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Nicotinic acetylcholine receptors (nAChR) in muscle fibers
are densely packed in the postsynaptic region at the neuro-
muscular junction. Rapsyn plays a central role in directing and
clustering nAChR during cellular differentiation and neuro-
muscular junction formation; however, it has not been demon-
strated whether rapsyn is the only cause of receptor immobili-
zation. Here, we used single-molecule tracking methods to
investigate nAChR mobility in plasma membranes of myoblast
cells during their differentiation to myotubes in the presence
and absence of rapsyn. We found that in myoblasts the major-
ity of nAChR were immobile and that ~20% of the receptors
showed restricted diffusion in small domains of ~50 nm. In
myoblasts devoid of rapsyn, the fraction of mobile nAChR was
considerably increased, accompanied by a 3-fold decrease in
the immobile population of nAChR with respect to rapsyn-
expressing cells. Half of the mobile receptors were confined to
domains of ~120 nm. Measurements performed in heterolo-
gously transfected HEK cells confirmed the direct immobiliza-
tion of nAChR by rapsyn. However, irrespective of the pres-
ence of rapsyn, about one-third of nAChR were confined in
300-nm domains. Our results show (i) that rapsyn efficiently
immobilizes nAChR independently of other postsynaptic scaf-
fold components; (ii) nAChR is constrained in confined mem-
brane domains independently of rapsyn; and (iii) in the pres-
ence of rapsyn, the size of these domains is strongly reduced.

Neuromuscular junctions (NMJ)® are long-lasting synapses
mediating signal transmission between neurons and skeletal
muscle cells (1). The postsynaptic membrane of the NMJ
comprises a high density (~10,000 copies/um?) of nicotinic
acetylcholine receptors (nAChR) bound noncovalently to a
specific scaffolding protein network through a 1:1 interaction
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with rapsyn (2-5). The high density and the precise location
of nAChR in the muscle fiber directly beneath a nerve termi-
nal are essential for fast and robust signal transmission.

The presence of nAChR at the NMJ during development
depends on agrin, a heparan sulfate proteoglycan secreted by
the presynaptic motor neuron (6), and rapsyn (7). Agrin acti-
vates the muscle-specific tyrosine kinase MuSK through bind-
ing to its co-receptor LPR4 (8, 9), which leads to phosphoryla-
tion of the B-subunit of nAChR (3) and in turn to local
receptor clustering at the nerve terminus (10). Rapsyn binding
to MuSK is required for this phosphorylation step (11, 12).
Wnt was recently found to play a role in nAChR cluster for-
mation during muscle development (13). Agrin and Wnt reg-
ulate the distribution of nAChR in the postsynaptic mem-
brane by increasing receptor density in the NMJ and
decreasing receptor density outside the NMJ (14). During
these processes, rapsyn directs nAChR into contact with
other NM]J proteins without altering channel function (15).
Rapsyn is also found at high concentrations together with
nAChR in membranes of the electric organ of Torpedo (16)
and in the developing neuromuscular synapse of Xenopus (7).

The myristoylated N terminus of rapsyn targets the protein
to the plasma membrane, where it participates in a number of
important additional molecular interactions (17). (i) Rapsyn
self-associates through its seven tetratricopeptide repeats (18,
19). (ii) It binds to the cytoskeleton via an ACF7-containing
network (20). (iii) It also binds to other molecules of the NM],
such as calpain (21), B-catenin (22), and «a-actinin (23).

Failure in nAChR anchoring at the NMJ endplate causes
defects in neuromuscular synaptic transmission, leading to
severe myopathies (24). Understanding the mechanism of
nAChR anchoring is therefore of importance for finding ways
to treat muscular diseases. In general, membrane proteins
reveal complex mobility patterns in living cells, including un-
restricted (Brownian) diffusion, restricted diffusion within
micrometer- to nanometer-sized membrane domains, or even
totally immobile receptors (25), the relative proportions of
which can change substantially during biogenesis of a cell.

Here, we investigated the mobility patterns and lateral dif-
fusion of nAChR and its interacting protein rapsyn in muscle
cells during different stages of differentiation to elucidate how
rapsyn modulates nAChR. To address these questions, we use
single-molecule imaging to follow the spatiotemporal distri-
bution of nAChR in different cell lines and thus resolve mo-
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bility patterns, which would be undistinguishable when using
ensemble measurements.

Optical imaging requires labeling of the proteins of interest
with fluorescent probes. Here, we approached this problem by
labeling native nAChR with small fluorescent toxins, either
reversibly with fluorescent a-conotoxin (2.7 kDa) (26) or
quasi-irreversibly with fluorescent a-bungarotoxin. This ap-
proach offers a substantial advantage working with native re-
ceptors instead of genetically engineered receptors fused
either with fluorescent proteins (27) or with tags for post-
translational labeling (28).

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Myogenic cell lines C2C12
(a C2 myoblast) and R11 (a rapsyn /~ myoblast) were grown
and differentiated to myotubes. C2C12 cells (obtained from
U. Riiegg, University of Geneva) were grown in DMEM/F-12
(Invitrogen) supplemented with 10% FBS (Sigma), 100
units/ml penicillin, and 100 ug/ml streptomycin. R11 myo-
blasts (obtained from C. Fuhrer) (15) were grown in DMEM
(Invitrogen) supplemented with 10% FBS, 100 units/ml peni-
cillin, 100 ug/ml streptomycin, and 4 units/ml y-interferon
(Sigma). Cells were maintained at 34 °C in a humidified 5%
CO, atmosphere. For imaging, cells were seeded on 0.17-mm
thick glass coverslips. Differentiation to myotubes was in-
duced at 80% confluency by changing the medium to DMEM
supplemented with 5% horse serum (Sigma) and growing at
37 °C in a humidified 5% CO, atmosphere.

HEK 293T cells (American Type Culture Collection) were
grown in DMEM/F-12 supplemented with 10% FBS at 37 °C
in a humidified 5% CO, atmosphere. Cells were plated on
25-mm diameter glass coverslips in a 30-mm diameter well
and transfected 24 h later using Effectene (Qiagen) with
c¢DNAs of nAChR subunits (60 ng of a-subunit, 30 ng of
B-subunit, 30 ng of y-subunit, and 30 ng of §-subunit) and 30
ng of either enhanced GFP (Clontech) or rapsyn-GFP (gener-
ous gift from J. Cohen) (18). Compared with enhanced GFP,
this GFP has similar spectral properties but with two mutated
residues (L65F and L231H). Single molecules were imaged on
cells 24— 48 h after transfection in colorless DMEM or Hanks’
balanced salt solution (both from Invitrogen) without anti-
biotics and serum.

Receptor Labeling—nAChR in living cells were visualized
using either a-conotoxin GI (a-CnTx) conjugated with or-
ganic fluorophores or a-bungarotoxin (a-BgTx) coupled to
fluorescent semiconductor quantum dots (QD). Labeling of
nAChR with a-CnTx conjugated with either Cy5 (GE Health-
care) or ATTO 647N (ATTO-TEC) was performed using the
repetitive reversible labeling method described in detail previ-
ously (26, 29).

Briefly, cells were perfused using a VC-77SP fast step perfu-
sion system (Warner Instruments Corp.) for 10 s with 30 nm
fluorescent a-CnTx labeling ~1-5% of the nAChR expressed
on the cell surface, followed by 20 s with Hanks’ balanced salt
solution, after which fluorescent image series were acquired.
This sequence was repeated at will, enabling us to measure
diffusion of a large number of individual receptors on one
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single cell repetitively despite fast bleaching of the organic
dyes.

Alternatively, streptavidin-coated fluorescent QD (kindly
provided by M. Bdumle, Fluka) were incubated with a-BgTx-
biotin (Sigma) at a ratio of one toxin molecule/two QD. Myo-
blasts were labeled with 500 pm a-BgTx-NP conjugates in
DMEM for 60 min at 37 °C. Prior to microscopy measure-
ments, the cells were rinsed three times in colorless DMEM to
remove unbound probes.

Single-molecule Microscopy—Glass coverslips were
mounted on a modified epiluminescence wide-field micro-
scope (Axiovert 200, Zeiss). Fluorescently labeled a-CnTx
was excited with circularly polarized light at 632.8 nm (HeNe
laser, Coherent Inc.) that was directed by a dichroic mirror
(Q645LP, Chroma Corp.) into a water immersion objective
(C-Apochromat 63X/W Korr, 1.2 numerical aperture, Zeiss)
to illuminate a 22-um diameter region of the sample. Fluores-
cence emission was collected by the same objective, passed
through a filter (HQ710/100, Chroma Corp.), and imaged on
an intensified CCD camera (Ixon 887BV, Andor). To mini-
mize photobleaching of organic dyes, cells were illuminated
for 50 ms with excitation intensities of 0.5 kilowatts/cm? only
during image acquisition using a shutter (LS3T2, Vincent As-
sociates). Single-molecule images were recorded at a fre-
quency of 4-20 Hz. Dissociation of a-CnTx from nAChR was
much slower than photobleaching as described in detail previ-
ously (26).

a-BgTx-QD conjugates were excited at 488 nm (Ar™ laser,
Innova Sabre). A circularly polarized laser beam was directed
by a Q495LP dichroic mirror (Chroma Corp.) into the objec-
tive. Fluorescence emission was collected by the same objec-
tive and imaged after passing through a HQ595/50 dichroic
filter (Chroma Corp.). Single-molecule images were recorded
at a frequency of 20 Hz, illuminating the cells for 48.3 ms with
excitation intensities of 0.1 kilowatts/cm®. Single-molecule
trajectories were measured at the apical membrane of the
cells to avoid unwanted effects of cell adhesion and fluoro-
phore accumulation on the glass surface.

Data Evaluation—Images were analyzed using a home-
written IGOR Pro program (WaveMetrics). Each image was
first filtered to remove long-range structures such as the laser
intensity profile and autofluorescence of the cells. Next, fluo-
rescent spots were identified on the filtered image. Fluores-
cent spots were then fitted with a two-dimensional Gaussian
function on the original unfiltered image. Fitted fluorescent
spots corresponding to single molecules were evaluated for
intensity and tracked over a series of images to evaluate sin-
gle-molecule trajectories. Characteristic one-step photo-
bleaching or blinking events were taken as a criterion for se-
lecting a single-molecule trace. Finally, square displacements
(r*) were evaluated for every time interval of a single
trajectory.

Single-molecule traces were treated using two different
strategies. Data sets of short traces resulting from experi-
ments with organic dyes were evaluated according to Schiitz
et al. (30). Briefly, the normalized cumulative probability den-
sity function (P(r%,t,,,)) of r* was evaluated for each time lag
(fiog)- This P(r2,tlag) was then fitted using Equation 1 or 2,
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yielding one or two average square displacements (r,2),
respectively.

r2
P(rPt,) =1 —ex () (Eq. 1)
( Ig) p roz(tlag) g

2 — rz r2
P(Ptg) =1 = (a ' exp(nz(tlag)) T -a) e"p(rf(t.ag)»
(Ea.2)

In Equation 2, « is the fraction of the two average square dis-
placements (r,% and r,?) for each time lag. The diffusion coef-
ficient (D) for each population is then deduced using a stan-
dard mean square displacement (MSD) versus t,,, fit,
according to Equations 3 and 4. Whenever possible, in longer
trajectories, the apparent confinement length (Z_) and initial
diffusion coefficient (D,) were also evaluated. D, was deter-
mined from a linear fit of data points 2—4 of the plot of MSD
versus t,,, (Equation 3). This value was used to separate mo-
bile and immobile receptors by setting a noise-dependent
threshold. MSD plots of individual receptors were fitted using
an approximation of a single molecule in a square, yielding an
apparent D, and L, corresponding to the diagonal of a rectan-
gle enclosing the diffusing object (Equation 4) (30-32). The
noise term added in each equation is due to the noise of the
CCD image and the movement of the particle during the ac-
quisition time.

MSD(ting) = 4+ Dy * ting + nNoise (Eq.3)
LCZ _12'D0’t|ag .
MSD(ti,g) = 3 1 — exp — + noise
(Eq.4)

As the diffusion of a particle is a self-similar process, long
single-molecule trajectories can be treated using the moment
scaling spectrum (MSS). This method gives more accurate
information about the type of motion and, as it involves only
linear fits, avoids errors arising from complex multiparameter
fits (33, 34). The MSS slope is a single parameter that allows
us to distinguish between anomalous, directed, and confined
diffusion: a slope of 0.5 defines Brownian motion; values <0.5
and >0 are characteristic of confined motion; values equal to
zero indicate immobility; and values >0.5 describe directed
diffusion (33). Each MMS slope was computed using a sliding
window of 60 frames.

RESULTS

Mobility of nAChR in C2C12 Mouse Muscle Cells during
Differentiation—C2C12 muscle cells differentiate into func-
tional myotubes within 5 days after the addition of 5% horse
serum to the cell culture medium. Diffusion of nAChR in the
cell plasma membrane was measured by single-receptor
tracking before and 2, 3, 5, 8, and 11 days after induction of
differentiation. During this time period, significant changes
were observed in the membrane distribution of nAChR, visu-
alized by receptor-bound fluorescent toxins (Fig. 1). Before
differentiation, nAChR was homogeneously distributed in the
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FIGURE 1. Typical MSD versus t,,, plots and fluorescence micrographs of
nAChR in the apical membrane of C2C12 myotubes. Three characteristic
modes of motion were observed for nAChR labeled with a-BgTx-QD in
C2C12 muscle cells. Representative single-molecule trajectories (scale

bars = 100 nm) are depicted as insets in the corresponding MSD versus t,,q
plots (scale bars = 100 nm). A, an immobile receptor. The positive y intercept
is due to experimental noise. In this case, the position accuracy of measure-
mentis 12 = 2 nm, which is typical for quantum dots on living cells with our
experimental setup. B, a receptor confined in a small domain with a charac-
teristic length of L. = 30 = 1 nm and a diffusion coefficient of D, = (1.3 +
0.2) X 10~* um?/s. C, a receptor confined in a domain with a characteristic
length of L. = 189 = 1 nm and a diffusion coefficient of D, = (4.6 = 0.2) X
1073 wm?/s. D, a mobile receptor with a diffusion coefficient of D, =

(1.48 £ 0.03) X 102 pm?/s. The receptor exhibited a small positive devia-
tion from the linearity due to sample movement and potentially directed
motion of the receptor. The speed of this supplementary motion was 15
nm/s. Images are of nAChR labeled with a-CnTx-Cy5 taken by a wide-field
microscope after five frames corresponding to a total illumination time of
250 ms. The illuminated area is limited to a single cell. E, myoblast cells be-
fore differentiation show nAChR homogeneously distributed. F, 2 days after
culture medium exchange, receptor distribution is still homogeneous. G, 3
days after culture medium exchange, denser and larger regions are visible.
H, in a multinucleated cell 8 days after culture medium exchange, dense
clusters of receptors are visible. Scale bars = 10 um.

membrane (Fig. 1E). The same homogeneous distribution was
observed still after 2 days (Fig. 1F). Mononucleated cells be-
gan to align after 3 days, and dense receptor clusters became
visible at the cell membrane even in the absence of presynap-
tically secreted agrin (Fig. 1G). After 5 days, when most of the
cells were fused to multinucleated cells and began to form
myotubes, dense clusters of nAChR appeared (Fig. 1H).

Three different populations of nAChR were observed in the
plasma membrane of muscle cells: immobile, confined, and
freely diffusing receptors. Fig. 2 depicts representative plots of
MSD versus t,,, of single-receptor trajectories. For Brownian
diffusion, MSD is linearly dependent on time; deviations from
linearity indicate non-ideal diffusion (35). Here, we character-
ized the trajectories of individual nAChR according to two
parameters: (i) the initial D, of the receptor and (ii) the L, of
its confinement region. The value of D, was used to distin-
guish between mobile and immobile receptors, and that of L,
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FIGURE 2. Evolution of the fraction of immobile, confined, and freely
diffusing receptors in differentiating C2C12 muscle cells. A, nAChR was
labeled with a-CnTx-Cy5, and images were acquired at 4 Hz. White bars cor-
respond to measurements on C2C12 myoblasts before induction of differ-
entiation (n = 292). Gray bars show receptor mobility during differentiation
(days 2, 3, and 5) (n = 182). Black bars correspond to receptors in multinu-
cleated muscle fibers (days 8 and 12) (n = 75). *, p < 0.05 (t test); **, p <
0.01; *** p < 0.001 B, trajectories corresponding to the three characteristic
modes of motion. Scale bars = 1 um.

Immobile Brownian

was used to discriminate confined (L, < 280 nm) from freely
diffusing receptors.

Individual nAChR were visualized after binding of a-CnTx
covalently labeled with the fluorescent probe Cy5, yielding
single-receptor trajectories of up to 40 frames acquired at
4 Hz. Single-receptor trajectories were measured using cells at
three different states of development: before induction (undif-
ferentiated myoblasts), during differentiation (days 2, 3, and
5), and after differentiation (multinucleated myotubes at days
8 and 11) (Fig. 2). Before differentiation, only 2% of the recep-
tors showed free Brownian diffusion, 24% diffused in confined
regions, and 74% were immobile. During differentiation and
cell fusion, the immobile receptor fraction increased slightly
without a significant effect on the two other types of receptor
mobility. However, in differentiated multinucleated cells, the
proportion of immobile receptors decreased strongly, with a
concomitant increase in the fraction of confined diffusing
receptors from 20 to 34% and of freely diffusing receptors up
to 10%. At all times, the majority (>60%) of the confined re-
ceptors were located in domains with L, < 100 nm.

Diffusion of nAChR in Muscle Cells Devoid of Rapsyn—To
investigate the direct effect of rapsyn on receptor mobility,
trajectories of individual nAChR were measured on R11
rapsyn /~ mouse muscle cells, which are devoid of rapsyn
(both alleles are inactivated). Because R11 muscle cells are
difficult to differentiate into multinucleated myotubes, com-
parative experiments were carried on myoblasts.

Single-receptor trajectories of superior quality were ob-
tained using toxins labeled with fluorescent probes of in-
creased photostability (a-BgTx-NP and a-CnTx-ATTO
647N), yielding extremely long trajectories of up to 5 min
(6000 frames at 20 Hz). For most experiments, however, we
measured only up to 300 frames to reduce phototoxicity. The
average lengths of the traces for C2C12 and R11 cells were
254 and 159 frames, respectively, due to trace interruption by
blinking and bleaching. The yet substantially improved quality
of the MSD versus t,,, plots allowed us to determine particular
D, and L, values with considerably increased accuracy. More-
over, the long traces allowed us to use the MSS data evalua-
tion method (33) to unequivocally classify the type of mobility
for single trajectories (see “Experimental Procedures”). Fig. 3
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FIGURE 3. Mobility of nAChR in muscle cells obtained by MSS data treat-
ment. A and B, MSS slope versus D, for rapsyn™/* (C2C12) cells and
rapsyn—’~ (R11) cells, respectively. Each of the points was computed from a
receptor trajectory longer than 100 frames. For Brownian diffusion, the MSS
slope is equal to 0.5. Values <0.5 denote a confined receptor, a value of 0
corresponds to an immobile molecule, values >0.5 show superdiffusion,
and a value of 1 corresponds to directed motion. Top and side panels repre-
sent histograms of D, and MSS slope, respectively. , fractions of receptors
in the three different categories in R11 (white bars) and C2C12 (black bars)
myoblasts. **, p < 0.01; ***, p < 0.001.

shows the resulting graphs of MSS slope versus D,. There was
a shift from immobile and confined receptors in the presence
of rapsyn (0 < MSS slope < 0.4) to confined and freely mobile
receptors in the absence of rapsyn (0.1 < MSS slope < 0.8).
The median size of the observed confinement regions in-
creased from 46 nm for C2C12 cells to 117 nm for R11 cells.
Moreover, in the absence of rapsyn, the mobility of nAChR
strongly increased as determined by D,

Despite the considerably long duration of the trajectories of
up to 100 s, not a single case was observed in which an ini-
tially immobile or confined molecule switched to Brownian
diffusion. However, some of the apparently freely diffusing
receptors exhibited transient clustering. Fig. 4 shows one of
the initially freely diffusing receptors being transiently
trapped in domains, featuring transitions between free and
confined motion and immobility.

Heterologous Expression of nAChR and Rapsyn—In muscle
cells, many different proteins participate in scaffolding
nAChR within the NM]J. To investigate the interaction be-
tween nAChR and rapsyn in the cell plasma membrane in the
absence of other components of the NM]J, we expressed the
proteins heterologously in HEK 293T cells. This cell line has
been used as a neutral background to study the interaction
between rapsyn and nAChR (36, 37), and no mRNA encoding
rapsyn was detected (38). The mobility of nAChR was investi-
gated under two different conditions: cells were transfected
with cDNA of nAChR subunits together with either rapsyn-
GEP or, as a control, cytosolic enhanced GFP. As before (Fig.
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nAChR exhibiting changes in diffusion modes during the measurement. Receptors in R11 rapsyn/~ muscle cells labeled with a-BgTx-QD and imaged at 20
Hz showed transient recruitment in membrane domains. A, trajectory of a single receptor. The color code indicates the time scale. B, MSS slope versus D,
indicating different modes of diffusion of a single receptor. Region 1 corresponds to freely diffusing receptor in the plasma membrane. Region 2 corre-
sponds to confined diffusion. Region 3 corresponds to an immobilized receptor. At t = 0, the receptor is diffusing in a confined domain. Between t = 2 and
1055, it is immobile and then it is alternating between confined and free Brownian motion. C, initial diffusion coefficient of each segment of the trajectory.
This representation also shows transient trapping between 5 and 8 s. The color code as in B. D, MSD versus t,4 of this particular trajectory. The multiple dif-
fusion modes of the particle are not visible in this representation. E, histogram representing the three modes of mobility. The distribution is in good agree-
ment with the values obtained by the MSS data evaluation in A.
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FIGURE 5. Diffusion of nAChR in HEK 293T cells and distribution of fluorescent rapsyn in myoblasts and HEK cells. A, fractions of immobile, confined,
and freely diffusing nAChR in HEK 293T cells. White bars correspond to cells cotransfected with nAChR and enhanced GFP (n = 108). Black bars correspond
to cells cotransfected with nAChR and rapsyn-GFP (n = 163). ***, p < 0.001. B, wide-field laser excitation of C2C12 myoblasts revealed large bright regions
(>1 um) corresponding to a high density of rapsyn-GFP. C, confocal fluorescence micrograph of HEK cells transiently expressing rapsyn-GFP, acquired with

a Zeiss LSM 510 confocal microscope. The size of the bright domains is much smaller in the heterologous expression system than in the C2C12 myoblasts in
B. Scale bars = 10 um.

1), receptor mobility was classified into three categories ac-
cording to the same criteria.

Upon expression of only nAChR in HEK 293T cells, we
could not observe immobile receptors (Fig. 5). Mobile recep-
tors were distinguished as those featuring Brownian or con-
fined diffusion according to a cumulative distribution analysis
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(30, 31). Freely diffusing (55 = 2%) nAChR had a D, of
0.043 = 0.002 wm?/s; those showing confined diffusion were
characterized by an initial D, of 0.016 = 0.005 um?/s and a
domain size of L, = 320 * 20 nm.

Cotransfection of rapsyn-GFP and nAChR plasmids at a 1:1
molar ratio in HEK cells led to the formation of dense rapsyn
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clusters at the cell membrane (Fig. 5C). Very strikingly, we
observed a large population of immobile receptors (19%) with
D, < 0.005 um?/s, a decreased population of freely diffusing
receptors (53%), and a virtually unchanged fraction of recep-
tors with confined diffusion (28%) with slightly increased L,
from 322 = 21 to 377 = 33 nm (p < 0.001) compared with
the absence of GFP-rapsyn. The low proportion of labeled
nAChR used for each image series did neither allow us to de-
tect clusters of receptors nor to identify regions on the cell
membrane of restricted nAChR diffusion.

DISCUSSION

Visualizing nAChR with Fluorescent Toxins—For imaging
individual receptors on the cell surface, we developed two
complementary staining procedures. (i) Using fluorescent
a-CnTx, we could stain nAChR on the surface of myotubes
both inside receptor clusters, i.e. in regions of high receptor
density, and in membrane areas featuring low receptor den-
sity. The binding of fluorescent a-CnTx could be reversed,
allowing sequential restaining (26). This yielded a large num-
ber of trajectories of single receptors, sampling many different
receptors on the same cell, and thus improved substantially
the reliability of determining the mobility of the receptors. (ii)
Staining nAChR with virtually irreversibly bound a-BgTx-NP
conjugates made it possible to acquire very long traces, reveal-
ing changes in the diffusion modes of nAChR.

Mobility of nAChR during Myotube Formation—Because
C2C12 mouse myoblasts form postsynaptic-like structures
after differentiation (39), we selected them as a model system
to study receptor mobility in synapses. In undifferentiated
C2C12 cells, no nAChR clusters were resolved, although
~70% of the receptors were immobile. Clusters of nAChR
and rapsyn did appear only after 2 days of incubation in the
differentiating culture medium, still before fusion of myo-
blasts to myotubes. The mobility of the receptors did not
change until the cells became multinucleated, whereby the
fraction of mobile receptors increased. This might be ex-
plained by the observation that during differentiation, al-
though the rapsyn level remains constant, the expression of
nAChR subunits increases, i.e. the rapsyn/nAChR ratio de-
creases (40). On the other hand, an increasing rapsyn versus
nAChR concentration is known to slow down receptor turn-
over (41), which corroborates our finding that the nAChR
mobility is lower in undifferentiated than in differentiated
C2C12 cells. Our results suggest that individual nAChR are
released from receptor-dense regions to move freely in the
surrounding membrane bulk phase. Such a release could be
important either for receptor recycling or for serving as a res-
ervoir of receptors, outside the synapses.

The rate of change in nAChR mobility was quantified by
calculating K, = (number of changes)/(total measure-
ment time). The rather short (few seconds) single-molecule
trajectories obtained using a-CnTx labeled with organic fluo-
rophores did not feature any change in receptor mobility
within any of the evaluated 292 traces (k pange < 2 X 1073
s~ 1), implying that the receptors remain in a particular state.
Long trajectories (tens of seconds) obtained with the photo-
stable a-BgTx-NP conjugates showed a similar behavior. The
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low switching rate (k, <3 X 10"*s™ ') could contribute

change
to the stability of the NN%I.

From heterologously expressed nAChR in HEK cells devoid
of rapsyn, only a few receptors (<1%) were immobile,
whereas heterologously expressed rapsyn in HEK cells re-
sulted in the appearance of a large fraction of immobilized
nAChR (Fig. 5). These results confirmed that rapsyn alone
can immobilize nAChR and induce small but significant in-
creases in L.

In contrast, muscle cells feature a very large fraction of im-
mobile receptors. Throughout differentiation, a substantial
fraction of receptor diffused in confined regions (Fig. 24).
Thus, confinement of nAChR is not directly related to an in-
creased expression of muscle-specific proteins associated with
myotube formation and could be due to direct interactions of
the receptor with the plasma membrane (42).

Immobile or strongly confined receptors were also found
outside of nAChR clusters in C2C12 muscle cells. This obser-
vation suggests that not all complexes between rapsyn and
nAChR are recruited in clusters in neuronal myotubes.

Clustering of nAChR—Whereas rapsyn forms dense do-
mains at the cell membrane of myoblasts (Fig. 5), nAChR does
not. However, nAChR is known to cluster in differentiated
muscle cells. There are two possible explanations for these
observations in myoblasts. (i) Receptors are present at such a
low concentration that they are homogeneously distributed
over the entire rapsyn-covered membrane domains. (ii) Ap-
parently, the signals inducing clustering in differentiated cells
are not present in myoblasts. The absence of nAChR cluster-
ing in HEK cells can be explained by its low expression upon
transient transfection (<1000 copies/cell) (26).

Recruitment of nAChR in Membrane Domains—We have
observed receptors diffusing in confined domains in both
rapsyn”’* and rapsyn "/~ myoblasts, indicating rapsyn-inde-
pendent recruitment of nAChR in muscle cells with smaller L.
if rapsyn was present. Elsewhere, 50-nm membrane domains
of nAChR have been observed by stimulated emission deple-
tion microscopy in chemically fixed CHO cells (43). In the
presence of a sufficient amount of rapsyn, nearly all formerly
diffusing receptors were finally immobilized (Fig. 3).

The existence of very stable, receptor-rich domains in the
plasma membrane might be due to endocytosis. nAChR colo-
calizes with caveolin-3, a major functional component of
caveolae involved in agrin-induced clustering of nAChR (44—
46). The values for L, found here are comparable with the
dimensions of 25—100 nm reported previously for caveolae
(45). The small number of immobile receptors observed in
R11 cells suggests the existence of a less efficient, rapsyn-in-
dependent mechanism of receptor immobilization. The long
time of >15 s that the receptors remained immobilized (>300
frames) in our study is not fully comparable with transient
receptor recruitment occurring in 50-nm membrane domains
within the range of 0.5 s reported by Suzuki et al. (47). Spe-
cific, long lasting interactions with cytoskeleton components
could explain our findings.

Transient Recruitment of nAChR—The very rare, transient
recruitment events of nAChR, shown in Fig. 4, could be due
to hindered diffusion in the cell plasma membrane (25), tran-
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sient interactions with other components (48), or recruitment
in short-living membrane domains (49). nAChR is claimed to
partition into cholesterol-rich membrane domains after agrin
activation (50). The transient immobilization events observed
here might stem from short-living membrane domains.

Conclusion—Our single-receptor tracking experiments
yielded a complex mobility pattern of muscle-type nAChR in
the plasma membrane of different cell types: the presence of
rapsyn increases the number of immobilized receptors and
changes the size of the confinement for both the nAChR at
natural abundance in muscle cells and the heterologously ex-
pressed nAChR in HEK cells. In muscle cells devoid of rapsyn,
a fraction of nAChR remains immobilized and confined by an
unknown mechanism. Single-receptor imaging also revealed
the existence of small membrane regions comprising confined
nAChR that are not related to large receptor clusters associ-
ated with rapsyn: the small confinement regions may serve as
a complementary regulatory means for receptor store and
release.
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