosphate pre-
cipitation method (Purohit and Grosman, 2006). In the case of
the cells expressing the NMDAR, the antagonist DL-2-amino-5-
phosphonovaleric acid (final concentration, 200 pM) was added
to the fresh culture medium used to replace the calcium-phos-
phate-DNA mixture after the overnight incubation. All the mu-
tations to the muscle AChR were engineered on the mouse clones
with the QuikChange site-directed mutagenesis kit (Agilent
Technologies) and were confirmed by dideoxy sequencing. The
naturally occurring “gain-of-function” mutations were aS2691,
BV266M, eL.221F, €T264P, and eL269F. The naturally occurring
“loss-of-function” mutations were 8D59K and ¢P121L. Unless oth-
erwise stated, the adult muscle type of AChR was studied (that is,
receptors containing a1, 1, 3, and & subunits).

Electrophysiological Recordings
Step changes in the concentration of ACh applied to outside-out
patches were achieved by the rapid switching of two solutions

flowing from either barrel of a piece of “theta-type” capillary glass
tubing (Hilgenberg), essentially as described by Jonas (1995).
The theta tube was mounted on a piezo-electric device (Burleigh-
LSS-3100; Exfo), the movement of which was controlled by a
computer using a Digidata 1322A interface (MDS Analytical
Technologies) and pClamp 9.0 software (MDS Analytical Tech-
nologies). To minimize distortions in the time course of the solu-
tion exchange, the computergenerated rectangular waveforms
(brief pulses, long pulses, and trains of brief pulses) were low-pass
filtered (/. = 150-180 Hz) before being applied to the piezo-electric
device. The recording chamber (designed in-house) contained
two compartments that could be isolated from one another by re-
ducing the total volume of solution in the chamber. One com-
partment was used for placing the poly-L-lysine—coated coverslip
with cells, whereas the other one (the “recording compartment”)
was used for placing the theta tube and the patch pipette during
recordings. The latter compartment was continuously perfused
using a gravity-fed system, whereas the solutions flowing through
the theta tube were pressure driven (ALA BPS-8; ALA Scientific
Instruments). To estimate the time course of the solution ex-
change, the change in liquid-junction potential was measured
with an open-tip patch pipette (Fig. 2). In the case of the outside-
out patch clamp recordings performed to gather single-channel
I-V data, a fast solution exchange was not required, and hence,
the recording compartment was perfused manually. All other re-
cordings were performed in the cell-attached configuration. Both
macroscopic and single-channel currents were recorded using an
Axopatch 200B amplifier (MDS Analytical Technologies) at room
temperature (~22°C) and were digitized at 100 kHz. Series resis-
tance compensation was used and set to 70-80% during all mac-
roscopic recordings. The effective bandwidth before data analysis
was DC-5 kHz for macroscopic currents and DC-20 kHz for sin-
gle-channel currents. During the experiments aimed at character-
izing the Ca®" currents through mutant and wild-type receptors,
different voltages were applied to cell-attached or outside-out
patches to generate single-channel I-V curves. During all other
experiments, the applied potential was fixed at —80 mV (negative
inside the cell).

Figure 2. Calibration of the solu-
tion-switching system. The different
parameters of the solution-switch-
ing system (that is, diameter of the
theta tube openings, relative posi-
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Solutions

In the case of the concentration-jump experiments, the solution
flowing through both barrels of the theta tube and through the
gravity-fed perfusion contained the following (in mM): 142 KCI,
5.4 NaCl, 1.8 CaCl,, 1.7 MgCl,, and 10 HEPES/KOH, pH 7.4. In
addition, the solution flowing through one of the theta tube bar-
rels also contained ACh (1 mM in the case of the severe loss-of-
function eP121L mutant and 100 pM in all other cases). The
pipette solution was either the same KCl-based solution used to
perfuse the patches or a KF, low divalent cation solution consist-
ing of the following (in mM): 100 KF, 40 KCI, 1 CaCl,, 11 EGTA,
and 10 HEPES/KOH, pH 7.4; this KF-based solution improved
the stability of the membrane patches. In the case of the outside-
out current recordings aimed at obtaining data for single-AChR
I-V relationships, both the pipette solution and that bathing the
external aspect of the patches consisted of the following (in mM):
150 NaCl, 1.7 MgCl,, 10 HEPES/KOH, pH 7.4, and the indicated
concentration of Ca* added as CaCl,. This NaCl-based solution
with variable CaCls was also used in the pipette during the record-
ing of single-AChR I-V data in the cell-attached configuration. All
I-V data from the AChR were recorded in the presence of 1 pM of
extracellular ACh either in the pipette or the bath, depending on
the configuration. Single-channel I-V data from the NMDAR were
recorded in the cell-attached configuration using a nominally
Mg2+—free pipette solution consisting of the following (in mM):
150 NaCl, 0.1 glutamate, 0.1 glycine, 10 HEPES/KOH, pH 7.4,
and the indicated concentration of Ca** added as CaCl,. Osmolar-
ity differences arising from the variable Ca®" concentrations were
not compensated. During recordings in the cell-attached configu-
ration, the cells were bathed in a depolarizing KCI solution con-
sisting of the following (in mM): 142 KCl, 5.4 NaCl, 1.8 CaCl,, 1.7
MgCly, and 10 HEPES/KOH, pH 7.4. During outside-out experi-
ments, the cells were bathed in an “extracellular-like” NaCl solu-
tion consisting of the following (in mM): 137 NaCl, 2.7 KCI, 0.9
CaCls, 0.5 MgCls, 8 NayHPOy, and 1.5 mM KHsPO,, titrated to
pH 7.3 with HCL

Data Analysis

Macroscopic currents in response to step changes in the concen-
tration of ACh were analyzed using a combination of pClamp 9.0
(MDS Analytical Technologies), SigmaPlot 7.101 (SPSS Inc.), and
in-house—developed programs, whereas single-channel currents
were analyzed using the SKM option in QuB software (Qin et al.,
1996; Qin, 2004; http://www.qub.buffalo.edu) and SigmaPlot
7.101 (SPSS Inc.).

The kinetics of ACh-elicited currents through the muscle AChR
were analyzed in the framework of the reaction scheme shown in
Fig. 1, according to which the transmitter-binding sites can be un-
liganded, monoliganded, or diliganded, and the conformation of
the channel can be closed, open, or desensitized. For simplicity,
only one of the (probably several) desensitized conformations is
included in the model. Also, the two neurotransmitter-binding
sites are assumed to be functionally equivalent and, therefore, the
two possible monoliganded configurations are considered to be
functionally indistinguishable. These simplifications have no con-
sequences on the interpretation of our data.

The time constant of the macroscopic-current decay upon step-
ping the concentration of ACh from saturating to zero (that is,
during channel deactivation) coincides with the mean duration
of a burst of single-channel fully liganded openings (Colquhoun
etal.,, 1997; Wyllie et al., 1998). According to Fig. 1, such a “burst”
consists of several consecutive CAy = OA; interconversions termi-
nated by ACh dissociation or entry into desensitization. Hence,
the mean duration of a burst is largely determined by the rate
constants of diliganded channel gating, agonist dissociation (from
CA;, or OAy), and entry into desensitization (from CAy or OAy).
In the muscle AChR, ACh dissociation proceeds mainly from CA,,

but some dissociation from OA, cannot be completely ruled out
(Grosman and Auerbach, 2001). Similarly, experimental data
strongly suggest that entry into desensitization can proceed from
OA; (Auerbach and Akk, 1998; Elenes et al., 2006), but whether it
cannot proceed at all from CA, is more difficult to ascertain.
Throughout the rest of this paper, we assume that desensitization
of diliganded AChRs can only occur from OA,, for simplicity. It is
clear, from our earlier work, that the increased contribution of
entry into desensitization to deactivation observed for mutants
with increased diliganded-gating equilibrium constant corre-
sponds to desensitization arising from OA,, but we cannot rule
out that these receptors also desensitize from CA,, at least to some
degree. Again, this simplification has no consequences whatso-
ever on the conclusions of this work. Thus, neglecting entry into
desensitization from CA,, and taking into account that, in the
cases of the wild-type and gain-of-function mutant AChRs studied
here, most of the length of a burst is spent in the open state, the
mathematical expression for the deactivation time constant is
given by (Elenes et al., 2006):

Tdeactivation =

D, +9j + %22k @

By + 2k

where the symbols are defined in Fig. 1, and where the probability
of a burst of single-channel diliganded openings being termi-
nated by entry into desensitization, rather than by agonist dissoci-
ation, is given by the product of D, and Tgeacivaion. Hence, the
slower the deactivation time course, the larger the contribution of
desensitization to the termination of a burst. Adult mouse muscle
wild-type values for the rate constants in Eq. 1 are By = 50,0005,
s = 2,000 s7!, 2k_ = 50,000 s, 2j_< 10 sl and D, = 25 571,
Therefore, in the case of the adult wild-type AChR (but, clearly,
not in the case of gain-offunction mutants), Eq. 1 may be consid-
ered to reduce to [(1+B2 /2k,)/oc2] , the more familiar expression
of Colquhoun and Hawkes (1982).

Experimentally, the kinetics of deactivation were estimated by
exposing outside-out patches to low-frequency trains of ~0.8-ms
pulses of ACh (1 mM for eP121L and 100 pM for all other con-
structs) at —80 mV. All traces within a train were aligned and aver-
aged, and the decaying phase was fitted (least-squares method)
from the peak of the current until the end of the transient with a
mono-exponential function (Table I). The frequency of such
trains varied among constructs and was chosen so as to minimize
the fading of the response.

The kinetics of entry into desensitization were estimated by ex-
posing outside-out patches to ~2-s pulses of 1 mM (gP121L) or
100 pM ACh (all other constructs) at —80 mV. The decaying
phase of these current transients were fitted (least-squares
method) from the peak of the currents until the end of the 2-s
ACh applications with one or two exponential components. The
parameters of these exponential fits were used to calculate “de-
sensitization half-times”; this is the way in which the kinetics of
entry into desensitization are expressed in Table I. The use of
these phenomenological “half-times” was necessary because we
needed to somehow compare the time courses of desensitization
of the analyzed constructs. And although the wild-type AChR and
some of the slow-channel mutants desensitize following a mono-
exponential time course, others do so with double-exponential
kinetics (this was also the case for the set of gain-of-function muta-
tions at the SM2 12" position studied by us previously; Elenes
etal., 2006). Of course, when a time course is best described by a
double-exponential function, nothing exact can be done to com-
pare it with the kinetics of a mono-exponential time course. We
found, however, that the half-decay times calculated from the
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TABLE |
Kinetic Parameters of a Set of Wild-type AChRs and Naturally Occurring Mutants

Construct Tdeactivation (MS)* t1/9, desensitization (ms)® Paired-pulse T,ccovery (Ms)© Train Trecovery (ms)?

eP121L 0.37 +0.02 (7) 66 + 10 (9) 101 + 18 (6) ND*
(adult, mouse)

3DHIK 0.92 + 0.08 (10) 38+ 7 (7) 71 £5 (3) ND
(adult, mouse)

wild-type /& 0.98 + 0.06 (25) 22 + 3 (13) 306 + 19 (5) 500 (6)
(adult, mouse)

wild-type/y 4.5+ 0.5 (10) 31 +12 (3) 290 + 33 (4) 167 (4)
(fetal, mouse)

BV266M 5.4+0.1 (10) 38 +6 (4) 279 + 26 (2) 167 (4)
(adult, mouse)

eL.221F 6.6+ 0.4 (17) 34+ 12 (4) 466 + 21 (4) 1,333 (8)
(adult, mouse)

aS2691 9.2+ 0.7 (10) 20 + 4 (9) 552 + 29 (5) 667 (4)
(adult, mouse)

eL.269F 19+2 (11) 28 +5 (10) 1,830 + 170 (5) 1,000 (7)
(adult, mouse)

£T264P 21 +1 (29) 99 £ 10 (11) 742 + 37 (2) 1,000 (8)

(adult, mouse)

“Deactivation time constants estimated from mono-exponential fits. The numbers in parentheses indicate the number of low-frequency trains of 0.8-ms
ACh pulses analyzed. Each train consisted of at least 10 pulses, the responses to which were averaged and fitted. Average values across trains are given as
mean + SE.

"Desensitization half-times. In some cases, the time course of entry into desensitization was best fitted with two, rather than one, exponential components.
Hence, to facilitate the comparison, the parameters of these fits (whether single or double exponential) were used to numerically solve for the corresponding
desensitization half-times (that is, the time taken for the current decay to be half-complete). The numbers in parentheses indicate the number of analyzed
responses. Average values are given as mean + SE.

‘Recovery from desensitization time constants estimated from the response to paired-pulse protocols. The numbers in parentheses indicate the number of
independent experiments analyzed to generate the plots in Fig. 3 C.

dRecovery from desensitization time constants estimated from the fitting of the plots in Fig. 5 as described in Materials and methods. The best-fit values

were identified by manually adjusting the unknown parameter, and standard errors were not estimated.
“Not determined. This parameter was estimated only for wild-type and slow-channel mutant AChRs.

parameters of the double-exponential fits provide an excellent
approximation to the desensitization time course during the first
tens of milliseconds. In other words, when we plot the experimen-
tally obtained double-exponential desensitization decays and the
mono-exponential decays calculated from the respective t; o val-
ues (t;/9/(n2, more precisely), we find a very close agreement be-
tween both curves during the first tens of milliseconds. After these
initial milliseconds, the time courses deviate from one another,
but it is these initial tens of milliseconds that matter in the con-
text of the 50-Hz trains (that is, 20-ms interpulse intervals) ap-
plied here. Hence, mono- and double-exponential desensitization
time courses are compared using their corresponding half-times.
A double-exponential time course of entry into desensitization
with a near-zero current at equilibrium suggests the existence of,
at least, two desensitized conformations of different stability. On
average, in the sustained presence of a high concentration of
ACh, the least stable desensitized state would be visited several
times by an actively opening and closing AChR before the more
stable desensitized conformation is finally reached.

The kinetics of recovery from desensitization were estimated
using pairs of conditioning and test pulses (1 s and 100 ms in du-
ration, respectively) of 1 mM (eP121L) or 100 pM ACh (all other
constructs), separated by ACh-free intervals of variable length, at
—80 mV. Because desensitization was nearly complete at the end
of each conditioning pulse, the fraction of recovered AChRs
could be well approximated by the ratio between the peak-cur-
rent elicited by the test pulse and that elicited by the conditioning
pulse in each pair. The interval between any two consecutive pairs
of pulses was 210 s to ensure complete recovery from desensitiza-
tion. Plots of recovered fraction of receptors as a function of the

duration of the interpulse interval were well fitted with mono-
exponential rise functions ( Recovered fraction = 1-exp(-t/1)) de-
spite the multiple steps that must be involved in the recovery of
ACh-diliganded desensitized receptors after ACh removal. The
time constants corresponding to the different AChR constructs
studied here are listed in Table I. It could be argued, however,
that the kinetics of recovery from the desensitized state(s) reached
upon exposure of the AChR to high concentrations of ACh for 1 s
may not be representative of the kinetics of recovery that are rel-
evant during application of trains of ~0.8-ms pulses of ACh. In-
deed, it has been reported that the longer the exposure to high
concentrations of ACh, the slower the kinetics of recovery on re-
moval of the agonist (Reitstetter et al., 1999), as if a prolonged in-
teraction of the desensitized receptor with ACh favored the
transition to increasingly more stable desensitized conformations.
To address this issue, we applied a second method to estimate the
kinetics of recovery. This method is based on the notion that the
response of the AChR to trains of brief pulses of saturating ACh
can be kinetically modeled using a cyclic three-state scheme in
which several of the states shown in Fig. 1 are conveniently
grouped (Elenes et al., 2006). According to this “triangular”
model, during the brief (<1-ms) pulses of saturating ACh, the
AChR dwells in “activated states” (CAy and OAy) and, upon ACh
washout, the receptor relaxes to either “activatable” (CA and C)
or desensitized states (DAy, DA, and D). During the ACh-free in-
terpulse intervals, the desensitized AChR can lose the bound ACh
and close (“recover”), thus joining the pool of activatable recep-
tors. Finally, we assume that all of the AChRs that are in activatable
states by the end of each interpulse interval are converted into ac-
tivated AChRs on application of the following pulse of saturating
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ACh, an assumption that follows from the known kinetic proper-
ties of the wild-type and mutant AChRs tested here. In the frame-
work of this model, the rates at which the activated states relax into
activatable or desensitized states can be calculated from the ex-
perimentally estimated time constants of deactivation and desen-
sitization; the only unknown kinetic parameter, then, is the rate of
recovery during the interpulse intervals. The mathematical expres-
sion for the fraction of receptors in activated states at the begin-
ning of each ACh pulse was derived analytically (using the
three-state kinetic scheme), and the rate of recovery of each con-
struct was adjusted manually until a satisfactory fit (as judged by eye)
to the experimental data shown in Fig. 5 was reached. These re-
covery rates, expressed as their reciprocals, are presented in Table I
for comparison with the recovery time constants estimated from
paired-pulse experiments. More details as to the methodological
aspects of this approach are presented in Elenes et al. (2006).

RESULTS

Slow-Channel Syndrome Mutants Desensitize

upon ACh Removal

Application of high-frequency trains of brief ACh pulses
to wild-type and laboratory-engineered gain-of-function
mutant receptors (a series of single—amino acid replace-
ments at the 12 position of the pore-lining M2 segment
of the & subunit) confirmed the notion that the AChR
can desensitize upon agonist removal (Elenes et al., 2006).

A

As expected from all we know about this receptor chan-
nel (for example, Edmonds et al., 1995), the extent of
desensitization during deactivation was found to be
small in the wild type. However, as can be predicted
from Fig. 1 and Eq. 1, this depression became more
profound as the deactivation time constant was increas-
ingly prolonged by mutations. It should be noted here
that the duration of the ACh pulses (~0.8 ms) is too
short for desensitization to be appreciable within each
pulse. Instead, virtually all of the desensitization takes
place after removing the agonist, as one of the path-
ways for burst termination, during the much longer
interpulse intervals.

Slow-channel syndrome mutants also deactivate more
slowly than the wild type (Engel et al., 2003), and thus,
could also be thought to desensitize appreciably on ago-
nist removal. However, as mentioned above, generaliza-
tions as to the extent of desensitization within a
high-frequency train of ACh pulses cannot be made
solely on the basis of deactivation time-constant values
(or, equivalently, single-channel mean burst durations)
because mutations may affect the kinetics of desensitiza-
tion as well. Hence, the kinetics of desensitization and/
or the response to repetitive applications of agonist
need to be studied for each individual mutant.

Figure 3. Kinetics of mouse muscle
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AChR deactivation, entry into desensi-
tization, and recovery from desensitiza-
tion. (A) Kinetics of deactivation. Each
plotted trace is the average response
of a patch to several 0.8-ms pulses of
ACh (100 such pulses for eP121L, 5 for
eL.269F, and 10 for all other constructs)
applied as low-frequency trains. The
deactivation time constants, estimated
from mono-exponential fits to the de-
caying phase of these plots, were in
turn averaged over several such trains
and are listed in Table I. (B) Kinetics
of entry into desensitization. For clar-
ity, only the responses of some of the
studied constructs to the 2-s pulses of
ACh are shown. Only the first 450 ms of
these responses are displayed. The pa-
rameters estimated from the exponen-
tial fits to the decaying phase of these
time courses were used to calculate
desensitization half-times (see Materi-
als and methods). The corresponding
averages, over several responses per
construct, are listed in Table I. (C) Ki-
netics of recovery from desensitization
estimated using pairs of conditioning
(1-s) and test (100-ms) pulses of ACh.
The color key is the same as in A. Verti-
cal error bars are standard errors calcu-
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lated from the results of several independent experiments. The time constants of mono-exponential rise fits to the plots of recovered
fraction as a function of the duration of the interpulse intervals (see Materials and methods) are listed in Table I. The concentration of
ACh applied during the pulses, in all three panels, was 1 mM in the case of the severe loss-of-function eP121L mutant and 100 pM in all

other cases.
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We set out to investigate a panel of five slow-channel
mutations in different subunits and regions of the
AChR: aS269I (Croxen et al., 1997), in the linker be-
tween the M2 and M3 transmembrane segments;
BV266M (Engel et al., 1996), in M2; el.221F (Croxen
et al., 2002; Hatton et al., 2003), in the linker between
B-strand 10 and M1; €T264P (Ohno et al., 1995), in M2;
and eL.269F (Gomez and Gammack, 1995; Engel et al.,
1996), also in M2. As a negative control, we also studied
two naturally occurring mutants with faster kinetics of
deactivation (and which cause another variant of the
congenital myasthenic syndrome known as “fast-chan-
nel syndrome”). These were 8D59K (S8E59K, in humans;
Brownlow et al., 2001), close to loop D of the N-terminal
extracellular domain, and ¢P121L (Ohno et al., 1996),
near the cysteine loop.

Fig. 3 shows the response of multichannel outside-out
patches to brief pulses (Fig. 3 A), long pulses (Fig. 3 B),
and pairs of conditioning and test pulses of ACh (Fig. 3 C).
Analysis of these data yielded time constants of deactiva-
tion, entry into desensitization, and recovery from de-
sensitization, respectively (Table I). Fig. 4 shows some
representative responses to trains of ACh pulses deliv-
ered at a frequency of 50 Hz (a physiologically relevant
frequency in the context of the neuromuscular junc-
tion; Hennig and Lgmo, 1985), and Fig. 5 shows their
normalized peak-current values, averaged over several

A eP121L B

5D59K c

experiments. Inspection of the kinetic parameters in
Table I reveals that it is mostly the kinetics of deactiva-
tion that are affected by these naturally occurring muta-
tions. The kinetics of entry into and recovery from
desensitization are affected to a lesser extent, and in
some cases, these changes would even accentuate the
depression (such as the slower recovery from desensiti-
zation of some of the mutants). Thus, the response to
successive applications of ACh decreases along the
trains (Figs. 4 and 5), with the degree of depression
roughly mirroring the constructs’ deactivation time
constants, exactly as expected from a channel that can
desensitize from the open-diliganded conformation. In-
deed, the two faster than wild-type mutants, 8D59K and
eP121L (Table I), display very little (¢P121L), if any
(8DbH9K), depression. Notably, the deactivation time
constant of the eT264P mutant is so much longer than
the wild type’s (a factor of ~20) that, even though its
entry into desensitization rate is slower by a factor of
~4, the response to a 50-Hz train of ACh pulses still de-
creases markedly.

The recovery time constants estimated using a classi-
cal two-pulse protocol with a 1l-s conditioning pulse
(Fig. 3 C) could well be irrelevant if it is the kinetics of
recovery during the repetitive (50 Hz) application of
<l-ms pulses that matter. To clarify this point, we fitted
the data in Fig. 5 with a simplified kinetic scheme that
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Figure 4. Slow-channel syndrome AChRs desensitize during deactivation. (A-I) Example current traces recorded from individual
outside-out patches. Each panel shows the response of a different mouse muscle AChR construct to the application of a 50-Hz train of
0.8-ms ACh pulses (1 mM in A and 100 pM in B-I). One such train is indicated in A above the current trace. The zero-current level is
indicated, on each trace, with a dotted line. The plots are presented in increasing order of deactivation time constant (Table I). The pre-
diction (made on the basis of the kinetic scheme in Fig. 1 and Eq. 1) that the slower the deactivation time course the more pronounced
the depression is borne out by these recordings. Of course, because the kinetics of entry into and recovery from desensitization are not
completely unaffected by the mutations (Table I), this relationship cannot be perfect. However, the trend is undoubtedly clear (see

also Fig. b).
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Figure 5.

Depression of ACh-evoked currents upon repetitive stimulation. (A-I) Peak-current values in response to 50-Hz trains of 0.8-ms

ACh pulses were normalized with respect to the first peak in each series and averaged across replicate experiments. The number of
averaged responses (n) is indicated for each construct. Vertical error bars are standard errors. Example current traces are given in Fig. 4.
The red circles correspond to the fits from which estimates of the rate of recovery from desensitization within a train of ACh pulses were
obtained (see Materials and methods). These values are expressed as time constants in Table L. These fits were performed only for the

wild-type and gain-of-function mutant AChRs.

groups all possible states of the AChR in Fig. 1 into acti-
vated (CAs and OA,), activatable (CA and C), and de-
sensitized classes (DA, DA, and D; see Materials and
methods). Evidently (everything else being equal), the
slower the kinetics of recovery, the more pronounced the
decline of the current response. The fits are shown in
Fig. 5 and the estimated recovery time constants are
listed in Table I for comparison to those obtained from
paired-pulse experiments. On the one hand, inspection
of these values reinforces the notion that the kinetics of
recovery from desensitization change much less upon mu-
tation than those governing deactivation. On the other
hand, the fact that these two types of “recovery time con-
stants” differ numerically so little from each other is sur-
prising, especially considering that, in one case, the
desensitized conformation(s) is (are) reached under the
continuous presence of ACh (during the 1-s conditioning
pulses), whereas, in the other case, desensitization takes
place during the ACh-free, 20-ms interpulse intervals. It is
likely that incubations with ACh longer than 1 s are needed
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for this channel to attain the more reluctant to recover de-
sensitized conformations that have been reported for the
muscle AChR (Reitstetter et al., 1999).

As a further control for these experiments, we ex-
posed two of the slow-channel mutants (¢L221F and
£T264P) to trains of ACh pulses delivered at different
frequencies, from 2.5 to 100 Hz (Fig. 6). Reassuringly,
the recordings show that the higher the frequency, the
deeper the steady-state depression, exactly as expected
if this progressive attenuation of the currents were due
to the accumulation of channels in the desensitized
state. Finally, in an attempt to mimic the heterozygous
state of mutations, we cotransfected HEK-293 cells with
wild-type and L269F e-subunit cDNAs in equimolar pro-
portions (in addition to al-, B1-, and 3-subunit cDNAs).
As could be anticipated if the two alternative constructs
expressed with the same efficiency, the response of the
“heterozygous patches” is almost exactly halfway be-
tween those of patches expressing only wild-type or only
L269F e-subunits (Fig. 7; see also Fig. 5).
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Figure 6. Frequency dependence of the AChR response to trains

of ACh pulses. (A and B) Normalized current responses of two
slow-channel syndrome mutants to trains of 0.8-ms pulses of 100 pM
ACh delivered at different frequencies. The responses to several
trains at each frequency were averaged. Vertical error bars are
standard errors. In A, the number of averaged trains was 3 at 2.5, 5
and 10 Hz, 10 at 25 Hz, and 8 at 50 and 100 Hz. In B, the number
of averaged trains was 6 at 2.5 and 10 Hz, 5 at 5 Hz, 14 at 25 Hz, 8
at 50 Hz, and 7 at 100 Hz. The y-axis value corresponding to the
first pulse in each train (black symbol) is the same for all trains.

Because the slow-channel mutations studied here
were engineered on the corresponding mouse AChR
cDNA clones, it seemed prudent to validate this ap-
proach by analyzing the behavior of the human recep-
tor. Fig. 8 compares the kinetics of deactivation, entry
into desensitization, and recovery from desensitization
of these two muscle- and adult-type AChRs. For the hu-
man receptor: Tyeactivation = (1.3 +0.06) ms (n =16 trains);
t1/9, desensitization = (16 £ 2) ms (n =10 pulses); and paired-
pulse Trecovery = (397 + 28) ms (data from six patches).
We also compared the responses to trains of ACh pulses
delivered at 50 Hz (Fig. 9); for the human receptor,
train Tyecovery = 385 ms (n = 7 trains). The close agree-
ment between the values of these kinetic parameters in
humans and mice (Table I) amply justifies our use of
the mouse clones to elucidate the molecular basis of
this human condition. Of particular interest, note that
under the repetitive exposure to ACh illustrated in Fig. 9,
only ~50% of the human receptors remain activatable
after ~25 pulses; the response of the mouse AChR de-
presses less deeply, with ~65% of the receptors remain-
ing activatable after ~25 pulses. The somewhat slower
deactivation time course and faster entry into desensiti-
zation of the human counterpart can account for the
observed increased attenuation of the currents.
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Figure 7. Mimicking the heterozygous state of a slow-channel mu-

tation. Normalized current responses of outside-out patches excised
from cells expressing a mixture of both wild-type and L269F g-sub-
units (along with all other mouse muscle AChR wild-type subunits)
to trains of 0.8-ms pulses of 100 pM ACh delivered at 50 Hz. In these
experiments, each train consisted of 100 pulses. Vertical error bars
are standard errors. The responses to five trains were averaged.

Slow-Channel Mutants Conduct Ca** as Fast as

the Wild-type AChR

Although the molecular determinants of cation versus
anion selectivity in the AChR’s (and all other Cys-loop
receptors’) permeation pathway are limited quite nar-
rowly to only a few positions on the cytoplasmic end of
the pore-lining M2 segments (Galzi et al., 1992; Corringer
etal., 1999), the determinants of Ca*>" conduction have
been reported to be scattered along, and even outside,
the pore domain (for example, Bertrand et al., 1993).
Hence, the suggestion that some slow-channel mutants
display an increased Ca*" permeability, and that this in-
creased permeability intensifies the Ca* overload of the
motor endplate (Di Castro et al., 2007), seems plausible
and worth investigating.

When it comes to characterizing the relative permea-
bility of Ca®* through an ion channel in a physiological
context, the concept of fractional Ca®" currents (that is,
the fraction of the total current that is carried by Ca®*
under physiological membrane potential and ion con-
ditions) seems far more appropriate than the use of
permeability ratios calculated from reversal potentials
using the Goldman-Hodgkin-Katz voltage equation.
Fractional Ca®* currents have been typically estimated
from the combined application of whole cell current
recordings and Ca®-influx measurements using Ca*"
chelators that change their fluorescent properties upon
complex formation (Thayer et al., 1988; Neher and
Augustine, 1992; Zhou and Neher, 1993; Vernino et al.,
1994). The accurate estimation of Ca*" influx, however,
is not straightforward. On the one hand, the cytosolic
concentration of Ca®* is not only determined by its in-
flux through the channel under study, but it also de-
pends on the activity of cellular Ca*-buffering systems
and other Ca*-transport membrane proteins. On the
other hand, the entry of Ca* into the cell can elicit
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Ca*-activated conductances that may contribute unde-
sired currents to the whole cell recordings. Finally, the
specific calibration approach followed to transform the
units of fluorescence into values of Ca* influx seems to
be an added source of discrepancy among the values of
fractional Ca®* currents reported in the literature (Rogers
and Dani, 1995; Schneggenburger, 1996).

Given this scenario, we decided to apply an alternative
method to estimate the magnitude of the Ca* currents
through the muscle AChR heterologously expressed in
HEK-293 cells. Our approach consisted of the measure-
ment of single-channel I-V curves in the cell-attached
configuration with a physiological concentration of Na*
and Mg”" in the pipette (that is, the extracellular side)
and with varying concentrations of Ca** (from nomi-
nally zero to saturating). A simultaneous fit of all the
I-V data with a model that assumes that K* (from the
cytosol), Na*, Mg*, and Ca*" compete for a single site
in the permeation pathway yields estimates of the three
unknown parameters, namely, the single-channel con-
ductance in the absence of Ca*" ( YNa+_Mg2+ ; we name this
parameter after the predominant current carriers at the
assayed hyperpolarized potentials), the single-channel
conductance in the presence of saturating Ca® (Ve ),
and the (reciprocal of the) apparent affinity of Ca®* for
the site in the channel’s pore in the presence of physi-
ological concentrations of Na* and Mg** (Kog2: ). From
these values, the composition of the total current (%)
in terms of the amount carried by the Na'-Mg*" mixture
(iNa+_Mg2+) and the amount carried by Ca? (ica% ) can
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Figure 8. Comparison of the kinetics
of AChR deactivation, entry into de-
sensitization, and recovery from de-
sensitization in human and mouse
muscle wild-type AChRs. (A) Kinetics
of deactivation. Each plotted trace is
the average response of a patch to 10
0.8-ms pulses of 100 pM ACh applied
as low-frequency trains. Only the decay-
ing phase is displayed to emphasize the
slower decay time course of the human
receptor. (B) Kinetics of entry into de-
sensitization. Only the first ~125 ms
of these responses to 100 pM ACh are
displayed. The color key is the same
as in A. (C) Kinetics of recovery from
desensitization estimated using pairs
of conditioning (1-s) and test (100-ms)
pulses of 100 pM ACh. Vertical error
bars are standard errors calculated from
theresults of severalindependent exper-
iments. The color key is the same as in A.
All kinetic parameters were estimated as
indicated in Materials and methods.

50 ms

be calculated at any (hyperpolarized) membrane poten-
tial (V) and extracellular Ca®* activity ( aCaZ%" ). From this
composition, in turn, the fraction of the total current
carried by Ca®" can, also, be easily obtained. Because we
used a saturating concentration of Na' in the pipette so-
lution (150 mM; Fig. 10), the probability of the pore’s
cation-binding site being occupied was near unity at all
values of [Ca*], and voltages. Under these conditions,
the equations take the following trivial forms:

Yotal = ¢

Na+-Mg2+ + an2+ (2)

Ca®

o o =Y T
- M2 2
Na’-Mg Na’-Mg KD(‘ o +aCao+

aa

2+

aCa

. — o

o = Vo eV )
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()

; 2+
% L2 Y, o aCaO
3 _ Ja _ a
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where  the ratios @Ca*" /(Kb s +aCa*)  and
Ko ../ (KDCa2++dC32+) give the probabilities of the
(phenomenologically defined) cation-binding site in
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Figure 9. Depression of ACh-evoked currents through human
and mouse muscle wild-type AChRs. (A) Example current trace
recorded from an outside-out patch containing human muscle
wild-type AChRs exposed to a 50-Hz train of 0.8-ms ACh pulses
(100 pM). The train of pulses is indicated above the current re-
cording. (B) Peak-current values in response to the applied 50-Hz
trains were normalized with respect to the first peak in each se-
ries and averaged across replicate experiments (six for the mouse
AChR and seven for the human counterpart). Vertical error bars
are standard errors. The orange circles superimposed on the hu-
man AChR data points correspond to the fit from which the esti-
mate of the rate of recovery from desensitization within a train of
ACh pulses was obtained (see Materials and methods). The cor-
responding fit to the mouse AChR data points is shown in Fig. 5.

the pore being occupied by Ca*" or by a permeant cat-
ion other than Ca*, respectively. Further, the extracel-
lular Ca* activity (aCa2" ) was calculated as the product
of the extracellular molarity of calcium ions ([Ca*].,
which is very close to the corresponding molality, for
the solutions we used here) and the square of the mean
activity coefficient of CaCl, in the presence of 150 mM

A Voltage (mV) B

-250 -200 -150 -100 -50 0 —200 -150

Voltage (mV)
-100

Nadl, following the work of Butler (1968) and using val-
ues tabulated in Robinson and Stokes (1955).

Fig. 11 shows I-V data, recorded in the cell-attached
configuration, for the slow-channel mutants studied in
the previous section of this paper and for several wild-
type AChRs. Fig. 12 shows some representative single-
channel traces, and Table II shows the fitted values of
Y a2 YNa+_Mg2+’ and Ko ., and the calculated values of
the single-channel conductance of the current carried
by Ca®" at [Ca*], = 1.8 mM (and in the additional pres-
ence of 150 mM NaCl and 1.7 mM MgCl, in the pipette),
using Eq. 4, and the fraction of the total current that,
under these physiological ion conditions, this Ca*"-car-
ried current represents, using Eq. 5. As an alternative
way of judging the goodness of the fit of Eqs. 2—4 to the
I-V results in Fig. 11, Fig. 13 plots the single-channel
conductance as a function of aCa’’, with the slopes of
the individual I-V plots superimposed on the computed
functions. Fig. 14 shows how the fractional contribution
of Ca® to the total single-channel inward currents
grows, from zero to unity, as aCa’ increases, using Eq. 5
and the values shown in Table II.

The “one-ion one-site” notion (on which Eqgs. 3 and 4
are based) is not merely an assumption. Rather, such a
model fits the data satisfactorily, suggesting that no fur-
ther sophistication is needed, at least to describe the
type of I-V data shown in Fig. 11. Furthermore, in the
assayed voltage range, the individual I-V relationships
deviate only slightly from straight lines, which justifies
our treatment of the single-channel conductances as
voltage-independent parameters.

Finally, our approach assumes that the recorded I-V
relationships (Fig. 11) extrapolate to the origin regard-
less of the particular value of the Nernst potential for
Ca*. Indeed, according to Eq. 4, i, = 0 at V=0 at all
aCa?" values, which leads to an expression for the frac-
tional Ca®* current that is independent of voltage (Eq. 5).
This expression seems, in principle, at odds with the ex-
pected voltage dependence of the fractional Ca*" cur-
rents. For example, in the presence of an asymmetrical
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0 the AChR and the NMDAR. I-V
curves recorded in the cell-at-
tached configuration with either
150 or 600 mM NaCl in the pi-
pette solution. For both chan-
nels, the pipette solution was pH
buffered with 10 mM HEPES/
KOH, pH 7.4, and was nominally
Ca* and Mg* free. (A) Adult
mouse wild-type AChR. 750 mm
- =20 Nacl = 89 + 0.6 PS; Y600 mm Na1 =
96 + 0.5 pS. (B) NRI1-NR2A rat

(vd) yuaung
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wild-type NMDAR. ;50 mm nact = 81 + 0.5 PS; Y600 mum naci = 89 + 0.5 pS. To facilitate the visual comparison of slopes, each I-V relationship was
displaced along the voltage axis so that it extrapolates to the origin. As expected from nonselective cation channels, the cell-attached
curves recorded in the presence of 600 mM NaCl in the pipette were shifted to the right of those recorded with 150 mM NaCl.
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Figure 11. I-V curves recorded in the cell-attached configuration at different values of extracellular [Ca*]. The color code is the same
for all panels and is shown in A in terms of Ca* concentration ([Ca?"],), rather than Ca* activity ( 01(]213+ ). In all cases, the pipette solu-
tion also contained 150 mM NaCl (and 10 mM HEPES/KOH, pH 7.4), but only in the case of the wild-type and mutant AChRs did it
also contain 1.7 mM MgCl,. The pipette solution used for recordings from the NMDAR was nominally Mg** free. Recordings from the
NMDAR displayed occasional sojourns in an open-channel level of lower conductance, which were excluded from the analysis. Measured
current values were fitted as a function of both voltage and azCaf,+ using Eqs. 2—4, and the values of the estimated parameters are listed
in Table II. Hence, the plotted continuous lines are not linear fits to the individual I-V curves. For data fitting, [Ca*], values were ex-
pressed as the corresponding Ca®* activities following the work of Butler (1968). Before being fitted, each IV relationship was displaced
along the voltage axis so that it extrag)olates to the origin; this was needed to apply Eqgs. 2—4. Each panel was fitted independently. The
total number of current—voltage-aCa(f data points in each panel was: 496 in A, 657 in B, 507 in C, 490 in D, 420 in E, 557 in F, 444 in
G, 532 in H, and 409 in 1.

A B eL269F, No Ca®* , N
shut —» . J O T . Figure 12. Representative sin-
gle-channel cell-attached cur-
open —p open —p rent traces recorded at different

eL269F, 100 uM ca® values of extracellular [Ca®'].

—> oy (A) Adult mouse wild-type AChR.
— WMM (B) Adult mouse AChR harboring

the eL269F mutation. In addition

2
‘8L269F1 1 mM Ca* to the indicated concentration of
—> Ca” (as CaCly), the pipette solu-
Z5ms |~ o conaived e ilving
24 m m : aul, 1. glly,
10 pA eL269F, 10 mM Ca and 10 HEPES/KOH, pH 7.4.

_’%”WWW _’W W \pplicd potential = —100 mV

- - (negative inside the cell). [ACh] =

wild type/e, 100 mM Ca** £L269F, 100 mM Ca** 1 pM. Display £ = 6 kHz The

- M’{JW — ‘5"""—'| r’w zero-current level is indicated on
- —> each trace with a dotted line.
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Figure 13. Dependence of single-channel conductance on extracellular Ca*". The dataset in Fig. 11 is replotted here to better appre-
ciate the quality of the fit of the current—voltage-aCBt:z)+ data with Eqgs. 2-4. The symbols correspond to the slopes of the individual I-V
curves in Fig. 11, whereas the continuous lines are the computed values of Eq. 2 (divided by voltage) using the estimated parameters
in Table II. For most data points, the error bars (standard errors estimated from linear fits to the individual I-Vs) are smaller than the
symbols. The points corresponding to zero extracellular Ca®* are, naturally, absent from this type of logarithmic display. Note that
the [Ca®], is given in terms of both activity (bottom axes) and concentration (top axes), although only aCai+ values were used for

the fits in Fig. 11.

distribution of Ca*" across the membrane, and a sym-
metrical distribution of monovalent cations and Mg,
the fractional Ca®* current must be unity at zero voltage
(that is, at the reversal potential of the current carried
by the mixture of monovalent cations and Mg*"), and
zero at the Nernst potential for Ca*". Then why are we
neglecting this effect of the voltage?

The currents in the I-V plots of Fig. 11 can be re-
garded as the sum of two components, namely, the cur-
rent carried by Ca®* and that carried by monovalent
cations and Mg*. Because, in these cell-attached experi-
ments, monovalent cations and Mg** were distributed
rather symmetrically across the membrane, the current
carried by these ions reverses at, approximately, zero
voltage. Ca?', on the other hand, was (under most ion
conditions) more concentrated on the extracellular
side of the membrane, and hence, the Ca®-carried com-
ponent of the total current must reverse at positive po-
tentials. As a result, the “net” I-V plots are expected to

reverse at a potential that is intermediate between zero
and the corresponding Nernst potential for Ca*". Al-
though these cell-attached I-V curves did not display
any marked deviation from linearity in the voltage range
tested, this off-zero reversal potential may manifest as a
displacement of the I-V straight line along the voltage
axis in the depolarizing direction. Evidently, the larger
this displacement is, the more invalid the expressions in
Egs. 4 and 5 are. To quantify this phenomenon in the
most unequivocal manner possible, we recorded single-
channel I-V curves in the outside-out configuration in
the presence of (saturating) 100 mM Ca®* on the extra-
cellular side and a nominally Ca*-free solution on the
cytoplasmic side of the channel (both solutions also
contained 150 mM NaCl and 1.7 mM MgCly; Fig. 15).
This asymmetrical distribution of Ca*" across the mem-
brane mimics the most asymmetrical ion condition assayed
in the cell-attached experiments illustrated in Fig. 11
(with the exception of the cell-attached recordings from
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TABLE Il
Interaction between Ca®* and the Channel’s Pove in the AChR and NMDAR

Construct ’ Physiological Ca?*  Physiological fractional
Var g Year Ko Ko Zondugctance ’ Ca‘"Zgi current
(pS)* (pS)” (mM; activity)© (mM; concentration)? (pS)© (%)"

wild-type/y AChR 46 + 0.1 24+ 0.1 1.16 + 0.04 4.0 75+0.2 19.3+0.5
(fetal, mouse)

wild-type/e AChR 66 + 0.1 36 +0.2 1.53 + 0.05 5.3 9.4+0.2 16.3 +0.5
(adult, mouse)

wild-type/e AChR 73 £0.1 31+0.2 2.22 +0.05 7.9 6.1 +0.1 9.3+0.2
(adult, human)

aS2691 67 +0.2 35+ 0.3 1.68 + 0.06 5.9 8.4+0.2 14.3 +0.4
(adult, mouse)

BV266M 62 +0.2 32+0.4 2.88 +0.13 10 5.0 £0.2 8.8+0.4
(adult, mouse)

eL.221F 68 £ 0.1 34+0.2 1.54 +0.03 5.4 8.8+0.1 15.0+0.3
(adult, mouse)

£T264P 74 +0.2 31+0.2 1.29 + 0.03 4.5 9.1+0.1 15.0+0.3
(adult, mouse)

eL.269F 61 +0.2 32+0.2 1.92 +0.07 6.8 7.0+0.2 13.0+0.4
(adult, mouse)

wild-type NR1-NR2A 84 +0.2 22 + 0.3 0.96 + 0.02 3.3 79+0.1 12.8 £ 0.3

(rat)

“Single-channel conductance in a nominally Ca®*free extracellular solution containing the following (in mM): 150 NaCl, 1.7 MgCly, and 10 HEPES/KOH,

pH 7.4. MgCl, was omitted in the case of the recordings from rat NRI-NR2A NMDARs (see Results). This parameter, as well as ¥ 2+ and KDC 9
” i

estimated from the fit of the data in Fig. 11 with Eqs. 2-4.

., were

"Single-channel conductance in the presence of saturating extracellular Ca®".

‘Apparent dissociation equilibrium constant of Ca*" from the (phenomenologically defined) cation-binding site in the channel’s pore in the presence of
150 mM extracellular Na* and, in the case of the wild-type and mutant AChRs, 1.7 mM extracellular Mg*". The values are expressed in terms of activity.
YApparent dissociation equilibrium constant of Ca®* expressed in terms of concentration.

“Single-channel conductance of the Ca*-carried component of the total currents in the presence of [Ca®], = 1.8 mM, calculated by dividing Eq. 4 by
voltage. Errors were calculated by propagating the errors of the appropriate variables in Eq. 4, assuming that these are independent of each other, and
that they are normally distributed.

'Fractional contribution of the Ca®* current to the total current in the presence of [Ca*’], = 1.8 mM, calculated using Eq. 5. Errors were calculated by
propagating the errors of the appropriate variables in this equation, assuming that these are independent of each other, and that they are normally

distributed.

the fetal-type AChR, in which case the highest [Ca*],
was 200 mM). It should be noted here that the voltage-
axis intercepts of cell-attached I-V plots are not very in-
formative because of the uncertainty as to the exact
value of the cell’s membrane potential, which is not
necessarily zero even if, as was the case for these experi-
ments, the cells are bathed in an isotonic KCl-based so-
lution. Fig. 15 shows that, in the outside-out configuration
and with a 100-mM outside/nominally free inside Ca?
gradient, the projection of the (linear) I-V curve crosses
the voltage axis at ~+18 mV. That is, at any hyperpolar-
ized potential, the current (carried exclusively by Ca*,
at this saturating Ca*" concentration) is larger than it
would be if the I-V curve crossed the voltage axis at the
origin. Because 100 mM is higher than the [Ca®*'], val-
ues used for most other I-V curves shown in Fig. 11, this
18-mV rightward displacement of the I-V relationship
represents an upper bound. In other words, the voltage
shift corresponding to the Ca®" component of the total
current is expected to be much smaller at most other
values of [Ca®'], tested, and certainly at the physiologi-
cal value of 1.8 mM. It can be seen, then, that the lower

the [Ca®], and the more hyperpolarized the membrane
potential, the more valid Eq. 4 (and thus, the more neg-
ligible the voltage dependence of the fractional Ca*
current). We conclude that, if anything, by assuming
the validity of Eq. 4 at all voltages and [Ca*], values,
our approach may somewhat underestimate the contri-
bution of physiological Ca®' to the total cation current
at physiological membrane potentials.

Our estimate of the fractional Ca®" current through
the muscle AChR (be it human or mouse, fetal or adult
type, wild type or mutant) is in the ~10-20% range
(Table II), which is higher than values previously re-
ported in the literature using the simultaneous mea-
surement of whole cell currents and Ca®" influx, under
comparable ion and voltage conditions (Vernino et al.,
1994; Ragozzino et al., 1998; Fucile et al., 2006). To in-
vestigate whether our single-channel method systemati-
cally overestimates the contribution of Ca?" to the total
currents, we estimated the fractional Ca®*" current
through the rat NMDAR composed of NR1 and NR2A
subunits also transiently expressed in HEK-293 cells,
but in the nominal absence of external Mg2+ to avoid
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Figure 14. Dependence of fractional Ca*" currents on extracel-
lular Ca*. Eq. 5 was computed for the different constructs using
the estimated parameters in Table II. The vertical dashed line in-
dicates the physiological value of [Ca*], = 1.8 mM. For clarity,
the data corresponding to two of the AChR mutants (¢L.221 and
eL269F) are omitted from this plot.

channel block (Ascher and Nowak, 1988). We chose
this receptor as a control because the fraction of the
current carried by Ca* has been investigated in detail
for this channel, perhaps more thoroughly than for any
other nonselective cation channel. Analysis of the data
in Fig. 11 I yielded the corresponding ion-conduction
parameters (Table II), which lead to the estimates of
~7.9 pS for the Ca*-carried conductance at [Ca*], =
1.8 mM and of ~13% for the corresponding fractional
Ca®' current. The value of the fractional Ca® current is
in excellent agreement with those measured by Neher,
Sakmann, and coworkers (11%; Burnashev et al., 1995),
Wollmuth and coworkers (13.5%; Jatzke et al., 2002),
and Egan and Khakh (14%; Egan and Khakh, 2004) ap-
plying the fluorimetry/patch clamp approach under
virtually identical ion and voltage conditions to the
same NMDAR subunit combination expressed in the
same cell line. Thus, although the reasons for the dis-
crepant estimates of the fractional Ca** currents in the
case of the muscle AChR remain a puzzle, the close
agreement in the case of the NMDAR is highly reassur-
ing. As mentioned above, the difficulties associated with
the combined whole cell current/Ca*-influx measure-
ments have long been recognized (Zhou and Neher,
1993; Rogers and Dani, 1995; Schneggenburger, 1996).

DISCUSSION

AChR Desensitization during Deactivation: Impact on

In Vivo Function and on Structure-Function Relationships
Here, we showed that the response of a panel of slow-
channel syndrome AChR mutants to pulses of ACh of
nearly physiological duration and delivered at physio-

Voltage (mV)
-125 -100 -75 -50 25 0 25

@ [Ca?*], =100 mM, [Ca®*];=0 |
® [Ca?'],=[Ca?];=0

- -10.0

Figure 15. IV curves recorded in the outside-out configuration
in the presence and absence of Ca*" on the extracellular side.
I-V curves from the €T264P mutant were recorded with (in mM)
150 NaCl, 1.7 MgCl,, and 10 HEPES/KOH, pH 7.4, bathing both
sides of the channel. Red symbols correspond to the curve re-
corded in the additional presence of 100 mM (concentration)
Ca®" on the extracellular side (data from three patches). At this
saturating concentration of Ca®', the inward currents are almost
exclusively carried by Ca*. Black symbols correspond to the curve
recorded in the absence of added Ca®* (data from three patches).
The projections of the straight lines fitted to the plots (dashed
lines) intercept the voltage axis at zero (no Ca?" added) and
+18 mV ([Ca®*], = 100 mM), as expected from a nonselective cation
channel with measurable permeability to Ca*". The value of the
reversal potential at [Ca*T1, = 100 mM, however, may well be more
depolarized than the indicated intercept. The slopes are (69.8 +
0.8) pS at [Ca**], = 0 and (30.6 + 0.6) pS at [Ca®], = 100 mM.
The displacement along the voltage axis of the Ca**-carried com-
ponent of the total current at the physiological value of [Ca*], =
1.8 mM (and in the presence of Na* and Mg®) is expected to be
much smaller than that at [Ca*], = 100 mM. In these outside-out
experiments, the reference Ag/AgCl wire was connected to the
bath solution through an agar bridge containing 200 mM KCI.
Liquid-junction potentials were corrected as described previously
(Barry and Lynch, 1991; Barry, 1994).

logical frequencies diminishes along the trains in a
manner that is consistent with the AChR entering de-
sensitized conformations upon ACh removal. It is dif-
ficult, however, to predict the extent to which this
decremental response contributes to the patients’ im-
paired neuromuscular transmission without further ex-
periments. This difficulty arises from the fact that, in an
outside-out experiment, the entire population of recep-
tor channels in the patch is exposed to each pulse of
ACh, whereas, in the intact neuromuscular junction,
only a subset of the postsynaptic receptors is thought to
interact with the quanta released upon the arrival of
each action potential (Hartzell et al., 1975; Salpeter,
1987; Barbour and Hausser, 1997). Because it is unlikely
that exactly the same subset of AChRs is activated every
time ACh is released from the motor neuron (that is,
the subsets of successively activated receptors are un-
likely to overlap fully), the frequency at which each in-
dividual AChR is exposed to ACh during synaptic
transmission must, inevitably, be lower than that of the
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train of incoming action potentials. And because the
extent of depression is frequency dependent (Fig. 6),
lower frequencies mean less depression. However, the
exact extent to which subsets of AChRs activated by suc-
cessive ACh pulses overlap in vivo, and thus the “effec-
tive” frequency at which each AChR is activated, remains
unknown; hence the need for further experiments un-
der conditions that recreate synaptic transmission more
closely than a fast-perfused outside-out patch of mem-
brane. It is worth mentioning here that synaptic depres-
sion due to receptor desensitization during deactivation
(that is, upon neurotransmitter removal) has been pro-
posed to play a physiological role in several central glu-
tamatergic synapses (Trussell et al., 1993; Otis et al.,
1996; Turecek and Trussell, 2000; Chen et al., 2002).
Therefore, in the absence of further information, we
would not rule out the occurrence of this phenomenon
during neuromuscular transmission in slow-channel
syndrome patients.

What can be said without a doubt, however, is that the
observed decremental response of slow-channel AChRs
to repetitive stimulation is not predicted by the type of
kinetic schemes that have been used, thus far, to under-
stand what is wrong with these receptors. These kinetic
models ignore desensitization as a pathway for burst ter-
mination, and thus, are likely to be misleading. For
example, let us consider a hypothetical mutation that
increases the gating equilibrium constant by a factor of
~50 (thatis, AAG® = 2.3 kcal mol !, not an uncommon
finding) and does not affect the kinetics of ACh associa-
tion to and dissociation from the transmitter-binding
sites or the kinetics of entry into and recovery from de-
sensitization. Let us further suppose that the mutation
occurs at a position of the protein such that the 50-fold
increase in the CAy = OAy equilibrium constant results
in an opening rate constant that is faster than the wild
type’s by a factor of ~3, and a closing rate constant that
is slower by a factor of ~17 (as would be the case for a
mutation at a site of the protein with a ®-value of ~0.3;
Grosman et al., 2000; Grosman, 2003). Hence, taking
mouse muscle, adult wild-type values (Salamone et al.,
1999; Grosman and Auerbach, 2001; Elenes et al., 2006)
of 50,000 s™' for the diliganded AChR opening rate
constant (that is, By in Fig. 1), 2,000 s™" for the diligan-
ded AChR closing rate constant (), 50,000 s ! for the
ACh-dissociation rate constant from the diliganded
closed receptor (2k_), 10 s™' for the ACh-dissociation
rate constant from the diliganded open receptor (2j-),
and 25 s~ ! for the rate of entry into desensitization (D,),
the mean duration of a burst of ACh-diliganded open-
ings for this hypothetical mutant would be ~15.5 ms
(calculated using Eq. 1) instead of the ~34-ms duration
(calculated using the expression (1+B,/2k)/a,) that
would be expected from such a channel if entry into de-
sensitization (and, to a much lesser extent, ACh dissoci-
ation from the open state) did not contribute to the

termination of bursts. It is difficult, then, to envision
how the estimates of rate constants obtained from ki-
netic analysis of electrophysiological data (and, perhaps
more importantly, the mechanistic insight derived from
them) could be correct when desensitization is not ex-
plicitly included in the kinetic models, especially as the
gain-offunction phenotype becomes more pronounced.
The reason why desensitized states have generally been
omitted is not entirely clear to us, but we surmise that
this might have to do with the fact that the effect of de-
sensitization on burst termination is much less obvious
during the steady application of agonist that occurs in
(the much more common) cell-attached experiments
than upon the application of trains of agonist pulses
(our Fig. 4, for example). This highlights the extreme
importance of analyzing kinetic data obtained under
both equilibrium and nonequilibrium conditions. Evi-
dently, meaningful structure—function relationships hinge
on the use of adequate kinetic models.

Finally, we would like to emphasize that earlier work
with the muscle AChR has firmly established that patch
excision does not affect the kinetics of this channel, at
least not to a degree that would invalidate the conclu-
sions from our outside-out experiments. For example, a
comparison of the mean duration of bursts of diliganded
openings estimated from cell-attached single-channel re-
cordings and of the deactivation time constants esti-
mated from outside-out concentration-jump experiments
(like those illustrated here in Figs. 3 A and 8 A), for the
wild-type and several mutant AChRs, revealed a close cor-
respondence between these two sets of values (see Fig. 2 B
in Elenes et al., 2006). If anything, the mean durations
estimated from cell-attached experiments turned out to
be a little longer for some of the constructs, suggesting
that the contribution of desensitization to the time
course of deactivation could be even more pronounced
if the integrity of the cytoplasm were preserved.

Ca?* Currents through the Muscle AChR:

New Method, New Results

In this paper, we addressed the issue of the Ca** perme-
ability through the AChR using a simple, yet novel
electrophysiological approach. Our method relies on
single-channel recordings, requires far fewer controls
and calibrations than the combined use of whole cell
current and intracellular Ca** measurements (Thayer
etal., 1988; Neher and Augustine, 1992; Zhou and Neher,
1993; Vernino et al., 1994; Schneggenburger, 1996),
and does not resort to the calculation of permeabil-
ity ratios from reversal-potential estimates (using the
Goldman-Hodgkin-Katz voltage equation). Indeed, mak-
ing physical sense out of £z /F permeability ratios in
terms of fractional Ca*" currents or the single-channel
conductance of the Ca*-carried component of the total
currents, under physiological ion and voltage condi-
tions, is seldom straightforward.
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A comparison of the values in the two rightmost col-
umns of Table II among the different wild-type and mu-
tant AChRs tested indicates that the differences are
small. This is particularly clear if we focus our compari-
son on the values of the “physiological Ca** conduc-
tance” (rather than on the less physiologically relevant
fractional Ca%" currents) and consider the additional
layer of complexity that variable levels of protein ex-
pression contribute to the problem of the amount of
Ca” entering the postsynaptic cell upon channel activa-
tion. This result suggests that the increased influx of
Ca through the slow-channel mutants examined here
would be due, mainly, to the slower decay of the end-
plate currents that they mediate, rather than to an in-
creased ability of these channels to conduct Ca*".

Also, quite unexpectedly, we found that the muscle
AChR conducts nearly as much Ca* as the NR1-NR2A
NMDAR, with Cag*-speciﬁc conductance values of 7.5,
9.4, and 6.1 pS for the fetal mouse, adult mouse, and
adult human AChRs, respectively, and 7.9 pS for the
NMDAR (Table II). This is remarkable because previ-
ous studies on the muscle-type AChR have reported
much lower values (for example, Decker and Dani,
1990; Vernino et al., 1994), which contributed to the
idea that the NMDAR is the largest source of neurotrans-
mitter-gated Ca®* entry into the cell. It is, thus, intrigu-
ing to ponder that cation permeation through the
muscle AChR might play a physiological role in phe-
nomena other than motor-endplate depolarization, just
as is the case for the NMDAR in central synapses. It
would be interesting to apply our method to the AChR
subtypes that are expressed in nonmuscle tissues, where
the effect of AChR-mediated cytosolic Ca** elevation on
neurotransmitter release (in presynaptic neurons; for
example, McKay et al., 2007) and on the pathogenesis
of cancer (in several epithelia; for example, Cattaneo
et al., 1997) has been documented.

The similarities between the muscle AChR and the
NMDAR (as far as their divalent cation permeation
properties are concerned) do not extend much beyond
their nearly identical Ca*-conduction rates, though.
Whereas the NMDAR discriminates strongly between
Ca® and Mg”, in a way that defines this receptor chan-
nel’s physiological role, it makes hardly a difference
to the muscle AChR whether it is Ca** or Mg** that is go-
ing through.
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