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Amyotrophic lateral sclerosis (ALS) is characterized by progressive
degeneration of motor neurons leading to muscle paralysis.
Research in transgenic mice suggests that the muscle actively
contributes to the disease onset, but such studies are difﬁcult to
pursue in humans and in vitro models would represent a good
starting point. In this work we show that tiny amounts of muscle
from ALS or from control denervated muscle, obtained by needle
biopsy, are amenable to functional characterization by two different technical approaches: “microtransplantation” of muscle membranes into Xenopus oocytes and culture of myogenic satellite
cells. Acetylcholine (ACh)-evoked currents and unitary events were
characterized in oocytes and multinucleated myotubes. We found
that ALS acetylcholine receptors (AChRs) retain their native physiological characteristics, being activated by ACh and nicotine
and blocked by α-bungarotoxin (α-BuTX), d-tubocurarine (dTC), and
galantamine. The reversal potential of ACh-evoked currents and
the unitary channel behavior were also typical of normal muscle
AChRs. Interestingly, in oocytes injected with muscle membranes
derived from ALS patients, the AChRs showed a signiﬁcant decrease in ACh afﬁnity, compared with denervated controls. Finally,
riluzole, the only drug currently used against ALS, reduced, in
a dose-dependent manner, the ACh-evoked currents, indicating
that its action remains to be fully characterized. The two methods
described here will be important tools for elucidating the role of
muscle in ALS pathogenesis and for developing drugs to counter
the effects of this disease.
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myotrophic lateral sclerosis (ALS) is a rare but fatal disease
caused by a progressive degeneration of motor neurons that
occurs sporadically in over 90% of the patients. Except for a
minority of genetic causes, the etiology of the disease is still
unknown, but there is a general consensus that multiple mechanisms combine to cause the pathology (1). To date, no effective
treatment exists, although the lifespan of ALS patients can be
slightly increased by riluzole, the only drug approved for treatment of ALS (2).
The hallmark of the pathology is the selective death of upper
and/or lower motor neurons, but several researchers point out that
muscle denervation precedes neuronal death in mouse models of
the pathology, according to the so-called “dying back” model of
neuronal death (3, 4). It has been proposed that muscle actively
contributes to motor neuron degeneration, possibly by releasing
factors that inhibit neurite outgrowth (5, 6). Endplate acetylcholine
receptors (AChRs) might also play a role in the disease, as their
silencing mimics axotomy by increasing the excitability of motor
neurons in wild-type mice (7). However, these hypotheses are
largely based on data obtained in transgenic mice expressing various mutant forms of the human SOD1 enzyme, which in humans
accounts for a minority of cases; only one case of human disease
has been evaluated in this regard (8). Whether taking place early or
late in disease, muscle denervation is an inescapable feature of
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ALS and, among other effects, it has a deep impact on AChR
composition and distribution. In normally innervated muscle ﬁbers,
AChRs are composed of α1-, β1-, ε-, and δ-subunits (ε-AChR) and
are clustered at high density at the nerve–muscle and muscle–
tendon junctions (9–11).
Upon denervation, ACh supersensitivity occurs: extrasynaptic
nuclei resume transcription of AChR subunit genes, and receptors containing α1, β1, γ, and δ (γ-AChRs) appear over the entire
sarcolemma (12–14). The AChR isoforms differ in conductance
and kinetics, as well as in ion selectivity, both in rodents and
humans (15, 16). Riluzole produces a slight reduction in the AChevoked currents in cells expressing recombinant mouse ε-AChRs
(17), although only if used at high, nonclinical concentrations (2),
raising concerns about possible side effects on neuromuscular
transmission. All these open questions make it clear that new
experimental systems allowing a detailed investigation of muscle
abnormalities in human cases of ALS may provide insight into the
pathogenesis and treatment of the disease.
In this work we took advantage of the oocyte microtransplantation technique (18, 19) to study the function of muscle
AChRs of ALS patients. This approach allows the exploitation of
tiny muscle fragments obtained by needle biopsies, thus minimizing the patient’s discomfort. In parallel experiments, some
muscle fragments were cultured to derive satellite cells and hence
polynucleated myotubes, from which ACh-evoked whole-cell and
unitary currents were recorded despite the limited differentiative
capability of satellite cells from ALS patients (20). In these two
preparations we tested the effects of riluzole and other drugs
considered potentially useful therapeutic tools for ALS. The
results obtained indicate that both experimental systems have the
potential to become highly valuable for investigation of the role of
muscle in the onset and progression of sporadic ALS, as well as to
test the direct and possibly unwanted side effects of any drug
proposed as a therapeutic agent for ALS.
Results
Functional Expression of Native AChRs from Human Muscles in
Xenopus Oocytes. Injections of Xenopus oocytes with membranes

extracted from muscle specimens of 13 of the 19 ALS patients (P)
studied (P1–12 and P17 in Table S1) and 8 of 9 denervated control
patients (P20–22 and P24–28) (Table S1) led to the incorporation
of functional AChRs into the oocyte membrane. Application of
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Fig. 1. Nicotinic AChRs are incorporated by oocytes injected with muscle
membranes from ALS or denervated patients. (A, Left). Superimposed currents elicited by 100 μM ACh before and after pretreatment with 5 μM
αBuTX in 1 oocyte, representative of 10, microinjected with muscle membranes from one ALS patient (P1). (Right) Sample traces elicited by 100 μM
ACh before and after 10 μM dTC in 1 oocyte, representative of 15, injected
with muscle membranes from the same patient. In this and subsequent
ﬁgures, horizontal ﬁlled bars indicate the timing of ACh applications and
open bars that of drug applications. Holding potential was −60 mV. Note the
complete block of ACh-evoked currents after αBuTX or dTC. (B) Typical
currents evoked by nicotine (500 μM, open bars) in 2 oocytes, representative
of 10, injected with muscle membranes from one ALS (P1; Left) and one
denervated patient (P20; Right). (C) The current decay during prolonged
ACh applications (250 μM for 2 min) is similar in oocytes injected with muscle
membranes from one ALS (P5; Left) and one denervated patient (P21; Right).
Experiments are representative of 15 oocytes.

ACh to these cells (5 μM to 1 mM; Figs. 1 and 2) elicited an inward
current, the peak amplitude of which depended on transmitter
concentration, whereas noninjected oocytes showed no detectable
responses to ACh. Muscle membranes microtransplanted from a
few patients (P13, 16, 18, 19, and 23) did not elicit detectable
responses to ACh, probably due to the small number of functional
AChRs incorporated into the oocyte plasma membrane.
In oocytes injected with muscle membranes from ALS patients,
ACh (100 μM at −60 mV) elicited a current (IACh) with mean
peak amplitude of −16.4 ± 2.4 nA [mean ± SEM; 123 oocytes/28
frogs (123/28); range, −5 to −31 nA, Fig. 1A]. Currents of similar

amplitude were recorded from oocytes injected with muscle
membranes from denervated control patients (−14.2 ± 5 nA; 66/2;
range, −4 to −30 nA, Fig. 1A). Those currents were caused by
activation of transplanted functional AChRs because they were
blocked by the classical antagonists of nicotinic AChRs, α-bungarotoxin (αBuTX) (5 μM, 30 min of pretreatment; 10/2; P1, P5,
P20, and P21, Fig.1A) and d-tubocurarine (dTC) (10 μM, 2 min of
pretreatment; 15/3; P1, P5, and P20; Fig. 1A). Moreover, the
currents were activated by nicotine (0.5 or 1 mM, Fig. 1B), consistent with the effects of antagonists on activation of nicotinic
AChRs derived from the injected membranes.
Functional Characteristics of AChRs from Human Muscles. Experiments were aimed at comparing the functional characteristics of
IACh in oocytes injected with membranes from the two groups of
patients (Table S1), selecting the membrane preparations that
produced the largest ACh-evoked responses. We ﬁrst analyzed
AChR desensitization in oocytes injected with muscle membranes
obtained from ALS or denervated patients. During prolonged
applications of ACh (250 μM for 2 min), IACh showed a decay (Fig.
1C) that was adequately ﬁtted by a single exponential function.
The decay time constants were similar in oocytes injected with
membranes from ALS (τdecay = 9.8± 0.7 s, 15/3; P1 and P5) or
denervated patients (τdecay = 8.9 ± 0.3 s, 15/3; P20 and P21; P >
0.05). We also measured current decays during repetitive ACh
applications (100 μM, 5-s duration, 40-s interval). In oocytes
injected with ALS muscle membranes (P1, P4, P9, and P10) the
peak amplitude of the 10th IACh was 53 ± 6% (10/3) of the ﬁrst,
comparable to that observed in oocytes injected with denervated
muscle membranes (55 ± 5%, 10/3 frogs; P20, P21, and P25,),
showing that AChR desensitization is similar in muscles of ALS or
denervated patients under the experimental conditions used here.
The ACh dose–current response relation in oocytes injected
with membranes from ﬁve denervated patients (P20–22, P24, and
P25; Fig. 2A) yielded half-maximal effect (EC50) and nH values of
33 ± 3 μM and 1.4 ± 0.1, respectively (28/3). In oocytes injected
with membranes isolated from ALS muscles (P1, P4–6, P8; Fig.
2A) the EC50 was signiﬁcantly greater (56 ± 3 μM, 28/3; P < 0.05),
whereas nH was unchanged (1.4 ± 0.1). The current–voltage relation showed slight inward rectiﬁcation for both groups of
patients (Fig. 2B) and the reversal potential for IACh was similar in
oocytes injected with ALS (−5.1 ± 0.2 mV; 10/3 ; P1, P5, and P9) or
denervated muscle membranes (−4.4 ± 0.2 mV, 8/3; P20 and P21).

Fig. 2. Characterization of ACh-evoked currents in injected oocytes. (A) Amplitude of currents evoked by various ACh concentrations, expressed as percentage
of the maximal current evoked by 1 mM ACh, plotted as mean ± SEM and best ﬁtted with Hill curves. Averaged EC50 values and nH in oocytes injected with
membranes from denervated patients were 33 ± 3 μM and 1.4 ± 0.1 (●; 28 oocytes/3 frogs; ﬁve patients); for ALS patients values were 56 ± 2.6 μM and 1.4 ± 0.1
(○; 28/3; ﬁve patients). (Inset) Currents elicited by the indicated ACh concentrations (in μM) in oocytes injected with ALS (Right) or denervated membranes (Left)
as indicated. (B) ACh current–voltage relation in oocytes injected with denervated (●, 8/3; two patients) or ALS muscle membranes (○, 10/3; three patients). In
each cell, the peak amplitudes of ACh-evoked (100 μM) currents were normalized to that evoked at −60 mV. Reversal potentials of IACh were −4.4 ± 0.2 mV (●)
and −5.1 ± 0.2 mV (○). (Inset) Sample traces of IACh elicited at the holding potentials indicated (mV) in 1 oocyte injected with ALS membranes.
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HEK-293 cells (17) and membrane-injected oocytes represent an
ideal preparation for testing the effect of riluzole on AChRs
derived from muscles of ALS patients (Fig. 3). In 12 oocytes
injected with membranes from ALS patients (P1 and P5), currents evoked by ACh (100 μM) were blocked by riluzole (coapplied with ACh after a 20-s pretreatment) with half-inhibitory
concentration (IC50) of 22.3 ± 5 μM and nH = 1.0 ± 0.2. Similar
values of IC50 and nH (23.8 ± 5 μM and 1.0 ± 0.1; 12/2) were
obtained in oocytes injected with membranes from denervated
patients (P20 and P21; Fig. 3).
Because riluzole plasma concentration in ALS patients is in
a range of 0.5 to 5 μM (2), we performed additional experiments
using riluzole at a clinically relevant concentration (0.5 μM),
increasing the duration of pretreatment to 2 min. With this application protocol, riluzole caused the IACh to decrease to 71 ±
7% (8/2) and 72 ± 9% (8/2) in oocytes injected with muscle
membranes from ALS (P1 and P5) and denervated patients (P20
and P21), respectively. The block was completely reversible after
4 min of washout.
To exploit further the potential of our experimental preparation, we studied the effects of galantamine and erythropoietin
(Epo), two drugs that have been proposed as therapeutics for
ALS and that could affect the function of muscle AChR. Galantamine is an acetylcholinesterase inhibitor used for Alzheimer’s disease; at low concentrations it can weakly activate
muscle AChRs, whereas it acts as an open channel blocker at
higher concentrations (21, 22). In oocytes injected with ALS
membranes (P1 and P9; 9/2 oocytes) galantamine failed to evoke
currents but blocked currents evoked by ACh (250 μM) in
a dose-dependent manner (10–500 μM, 30-s pretreatment; 20/3;
Fig. 4A). As for many open-channel blockers, galantamine-induced block of IACh was fully reversible and voltage dependent.
For example, application of 500 μM galantamine reduced IACh
amplitude to 16 ± 2% of control at −100 mV and to 79 ± 4% at
−20 mV (8/2; P < 0.05). In contrast to galantamine, Epo (5–10
units/mL), which has recently been suggested as a new drug for
ALS because of its neuroprotective properties (23), had no signiﬁcant effect on the IACh amplitude or decay in these oocytes
(15/3; e.g., Fig. 4B; P1 and P9).

Fig. 3. Inhibition of ACh-evoked currents by riluzole in oocytes injected with
muscle membranes from denervated (●, 12 oocytes/2 frogs; two patients) or
ALS patients (○, 12/2; two patients). The amplitudes of currents evoked by
ACh (100 μM, −60 mV) plus riluzole are expressed as percentage of control
currents (ACh alone). IC50 and nH were 23.8 ± 5 μM and 1.0 ± 0.1 (●); 22.3 ±
5 μM and 1.0 ± 0.2 (○). The sample traces represent currents elicited by ACh
(100 μM) alone or in the presence of riluzole (20μM, open bar) in two oocytes,
injected with ALS or denervated membranes, as indicated.

Palma et al.

A

B

//

//

Fig. 4. (A) Sample current traces elicited by 250 μM ACh before and after
treatment with 500 μM galantamine (open bar) in 1 oocyte (representative
of 20) injected with ALS muscle membranes (P9, Table S1). (B) Current traces
elicited by 100 μM ACh before and after treatment with 10 units/mL Epo
(open bar) in 1 oocyte (representative of 15) injected with ALS muscle
membranes (P9, Table S1).

Patch-Clamp Recordings on Myotubes from ALS Patients. We derived
polynucleated myotubes from ALS and denervated muscles and
studied their AChR channels using patch-clamp recordings.
Cultures derived from either denervated or ALS patients contained comparable percentages of myogenic, desmin+ cells (14 ±
3%, n = 4 vs. 14 ± 2%, n = 8) and yielded myotubes of equivalent size, as revealed by similar fusion index (62 ± 1%, n = 4 vs.
43 ± 1%, n = 8; P > 0.05) and membrane capacitance (80.2 ± 5.9
pF, n = 30 vs. 78.1 ± 6.5 pF, n = 41; P > 0.05). ACh concentration–current response curves were similar in the two sets of
cells, as was the density of ACh-evoked whole cell currents (Fig.
5 A and B). At a concentration of 100 μM, ACh evoked currents
decayed exponentially, with time constants (τdecay) of 156 ± 11
ms (n = 30) or 150 ± 10 ms (n = 41) for myotubes obtained from
denervated and ALS patients, respectively (Fig. 5A). Riluzole
reduced the amplitude and accelerated the decay of ACh-evoked
currents in all myotubes tested. When a clinically relevant concentration of riluzole (0.5 μM) was applied 30 s before coapplication with ACh (100 μM), current amplitude was decreased
to 67 ± 4% (n = 13) and τdecay to 63 ± 3% of the control values
measured in the same myotubes from denervated patients. In
ALS myotubes, amplitude and τdecay were reduced to 60 ± 4%
and 69 ± 2% (n = 15), respectively (Fig. 5A).
When cells were bathed in normal extracellular saline (NES),
ACh-evoked unitary events were recorded in 60% of patched
myotubes obtained from denervated patients but only in 20% of
the ALS myotubes (Fig. 5C), largely because seals were unstable
in the latter preparation. Most experiments were therefore performed on myotubes bathed in a KCl-based extracellular solution, with NES plus ACh (0.1 μM) in the patch pipette. Channel
slope conductance was 35.3 ± 1.8 pS (n = 9) in myotubes from
denervated patients and 36.9 ± 1.3 pS (n = 10) for ALS myotubes. In all cases, the distribution of channel open duration was
adequately ﬁtted by two exponential components with similar
time constants (e.g., Fig. 5C). Channel closed duration showed
large patch-to-patch variations, likely reﬂecting the number of
channels within each patch.

Discussion
In this paper we present proof of principle that muscle specimens
donated by ALS or denervated patients through minimally invasive procedures can be used for microtransplantation of AChRs
by membrane injection into Xenopus oocytes (18, 19) and for
generating polynucleated myotubes from muscle satellite cells.
Both experimental preparations allow detailed functional studies
of AChR channels and other muscle ion channels. These methods
will be valuable in testing the currently emerging hypothesis that
the neuromuscular junction represents the site of disease onset
PNAS Early Edition | 3 of 5
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Functional Effects of Drugs Used in ALS Therapy on Human Muscle
AChRs. Riluzole blocks mouse nicotinic AChR in transfected

Fig. 5. ACh-evoked currents in myotubes. (A) Typical whole-cell current
responses evoked by ACh (100 μM; −60 mV) alone (C) or together with
riluzole (R; 0.5 μM, 30-s pretreatment) in myotubes derived from a denervated patient (Left, P28) and an ALS patient (Right, P19). (B) Dispersion
plot of control ACh-evoked current density in all myotubes tested. Bars
represent mean ± 95% conﬁdence interval of values. (C) ACh-evoked unitary
channel openings (upward) in myotubes from a denervated patient (P27,
Left) and an ALS patient (P18, Right). Channel conductances were 33.5 pS
(Left) and 30 pS (Right). The distribution of channel open duration in these
recordings was best ﬁtted with the sum (continuous lines) of two exponential components (dotted lines), with time constants 3.2 ms (44%) and
16.6 ms (56%) (Left); 1.6 ms (38%) and 16.2 ms (62%) (Right).

and that skeletal muscle directly contributes to ALS pathogenesis
(1, 4, 5), the so-called “dying-back model.”
Microtransplantation of muscle-type AChR has been achieved
before (24, 25); here we demonstrate the feasibility of this procedure when starting from tiny muscle samples, indicating that
this approach is efﬁcacious for studies of AChRs in human
muscle diseases. Cultured myotubes from needle biopsies have
also been obtained by others (26), but to our knowledge this is a
unique study performing functional studies on myotubes derived
from patients with a disease reported to reduce the differentiative capacity of the satellite cells (20).
The action of nicotine, the current–voltage relationship, and
the effects of classical nicotinic antagonists indicate that the
ACh-evoked currents measured in muscle membrane-injected
oocytes are due to the activation of bona ﬁde nicotinic AChRs
derived from the patients’ muscles. A modest rectiﬁcation in
current–voltage relation for human muscle γ-AChR channels has
been previously observed in native preparations (27, 28).
No difference was found when comparing the functional
properties of AChRs in myotubes derived from the two groups of
patients, matching previous reports for human myotubes derived
from healthy subjects (28) and for reconstituted γ-AChR channels (16). These data suggest that satellite cells from ALS
patients, when exposed to the standardized culture medium, yield
myotubes expressing “normal” γ-AChR, as expected from their
developmental program. ACh-evoked currents of oocytes injected with muscle membranes from ALS or denervated patients
showed an almost identical pattern of AChR desensitization, indicating that this receptor property is not altered in ALS patients.
Conversely, there was a small but signiﬁcant difference in ACh
sensitivity. The larger EC50 observed for ALS AChRs in injected
oocytes could be due to a variable proportion of γ- and ε-AChRs
in the muscle membranes derived from ALS patients, reﬂecting
the cycles of denervation/reinnervation typical of ALS. Values
reported for human γ- or ε-AChR (29, 30) are in the same range,
as the EC50 we report for AChR from denervated patients.
Whereas it is clear that human myotubes from ALS or denervated
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patients express the fetal form of the AChR, our biopsied muscle
tissues from ALS patients transplanted in oocytes may express
mixed γ/ε-containing receptors. Further experiments using quantitative RT-PCR or immunostaining procedures will provide tests
of this hypothesis. However, because the microtransplantation
procedure leads to incorporation into the oocyte membrane of
receptors still embedded in their native membrane, other factors
may affect the EC50 for ACh in this preparation. Membrane lipids
modulate ACh-evoked responses in dystrophic mouse myotubes
(31) and induce loss of function of AChR reconstituted in mammalian cells (32). Differences in membrane lipid composition
could also account for the reduced stability of cell-attached
patches experienced when recording from myotubes derived from
ALS patients.
It has been reported recently that riluzole can induce a delay
in the progression of the disease and reduce extensive use of
artiﬁcial ventilation in ALS patients (2). Riluzole blocks voltagegated sodium channels plus a variety of other channels (33–35)
and inhibits ACh currents in transfected cell lines at very high
concentrations (17). However, to date there have been no studies
of AChRs in ALS muscles (2). In this study we used two different
technical approaches, both of which showed that riluzole, at
clinically relevant doses, can block the ACh-evoked currents in
ALS patients as well as in denervated patients. Because ongoing
myogenesis has been reported in muscle biopsies of ALS or
traumatically denervated patients (36), innervation of newly
formed muscle ﬁbers likely proceeds alongside reinnervation of
old ﬁbers by surviving motor neurons in ALS patients. The activity of AChRs plays a role in both processes. Whether or not
riluzole interferes with this process becomes an interesting open
question. We also tested two other drugs, galantamine and Epo,
which have been recently suggested as alternative therapeutic
drugs for ALS (21, 23). Our voltage-dependent block of IACh by
galantamine is in good agreement with previous ﬁndings on
AChRs reconstituted in HEK cells (22), whereas Epo does not
affect these currents. Responses induced by low concentrations
of galantamine likely remained below detection threshold due to
the low potency of this agonist in our system. The reported
therapeutic action of these drugs may not be related to their
effect on postsynaptic muscle AChRs but to their action on
presynaptic mechanisms such as glutamate release or neuronal
cholinergic activation (21, 37) that we cannot explore with our
preparations. In conclusion, the present work helps to understand the mechanisms underlying ALS pathology by (i) providing simple but powerful techniques to study the muscle
physiopathology of ALS using small amounts of tissue obtained
through muscle biopsies; and (ii) suggesting that muscle AChRs
could be a target for new drugs paving the way for developing
alternative strategies toward the medical treatment of ALS (38).
Materials and Methods
Patients. We obtained muscle specimens from 19 ALS patients (P1–19, Table
S1) and 9 control patients with muscle denervation due to other causes (P20–
28, Table S1). All patients were recruited and examined by the neurologists
(directed by M.I.) at the Neuromuscular Disease Unit of the Policlinico
Umberto I, Sapienza University, Rome. SI Materials and Methods provides
further details. Informed consent to use part of the biopsy material for our
experiments was obtained from all patients. The human subjects ethical
committee of Sapienza University approved the selection process and
surgical procedures.
Membrane Preparation, Injection Procedures, and Electrophysiological Recordings from Oocytes. Human muscle specimens (10–100 mg) were frozen in
liquid nitrogen immediately after biopsy and stored at −80 °C. Membranes
were prepared as previously detailed (39). Preparation of Xenopus laevis
oocytes and injection procedures were as detailed elsewhere (39, 40).
Membrane currents were recorded from voltage-clamped oocytes 24–48 h
after injection using two microelectrodes ﬁlled with 3 M KCl. The oocytes
were placed in a recording chamber (volume, 0.1 mL) and perfused
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driven by pCLAMP9 software (Molecular Devices). In whole-cell experiments,
cell capacitance and patch series resistance (5–15 MΩ) were estimated from
slow transient compensations, with a series resistance compensation of 80–
95%. Cells were voltage clamped at a holding potential (HP) of -60 mV (unless
otherwise indicated) and continuously superfused using a gravity-driven
perfusion system with independent tubes for standard and agonist-containing solutions positioned 50–100 μm from the patched cell using a fast exchanger system (RSC-200; BioLogique). Normal extracellular solution (NES)
contained (mM): NaCl 140, KCl 2.8, CaCl2 2, MgCl2 2, Glucose 10, Hepes/NaOH
10, pH 7.3; intracellular solution contained (mM), CsCl 140, MgCl2 2, BAPTA 5,
Hepes/CsOH 10, Mg-ATP 2, pH 7.3. For cell-attached recordings, an extracellular solution with swapped concentrations of NaCl and KCl was used.
Single-channel data were recorded sampling at 25 kHz. Cells were bathed
in a solution containing (mM): KCl 140, Na 2.8, CaCl2 2, MgCl2 2, Glucose 10,
Hepes/NaOH 10, pH 7.3, whereas pipettes were ﬁlled with NES. Analysis was
performed after Gaussian ﬁltering at 2.5 kHz with a 50% threshold criterion
using pClamp9 software.
Data are given as means ± SEM. Two datasets were considered statistically
different when P < 0.05 (ANOVA test).

Cell Culture and Patch-Clamp Recordings in Myotubes. Human myotubes were
obtained from satellite cells derived from human muscle needle biopsies
obtained as above, using previously reported procedures for culture (16) and
staining (41), as detailed in SI Materials and Methods. Cultures were maintained in a humidiﬁed incubator with 5% CO2, at 37 °C. All of the media
were purchased from Gibco/Invitrogen, except for the epidermal growth
factor (Sigma). Patch-clamp recordings were performed using borosilicate
glass patch pipettes (3–5 MΩ tip resistance, Sylgard coated for single-channel
recordings) connected to an Axopatch 200B ampliﬁer (Molecular Devices)
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continuously, 9–10 mL/min, with oocyte Ringer’s solution (OR) at room
temperature (20–22 °C). Unless otherwise speciﬁed, the oocytes were voltage clamped at −60 mV. To construct current–voltage (I–V) relationships, the
membrane potential was stepped to the desired values 2–4 min before applying ACh. To determine the reversal of IACh, I–V relationships were ﬁtted
with a second order polynomial using pClamp 10 software. Decreases in IACh
during repetitive ACh applications (100 μM for 5 s at 40-s intervals) were
quantiﬁed by expressing the peak amplitude of the 10th response as a percentage of the peak amplitude of the ﬁrst. Rapid IACh desensitization was
measured by ﬁtting ACh currents with a ﬁrst order exponential function and
calculating the time constant (τdecay).
The IC50 of riluzole and the ACh concentration producing EC50 were estimated by ﬁtting the data to Hill equations, using least-square routines as
previously described (40).
Galantamine hydrobromide (Tocris), riluzole hydrochloride (Sigma or
Tocris), human Epo, α-bungarotoxin, d-tubocurarine, ACh, and nicotine were
dissolved in OR just before use. Where not indicated, drugs were purchased
from Sigma. Data were analyzed using Sigma Plot software and are given as
means ± SEM; datasets are considered statistically different when P < 0.05.
(ANOVA test). SI Materials and Methods provides further information.
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SI Materials and Methods
Patients. ALS patients (8 females, 11 males, mean age 64.5 ± 9.2 y,
Table S1) were recruited from the ALS Center of Policlinico
Umberto I, Università Sapienza of Rome, directed by M.I. All 19
patients had probable or deﬁnite ALS (1); 17 patients had a spinal
onset disease, whereas the other 2 had a bulbar and pseudobulbar
onset disease. Mean time from diagnosis at the time of muscle
biopsy was 23.5 ± 14.4 mo. Patients were clinically assessed with
the ALS Functional Rating Scale-Revised (2). The scale ranges
from 48 points (in a healthy individual) to 0 (patient in locked-in
condition, with respiratory assistance and artiﬁcial nutrition);
mean score at the time of muscle biopsy was 26 ± 11.
Control denervated patients (three females, six males, mean
age 47.2 ± 14.6 y, Table S1) had neurogenic lesions due to
trauma or peripheral neuropathies; mean duration of disease
was widely variable ranging from 2 wk to 10 y. Both ALS and
control denervated patients underwent needle electromyography
of several muscles before muscle biopsy to assess denervation
grade; the muscle in which biopsy was performed, was decided
accordingly. Five muscle sites were sampled and 1 point was
assigned for each insertion site where denervation potentials
could be observed (max = 5). Thus, biopsy samples were characterized according to the degree of denervation consistently
among patients, as reported in Table S1.
Membrane Preparation. Brieﬂy, tissues were homogenized using a

Teﬂon glass homogenizer with 2 mL of glycine buffer of the
following composition (in mM): 200 glycine, 150 NaCl, 50 EGTA,
50 EDTA, 300 sucrose; plus 20 μL protease inhibitors (cat. no.
P2714; Sigma); pH 9 adjusted with NaOH. The homogenate was
centrifuged for 15 min at 9,500 × g in a Beckmann centrifuge
1. Brooks BR (1994) El Escorial World Federation of Neurology criteria for the diagnosis of
amyotrophic lateral sclerosis. Subcommittee on Motor Neuron Diseases/Amyotrophic
Lateral Sclerosis of the World Federation of Neurology Research Group on
Neuromuscular Diseases and the El Escorial “Clinical limits of amyotrophic lateral
sclerosis” workshop contributors. J Neurol Sci 124(Suppl):96e107.
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(C1015 rotor). The supernatant was collected and centrifuged
for 2 h at 105 × g in a TL-100 rotor at 4 °C. The pellet was
washed, resuspended in assay buffer (glycine 5 mM), and used
directly or stored at −80 °C for later use.
Myotube Preparation and Characterization. Muscle fragments were
mechanically dissociated after digestion with collagenase and
dispase (3.5 mg/mL and 2 units/mL for 50 min at 37 °C). Cells
were allowed to proliferate on collagen-coated Petri dishes in
DMEM supplemented with 15% FCS, 2% penicillin/streptomycin (P/S), 1% insulin-transferrin-selenium, and 10 ng/mL epidermal growth factor. Differentiation was induced at ∼50%
conﬂuence by switching to a low-serum medium (DMEM plus
2% horse serum and P/S). Fusion index, deﬁned as the ratio of
the number of nuclei in multinucleated cells to the total number
of nuclei in desmin+ cells in the ﬁeld, was measured, counting 38
ﬁelds of four preparations (400× magniﬁcation) and 80 ﬁelds of
eight preparations for myotubes from denervated and ALS patients, respectively. Immunoﬂuorescence analysis was carried out
using a mouse antidesmin monoclonal antibody (clone D33,
Dako). Brieﬂy, cell cultures were washed with PBS (Gibco), ﬁxed
with paraformaldehyde 4% for 15 min, and permeabilized with
0.1% Triton X-100 for 3 min. Cells were kept for 60 min at room
temperature with blocking solution (PBS containing 1% BSA),
then incubated with primary antibody overnight at 4 °C. At the
end of incubation, the cells were washed with PBS and incubated
for 1 h at room temperature with Alexa Fluor 488 donkey antimouse IgG (1:2,000 dilution; Invitrogen). Nuclei were stained
with Hoechst 33342 trihydrochloride, trihydrate (Invitrogen).
Cultures were observed under a Zeiss Axiophot epiﬂuorescence
microscope.
2. Cedarbaum JM, et al.; BDNF ALS Study Group (Phase III) (1999) The ALSFRS-R: A revised
ALS functional rating scale that incorporates assessments of respiratory function.
J Neurol Sci 169:13e21.
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Table S1. Clinical characteristics of ALS and denervated control patients
Patient (P)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15*
16*
17*
18*
19*
20
21
22
23
24
25
26*
27*
28*

Sex

Age, y

Pathology (phenotype)

Disease duration

ALSFRS-R score

Site of biopsy

Denervation
grade

F
F
F
M
M
M
M
M
F
M
F
M
F
M
F
F
M
M
M
M
M
M
M
M
F
F
F
M

58
59
54
55
63
70
70
73
57
61
77
70
79
44
73
62
75
59
67
40
35
65
70
30
42
40
63
40

ALS (spinal)
ALS (bulbar)
ALS (spinal)
ALS (spinal)
ALS (spinal)
ALS (spinal)
ALS (spinal)
ALS (spinal)
ALS (spinal)
ALS (pseudobulbar)
ALS (spinal)
ALS (spinal)
ALS (spinal)
ALS (spinal)
ALS (spinal)
ALS (spinal)
ALS (spinal)
ALS (spinal)
ALS (spinal)
Polytrauma
Polytrauma
Polytrauma
CIDP
Peroneal nerve lesion
Axonal neuropathy
Polytrauma
Sciatic nerve lesion
Polytrauma

14 mo
15 mo
16 mo
26 mo
12 mo
32 mo
7 mo
4 mo
33 mo
15 mo
19 mo
60 mo
36 mo
36 mo
36 mo
8 mo
42 mo
24 mo
12 mo
3 wk
3 wk
2 mo
10 y
1 mo
36 mo
3 wk
24 mo
2 wk

22
10
42
24
23
19
35
33
17
42
16
31
20
13
5
36
30
48
35
—
—
—
—
—
—
—
—
—

Deltoid
Deltoid
Deltoid
Deltoid
Deltoid
Deltoid
Deltoid
Quadriceps
Deltoid
Deltoid
Deltoid
Deltoid
Deltoid
Deltoid
Anterior tibialis
Anterior tibialis
Anterior tibialis
Deltoid
Anterior tibialis
Anterior tibialis
Quadriceps
Anterior tibialis
Anterior tibialis
Anterior tibialis
Anterior tibialis
Anterior tibialis
Anterior tibialis
Anterior tibialis

1
1
1
4
4
4
2
2
2
2
2
2
4
4
3
4
3
2
5
4
4
4
2
4
4
5
4
4

ALS, amyotrophic lateral sclerosis; ALSFRS-R, Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised, 1–48; denervation
grade, 1–5; CIDP, chronic inﬂammatory demyelinating polyneuropathy (SI Materials and Methods for refs. 1 and 2). All biopsies were
used to measure mean ACh current; some were selected to test drugs or functional properties.
*Patch-clamp recordings on cultured myotubes.

Palma et al. www.pnas.org/cgi/content/short/1117975108

2 of 2

