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The nicotinic acetylcholine receptor (nAChR) and the Na,K-
ATPase functionally interact in skeletal muscle (Krivoi, I. I.,
Drabkina, T. M., Kravtsova, V. V., Vasiliev, A. N., Eaton, M. J.,
Skatchkov, S. N., andMandel, F. (2006)Pflugers Arch. 452, 756–
765; Krivoi, I., Vasiliev, A., Kravtsova, V., Dobretsov, M., and
Mandel, F. (2003) Ann. N.Y. Acad. Sci. 986, 639–641). In this
interaction, the specific binding of nanomolar concentrations of
nicotinic agonists to the nAChR stimulates electrogenic trans-
port by the Na,K-ATPase �2 isozyme, causing membrane
hyperpolarization. This study examines the molecular nature
and membrane localization of this interaction. Stimulation of
Na,K-ATPase activity by the nAChR does not require ion flow
through open nAChRs. It can be induced by nAChR desensiti-
zation alone, in the absence of nicotinic agonist, and saturates
when the nAChR is fully desensitized. It is enhanced by non-
competitive blockers of the nAChR (proadifen, QX-222), which
promote non-conducting or desensitized states; and retarded by
tetracaine, which stabilizes the resting nAChR conformation.
The interaction operates at the neuromuscular junction as
well as on extrajunctional sarcolemma. The Na,K-ATPase �2
isozyme is enriched at the postsynaptic neuromuscular junction
and co-localizes with nAChRs. The nAChR andNa,K-ATPase �
subunits specifically coimmunoprecipitate with each other,
phospholemman, and caveolin-3. In a purifiedmembrane prep-
aration from Torpedo californica enriched in nAChRs and the
Na,K-ATPase, a ouabain-induced conformational change of
the Na,K-ATPase enhances a conformational transition of the
nAChR to a desensitized state. These results suggest a mecha-
nism by which the nAChR in a desensitized state with high

apparent affinity for agonist interacts with the Na,K-ATPase to
stimulate active transport. The interactionutilizes amembrane-
delimited complex involving protein-protein interactions,
either directly or through additional protein partners. This
interaction is expected to enhance neuromuscular transmission
and muscle excitation.

The nicotinic acetylcholine receptor (nAChR)2 and the
Na,K-ATPase are integral membrane proteins that play key
roles in membrane excitation. We previously identified a regu-
latorymechanism, termed acetylcholine (ACh)-induced hyper-
polarization, whereby the nAChR and the Na,K-ATPase func-
tionally interact to modulate the membrane potential of rat
skeletal muscle (1–4). In this interaction, the binding of nano-
molar concentrations of ACh to the nAChR stimulates electro-
genic transport by the Na,K-ATPase �2 isozyme, causing a
membranehyperpolarizationofabout�4mV.Thiseffect requires
prolonged exposure to nanomolar concentrations of nicotinic
agonist. This property distinguishes it from themore well charac-
terized, rapid action ofmicromolar concentrations of ACh, which
open the nAChR and producemembrane depolarization (5). This
finding suggested that a non-conducting conformation of the
nAChR, rather than the open state, is involved in signaling to the
Na,K-ATPase. In addition, it was shown that the nAChR and
Na,K-ATPase can reciprocally interact in a membrane prepara-
tion from the Torpedo electric organ (1), a muscle-derived tissue
that is rich in muscle nAChRs and Na,K-ATPase. This finding
suggested that the nAChR andNa,K-ATPasemay interact as part
of a membrane-associated regulatory complex.
Importantly, this regulation of Na,K-ATPase activity by the

nAChR operates under the physiological conditions of normal
muscle use. Its ACh concentration dependence is in the range
of the residual ACh concentrations that remain in the muscle
interstitial spaces for some time following nerve excitation, and
to the ACh concentrations that arise at the neuromuscular
junction (NMJ) from non-quantal ACh release. The later have
also been shown to activate the Na,K-ATPase and hyperpolar-
ize the end plate membrane (6, 7). Notably, this hyperpolariza-
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tion is generated in the voltage range ofmuscle sodium channel
slow inactivation, where the availability of sodium channels
increases�3-fold per each 6mVchange inmembrane potential
(8, 9). Thus, the physiological consequence of a small hyperpo-
larization near the resting potential is expected to be more
effective neuromuscular transmission and muscle excitation.
This study examines the molecular mechanisms and mem-

brane localization of the interaction between the nAChRs and
the Na,K-ATPase. We tested the hypothesis that a non-con-
ducting, desensitized conformation of the nAChRmediates sig-
naling to the Na,K-ATPase. We examined whether Na� entry
through the nAChR in a conducting state is required for the
effect. We also used non-competitive antagonists of the
nAChR, which shift the equilibrium distribution of nAChRs
between resting and desensitized conformations in opposite
directions. In addition, we tested the hypothesis that the regu-
latory interaction between the nAChR and Na,K-ATPase
occurs in a membrane-delimited complex and involves pro-
tein-protein interactions. To test this, we examined whether
the muscle nAChR and the Na,K-ATPase co-immunoprecipi-
tate, and we used confocal microscopy with cytochemistry to
determine their membrane localization. Finally, we used a
highly purified membrane preparation of nAChRs and the
Na,K-ATPase from NMJs of the Torpedo electric organ to fur-
ther identify which conformational state of the nAChR inter-
actswith theNa,K-ATPase.Our results suggest that the nAChR
in a desensitized state and the Na,K-ATPase �2 isoform inter-
act as a regulatory complex whose function is to modulate
membrane electrogenesis.

EXPERIMENTAL PROCEDURES

Materials—ACh, ouabain, proadifen, QX-222, tetracaine,
and nicotine ((�)nicotine hydrogen tartrate), and diisopropyl
fluorophosphates were obtained from Sigma. �-Bungarotoxin
was fromMolecular Probes (Eugene, OR) and [3H]ouabain was
obtained from Amersham Biosciences. All other chemicals
were of analytical grade (Sigma).
Animals—Membrane potential experiments and biochemi-

cal assays were performed using freshly isolated diaphragm
muscles fromadultmaleWistar rats (180–200 g). The ratswere
anesthetized (ether) and euthanized by cervical dislocation
prior to tissue removal. Two hemidiaphragms were dissected
from each rat. A strip from the left hemidiaphragm was used
immediately for electrophysiological experiments; the remain-
ing diaphragm tissue was quickly frozen in liquid nitrogen for
biochemical assays. Confocal imagingwas performed on exten-
sor digitorum longus muscles isolated fromWTmice or �2R/R
transgenic mice from a colony maintained at the University of
Cincinnati (10). The �2R/R mice express a Na,K-ATPase �2
subunit that is resistant to the binding of ouabain. Tissue
removal was performed using anesthesia (2.5% Avertin, 17
ml/kg) and the animals were euthanized after the experiment.
All procedures on mice were approved by the University of
Cincinnati Institutional Animal Care andUse Committee.Tor-
pedo californica tissuewas purchased frozen (Aquatic Research
Consultants, San Pedro, CA).
Membrane Potential Recording—A 10–15-mm wide dia-

phragm strip with the nerve stump was placed in a 2-ml Plexi-

glas chamber and continuously perfused with a physiological
solution containing (mM): NaCl, 137; KCl, 5; CaCl2, 2;MgCl2, 2;
NaHCO3, 24; NaH2PO4, 1; glucose, 11; pH 7.4. The solution
was continuously bubbled with 95% O2 and 5% CO2 and main-
tained at 28 °C. The muscle was allowed to equilibrate for 1 h
before the start of recording. In some experiments, extracellu-
lar NaCl was replaced with N-methyl-D-glucamine chloride
(NMG-Cl). NMG� is an impermeant cation commonly used to
prevent Na� entry (11). Resting potentials were recorded intra-
cellularly using standard microelectrode techniques. Glass
microelectrodes were filled with 3 M KCl and had resistances
�10 megaOhm. The resting potential was amplified and digi-
tized (44.1 kHz, 12-bit) using a PC computer running custom
software, which automated and standardized data collection. A
digital trigger to the acquisition system was sent immediately
before impalement to record and correct the electrode-to-so-
lution potential (zero balance) and after impalement to record
the resting potential. Using this procedure, the resting potential
was recorded from each fiber within 1–2 s of impalement, and
an average of 10 s elapsed between recordings from different
fibers. This protocol is optimized for accurate measurement of
small differences in membrane potential and is more appropri-
ate for this study than continuous recording, because temporal
drifts of even a few millivolts can distort the measurement.
Multiple measurements of short duration are commonly used
for measuring the electrogenic activity of the Na,K-ATPase in
skeletal muscle (7, 12).
Recordings were made in extrajunctional membrane regions

within �1–2 mm from visually identified terminal branches of
the nerve, or directly at the nerve terminal (junctional mem-
brane). Resting potentials were recorded from25 to 35 different
fibers within each muscle. The total recording time for this
determination, including solution change and time to impale
the fibers, was 5–10 min. The entire protocol was repeated at
different time intervals and in muscles from different animals
to obtain the average resting potential for that time interval and
condition. Thus, the resting potential reported at each nominal
time point represents the mean � S.E. of measurements from a
total of 100–170 fibers obtained from 3–6 muscles in the indi-
cated condition.
Membrane input resistance was measured using a single-e-

lectrode bridge balance protocol as described (13). The input
resistance depends on the membrane resistance and the resis-
tance of fluids inside and outside the cell. Because the resistance
of the intracellular and extracellular fluids were constant in our
conditions, a change in input resistance directly reflects a
change in membrane resistance.
Measurement of Na,K-ATPase Electrogenic Activity in Intact

SkeletalMuscle—The electrogenic activity of theNa,K-ATPase
in intact skeletal muscle was measured as the ouabain-in-
hibitable component of the resting membrane potential, as
described previously (1, 2, 4) (see also Fig. 6). Active transport
by the Na,K-ATPase generates a negative membrane potential
(Epump) due to the net outward transfer of one positive charge
per transport cycle. Epump adds directly to the Nernst potential
(ENernst) arising from the ion concentration differences and
brings the restingmembrane potential to amore negative value
than expected from the ion gradients alone (resting membrane
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potential � ENernst � Epump) (14). This ouabain-inhibitable
component of the resting membrane potential directly reports
electrogenic transport by the Na,K-ATPase. The electrogenic
contribution to the resting potential is large in skeletal muscle,
reflecting the high Na,K-ATPase content of this tissue, and can
be used to follow changes in Na,K-ATPase activity under dif-
ferent conditions.
Measurement of Muscle Intracellular Na�—Intact soleus

muscles were dissected out and split longitudinally into two
muscle strips. The muscles were mounted at resting length in a
Krebs-Ringer bicarbonate buffer (pH 7.4; 30 °C), which was
bubbled continuously with 95% O2 and 5% CO2. Muscles were
incubated either in the absence or presence of 5 �M proadifen
for 30 min, followed by 100 nM nicotine for 1 h. Then, the
intracellular Na� content wasmeasured using a published pro-
cedure (15). In brief, the muscles were transferred to ice-cold
Na�-free Tris-sucrose buffer and underwent four 15-min
washouts to remove extracellular Na�. Following washout,
muscles were blotted, the tendons were cut off, muscle wet
weight was determined, and themuscles were soaked overnight
in 0.3 ml of trichloroacetic acid (TCA) to completely extract
ions from the tissue. The Na� content in the TCA extract was
measured by flame photometry (FLM3, Radiometer) with lith-
ium as the internal standard. Values were expressed as micro-
moles of Na�/g wet weight.
Co-immunoprecipitation—Muscleswere pulverized in liquid

nitrogen and solubilized in lysis buffer (137 mM NaCl, 2.7 mM

KCl, 1 mM MgCl2, 20 mM Tris, pH 8.0, 1% Triton X-100, 10%
(v/v) glycerol, 10 mM NaF, 0.5 mM Na3VO4, 5 �g/ml leupeptin,
0.2mMphenylmethylsulfonyl fluoride, 5�g/ml aprotinin, and 1
�M microcystin) for 1 h at 4 °C with continuous rotation. The
resulting lysate was centrifuged for 10min at 3,000� g to pellet
insoluble material. The supernatant was collected and kept on
ice. The pellet was re-suspended in lysis buffer and centrifuged
again for 10 min at 3,000 � g. The supernatants contained
�99% of total Na,K-ATPase protein and were combined. Less
than 0.5% of the Na,K-ATPase protein present in the initial
lysate was detected in the final pellet by Western blot. Protein
concentration was determined using the BCATM protein assay
kit (Pierce). Immunoprecipitation was carried out using rabbit
polyclonal antibody against the Na,K-ATPase �1 (Cell Signal-
ing, number 3010) and rabbit polyclonal antibody to the Na,K-
ATPase �2 subunit (kindly provided by Dr. T. Pressley, Texas
TechUniversity Health Sciences Center, Lubbock, TX) specific
monoclonal antibodies against the Na,K-ATPase �1 (clone 6H,
kindly provided by Dr.M. Caplan, Yale University, NewHaven,
CT) and �2 subunits (clone McB2, kindly provided by Dr. K.
Sweadner, Massachusetts Central Hospital, Boston, MA) and
the nAChR �1-subunit (Abcam ab11149), followed by affinity
purification using Protein G and Protein A magnetic Dyna-
beads� (Invitrogen). After incubation with beads for 1 h at
room temperature, the immunocomplex was washed twice in
lysis buffer and three times in PBS. The protein samples were
heated for 20 min at 56 °C in loading buffer, run on gradient
6–20% SDS-polyacrylamide gels, and probed with the primary
antibody and horseradish peroxidase-conjugated secondary
antibody (goat anti-rabbit and anti-mouse IgG; Bio-Rad). The
primary antibodies used for Western blot were: a specific

monoclonal antibody against the Na,K-ATPase �1 (clone 6H),
an anti-Na,K-ATPase �2subunit (clone McB2), an anti-caveo-
lin-3 antibody (Abcam ab2912), anti-phospholemman
(FXYD1) antibody (ProteinTech Group Inc., 13721-1-AP),
anti-SERCA2 antibody (Abcam ab2861), and anti-phospho-
lamban antibody (Cyclacel, UK; 010-14). Protein bands were
visualized by enhanced chemiluminescence (Amersham Bio-
sciences) and quantified by densitometry.
Confocal Microscopy and Co-localization—For imaging

unfixed muscle, a freshly isolated mouse extensor digitorum
longus muscle was superfused with physiological saline con-
taining 0.6 �M rhodamine-conjugated bungarotoxin and 0.5–1
�M BODIPY-conjugated ouabain (Invitrogen). Superficial
regions of themusclewere imagedwith a�40, 1.2NAobjective
using a Zeiss 510 Meta laser confocal system configured for
concurrent viewing of rhodamine and BODIPY fluorescence.
Rhodamine spectra were: �ex 488 nm at 5%, �em 565–615 nm;
BODIPY spectra were: �ex 488 nm, �em 500–545 nm. Identical
imaging settings were used on both channels. For imaging fixed
tissue, a mouse EDLmuscle was coated with OCT (Tissue Tek)
and frozen in liquid nitrogen. Transverse sections were cut (8
�m; Leica cryostat), placed on glass slides, fixed in 100% ace-
tone at�25 °C for 5min, and transferred to PBS (pH 7.2). Anti-
body retrieval was performed using 10 mM sodium citrate with
0.5% Tween 20 (pH 8) at 65 °C for 20 min, and washed in PBS.
The sections were blocked using 10% normal goat serum in
PBS, incubated in primary antibody, washed in PBS, incubated
in secondary antibody, and washed in PBS. The primary anti-
body was a Na,K-ATPase �2-specific polyclonal antibody,
affinity purified from antisera generated using the synthetic
HERED peptide (16, 17) and used at 1:50 dilution in PBS with
10% serum. The secondary antibody was a F(ab	) fragment of
goat anti-rabbit IgG (H � L) conjugated to Alexa Fluor 594
(Invitrogen) and used at 1:200 dilution in PBS with 10% normal
goat serum. Sections were incubated in secondary antibody at
room temperature and washed in PBS. After labeling with the
Na,K-ATPase antibody, the sections were incubated with 5 �M

Alexa Fluor 555-conjugated �-bungarotoxin (Invitrogen),
mounted on slides (Fluoromount-G, Southern Biotech), and
washed. Sections were imaged using a Zeiss 510 Meta laser
confocal system equipped with a 100�, 1.45 NA objective and
configured for multitrack acquisition of Alexa Fluor 594 (�ex
543 nm; �em 670–703 nm) and Alexa Fluor 555 (�ex 543 nm,
�em 550–600 nm) fluorescence. Identical settings were used on
both channels. Imageswere analyzed usingZeiss LSMsoftware.
Because histological techniques are subject to intersample var-
iability, images are shown only if seen in at least three different
samples processed independently.
Rapid Stopped-flow Fluorescence Spectroscopy—Purified

membranes enriched in the nAChR and Na,K-ATPase were
isolated from T. californica electric organ by differential
sucrose ultracentrifugation (18). This preparation contains
large quantities of both muscle type nAChRs and the Na,K-
ATPase (18, 19). The membrane preparation typically con-
tained 1–1.6 nmol of nAChRbinding sites/mgof protein, deter-
mined by either [3H]ACh binding or [125I]�-bungarotoxin
binding; and 0.1–0.25 nmol of Na,K-ATPase binding sites/mg
of protein as determined by [3H]ouabain binding. Membranes
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were stored in 37% sucrose, 0.2% NaN3 at �80 °C under argon.
Immediately prior to use, the membranes were treated with
diisopropyl fluorophosphate to inactivate acetylcholinesterase
typically present in this preparation.
Binding of the fluorescent cholinergic ligand 5-dimethyl-

aminonaphthalene 1-sulfonyl C6-choline (dansyl C6 choline,
D6C6; (20)) to the nAChR was monitored by changes in fluo-
rescence intensity at 557 nm. DC6C was excited using energy
transfer from a tryptophan near the ACh binding sites (21, 22),
as described previously (1). The assays were conducted in Tor-
pedo physiological saline buffer, HTPS (250 mM NaCl, 5 mM

KCl, 3 mM CaCl2, 2 mMMgCl2, and 20 mMHepes, pH 7.0). The
rapid kinetic experiments were carried out with a stopped-flow
instrument (KinTek Corporation, Austin, TX, model SF-2001).
The membranes were incubated with 0 (control), 10, or 20 nM
ouabain for 1 h and then rapidly mixed with 1 �M DC6C. The
concentration of nAChR used was typically 100 or 200 nM ACh
binding sites (�0.06–0.20 mg/ml). The fluorescence intensity
upon agonist bindingwasmonitored from�1ms to 15 s. Ten to
20 individual mixing traces were averaged to obtain a single
averaged curve.
Data Analysis—Values are given as the mean � S.E. The

statistical significance of differences between means was eval-
uated using a Student’s t test (ORIGIN 6.1. software).

RESULTS

The Functional Interaction Between the nAChR and the
Na,K-ATPase in Skeletal Muscle Does Not Require Na� Entry
Through Open nAChRs—We previously showed that 100 nM
ACh or nicotine, acting on the nAChR, hyperpolarizes the non-
junctional membrane of skeletal muscle by approximately �4
mV. Nanomolar concentrations of ouabain or marinobufage-
nin prevent this hyperpolarization, indicating that it results
specifically from increased electrogenic transport by the �2
Na,K-ATPase (1–4).
The ability of nanomolar concentrations of nicotinic agonists

to hyperpolarize the resting potential contrasts with the well
known ability ofmicromolar concentrations ofACh to open the
nAChR, producing membrane depolarization (5). This sug-
gested that the mechanism by which the nAChR stimulates the
Na,K-ATPase does not require current flow through open
nAChRs. Nevertheless, a small but finite number of nAChRs
are opened by nanomolar ACh (23). Therefore, a possible
mechanism of the ACh-induced hyperpolarization could be
substrate stimulation of the Na,K-ATPase by Na� entering
through open nAChRs. To test this possibility, we examined
whether the hyperpolarization remains when extracellular
NaCl is replaced with NMG-Cl. NMG� alone (Fig. 1, open cir-
cles) does not alter the membrane potential. However, addition
of 100nMnicotine (closed circles) hyperpolarizes themembrane
by �4.5 mV (p � 0.01). The magnitude and time course of this
effect are similar to that consistently seen in control, Na�-con-
taining solutions (1). This result suggests that Na� entry
through the nAChR is not required for its functional interac-
tion with the Na,K-ATPase.
This interpretation was further tested by comparing the

changes inmembrane permeability and intracellular [Na�] that
occur when nanomolar nicotine is applied to nAChRs stabi-

lized in either the resting or the desensitized conformation.
Small increases in membrane permeability and intracellular
[Na�] are expected if nicotine initially opens a small number of
nAChRs before they spontaneously desensitize. Both of these
effects occur in rat skeletal muscle (Fig. 2). When 100 nM nico-
tine is applied under control conditions, in which nAChRs are
initially in the resting state, nicotine induces a 21% decrease
(p � 0.01) in the membrane input resistance (Fig. 2A), indicat-
ing increased membrane permeability. In parallel, 100 nM nic-
otine causes a small but significant (p � 0.01) increase in intra-
cellular [Na�] (Fig. 2B). These changes are prevented by
preincubating themuscle in 5�Mproadifen. Proadifen is a non-
competitive blocker of the nAChR,which shifts the distribution
of nAChRs from resting to non-conducting, desensitized states
(23–25). Proadifen alone has no effect on intracellular [Na�].
This result is consistent with our previous findings that the
sustained hyperpolarization induced by nanomolarAChor nic-
otine is sometimes preceded by a small depolarization (1, 4);
and that 5 �M proadifen prevents this depolarization without
effect on the sustained hyperpolarization (4).
Collectively, these results show that nicotinic agonists at

nanomolar concentrations have two distinct actions on the
membrane potential, a depolarizing action associated with
opening a small fraction of nAChRs, and a hyperpolarizing
action that requires Na,K-ATPase activity but not Na� entry.
The hyperpolarization occurs by a mechanism that is distinct
from, and does not require, nAChR opening.
A Desensitized State of the nAChR Mediates Its Interaction

with the Na,K-ATPase—The nAChR can assume resting
(micromolar agonist affinity), open, or desensitized conforma-
tions (non-conducting states with nanomolar apparent affinity
for agonist) (26–29). High concentrations of ACh promote
channel opening followed by spontaneous transitions to the
desensitized state. Desensitized states can also occur without
channel opening and are favored after prolonged exposure to
low concentrations of agonist. The results in Figs. 1 and 2
together with our previous results suggest that a non-conduct-
ing state of the nAChR with apparent high affinity for agonist,
possibly a desensitized state, mediates the stimulation of Na,K-
ATPase activity (1, 3, 4). If this is the case, it should be possible

FIGURE 1. The nicotine-induced membrane hyperpolarization does not
require Na� entry. Membrane potentials were measured from extrajunc-
tional membrane regions of isolated rat diaphragm perfused with a solution
in which extracellular NaCl was replaced with NMG-Cl, in the absence (open
circles) and presence (filled circles) of 100 nM nicotine. Horizontal bars indicate
the periods when NMG-Cl and/or nicotine were present.
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to induce membrane hyperpolarization directly from the
desensitized nAChR, without agonist binding. Therefore, we
examinedwhether proadifen at higher concentrations is able to
inducemembrane hyperpolarization in the absence of nicotinic
agonists. As shown in Fig. 3A, 50�Mproadifen induces a hyper-
polarization of approximately �3 mV (p � 0.01) in rat skeletal
muscle. This hyperpolarization is prevented by preincubation
with 50 nM ouabain, indicating that it results from stimulated
electrogenic transport by the Na,K-ATPase �2 isozyme. (The
rodent �1 isozyme is �100-fold less sensitive to ouabain bind-
ing.) On the other hand, when 100 nM ACh is applied to
nAChRs already desensitized by proadifen, it does not produce
additional hyperpolarization. These results indicate that the
functional interaction between nAChRs and the Na,K-ATPase
is maximal when the nAChRs are maximally desensitized.

This conclusion is further supported by themeasurements in
Fig. 3B, which show the effect of preincubating themuscle with
increasing concentrations of proadifen prior to adding 100 nM
ACh. Proadifen alone at low concentrations (up to 5 �M) does
not induce hyperpolarization; in this condition, the subsequent
addition of 100 nM ACh is able to hyperpolarize the membrane
by�4mV.However, preincubation with increasing concentra-
tions of proadifen (10–50 �M) produces membrane hyperpo-
larization in the absence of ACh. In parallel, the ability of ACh
to cause hyperpolarization is diminished. This result indicates
that the interaction between the nAChR and the Na,K-ATPase
occurs when the nAChR is in a desensitized state, irrespective
of the pathway by which the nAChR becomes desensitized.
Either prolonged exposure to nanomolar concentrations of nic-
otinic agonists, or proadifen alone at 10–50 �M, produce
nAChR desensitization andmembrane hyperpolarization. This
result further supports our proposal that nAChR in a desensi-
tized state is able to signal to the Na,K-ATPase to stimulate its
transport activity.
Proadifen, in addition to promoting nAChR desensitization,

also blocks voltage-dependent sodiumchannels. Therefore, it is

FIGURE 2. Nanomolar concentrations of nicotine produce small increases
in membrane permeability and intracellular [Na�]. A, effect of 100 nM nic-
otine on the input resistance of diaphragm muscle fibers in the absence and
presence of 5 �M proadifen. Input resistance was measured as described
under “Experimental Procedures” at extrajunctional regions of muscles incu-
bated in control solution, during 30 – 60 min after addition of nicotine, or
during 30 – 60 min after addition of nicotine plus proadifen. Proadifen was
added for 30 min prior to the addition of nicotine. ** p � 0.01 compared with
control. Decreased membrane input resistance indicates increased mem-
brane permeability. n � 130 –196 fibers in each condition. B, effect of 100
nM nicotine on the intracellular [Na�] of soleus muscle fibers preincubated
in control solution, in 5 �M proadifen, 100 nM nicotine alone, and 100 nM

nicotine plus 5 �M proadifen. Intracellular [Na�] (micromoles per g wet
weight) was measured as described under “Experimental Procedures.”
Muscles were incubated in each solution for 30 min followed by 60 min in
100 nM nicotine, or, in control followed by 30 min in proadifen prior to the
addition of nicotine. n � 8 muscles in each condition; **, p � 0.01 com-
pared with control.

FIGURE 3. Changes in the resting membrane potential of rat diaphragm
muscle induced by proadifen. A, changes in membrane potential produced
by 50 �M proadifen alone (open circles), 50 �M proadifen followed by 100 nM

ACh (closed circles), and 50 �M proadifen in the presence of 50 nM ouabain
(triangles). Ouabain incubation was started 30 min prior to adding the test
solutions. Horizontal bars indicate the periods when proadifen, ACh, or oua-
bain was present. B, resting membrane potentials recorded in the presence of
different concentrations of proadifen (30 min preincubation, open circles),
and 15 min after the subsequent addition of 100 nM ACh (filled circles). ACh-
induced hyperpolarization (AIH) (vertical arrows) was computed as the differ-
ence between the resting potential measured before and after 15 min in ACh.
Membrane potentials were recorded from extrajunctional membrane
regions.
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possible that the hyperpolarization produced by proadifen
could result from block of a basal Na� current through one of
these channels. To further exclude an ionic mechanism, we
tested the actions of QX-222 and tetracaine. QX-222 and tetra-
caine, like proadifen, are local anesthetics and non-competitive
blockers of the nAChR. However, they produce block by pro-
moting different conformational states of the nAChR. QX-222
blocks the open channel (30), whereas tetracaine lowers the
affinity for ACh and shifts the equilibrium distribution to rest-
ing conformations (31). As shown in Fig. 4, 50�MQX-222 alone
induces a hyperpolarization of approximately �3 mV (p �
0.01) and the hyperpolarization is not increased further by
application of 100 nM ACh. Moreover, the hyperpolarization
induced by QX-222 is prevented by preincubation with 50 nM
ouabain (30 min), confirming that it arises from stimulated
electrogenic transport by the Na,K-ATPase �2 isozyme.

In contrast, 50 �M tetracaine alone does not cause hyperpo-
larization (Fig. 5).Were a basal Na� current present, tetracaine
should have blocked it, causing hyperpolarization. However,
when ACh is applied after preincubation with tetracaine, the
ACh-induced hyperpolarization is significantly retarded. This
effect is directly expected from the ability of tetracaine to sta-
bilize the resting nAChR conformation. It is also consistent
with our previous demonstration that pretreatment of skeletal
muscle with �-bungarotoxin (5 nM), which locks nAChRs in a
non-conducting conformation, prevents the ACh-induced
hyperpolarization (1).
Collectively, the results in Figs. 3–5 demonstrate that the

nAChR in a non-conducting, desensitized state can stimulate
electrogenic transport by theNa,K-ATPase and, thereby,mem-
brane hyperpolarization. The actions of each of these com-
pounds on the ACh-induced hyperpolarization vary as
expected from their well characterized ability to shift the equi-
librium distribution of nAChRs between resting and desensi-
tized conformations.
The Functional Interaction between the nAChR and the

Na,K-ATPase �2 Isozyme Operates on Both Junctional and
Extrajunctional Membrane Regions—The membrane poten-
tials shown in Figs. 1–5 as well as our previous measurements
(1–4) were recorded from extrajunctional regions of the mus-

cle membrane, within 1–2 mm of the NMJ. Because this dis-
tance is 2–3 times the length constant of diaphragm muscle, it
indicates that the measured hyperpolarization must originate
from extrajunctional nAChRs andNa,K-ATPase. Although less
dense than at the NMJ, nAChRs are present on extrajunctional
sarcolemma at about 40 per �m2 (32).

Other studies have shown that the low levels ofACh resulting
from non-quantal release (�50 nM) at the NMJ hyperpolarize
the junctional membrane by approximately �3 mV by a mech-
anism that involves stimulation of theNa,K-ATPase (6, 7). This
local hyperpolarization keeps the junctional membrane at a
slightly more negative potential than extrajunctional regions.
The similarity of the ability of both exogenous and endogenous
cholinergic agonists to hyperpolarize the membrane potential
suggested that both phenomena may arise from a common
mechanism, i.e. stimulation of theNa,K-ATPase by the nAChR.
To investigate this, we measured the contributions of the �1
and �2 Na,K-ATPase isozymes to the membrane potential at
junctional and extrajunctionalmembrane regions. The electro-
genic contributions of the�1 and�2 isozymes to themembrane
potential were separated as shown in Fig. 6 based on their dif-
ferent affinities for ouabain (33). In rat diaphragmmuscle, 1�M

ouabain inhibits the �2 isoform without effect on the �1 iso-
form; whereas 500 �M ouabain completely inhibits both iso-
forms (2).
As shown, the sequential addition of 1 and 500 �M ouabain

depolarizes the membrane stepwise as the �2 and �1 isozymes,
respectively, are inhibited (Fig. 6). The resting membrane
potential of the junctional membrane (open circles) is initially
3.5 � 0.6 mV more negative than that of the extrajunctional
membrane on the same muscle (�81.5 � 0.4 mV, 154 fibers
compared with �78.0 � 0.4 mV, 184 fibers; p � 0.01), consis-
tent with previous reports (6, 7). The addition of 1 �M ouabain
depolarizes both regions to approximately �73 mV. This
indicates that surplus hyperpolarization at the junctionalmem-
brane is generated by the samemechanism as that of non-junc-
tional regions, i.e. electrogenic transport by the �2 Na,K-

FIGURE 4. Changes in the resting membrane potential of rat diaphragm
muscle induced by QX-222. Changes in membrane potential produced by
50 �M QX-222 alone followed by the addition of 100 nM ACh (open circles), and
50 �M QX-222 in the presence of 50 nM ouabain (closed circles; ouabain incu-
bation was started 30 min prior to the test solutions). Horizontal bars indicate
the periods when QX-222, ACh, or ouabain was present. Membrane poten-
tials were recorded from extrajunctional membrane regions.

FIGURE 5. Changes in the resting membrane potential of rat diaphragm
muscle induced by tetracaine. Changes in membrane potential produced
by 50 �M tetracaine alone (open circles), by 50 �M tetracaine followed by the
addition of 100 nM ACh (closed circles). Triangles show the effect of 100 nM ACh
in normal physiological solution, at 60 and 75 min. These points superimpose
on previous measurements of the effect of 100 nM ACh in normal physiolog-
ical saline at long times (dashed line, from Ref. 1). Horizontal bars indicate the
periods when tetracaine or ACh was present. Membrane potentials were
recorded from extrajunctional membrane regions. **, p � 0.01 compared
with ACh-induced hyperpolarization in normal physiological solution.
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ATPase. Surplus hyperpolarization at the junctionalmembrane
also remains when extracellular NaCl is replaced withNMG-Cl
(this study),3 consistent with its originating from an electro-
genic transport rather than an ionic mechanism. The subse-
quent addition of 500 �M ouabain inhibits all Na,K-ATPase
activity and brings the resting potential of both regions to
approximately�62mV. Thus, the basal electrogenic activity of
the �1 Na,K-ATPase isozyme contributes equally at junctional
and extrajunctional regions (�11.7� 0.6 and�11.2� 0.6mV).
Whereas, the electrogenic activity of the �2 isozyme is greater
near the NMJ where nAChRs are concentrated and where
basal, nanomolar levels of ACh are present from non-quantal
release. These results show that the Na,K-ATPase �2 isozyme
can be stimulated by the nAChR on both junctional and extra-
junctional membrane regions, and that the amplitude of the
resulting hyperpolarization is greater in regions of high nAChR
density and basal ACh levels.
The nAChR and the Na,K-ATPase �2 Isoform Co-localize at

theMuscle End Plate—In innervated, adult skeletal muscle, the
nAChR is expressed predominantly at the postsynaptic NMJ.
The Na,K-ATPase �1 and �2 subunits are also detected at the
postsynaptic NMJ but their possible co-localization with the
nAChR is not known.We investigated this question by imaging
the NMJ of intact skeletal muscles (Fig. 7) dual labeled with
fluorescent-labeled specific ligands of the Na,K-ATPase
(BODIPY-conjugated ouabain, 1 �M) and the nAChR (rhoda-
mine-conjugated bungarotoxin); and also by imaging the end-
plate regions of transverse, fixed sections of skeletal muscle
(Fig. 8) dual labeled with BTX and an isoform-specific antibody
of the �2 Na,K-ATPase.
In en face views of intact skeletalmuscle, the fluorescent oua-

bain signal overlaps with the bungarotoxin signal at the muscle
end plates (Fig. 7,A–C). Ouabain at 1�M is expected to label the

�2 Na,K-ATPase, the only high affinity isoform present at the
postsynaptic NMJ of rodents (34). This was confirmed by imag-
ing the end plates of transgenic mice in which the �2 isoform is
resistant to the binding of ouabain (10). The ouabain signal is
completely absent from the �2-ouabain-resistant mice (Fig. 7,
D, E), confirming that 1 �M BODIPY ouabain labels the �2
isoform, and not the �1 isoform. The distribution of �2 Na,K-
ATPase is expected to be broader than that of BTX because the
�2 Na,K-ATPase isozyme is also expressed in sarcolemma and
transverse tubules. Consistent with this expectation, the fluo-
rescent ouabain signal is also detected on non-junctional sar-
colemma and in the transverse tubules (Fig. 7F). As an addi-
tional positive control, the ouabain signal is detected in regions
where the high affinity �3Na,K-ATPase isoform but not the �2
Na,K-ATPase is expressed (Fig. 7G).
Likewise, in cross-sectional views of fixed, transverse sec-

tions of skeletal muscle (Fig. 8), the Na,K-ATPase is detected at
every location where BTX, a specific marker of nAChRs on the
post-synaptic membrane, is present. In these regions, the �2
antibody and BTX perfectly co-localize. At the NMJ, the �2
Na,K-ATPase label is broader than the BTX label; it is also
detected on extrajunctional sarcolemma and in the transverse
tubule system, as expected. Together, these results indicate that
the nAChR and the Na,K-ATPase �2 isozyme co-localize at the
post-synaptic neuromuscular junction.
The Na,K-ATPase � Subunits, the nAChR, and Caveolin-3

Co-immunoprecipitate—The finding that the nAChR co-local-
izes with theNa,K-ATPase�2 isoform at theNMJ suggests that
they may interact via protein-protein associations as part of a
membrane complex. To examine this possibility, we measured
the ability of theNa,K-ATPase�1 and�2 subunits, the nAChR,
and caveolin-3 to co-immunoprecipitate. Caveolin-3 is a mus-
cle-specificmember of the caveolin family, which functions as a
coordinating center for a variety of signal transduction com-
plexes (35–38). In skeletal muscle, caveolin-3 localization
closely parallels that of the Na,K-ATPase �2 isozyme. It is
enhanced at the NMJ where it shows a spatial relationship to
the nAChR closely similar to that demonstrated here for the
Na,K-ATPase�2 isoform (39), and it is present in the transverse
tubules (40) and caveolae (41, 42). Caveolin-3 is known to inter-
act directly with several signaling molecules in mature muscle
(43, 44) and with the Na,K-ATPase �1 and �1 subunits in car-
diacmyocytes (45, 46). Here, we show that theNa,K-ATPase�1
(Fig. 9, left panel) and Na,K-ATPase �2 (Fig. 9, middle panel)
subunits each co-immunoprecipitate with the muscle nAChR
and caveolin-3. Conversely, the nAChR co-immunoprecipi-
tates with the Na,K-ATPase �1 and �2 subunits (Fig. 9, right
panel) and with phospholemman (also termed FXYD1), a pro-
tein partner of the Na,K-ATPase that is abundant in skeletal
muscle. The association between the nAChR, theNa,K-ATPase
� subunits, and phospholemman is highly specific. Neither the
Na,K-ATPase � subunits (left and middle panels) nor the
nAChR (right panel) co-precipitate with sarcoplasmic reticular
proteins SERCA2 or phospholamban, which are also present in
the muscle lysate. Moreover, no signal was obtained with non-
immune serum or beads only, for any protein tested. Finally, no
signal was obtained with antibody against GADPH, plasma
membrane Ca-ATPase, GLUT4, and GLUT1 (this study).3

3 J. A. Heiny, V. V. Kravtsova, F. Mandel, T. L. Radzyukevich, B. Benziane, A. V.
Prokofiev, S. E. Pedersen, A. V. Chibalin, and I. I. Krivoi, unpublished
observations.

FIGURE 6. Contributions to the resting potential from electrogenic trans-
port by the �1 and �2 Na,K-ATPase isozymes in junctional (open circles)
and extrajunctional (closed circles) membrane regions of the same dia-
phragm muscle fibers. Arrows indicate when ouabain (1 or 500 �M) was
added. Vertical bars indicate the electrogenic potentials (mV) contributed by
the �1 (black) or �2 (white) Na,K-ATPase isozymes, computed as the differ-
ence in resting potential measured before and after blockade of the Na,K-
ATPase isozymes by 1 �M ouabain (�2) or 500 �M ouabain (�1). The depolar-
ization caused by inhibition of each isozyme becomes stable after �30 min.
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Together, these data demonstrate a
selective association between the
nAChR, the Na,K-ATPase � sub-
units, phospholemman, and caveo-
lin-3 on the muscle sarcolemma.
They support the idea that the
nAChR, the Na,K-ATPase, and
caveolin-3 associate in skeletalmus-
cle in a protein complex, perhaps
with additional protein partners.
Ouabain Binding to the Na,K-

ATPase Alters Desensitized States of
the nAChR in an Isolated Mem-
brane Preparation—The tight
co-localization and specific co-im-
munoprecipitation of the nAChR
with Na,K-ATPase suggests that
they may signal through protein-
protein interactions. This sugges-
tion is strengthened by our previous
finding that nAChR and Na,K-
ATPase are able to interact in a
highly purified membrane prepara-
tion of electrocytes from T. califor-
nica (1). The electrocyte is a modi-
fied muscle cell rich in NMJs, and
has been extensively studied as a
model for understanding the mam-
malian synapse and the NMJ. Iso-
lated membrane preparations from
this tissue are enriched in nAChRs
and Na,K-ATPase. Using this prep-
aration in combination with a fluo-
rescent nicotinic agonist, DC6C, it
is possible to follow fast conforma-
tional transitions of the nAChR (21,
22) as it transits to the stably desen-
sitized state. DC6C fluorescence is
excited by energy transfer from a
tryptophan residue near the ACh
binding site, and the fluorescence
change upon DC6C binding reports
conformational transitions of the
nAChR to the desensitized state.
These transitions occur in at least
three phases (21). A fast fluores-
cence change at 25–50 ms reflects
agonist binding to the small popula-
tion of receptors that already exist
in the desensitized state (“predesen-
sitized” nAChRs), and also includes
a smaller component of binding to
the �-� site in its resting state (47).
This component is followed by
intermediate (�1 s) and slow steps
of desensitization, reflecting inter-
mediate transitions of the nAChR as
it desensitizes. The intermediate

FIGURE 7. The �2 Na,K-ATPase and nAChR co-localize at the muscle end plate. Top row, longitudinal optical
section of a single end plate on a mouse extensor digitorum longus muscle double labeled with rhodamine-
conjugated bungarotoxin (0.6 �M) and BODIPY-conjugated ouabain (1 �M). A, rhodamine channel, red; B,
BODIPY channel, green; and C, overlap, orange. Scale bar, 10 �m. Middle row, negative control. End plates
from the EDL muscle of a mouse having a ouabain-resistant Na,K-ATPase �2 isoform (�2R/R; (10) do not
label with BODIPY-ouabain. D, rhodamine and green channels show BTX signal only; E, same section as D
showing BODIPY channel only at �2 intensity to confirm the absence of BODIPY label at end plates. Scale
bar, 20 �m. Bottom row, positive controls. BODIPY-conjugated ouabain labels the Na,K-ATPase �2 and �3
isoforms in the expected submembrane domains. F, BODIPY-ouabain (1 �M) labels the transverse tubules
and sarcolemma where the Na,K-ATPase �2 isoform is known to be expressed (51). Note: double rows of
label with a repeat pattern of two per sarcomere, as expected from the dual transverse-tubule openings at
the A-I junctions of mammalian muscle. G, BODIPY-ouabain (0.5 �M) labels afferent nerve endings at a
muscle spindle that express the �3 isoform (68). A freshly isolated muscle from either a wild-type or �2R/R

mouse was incubated in physiological buffer containing the conjugated ligands, washed, and imaged
using a Zeiss 510 confocal microscope with identical settings on all channels. Control experiments using
singly labeled muscles and overlapping emission spectra confirmed that the BODIPY signal is not due to
spillover from the rhodamine label. Additional controls confirmed that the BODIPY signal was absent from
muscles incubated with excess unlabeled ouabain (1 mM), confirming its specific binding to the Na,K-
ATPase (this study).3 The muscle spindle was identified visually and the presence of � Na,K-ATPase was
independently confirmed using anthroyl-ouabain.
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transitions may reflect conforma-
tions in which the two ligand sites
coexist in distinct resting and
desensitized states (21, 24, 26, 48).
The mixed state intermediate con-
formations bind DC6C with high
affinity (Kd 3–10 nM) (21). A final,
slow phase occurs over seconds to
minutes as the nAChR transits to
the fully desensitized state.
Here, we used the Torpedomem-

brane preparation to determine
which nAChR transition is altered
when ouabain is bound to the Na,K-
ATPase. We followed transitions of
the nAChR to the desensitized state
under two conditions (Fig. 10):
when theNa,K-ATPase is in either a
ouabain bound or an unliganded
conformation.Ouabain binding sta-
bilizes theNa,K-ATPase in the E2-P
conformation of its catalytic cycle, a
conformation that has been shown
to mediate interactions with other
signaling molecules (49). In control
conditions, DC6C (1 �M) induces
the expected conformational changes
initiated by agonist binding, i.e. a
rapid change (25–50 ms), which
reports binding to pre-desensitized
nAChRs, a transition to intermedi-
ate, desensitized states with a time
constant near 1 s, and a slower tran-
sition to the stably desensitized
state. When the samemeasurement
is obtained from membranes pre-
equilibrated with 10 or 20 nM oua-
bain, the intermediate phase is
enhanced in an ouabain concen-
tration-dependent manner (Fig.
10C and Table 1). There is no
change in the most rapid (Fig. 10B)
or in the slow transition (Fig. 10D).
In other words, when the Na,K-
ATPase is in its ouabain-bound
conformation, it is able to enhance
formation of an intermediate,
desensitized conformation of the
nAChR. These findings support our
hypothesis that a desensitized con-
formation of the nAChR interacts
with the Na,K-ATPase.
The specificity of this effect on

nAChR desensitization is under-
scored by several findings. It is elic-
ited by nanomolar ouabain concen-
trations in the range of the Kd for
ouabain binding to the Torpedo

FIGURE 8. Higher magnification transverse views of fixed skeletal muscle fibers dual labeled with BTX and
an Na,K-ATPase �2 isoform-specific antibody. A, BTX (red) labels the post-synaptic NMJ of two fibers; B, Na,K-
ATPase �2 antibody (green); C, merged image showing overlap of BTX and �2 Na,K-ATPase (yellow) at the postsyn-
aptic NMJ. Serial optical sections (Z stack) were taken at 0.4-�m intervals through a fixed, transverse section of
mouse EDL muscle using a �100, 1.45 NA oil objective (see “Experimental Procedures” for details). Panels D–F and
G–I show the same region imaged 0.8 and 1.6 �m deeper. Panels F and I include the transmitted light image (blue) to
enhance the fiber edges and interstitial regions. The complete Z stack is available as “supplemental information”.

FIGURE 9. Co-immunoprecipitation of the Na,K-ATPase �1 and�2 subunits with the nAChR and caveolin-3.
Muscle lysates were immunoprecipitated (IP) with monoclonal antibodies against the �1 (left panel) or �2 subunit
(middle panel) of the Na,K-ATPase or nAChR (right panel), and then probed by Western blot (WB) with antibodies
against �1 and �2 subunits of Na,K-ATPase, caveolin-3, nAChR, SERCA2, phospholamban (PLN), or phospholemman
(PLM), as indicated. A positive control (lane 1, input) confirmed the presence of all species in the muscle lysate prior
to immunoprecipitation. Each panel is a representative Western blot from five independent experiments.
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FIGURE 10. The effect of ouabain on the binding of nAChR agonist to the nAChR in a highly purified membrane fraction from the electric organ
of T. californica. The kinetics of DC6C association with the nAChR were followed by monitoring the fluorescent energy transfer from the ACh binding
site to a fluorescent agonist, DC6C, as described under “Experimental Procedures.” Binding was initiated in a stopped-flow apparatus with rapid mixing.
Traces show increases in fluorescence intensity after rapid mixing of a suspension of nAChR-and Na,K-ATPase-rich membrane fragments with 1 �M DC6C
in control (a), or after a 1-h incubation in 10 nM ouabain (b) or 20 nM ouabain (c). Each curve is the average of 10 –20 individual traces, and 3– 4 trials
performed on the same day are shown for each condition (0, 10, and 20 nM ouabain). Experiments performed on other days yielded similar results with
a noticeable difference between the 0 and 10 and 20 nM curves. Panel A, the time studied was from 0.1 ms to 15 s. Panels B-D, same data with the three
phases are plotted on an expanded, linear time scale to better illustrate the distinct kinetic phases of binding. Panel B shows the initial 40 ms of binding.
The solid line is the best single exponential fit to all the rapid binding data (n � 9 �12 trials for each condition). The intermediate binding (0.04 –2.0 s)
is displayed in panel C. Panel D covers the time range (2.0 –15.0 s) where the slowest binding occurs. The inset shows the curves in Panel D normalized
to their values at 2 s. Labels indicate ouabain concentrations.
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Na,K-ATPase3 and it selectively alters a single kinetic transition
of the nAChR. In addition, carbamylcholine completely blocks
DC6C binding both in the absence and presence of ouabain
(this study and see Ref. 1),3 thereby excluding possible nonspe-
cific effects of ouabain. In addition, the amplitude of the initial
rapid phase, which reflects the initial equilibrium between pre-
desensitized and resting states (47), is unaltered. Thus, ouabain
does not alter the intrinsic equilibrium between resting and
desensitized states in the absence of nicotinic agonist.

DISCUSSION

It has been known for some time that nanomolar concentra-
tions of ACh and other nicotinic agonists produce membrane
hyperpolarization in skeletal muscle through amechanism that
involves the nAChR and Na,K-ATPase (1–4). The present
study further investigated the molecular mechanisms and
membrane localization of this interaction.
Our results show that 1) the interaction between the nAChR

and the Na,K-ATPase does not require current flow through
open nAChRs; 2) it can be induced in the absence of nicotinic
agonists by stabilizing the nAChR in a desensitized state; 3) it
operates on both junctional and non-junctional sarcolemma; 4)
the nAChR and Na,K-ATPase �2 isoform co-localize at the
postsynaptic NMJ; 5) the nAChR co-immunoprecipitates with
theNa,K-ATPase� isoforms, phospholemman, and caveolin-3;
and 6) in a purifiedmembrane preparation enriched in nAChRs
and the Na,K-ATPase, a ouabain-induced conformational
change on the Na,K-ATPase can enhance a conformational
transition of the nAChR to a desensitized state.
Collectively, these results suggest a mechanism by which the

nAChR in a non-conducting, desensitized state, with high
apparent affinity for agonist, interacts with theNa,K-ATPase to
stimulate active transport. The interaction utilizes a mem-
brane-delimited complex that includes, at a minimum, the
nAChR, the Na,K-ATPase �2 isozyme, and caveolin-3. The
enhanced electrogenic transport generates a negative potential
and membrane hyperpolarization.
Identification of the nAChR Conformation Which Interacts

with the Na,K-ATPase—The finding that stimulation of Na,K-
ATPase activity by the nAChR in intactmuscle does not require
current flow or open nAChRs excludes an ionic mechanism for
the ACh-induced hyperpolarization. It suggests that a non-
conducting, desensitized state of the nAChRmay interact with
the Na,K-ATPase. Desensitized conformations of the nAChR
(stably desensitized as well as intermediate mixed state desen-
sitized transitions) showhigh apparent affinity for agonist, con-
sistent with the nanomolar agonist concentration dependence
of the hyperpolarization. The involvement of a desensitized

conformation of the nAChR is further supported by the new
findings that: 1) desensitized nAChRs are able to stimulate
Na,K-ATPase electrogenic activity, irrespective of whether the
nAChR becomes desensitized by prolonged exposure to low,
nanomolar concentrations of ACh (the physiological pathway),
or by ligands that shift the equilibrium distribution of nAChRs
to the desensitized conformation in the absence of agonist
binding; 2) the functional interaction of nAChRswith theNa,K-
ATPase saturates when the nAChR is maximally desensitized;
saturation is not expected from an ionic mechanism except at
maximal channel opening, and not with the very low open
probability at nanomolar agonist concentrations; and 3) the
Na,K-ATPase can interact with a desensitized state of the
nAChR in an isolated, highly purified membrane preparation
enriched in nAChRs and Na,K-ATPase.
Desensitization is an intrinsic property of the nAChR but its

physiological significance is not completely understood (50).
One of its roles is to protect against excitotoxicity during repet-
itive electrical activity by accumulating receptors in a non-con-
ducting conformation. Our findings add regulation of Na,K-
ATPase activity, and thereby membrane excitability, to the
physiological roles of the desensitized nAChR.
Nature of the Interaction between the nAChR and the

Na,K-ATPase—Our findings that the nAChR and Na,K-
ATPase co-localize at the postsynaptic NMJ, and that each co-
immunoprecipitates with the other andwith caveolin-3 suggest
that the nAChR and Na,K-ATPase associate as part of a larger
protein complex. This suggestion is strengthened by the finding
that the nAChR and Na,K-ATPase interact in a highly purified
membrane preparation enriched in nAChRs and the Na,K-
ATPase and devoid of cytosolic constituents. Together, these
findings suggest that the nAChR and Na,K-ATPase interact
through membrane-delimited protein-protein interactions,
either directly or through additional protein partners.
The physiological significance of the finding that the nAChR

also co-immunoprecipitates with the Na,K-ATPase �1 isoform
is not known. The �1 isoform is present at the NMJ and surface
sarcolemma. However, it does not mediate the hyperpolariza-
tion induced by acute exposure to nanomolar ACh or nicotine
(1, 2, 4) which, as shown, uses the �2Na,K-ATPase as the effec-
tor target.
Membrane Localization—Our imaging studies demonstrate

that the nAChR and Na,K-ATPase �2 isozyme are enhanced
and colocalize at the postsynaptic NMJ. The distribution of
Na,K-ATPase �2 at the NMJ is broader than that of nAChRs.
This spatial relationship at the NMJ is identical to that previ-
ously shown between the nAChR and caveolin-3 at the NMJ
(39). It is also consistent with the findings that the nAChR,
Na,K-ATPase �2, and caveolin-3 co-immunoprecipitate, and
that the nAChR interacts with only a subset of the Na,K-
ATPase �2 pool in muscle (1).
It was not possible to use imaging to search for colocalization

on othermembrane regions due to the lowdensity of extrajunc-
tional nAChRs. However, our functional measurements indi-
cate that ACh-induced hyperpolarization also operates on
extrajunctional sarcolemma. The submembrane localization of
extrajunctional nAChRs in skeletal muscle is not known. It is
possible that this interaction occurs in caveolae where the

TABLE 1
Effect of ouabain on the amplitudes and rate constants of the
intermediate desensitized transition (time range 0.025 to 1.0 s,
Fig. 10C) induced by DC6C binding to the nAChR of T. californica
(n � number of experiments)


Ouabain� Amplitudes (A) Rate constants (k)

nM arbitrary units s�1

0 (n � 4) 0.21 � 0.01 2.16 � 0.17
10 (n � 3) 0.32 � 0.01a 1.65 � 0.08a
20 (n � 3) 0.29 � 0.01a 1.76 � 0.12a

a Significantly different from control at p � 0.05.
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Na,K-ATPase �2 and caveolin-3 co-localize (42, 51). The pos-
sibility that the nAChR and Na,K-ATPase �2 may also interact
in the transverse tubules cannot be excluded. The Na,K-
ATPase �2 isoform is abundant in the transverse tubules; how-
ever, caveolin-3 expression is low in the transverse tubules of
mature muscle (52, 53) and the nAChR is present only in trace
amounts (54).
The nAChR and Na,K-ATPase as Signalosomes—The Na,K-

ATPase forms signaling complexes with a number of mem-
brane-associated proteins; in cardiac and other cells, including
the sodium calcium exchanger, epidermal growth factor recep-
tor, Src, and other partners. These signalosomes regulate trans-
membrane calcium flux, contractility, and cell growth (46,
55–57). The Na,K-ATPase can also interact with neuronal
dopamine receptors in a regulatory complex with reciprocal
regulation of function (58), and with the glutamate transporter
(59). Likewise, the nAChR interacts with multiple signaling
partners in amacromolecular complex. Similar to other neuro-
transmitter receptor complexes, the nAChR is linked via adap-
tor proteins that also link the receptors to signaling enzymes,
adaptor and scaffolding proteins, kinases, and transcription
factors. Proteins of the postsynaptic NMJ include the muscle-
specific kinase MuSK interacting with MASC; the tyrosine
kinases neuregulin and epidermal growth factor receptor;
rapsyn, plectin, �-dystroglycan, caveolin-3; and other signaling
and transcription factors (60–61). A subset of these proteins
are also present inmuscle caveolae. Interestingly, chronic stim-
ulation of the nAChR increases expression of the Na,K-ATPase
�2 (but not�1) subunit (62). Our results indicate that theNa,K-
ATPase �2 subunit is a protein signaling partner with the
nAChR at the mammalian NMJ.
Physiological Roles of the Na,K-ATPase �2 Isoform—The

Na,K-ATPase �2 isoform is the major expressed isoform of
adult skeletalmuscle, and comprises 60–87% of total� content
(63, 64). Despite its greater abundance, electrogenic transport
by the �2 isozyme contributes only approximately �4 mV to
the resting potential, compared with �14 mV generated by �1
transport activity (1, 2). This indicates that the �2 isozyme is
significantly less active in restingmuscle than expected from its
abundance. A similar conclusion was reached using muscles of
mice with reduced �2 expression (65). These and findings from
other laboratories have led to the proposal that the Na,K-
ATPase �2 may be the more regulated isoform that can be
stimulated under conditions of increased demand. Consistent
with this idea, the Na,K-ATPase �2 isoform and its cardiac
glycoside binding site participate in the rapid stimulation of
Na,K-ATPase transport that occurs during muscle contraction
(66). This study adds nAChR-mediated stimulation of electro-
genic transport to the mechanisms that can modulate Na,K-
ATPase �2 activity.
Physiological Significance of the Interaction Between the

nAChR and the Na,K-ATPase �2—Electrogenic transport by
the Na,K-ATPasemakes an important contribution to the rest-
ing membrane potential of skeletal muscle, generating �15 to
�20 mV compared with only a few millivolts in other tissues.
This large electrogenic potential helps keep the muscle resting
potential at its characteristic negative value (�80 to �90 mV)
compared with nerve (�70 mV) and maintains the muscle in a

responsive state to nerve input. An increase in the electrogenic
component of the resting potential is expected to have signifi-
cant consequences on membrane excitability because it oper-
ates over the same voltage range as sodium channel slow inac-
tivation. Slow inactivation is steeply voltage-dependent near
the resting potential, changing approximately 3-fold per 6 mV
(8, 9). A relatively small hyperpolarization in this voltage range
redistributes sodium channels from the inactive to available
state. Sodium channels are concentrated near nAChRs at the
postsynaptic NMJ where their density is 20-fold that of extra-
junctional sarcolemma (32). This clustering insures efficient
neuromuscular transmission (67). Consequently, a small
hyperpolarization canmodulate the responsiveness of themus-
cle to nerve input, and greatly enhance the effectiveness of syn-
aptic transmission. Moreover, because this mechanism also
operates on extrajunctional regions, the excitability of the
entire muscle sarcolemma is matched to the enhanced respon-
siveness of the NMJ. This provides maximally effective excita-
tion of the entire muscle fiber.
Extracellular concentrations of ACh arising from non-quan-

tal release (�50 nM) are normally present at the NMJ and
induce the small, surplus hyperpolarization that is regularly
observed near the end plates of resting skeletal muscles (6, 7).
Also, nanomolar concentrations of ACh remain in the junc-
tional and muscle interstitial spaces for some time following
nerve activity. These low levels may maintain the effectiveness
of neuromuscular transmission and “prime” the muscle to
respond to an increased level of nerve activity. Overall, an inter-
action by which ACh acting on the nAChR can regulate the
transport activity of the Na,K-ATPase �2 enzyme, and thereby
the resting potential, in the voltage range of sodium channel
slow inactivation is expected to provide a sensitive mechanism
to match membrane excitability to muscle use.
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