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    Introduction 
 Communication at synapses requires the location and mainte-

nance of receptors at specifi c sites. Factors controlling the 

distribution of receptors are critical determinants of the cell re-

sponse to external signals. Agonist-induced endocytosis has been 

shown to operate in various structurally related ion channels, 

and this process may contribute to synaptic plasticity ( Tehrani 

and Barnes, 1991; Ehlers, 2000 ;  Man et al., 2000 ;  Herring et al., 

2003 ;  Nong et al., 2003 ). 

 The acetylcholine receptor (AChR) is the best-character-

ized ligand-gated ion channel (for review see  Karlin, 2002 ). 

This receptor is found at neuromuscular junctions (NMJs) and 

at the central nervous system (CNS). The AChR in skeletal mus-

cle is a heterologous pentamer composed of four different but 

highly homologous subunits in the stoichiometry  � 2 �  �  �  (em-

bryonic receptor) or  � 2 �  �  �  (adult receptor;  Gotti et al., 2006 ). 

The binding of acetylcholine promotes transition of the receptor 

from a closed to an open state in which it is permeable to cations 

and subsequent depolarization of the postsynaptic membrane 

(for review see  Karlin, 2002 ). 

 Blockage of activity, embryonic development ( Drachman 

et al., 1978 ;  Libby et al., 1980 ;  Bursztajn et al., 1983 ;  Akaaboune 

et al., 1999 ;  Salpeter, 1999 ), agonist application ( St John and 

Gordon, 2001 ), and pathological conditions such as myasthenia 

gravis ( Barrantes, 1998 ) have been shown to affect AChR targeting 

and metabolic stability at the plasma membrane. The endocytic 

 E
ndocytosis of the nicotinic acetylcholine receptor 

(AChR) is a proposed major mechanism of neuro-

modulation at neuromuscular junctions and in the 

pathology of synapses in the central nervous system. We 

show that binding of the competitive antagonist  � -bungaro-

toxin ( � BTX) or antibody-mediated cross-linking induces 

the internalization of cell surface AChR to late endosomes 

when expressed heterologously in Chinese hamster ovary 

cells or endogenously in C2C12 myocytes. Internalization 

occurs via sequestration of AChR –  � BTX complexes in nar-

row, tubular, surface-connected compartments, which are 

indicated by differential surface accessibility of fl uores-

cently tagged  � BTX – AChR complexes to small and large 

molecules and real-time total internal refl ection fl uores-

cence imaging. Internalization occurs in the absence of 

clathrin, caveolin, or dynamin but requires actin poly-

merization.  � BTX binding triggers c-Src phosphorylation 

and subsequently activates the Rho guanosine triphospha-

tase Rac1. Consequently, inhibition of c-Src kinase activity, 

Rac1 activity, or actin polymerization inhibits internaliza-

tion via this unusual endocytic mechanism. This pathway 

may regulate AChR levels at ligand-gated synapses and 

in pathological conditions such as the autoimmune dis-

ease myasthenia gravis.

 Nicotinic acetylcholine receptor is internalized 
via a Rac-dependent, dynamin-independent 
endocytic pathway 
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many of the well-characterized clathrin or caveolar pathways be-

cause internalization of the receptor is not blocked by inhibiting 

dynamin activity or membrane cholesterol removal ( Conner and 

Schmid, 2003 ;  Borroni et al., 2007 ;  Mayor and Pagano, 2007 ). The 

 � BTX-labeled receptor sequestration and internalization depends 

on the integrity of the cytoskeletal network and requires the activ-

ity of the Rho GTPase Rac1. This is stimulated by  � BTX binding 

followed by induction of Src phosphorylation and activation. 

 Results 
  � BTX binding to cell surface AChR causes 
receptor down-regulation 
 CHO-K1/A5 is a clonal cell line that expresses adult ( � 2 �  �  � ) 

mouse AChR ( Roccamo et al., 1999 ). Cell surface AChR can be 

mechanism by which AChRs are internalized is not fully under-

stood. At the same time, endocytic modulation of the AChR 

appears increasingly relevant for the understanding of synap-

tic plasticity at the CNS and NMJ ( Salpeter, 1999 ;  Sanes and 

Lichtman, 1999 ). 

 In this study, we characterize ligand- and antibody-induced 

internalization of the muscle adult-type AChR ( � 2 � e � ) heterolo-

gously expressed in a CHO cell line ( Roccamo et al., 1999 ) and 

endogenously expressed in the C2C12 muscle cell line. We fi nd 

that the competitive antagonist  � -bungarotoxin ( � BTX) and anti-

body-mediated cross-linking induces down-regulation of cell sur-

face AChR, occurring in two stages. The receptor is fi rst removed 

from the surface via a surface sequestration mechanism, and then 

an endocytic process eventually traffi cs it to the late endosomes. 

The endocytic pathway of the  � BTX – AChR complex differs from 

 Figure 1.     � BTX binding induces internalization of AChR.  (A and B) CHO-K1/A5 (A) or C2C12 cells (B) were incubated on ice without ( �  � BTX) or with  � BTX 
(+ � BTX) and chased at 37 ° C for 0 or 6 h in the absence or presence of the toxin. At the end of the incubation, surface levels of AChR were quantifi ed by measuring 
the extent of anti-AChR mAb 210 binding to surface receptors. The bars in the top (CHO-K1/A5) and bottom histograms (C2C12) represent normalized fl uores-
cence intensity of secondary AlexaFluor568 antibody directed against the primary anti-AChR monoclonal antibody mAb 210 versus that measured in untreated 
(toxin free) controls. In the case of C2C12 cells, AlexaFluor488-labeled  � BTX was used for inducing internalization, and the quantifi cation represents the ratio 
of mAb 210/ � BTX fl uorescence at 0 and 6 h, further normalized to ratio at 0 h. Each bar corresponds to weighted mean  ±  SEM (error bars) obtained from two 
independent experiments, with 150 cells for CHO cells and 25 cells for C2C12 cells. *, P  >  0.1; **, P  <  0.001; ***, P  <  0.0001. Bars, 10  μ m.   
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the reduction of cell surface levels of AChR in both CHO-K1/A5 

and C2C12 cells ( Fig. 2 ). These experiments suggest that AChR 

surface modulation in CHO-K1/A5 cells is similar to that observed 

in muscle cells and, therefore, validate use of the former cell line 

as a model system to study triggered AChR down-modulation. 

 AChR endocytic traffi c en route to late 
endosomes/lysosomes 
 To assess the traffi cking route of AChR upon internalization, 

we studied the kinetics of colocalization of  � BTX-labeled 

AChR and several endomembrane markers. CHO-K1/A5 cells 

were labeled with Cy3 � BTX for 1 h at 4 ° C and were chased 

for periods ranging from 0 to 12 h. Most of the label remained 

at the cell surface even after 2 h of chase (Fig. S1 A, available 

at http://www.jcb.org/cgi/content/full/jcb.200709086/DC1). 

Subsequently, a fraction of the fl uorescently labeled AChR was 

found in punctate endosomal compartments. In live cells la-

beled with AlexaFluor488- � BTX, 4 h after labeling, endocytic 

carriers could be observed moving toward the perinuclear re-

gion (Video 1 and Fig. S2 B). The fraction of labeled AChR 

with a punctate intracellular distribution increased as a func-

tion of time ( Fig. 3 A, 6 h;  and Fig. S1 A). A signifi cant number 

of such punctate compartments colocalized with lysosomal-

associated membrane protein 1 (LAMP1), a late endosomal 

marker; colocalization with this marker increased upon further 

chase up to 12 h (unpublished data). Comparison of the time course 

of early endosomal antigen 1 (EEA1) and LAMP1 colocalization 

suggests that  � BTX – AChR complexes are traffi cked from EEA1-

positive endosomes to late endosomes (compare colocalization 

of internalized AChR with EEA1 and LAMP1 in  Fig. 3, A and B , 

respectively). Treatment of cells with 100  μ M leupeptin (8 h), 

a lysosomal proteinase inhibitor, resulted in a higher amount of 

 � BTX in late endosomes (Fig. S3), suggesting that the targeting 

detected using fl uorescent derivatives of the competitive antago-

nist  � BTX or with the specifi c monoclonal antibodies mAb210 

or mAb35 (antibodies against an extracellular epitope of the  � 1 

AChR subunit;  Feng et al., 1998 ). To test whether  � BTX binding 

affects AChR internalization, we monitored the levels of AChR 

on the cell surface before and after incubation with  � BTX and 

upon chasing at 37 ° C. In the absence of  � BTX, levels of surface 

AChR were similar at 0 and after 6 h of chase ( Fig. 1 A , histo-

gram; gray bars); incubation of CHO-K1/A5 cells for 6 h with a 

saturating concentration of  � BTX resulted in a 40% reduction in 

surface AChR levels ( Fig. 1 A ). In the absence of  � BTX, surface 

levels of AChR did not change even after treatment with cyclo-

heximide for 6 h (unpublished data). This indicates that constitu-

tive endocytosis and degradation of AChR are very slow processes 

in CHO-K1/A5 cells, and the contribution of biosynthetic pools 

to cell surface receptor levels is insignifi cant over this interval. 

 To test whether the internalization of AChR is induced by 

 � BTX in a cell line endogenously expressing the receptor, we 

monitored AChR endocytosis in C2C12 cells. C2C12 is a myo-

blast cell line of murine origin that, upon differentiation, ex-

presses the same AChR form ( St John and Gordon, 2001 ) as the 

CHO-K1/A5 clonal cell line. In C2C12 cells treated with  � BTX, 

surface levels of AChR were found to decrease signifi cantly 

( Fig. 1 B ), indicating that both C2C12 and CHO-K1/A5 cells 

exhibit  � BTX-induced down-modulation of AChR. 

 Antibodies to AChR cross-link the receptors and increase 

their internalization and degradation rates (antigenic modulation), 

thus contributing to AChR loss in the autoimmune disease 

myasthenia gravis ( Tzartos et al., 1986 ). To fi nd out whether the 

heterologously expressed and endogenously expressed receptors 

responded to antibody-induced modulation, cells were treated 

with mAb35, an antibody against the main immunogenic region 

in the  �  subunit. Antibody-mediated cross-linking resulted in 

 Figure 2.    Antibody-mediated cross-linking results in down-modulation of surface AChR.  CHO-K1/A5 (top) or C2C12 (bottom) cells were labeled with 
mAb 35 on ice, washed, and incubated with secondary AlexaFluor568 antibody (0 h) or were chased at 37 ° C for 6 h and incubated with secondary 
antibody on ice. The histograms represent the surface fl uorescence values obtained by quantifying secondary AlexaFluor568 antibody fl uorescence per cell 
normalized to 0 h. Bars represent the weighted mean of average from four experiments with at least 65 cells each (CHO-K1/A5) or from two experiments 
with at least 50 cells each (C2C12)  ±  SEM (error bars). *, P  <  0.0001. Bars, 10  μ m.   
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 Figure 3.    The AChR –  � BTX complex is traffi cked to late endosomes in CHO and C2C12 cells.  (A) CHO-K1/A5 cells were labeled with Cy3 � BTX for 1 h at 
4 ° C and were chased for 0, 2, 4, or 6 h at 37 ° C, fi xed, and stained with the indicated antibodies to organelle-specifi c markers EEA1 (early endosomes) 
and LAMP1 (lysosomes). Images of Cy3 � BTX (red) and organelle-specifi c markers (green) were collected from single slices on a confocal microscope and 
color combined. Note that Cy3 � BTX bound to AChR is initially extensively colocalized with EEA1, and, after a chase of 6 h, it is located with the late 
endosomal marker. Insets show magnifi ed images of the boxed areas for  � BTX (red outline) with EEA1 or LAMP1 (green outline) and a merge of the 
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two (white outline). (B) The histogram represents the colocalization index of internalized  � BTX with EEA1 or LAMP1 at the indicated time points depicted as 
a mean of the percentage of internalized  � BTX colocalizing with the indicated organelle markers per cell (see Materials and methods). Error bars represent 
SEM. (C) C2C12 cells were labeled with Cy3 � BTX as in A, chased for 0, 2, or 6 h, washed, fi xed, and processed for indirect immunofl uorescence for EEA1 
(top) or lysobisphosphatidic acid (bottom). Insets are magnifi ed images of the boxed areas for  � BTX (red outline) and EEA1 or LBPA (green outline). 
(D) CHO-K1/A5 cells transfected with GFP-GPI (left) or caveolin 1 – GFP were labeled with Cy3 � BTX for 1 h on ice, chased at 37 ° C for 2 h, and subsequently 
imaged live. Images represent a single confocal section of live cells showing colocalization between  � BTX (red) and GFP-GPI or caveolin 1 (green). Note 
that the tubular structures of  � BTX (insets) are devoid of GFP-GPI or caveolin 1. Bars, 10  μ m.   

 

of AChR to LAMP1-positive compartments leads to degrada-

tion of the receptor. In C2C12 cells, the intracellular distribution 

of AChR at various times after  � BTX-induced internalization 

was similar to that observed in CHO-K1/A5 cells ( Fig. 3 C ), 

suggesting that the intracellular destination and traffi cking of 

AChR in CHO-K1/A5 cells is not an artifact of exogenous ex-

pression. A signifi cant fraction of  � BTX-labeled AChR-positive 

punctate endosomes formed after 12 h in CHO-K1/A5 cells 

were accessible to a 20-min pulse but not to a 5-min pulse of 

fl uorescein-labeled dextran, a marker of fl uid-phase endocyto-

sis (Fig. S4, top). This is consistent with their designation as 

fusion-competent late endocytic compartments. 

 To elucidate the nature of the punctate endosomal com-

partments accessed by AChR, we examined colocalization with 

markers of different endocytic routes. The small punctate endo-

somes that formed initially did not colocalize with endocytosed 

transferrin (Tf) bound to its receptor (Tf receptor [TfR]; Fig. S4, 

bottom), a marker of the clathrin-mediated endocytic sorting and 

recycling pathway, or with GFP – glycosyl-phosphatidylinositol 

(GPI;  Fig. 3 D , left), a marker of the Cdc42-regulated GPI an-

chored protein – enriched early endosomal compartment path-

way in CHO cells ( Sabharanjak et al., 2002 ), or with peripheral 

caveolin-positive structures ( Fig. 3 D , right), a marker of caveo-

lar endocytosis ( Parton and Richards, 2003 ). However, a fraction 

of the 2- and 4-h  � BTX-labeled AChR-positive endosomes did 

colocalize with EEA1 ( Fig. 3, A  and B).  

 These results indicate that  � BTX binding induces a slow 

internalization of AChR via an endocytic pathway that results in 

transient accumulation of the receptor in EEA1-positive endocytic 

compartments distinct from those derived from the clathrin-

mediated caveolar pathways or the clathrin- and caveolin-

independent Cdc42-regulated GPI anchored protein – enriched 

early endosomal compartment pathway. 

 Sequestration of AChR into a 
surface-connected compartment 
 To characterize the very initial steps in the AChR down-regulation 

process, we examined the time course of loss of surface AChR 

labeled with biotin-Cy3 � BTX (b-Cy3 � BTX). To measure the 

accessibility of surface AChR to small molecules, we used the 

membrane-impermeable quencher potassium iodide (KI). To 

estimate the quantitative change in quenching effi ciency as a func-

tion of incubation time, the quenching effi ciency, Q, at any time 

point was normalized to the maximum quenching effi ciency at-

tainable after labeling the cells on ice (see Materials and meth-

ods section Accessibility of  � BTX-labeled receptors to small 

molecules). To measure the accessibility of large molecules to 

b-Cy3 � BTX – labeled AChR, we measured surface binding of 

 � 50-kD Cy5-streptavidin (SA). Measurement of the Cy5/Cy3 

fl uorescence ratio yielded a quantitative estimate of the accessi-

bility of Cy5-SA to b-Cy3 � BTX per cell. We carried out similar 

accessibility experiments using an independent label on AChR, 

FITC- � BTX. In this case, KI was used as a low molecular 

weight probe and a quenching-competent antifl uorescein anti-

body ( � 150 kD;  Blakeslee, 1976 ) as a high molecular weight 

probe. Both approaches yielded identical results (unpublished 

data); therefore, we only report experiments carried out with 

b-Cy3 � BTX. 

 After incubation on ice, all labeled AChRs were accessi-

ble to both small and large molecular weight probes ( Fig. 4 A ); 

the quenching effi ciency of the KI- and Cy5-SA – binding capac-

ity (Cy3/Cy5 fl uorescence ratio) of the probes was similar to 

that obtained for free-labeled  � BTX ( Fig. 4 C,  0 time point). 

After 2 h,  < 50% of b-Cy3 � BTX – labeled AChRs were accessi-

ble to Cy5-SA, whereas almost all ( � 90%) of the receptors 

remained accessible to the small molecular weight quencher 

( Fig. 4, B and C ). Incubation for an additional 4 h resulted in a 

signifi cant loss of accessibility of the labeled AChRs to both 

small and large molecular weight quenchers:  � 60% of the re-

ceptors became inaccessible to KI and Cy5-SA after 6-h chase 

( Fig. 4 C ), and 70% of the labeled AChRs became KI inaccessi-

ble after 12 h. However, by 12 h, there appeared to be some loss 

in the total Cy3 � BTX receptor staining (Fig. S1 B), rendering 

the surface accessibility assay insuffi ciently accurate for quan-

tifying the intracellular pool. 

 Inspection of the fl uorescence distribution of b-Cy3 � BTX 

in cells labeled with b-Cy3 � BTX on ice followed by incubation 

for 0 or 2 h at 37 ° C showed that almost all of the labeled probe 

was retained at the cell surface ( Fig. 4, A and B ; Cy3 images) 

and could be quenched with KI ( Fig. 4, A and B , KI quenching; 

and  C ). Surprisingly, compared with the 0-h time point, after 2-h 

incubation at 37 ° C, a signifi cant fraction of the b-Cy3 � BTX 

probe (pseudocolored red in  Fig. 4 ) quenched by KI could not 

be labeled by Cy5-SA (pseudocolored green in  Fig. 4, A and B ; 

and see merged images). Cy3-labeled regions devoid of the 

Cy5-SA signal could be resolved as small punctate spots ( Fig. 4 B, 

 arrows) often close to the optical resolution of the microscope 

setup used ( � 300 nm). 

 The differential surface accessibility of the  � BTX-labeled 

receptor to small and large molecular weight probes shows that 

the labeled receptor evolves from a fully surface-accessible state 

to a surface-connected but sequestered state upon incubation at 

37 ° C. The rate of sequestration of labeled AChR may be derived 

from the rate of change of the Cy5-SA/b-Cy3 � BTX ratio. This is 

described by a single exponential decay with a time constant,  t  1/2 , 

of 1.98  ±  0.36 h. This result differs from those of the KI-quenching 

assay ( Fig. 4 C ), which is in agreement with the hypothesis of a 

sequestration process before loss of surface accessibility. 
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 Figure 4.    Kinetics of AChR sequestration and internalization into surface-accessible tubular structures.  (A and B) CHO-K1/A5 cells were labeled at 4 ° C 
with b-Cy3 � BTX for 1 h and subsequently incubated with Cy5-SA at 4 ° C for 1 h either before (A) or after a chase at 37 ° C for 2 h (B). Fluorescence images 
of Cy5-SA (green) and b-Cy3 � BTX before (red) or immediately after quenching surface fl uorescence with KI (blue). The arrows in the inset in A show the 
overlapping labeling of membrane with both b-Cy3 � BTX and Cy5-SA before chase. The arrows in the inset in B indicate regions of the membrane that were 
labeled with b-Cy3 � BTX that could be quenched with KI but were not accessible to Cy5-SA. Asterisks in both A and B indicate the regions of the cells that 
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were magnifi ed 2.5 times in the insets. (C) Graph showing quantitative estimate of the accessibility of the receptors labeled with b-Cy3 � BTX at 4 ° C for 1 h 
and subsequently incubated at 37 ° C for the indicated times before assessing surface accessibility to Cy5-SA (indicating sequestration) or KI quenching 
(indicating internalization). Cy5/Cy3 fl uorescence intensity ratio (squares) was calculated on a per cell basis, normalized to that at t = 0 h, and plotted 
against time. The extent of internalization was determined by measuring the extent of KI quenching. Cy3 � BTX-labeled cells incubated for the indicated 
times at 37 ° C were imaged before and after quenching with KI, and percentage of quenching per cell (circles) was calculated (see Materials and methods). 
Each data point is from a minimum of 60 cells in a single experiment and represents weighted mean and errors from the mean obtained from at least three 
independent experiments. Error bars represent SEM. (D) TIRF imaging confi rms the presence of AChR in membrane-proximal tubules before late endosomal 
delivery. Cells labeled with AlexaFluor488- � BTX on ice were chased at 37 ° C for 2 h and imaged live using TIRF microscopy. Montages from a video (Video 1, 
available at http://www.jcb.org/cgi/content/full/jcb.200709086/DC1) of TIRF images in the top-most panels (middle panels show their wide-fi eld 
counterpart, and bottom ones are pseudocolored merge images of the wide-fi eld [green] and TIRF [red] images) depict  � BTX-labeled tubular structures close 
to the cell surface. The montage of insets are a magnifi ed time-lapse sequence from a region outlined in the cell depicted in the bottom panels, where red 
and green outlined boxes represent  � BTX distribution in TIRF and wide fi eld, respectively. Bars: (A and B) 50  μ m; (D) 10  μ m.   

 

 In an attempt to visualize these surface-connected but 

inaccessible structures, we utilized total internal refl ection fl uo-

r escence (TIRF) microscopy, which reports on events in a 

100 – 200-nm swathe of cytoplasm in proximity to the plasma mem-

brane at the coverslip glass – water interface, where the evanescent 

fi eld is generated ( Axelrod, 1981 ). Alternating TIRF and wide-

fi eld imaging were carried out (see Materials and methods sec-

tion Live cell and TIRF microscopy) to distinguish the structures 

being internalized beyond the TIRF fi eld, leading to the dis-

appearance of  � BTX-labeled AChR from the cell surface. When 

observed live under TIRF microscopy, cells labeled with Alexa-

Fluor488- � BTX after 2 h of chase exhibited punctate as well as 

tubular structures. The absence of wide-fi eld correlates of most 

of the TIRF structures can be accounted for by the low con-

trast in wide-fi eld illumination, especially near the cell surface 

( Fig. 4 D ). Wide-fi eld images showed tubular  � BTX-labeled 

AChR-containing structures appearing as a collection of tubules 

and puncta in the TIRF images. These remained in the fi eld of view 

for several frames but eventually disappeared from the TIRF 

fi eld, although they were still detectable in the corresponding 

wide-fi eld images. This behavior is consistent with the spatial 

movement of the tubular fragments out of the TIRF fi eld as a re-

sult of their detachment from the surface (Video 2, available at 

http://www.jcb.org/cgi/content/full/jcb.200709086/DC1). Some 

structures were visible as spots, whereas the corresponding wide-

fi eld structures were tubular (Fig. S2 A and Video 3). Collec-

tively, these observations suggest that  � BTX – AChR complexes 

are endocytosed into tubular structures that reside in the prox-

imity of the plasma membrane before detaching from the cell 

surface and being drawn inside the cell. Also, the occurrence of 

narrow tubular structures provides a likely explanation for the 

sequestration of AChR from high molecular weight quenchers 

but not KI. 

 Triggered AChR internalization is not 
blocked by inhibitors of dynamin function 
 Some ionotropic receptors have been shown to be internalized 

via a dynamin-dependent endocytic mechanism ( Ehlers, 2000 ; 

 Man et al., 2000 ;  Herring et al., 2003 ;  Nong et al., 2003 ). To in-

vestigate the mechanism operating in the case of the AChR, cells 

were transiently transfected with dynamin K44A – GFP, a GTPase-

defective dominant-negative mutant of dynamin ( Damke et al., 

1994 ). We assessed endocytosis of  � BTX-labeled AChR by 

monitoring the extent of loss of KI quenching of Cy3 � BTX-

labeled AChR at 6 h of uptake. The data showed that overexpres-

sion of the dominant-negative dynamin mutant did not affect 

internalization ( Fig. 5,  compare transfected cells in  A  and histo-

gram in D) of the AChR, whereas it inhibited TfR uptake ( Fig. 5 B ). 

Independently, the sequestration of b-Cy3 � BTX – labeled AChR 

was also unaffected by the expression of dynamin K44A ( Fig. 5 C, 

 compare Cy5-SA binding in transfected cells vs. untransfected 

cells; and  Fig. 5 D,  compare surface accessibility). Furthermore, 

overexpression of a deletion mutant of Eps15, EH21, a protein 

involved in endocytosis of a variety of receptors via clathrin-

dependent ( Benmerah et al., 1999 ) and -independent pathways 

( Mayor and Pagano, 2007 ), consistently blocked Tf endocytosis 

but had no detectable effect on AChR internalization induced by 

 � BTX ( Fig. 5 E ) or mAb 35 (not depicted). 

 To confi rm that dynamin is not required for triggered AChR 

endocytosis, we depleted cells of dynamin 2 using shRNA con-

structs as reported previously ( Gomez et al., 2005 ). Expression 

of shRNAs resulted in a signifi cant reduction in the rate of Tf 

endocytosis and in dynamin levels ( Fig. 5, H – J ). A CHO-K1 –

 derived cell line that stably expresses human TfR, IA2.2, also 

showed similar defects in Tf endocytosis upon dynamin deple-

tion (unpublished data). However, depletion of dynamin had no 

effect on AChR down-modulation by  � BTX and mAb ( Fig. 5, 

F and G ) or by antibody alone (not depicted). These results 

confi rm that AChR endocytosis is independent of the amount 

and activity of the dynamin 2 protein and that dynamin- and 

clathrin-dependent internalization machineries are not involved 

in AChR endocytosis. 

 AChR internalization depends on actin 
polymerization and activity of the Rho 
GTPase Rac1 
 Clathrin- and dynamin-independent endocytic processes appear 

to recruit the actin polymerization machinery to aid in endo-

cytosis ( Mayor and Pagano, 2007 ). Therefore, we investigated the 

role of actin polymerization in AChR endocytosis. We treated cells 

with cytochalasin D; cytochalasins inhibit actin polymerization 

by binding to the barbed end of the actin fi lament and by block-

ing monomer addition. Actin polymerization inhibitors have 

variable effects on clathrin-mediated endocytosis ( Lamaze et al., 

1997; Fujimoto et al., 2000 ). 2.5  μ M cytochalasin D treatment 

for 2 h did not affect Tf uptake ( Fig. 6, A and C;  compare Tf up-

take in treated vs. untreated cells), whereas it signifi cantly 

decreased AChR sequestration ( Fig. 6 B,  compare Cy5-SA 

accessibility in treated vs. untreated cells). These results indi-

cate that a dynamic rearrangement of the actin cytoskeleton is 
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 Figure 5.    Dynamin inhibition or silencing does not affect  � BTX-induced AChR endocytosis.  (A – D) CHO-K1/A5 cells were transiently transfected with 
GFP-K44A dynamin (outlined cells in A and C), and, 12 h later, cells were labeled with Cy3 � BTX (A) or b-Cy3 � BTX (C) and incubated at 37 ° C for an 
additional 6-h period. At the end of the incubation, Cy5-Tf was added to the cells in A to assess the effect of dynamin K44A on inhibition of clathrin-
dependent endocytosis. The histogram in B shows the extent of inhibition of Tf endocytosis relative to untransfected controls. KI quenching (KI) and Cy5-SA 
accessibility (SA) were used to quantify the effect of dynamin K44A in transfected cells with respect to untransfected (control) cells as described in  Fig. 4 
(A and B) , and the resultant data are shown as histograms in D. Bars represent the accessibility of b-Cy3- � BTX – labeled AChR to Cy5-SA and KI in control 
and untransfected cells normalized to 0 h. Weighted mean and errors from the mean were obtained from four independent experiments, each consisting 
of two coverslip dishes from which at least 30 cells per dish were analyzed. Error bars represent SD. *, P  <  0.005; **, P  >  0.1. (E) Cells transfected with 
a dominant-negative eps15 construct, EH21-GFP, for 14 h were incubated with Cy3- � BTX at 4 ° C for 1 h and chased for 6 h at 37 ° C. During the last 
20 min of chase, Cy5-Tf was added to the cells. Cells were washed, and surface Tf was stripped off, fi xed, and imaged. Note that cells expressing EH21 
show reduction in Tf uptake as compared with surrounding cells, whereas internalized  � BTX remains unaffected. In each experiment, at least 15 cells were 
analyzed, and 40% of cells showed a reduction in Tf uptake, whereas  � BTX internalization is unaffected in that population. (F – J) CHO-K1/A5 cells were 
labeled with mAb 35 on ice and were either directly incubated with secondary antibody before (0 h) or after chase for 6 h at 37 ° C (F). Surface levels of 

 on N
ovem

ber 30, 2010
jcb.rupress.org

D
ow

nloaded from
 

Published June 30, 2008

http://jcb.rupress.org/


1187AC H R ENDOCYTOSIS  • Kumari et al. 

AChR in cells treated with transfected pGSUPER-based dynamin shRNA-expressing constructs targeted against human (h) or mouse (m) dynamin 2 were 
quantifi ed by measuring the level of labeled secondary antibody staining against mAb 35 remaining at the cell surface in transfected or untransfected 
cells, respectively, and were normalized to the level of secondary antibody staining at 0 h. Cells transfected with shRNA plasmids were identifi ed by GFP 
expression from pGSUPER vector (corresponding images are not depicted). The histogram in G represents the weighted mean of average values obtained 
from at least 60 cells per dish in each case. *, P  <  0.0001; **, P  >  0.1. CHO-K1/A5 cells were transfected with dynamin shRNA-expressing constructs 
and, 68 – 72 h later, were either monitored for Tf uptake (H) or for dynamin levels (I and J). The histogram in H represents Tf-AlexaFluor546 uptake (ratio 
of internalized/surface Tf fl uorescence) in cells transfected with shRNA constructs, and the ratio was further normalized to uptake in control. Each bar in 
the histogram represents weighted mean of averages  ±  SEM (error bars). *, P  <  0.001. To assess dynamin levels, CHO-K1/A5 cells were transfected with 
shRNA vectors, harvested 72 h after transfection, and lysed, and levels of dynamin were detected on Western blots (I). Blots represent dynamin levels, and 
bottom lanes represent loading controls. The histogram in J shows quantifi cation of dynamin levels in CHO-K1/A5 cells. Each bar represents the mean 
of dynamin levels normalized to actin levels per lane taken from two independent experiments, further normalized to the control in each case  ±  SD (error 
bars). Bars: (C) 20  μ m; (F) 10  μ m.   

 

required for sequestration of the AChR. In addition, whereas 

untreated cells showed punctate endosomes 2 h after internal-

ization, cytochalasin D – treated cells appeared devoid of inter-

nalized AChR puncta, showing that internalization of AChR is 

blocked by actin depolymerization. 

 The Rho family of GTPases regulates actin dynamics and 

is known to affect endocytosis of a variety of proteins and mem-

brane lipids ( Mayor and Pagano, 2007 ). The sensitivity of AChR 

internalization to actin polymerization indicated the possible in-

volvement of a Rho family GTPase in AChR endocytosis. To 

address this possibility, cells were treated with  Clostridium diffi -
cile  toxin B, which specifi cally and irreversibly glucosylates 

members of the Rho family of GTPases ( Sehr et al., 1998 ). 

Toxin B treatment resulted in inhibition of  � BTX-induced AChR 

uptake ( Fig. 6 D ). To specifi cally investigate the identity of the 

Rho GTPase involved, cells were independently transfected 

with GTP exchange – defi cient forms of Rho GTPases regulating 

distinct pathways of endocytosis (i.e., Rac1, Cdc42, and RhoA). 

Whereas overexpression of dominant-negative RhoA and Cdc42 

had no effect on AChR uptake, dominant-negative Rac1 blocked 

AChR uptake to a signifi cant degree ( Fig. 6, D and E ). 

 To assess whether  � BTX binding to AChR induces Rac1 

activation, we exploited the observation that upon activation, 

GTP-bound Rac1 binds tightly to p21-associated kinase (Pak; 

 Bagrodia et al., 1995 ).  � BTX labeling resulted in signifi cant 

Rac1 activation, which was observed as an increase in the amount 

of Rac1 that coimmunoprecipitated with Pak ( Fig. 6 F ). These 

observations suggest that  � BTX binding to AChR triggers Rac1 

activation, which, in turn, regulates AChR endocytosis, possibly 

through modulation of the actin cytoskeleton. 

 Src phosphorylation and AChR endocytosis 
 Src activation has previously been shown to modify AChR an-

choring and phosphorylation ( Mohamed and Swope, 1999 ; 

 Sadasivam et al., 2005 ). In CHO-K1/A5 cells, binding of  � BTX 

to AChR leads to an increase in Src phosphorylation ( Fig. 7 C ). 

The phosphorylation of Src is sensitive to treatment with the Src 

kinase – specifi c inhibitor PP2 ( Hanke et al., 1996 ), indicating this 

to be an autophosphorylation event. Inhibition of Src phosphory-

lation by PP2 also inhibited the activation of Rac1 ( Fig. 6 F ), an 

event critical for AChR internalization. Therefore, we tested the 

role of Src activation in  � BTX-induced AChR endocytosis using 

pharmacological inhibition of Src kinase by PP2 as well as over-

expression of a Src K297R kinase-dead mutant form. Treatment 

of cells with PP2 or Src K297R overexpression inhibited the 

entry of AChR into the cell ( Fig. 7, A and B ). These results con-

fi rm that  � BTX-induced AChR internalization involves Src auto-

phosphorylation and the downstream activation of Rac1. 

 Discussion 
 Diffusion of AChRs to perijunctional areas and internalization 

has been shown to occur when neuromuscular transmission is 

blocked using  � BTX, resulting in a shorter AChR half-life. 

Direct muscle stimulation inhibits this process ( Akaaboune et al., 

1999 ). Interestingly, these alterations in AChR density at the 

NMJ are equivalent to long-term potentiation and long-term de-

pression in the CNS ( Akaaboune et al., 1999 ). The rate of AChR 

endocytosis has also been found to increase in myotubes incu-

bated in the continuous presence of cholinergic agonists ( St John 

and Gordon, 2001 ) and by cross-linking with antibodies in hu-

man culture muscle cells ( Tzartos et al., 1986 ) and in the BC3H-1 

muscle cell line ( Clementi and Sher, 1985 ). However, the endo-

cytic mechanisms that lead to alterations in AChR levels at the 

cell surface have not been characterized. 

 In this study, we show that binding of the quasi-irreversible 

antagonist  � BTX induces the internalization of the AChR via a 

relatively slow process. Internalization appears to proceed in two 

stages. First, the AChR seems to be sequestered in a surface-

connected compartment that is not accessible to large molecular 

weight molecules such as SA or anti-AChR mAb. This process 

requires actin polymerization and Rac1 GTPase activation because 

treatment with cytochalasin D and toxin B and overexpression of 

a GDP exchange – defi cient form of Rac1 result in a reduction of 

 � BTX-triggered AChR sequestration. Second,  � BTX-bound 

AChR is delivered to the lysosomal compartment via a distinct 

endocytic mechanism, as discussed below in this section. The 

relationship between these two stages is not clear, although it is 

likely that subsequent to sequestration,  � BTX-liganded AChR is 

driven into the late compartments from surface-connected in-

vaginations. The ability of small molecule quenchers (but not large 

molecular weight reagents) to access the nascent internalized re-

ceptors and their presence in surface-localized tubules visible in 

a TIRF fi eld provide support for the proposed internalization 

model. However, these are indirect methods, and the ultrastruc-

ture of these surface-accessible structures remains uncharacter-

ized. The sequestration in a surface-connected compartment (if 

reversible) may provide an alternative, faster mechanism for 

regulating the availability of AChRs to modulate signals accessi-

ble from the intersynaptic gap. 
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(via expression of a dominant-negative dynamin isoform or by 

expressing shRNA constructs), suggesting that this pathway is 

independent of the most extensively addressed vesicle-pinching 

mechanism ( Conner and Schmid, 2003 ). The lack of a require-

ment for dynamin and Eps15, the absence of colocalization of 

AChR peripheral endosomes with caveolin, and the lack of co-

localization with a well-characterized clathrin pathway marker, 

endocytosed Tf, indicate that this pathway is neither clathrin 

nor caveolin dependent. In addition, neither acute cholesterol 

depletion ( Borroni et al., 2007 ) nor Cdc42 N17 expression 

 The mechanism behind surface sequestration resembles 

the sequestration mechanism of  � -VLDL and other aggregated 

lipoproteins internalized via scavenger receptors into STEMs 

(surface tubule for entry into macrophages) in macrophages 

( Myers et al., 1993 ;  Kruth et al., 1995 ;  Zhang et al., 1997 ). 

Involvement of the actin cytoskeleton in both of these processes 

also suggests a similarity in mechanism; recruitment of the 

 actin-modulating machinery to the site of sequestration appears 

necessary for both pathways. Surface sequestration and inter-

nalization are both insensitive to inhibition of dynamin function 

 Figure 6.    Inhibition of actin dynamics or Rho GTPase Rac1 blocks AChR sequestration and endocytosis.  (A – C) CHO-K1/A5 cells were labeled with 
b-Cy3 � BTX in the absence (control) or presence of cytochalasin D for 2 h and were labeled at 4 ° C with Cy5-SA to assess the fraction of surface-accessible 
receptors as described in Materials and methods. Comparison of Tf-AlexaFluor488 uptake (right panels in A and C) in control and cytochalasin D – treated 
cells shows that cytochalasin D treatment did not affect Tf-AlexaFluor488 uptake. The histogram in B shows the extent of Cy5-SA accessibility in cytochalasin D – 
treated and control cells normalized to that obtained at 0 h. Note that surface accessibility of AChR increased signifi cantly in cytochalasin D – treated cells 
compared with control cells exposed to DMSO alone. Mean and SD (error bars) were obtained from at least 60 cells per experiment; similar results were 
obtained in three independent experiments. *, P  <  0.001. (D) Cells were transfected with different dominant-negative mutant isoforms of Rho GTPases 
(Cdc42 N17, RhoA N19, and Rac1 N17) for 14 h or were treated for 1 h with 1  μ g/ml  C. diffi cle  toxin B, were labeled with  � BTX, subsequently chased 
for 6 h at 37 ° C, and incubated with mab 210 followed with secondary antibody on ice for 1 h to determine the level of surface AChR remaining at the 
end of the chase period. The histogram shows weighted mean  ±  SEM (error bars) values from two independent experiments. *, P  <  0.0001; **, P  >  0.05; 
***, P  >  0.1. (E) Images show the distribution of internalized b-Cy3 � BTX (left) and mAb 210 antibody – stained surface AChR (right) in cells transfected with 
Rac1 N17 (outlined) with respect to untransfected control cells. (F)  � BTX incubation of AChR-expressing CHO-K1/A5 cells with or without 10  μ M PP2 were 
lysed, and activated Rac1 was precipitated using PAK-PBD; total Rac1 and PAK-PBD – precipitated Rac1 were analyzed by Western blots from the same cell 
lysates. Note that  � BTX binding induces PP2-inhibitable Rac1 activation. Bars: (C) 20  μ m; (E) 10  μ m.   
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( Kellner et al., 2007 ), the observations of  Trinidad and Cohen 

(2004 ) were carried out in C2C12 myotubes at a stage of differ-

entiation in which AChRs are organized into large, several 

micrometer – sized clusters. In fact, the latter authors defi ned these 

AChR clusters as much larger structures (i.e., longer than 4  μ m; 

 Trinidad and Cohen, 2004 ). Thus, endocytosis of AChR in more 

mature clusters may proceed through caveolin-mediated mecha-

nisms, although the colocalization with caveolin 3 has more re-

cently been challenged ( Stetzkowski-Marden et al., 2006 ). 

 Here, we show that binding of  � BTX to AChR leads to the 

activation of Rac1, which is required for AChR internalization 

possibly via the modulation of actin dynamics, which is critical 

for AChR surface sequestration. In parallel, we observe that the 

concomitant autophosphorylation of Src is also required for 

AChR endocytosis. It will be interesting to investigate whether 

activated Src phosphorylates molecular regulators of AChR in-

ternalization like Rac1 or AChR, or both. A pivotal role of Src 

and Rac1 activation has also been recently observed in HIV-

Nef – mediated down-modulation of immune costimulatory mol-

ecules CD80/CD86 ( Chaudhry et al., 2005, 2007 ). Both AChR 

and CD80/CD86 are long-term cell surface – resident proteins in 

the cell systems studied. Thus, it is likely that this endocytic mecha-

nism may be of general relevance in remodeling the molecular 

composition of the plasma membrane. The precise molecular 

inhibits internalization of  � BTX-bound AChR. Endocytosed 

AChR also does not colocalize with GFP-GPI, further supporting 

the idea that this endocytic pathway represents an internaliza-

tion mechanism distinct from the medley of clathrin-independent 

pathways available for membrane proteins at the surface of eu-

karyotic cells ( Mayor and Pagano, 2007 ). 

 Once internalized,  � BTX is traffi cked to late endosomes 

via EEA1-positive endosomes, suggesting that the  � BTX-bound 

receptor eventually accumulates in degradative compartments 

after fusing with early endosomes. However, at no stage do the en-

docytosed  � BTX – AChR complexes colocalize with endocytosed 

Tf or a short pulse of fl uid-phase marker. These results suggest 

that the traffi cking of internalized  � BTX – AChR complexes also 

represents an uncharacterized route to bonafi de LAMP1-positive 

late endosomes. 

 At fi rst glance, the data presented here appear to be in dis-

agreement with a previous study ( Trinidad and Cohen, 2004 ) 

showing the colocalization of internalized AChR and caveolin 3 

in myotubes. This apparent discrepancy can be explained by the 

cell type and the scale of AChR organization during develop-

ment: although in CHO cells, the AChR can be observed as 

submicrometer-sized puncta ( Borroni et al., 2007 ) that we have 

interpreted as representative of preinnervation aggregates of AChRs 

and recently resolved as nanometer-sized AChR nanoclusters 

 Figure 7.     � BTX-induced AChR endocytosis is mediated by Src phosphorylation.  (A) CHO-K1/A5 cells were cotransfected with dominant-negative Src 
K297R and GFP, and the internalization of AChR induced by  � BTX was assessed in cells positive for Src K297R. Note the absence of punctate structures in 
cells transfected with dominant-negative Src K297R. (B) CHO-K1/A5 cells were labeled with b- � BTX in the presence or absence of 10  μ M PP2 and chased 
for 6 h. Surface AChR levels were determined by measuring the accessibility of b- � BTX to SA-PE. The histogram shows the quantifi cation of surface-accessible 
AChR in the presence or absence ( � BTX alone) of PP2. Each bar represents the weighted mean of internal AChR as estimated using fl ow cytometry data from 
10,000 cells (see Materials and methods) normalized to cells labeled with b- � BTX on ice. Error bars represent SEM. *, P  <  0.001. (C) CHO-K1/A5 cells 
treated without or with PP2 were incubated with  � BTX for 2 h, and cell lysates from the same cells were analyzed by Western blotting for phosphorylated Src 
(antiphospho – Tyr418-Src) and total Src. Note that  � BTX induces Src phosphorylation, which, in turn, is inhibited by pretreatment with PP2. Bar, 10  μ m.   
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 Materials and methods 
 Materials 
 All chemicals were obtained from Sigma-Aldrich unless otherwise speci-
fi ed. Cy3 and Cy5 fl uorochromes were purchased from GE Healthcare. 
AlexaFluor488, FITC, and AlexaFluor594- � BTX were purchased from Invit-
rogen. mAb 210 antibody against the AChR  �  subunit was a gift from 
J. Lindstrom (University of Pennsylvania Medical Center, Philadelphia, PA), 
and mAb 35 and anti-LAMP were purchased from Developmental Studies 
Hybridoma Bank. Anti-EEA1, Rac1, phospho-Src antibodies, and SA-phyco-
erythrin (PE) were purchased from BD Biosciences. PAK – Pak-binding do-
main (PBD) – coupled agarose (Chemicon) was used to pull down activated 
Rac. Antibodies against c-Src and pTyr418-Src were obtained from Cell Sig-
naling Technology and Millipore, anti-Rac was obtained from BD Biosciences, 
and anti – lysobisphosphatidic acid antibody was a gift from T. Kobayashi 
(University of Geneva, Geneva, Switzerland). Secondary antibodies were 
obtained from Jackson ImmunoResearch Laboratories. Constructs encoding 
shRNA against dynamin were a gift from D. Billadeau (Mayo Clinic College 
of Medicine, Rochester, MN;  Gomez et al., 2005 ), and a dominant-negative 
inhibitor of eps15, EH21-GFP, was provided by A. Benmerah (Institut Na-
tional de la Sant é  et de la Recherche M é dicale E9925, Facult é  Necker-
Enfants Malades, Paris, France;  Benmerah et al., 1999 ). 

 Cell culture and transfections 
 CHO-K1/A5, a cell line derived from CHO-K1 cells ( Roccamo et al., 
1999 ), was grown in Ham ’ s F-12 medium containing10% FBS, 100 U/ml 
penicillin, 100  μ g/ml streptomycin, and 0.5 mg/ml G-418. In some exper-
iments, CHO-K1/A5 cells were transiently transfected with GFP-labeled 
caveolin, GFP-GPI, or GFP – dynamin K44A using Lipofectamine (Invitro-
gen) or Fugene (Roche) according to the protocol given by the manufac-
turer and were used for experiments 12 h after transfection exactly as 
described previously ( Sabharanjak et al., 2002 ). The C2C12 murine myo-
blast cell line (provided by J. Dhawan, Centre for Cellular and Molecular 
Biology, Hyderabad, India) was grown in DME supplemented with 20% 
FBS at 37 ° C and 5% CO 2 . For differentiation, C2C12 cells were plated in 
phenol red – free DME (HiMEDIA Laboratories) containing 20% FBS and 
grown until 90% confl uency. Cells were then shifted to medium containing 
0.5% FBS for 24 h and used for endocytic assays. 

 Labeling of  � BTX with fl uorescent dyes 
 Native  � BTX was dissolved in PBS (150 mM NaCl, 10 mM Na 2 HPO 4 , and 
10 mM NaH 2 PO 4 , pH 7.5) to a fi nal concentration of 125  μ M. Conjugation 
was allowed to proceed for 1 h at room temperature with 10-fold molar ex-
cess dye. Labeled  � BTX was subsequently separated from free dye by gel 
fi ltration on a Sephadex G-25 column. For biotin conjugation, an aliquot of 
Cy3 � BTX was further incubated with biotin  N -hydroxysuccinimide ester at a 
molar ratio of 1:5 for 30 min at room temperature. Excess biotin was sepa-
rated by overnight dialysis. The dye/protein ratio was estimated, and con-
jugates with labeling effi ciency less than one were used in experiments. 

 Accessibility of  � BTX-labeled receptors to small molecules (KI quenching) 
 To measure the rate of sequestration and internalization of AChRs, CHO-
K1/A5 cells were incubated with Cy3 � BTX or FITC � BTX for 1 h on ice, 
rinsed with chilled M1, and shifted to 37 ° C for varying periods from 0 to 
12 h. Cells were subsequently imaged both before and after adding the 
membrane-impermeable quencher KI at a concentration of 400 mM for 
b-Cy3 � BTX and at 100 mM for FITC � BTX. The quenching effi ciency was 
calculated with the equation  Q (%) = 100  ×  (1  �   F KI  / F ), where  F KI   and  F  are 
the fl uorescence intensities of labeled  � BTX cells immediately after adding 
the quencher or just before, respectively. The extent of quenching of the 
labeled receptors was normalized to the maximal quenching effi ciency 
obtained after quenching receptors bound on ice. Maximal quenching effi -
ciencies of the free probes were  � 80% for Cy3-labeled toxin and  � 60% 
for the FITC-labeled toxin at these concentrations of quencher, which is similar 
to those obtained on cell surface – bound receptors. 

 Surface accessibility to Cy5-SA of AChRs labeled with b-Cy3 � BTX 
 To determine the extent of sequestration of AChRs, surface accessibility of 
labeled receptors was measured as described previously ( Guha et al., 
2003 ). In brief, CHO-K1/A5 cells were incubated with b-Cy3 � BTX for 
1 h on ice, rinsed with chilled M1, and shifted to 37 ° C for different periods 
(0 – 12 h). After the indicated time, cells were labeled with Cy5-SA for 1 h 
at 4 º C, rinsed with chilled M1, and imaged by quantitative digital micros-
copy to measure fl uorescence intensity from Cy3-labeled receptors and 
corresponding Cy5 signals from the same cells. The Cy5/Cy3 fl uorescence 

events linking Src phosphorylation and Rac1 activation and 

their temporal regulation need to be explored in the context of 

AChR endocytosis. 

 Bruneau et al. ( Bruneau et al., 2005 ;  Bruneau and Akaaboune, 

2006 ) have recently described the dynamics of recycled  � BTX-

labeled AChR at the living NMJ. Although the major fraction 

of AChRs appears to be targeted to late endosomes for degra-

dation, in the two independent systems used here, we fi nd that 

a small fraction of internalized  � BTX – AChR colocalizes with 

Rab11, a recycling endosomal marker, at all time points of chase 

(unpublished data). Furthermore, the intrinsic mechanisms un-

derlying the dynamics of AChR internalization described by 

Bruneau et al. ( Bruneau et al., 2005 ;  Bruneau and Akaaboune, 

2006 ) share some similarities with the ones disclosed in this 

paper. First, these authors observed internalized  � BTX – AChR 

in very stable EEA1-positive vesicles at the NMJ, the same as 

we do in CHO-K1/A5 and C2C12 cells. They also show that 

 � BTX – AChR recycling to the cell surface is sensitive to Tyr 

phosphorylation/dephosphorylation; in this study, AChR endo-

cytosis is shown to depend on the well-known Tyr kinase Src, 

which also regulates the stability of AChR clusters in vivo 

( Sadasivam et al., 2005 ). 

 AChR removal from the cell surface has important patho-

physiological consequences in the autoimmune disease myas-

thenia gravis, in which receptor internalization is accelerated 

upon binding of anti-AChR antibodies ( Barrantes, 1998 ). Thus, 

IgG from myasthenic patients causes antigenic modulation of 

muscle AChR in vivo and in vitro ( Drachman et al., 1978 ). Our 

experiments show that monoclonal antibodies against the muscle-

type AChR also induce its internalization. It is likely that the 

mechanism described here is similar to the one operating in the 

myasthenic muscle. 

 The  � BTX-induced AChR endocytosis reported here 

appears to differ from the clathrin-dependent endocytosis of 

 � -aminobutyric acid, AMPA, and  N -methyl- d -aspartate receptors 

( Man et al., 2000 ;  Herring et al., 2003 ;  Nong et al., 2003 ). It is 

important to note that all of these receptors are located at CNS 

synapses, whereas here, we deal with a peripheral muscle-type 

AChR. The rate of the endocytic mechanism operating in pe-

ripheral and central synapses also appears to differ, and this is 

mirrored by AChR in CHO cells and in the myocyte cell line 

C2C12. We calculated a  t  1/2  of 1.98  ±  0.36 h for endocytosis of 

the muscle-type AChR heterologously expressed in CHO-K1/A5 

cells. The AMPA receptor in cultured neurons, on the other 

hand, exhibits a much faster process:  t  1/2  = 9.3  ±  2.3 min ( Ehlers, 

2000 ). It is possible that neuromuscular synapses regulate the 

availability of AChR and, consequently, synaptic strength via 

mechanisms different from those operating in CNS synapses. 

 Lynx1 is a GPI-anchored membrane-resident protein that 

possesses a structure notably similar to that of  � BTX ( Ibanez-

Tallon et al., 2002 ). This neurotoxin-related protein was shown 

to directly interact with a neuronal subtype of AChR and to 

modulate its function ( Ibanez-Tallon et al., 2002 ). A process 

similar to the slow down-regulation exerted by  � BTX on muscle-

type AChR may thus be operative in the CNS by the interaction 

between Lynx and neuronal AChR and may constitute a modu-

latory mechanism contributing to synaptic plasticity. 
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 Surface accessibility of AChR was determined by incubating cells 
with mAb 35 in the presence or absence of  � BTX at 4 º C. Cells were then 
washed and either incubated with secondary antibody immediately or after 
a chase at 37 º C for 6 h. Subsequently, cells were fi xed and imaged. 

 To assess levels of dynamin 2 using Western blots, cells grown in 
60-mm dishes were transfected with vector alone (control), shRNA m, or 
shRNA h for 72 h, harvested by scraping, washed, lysed, and analyzed 
by detecting proteins using nitrocellulose membranes by Western blotting. 
Lysate from  � 200,000 cells per lane were loaded on an 8% gel, and the 
approximate migration positions of dynamin 2 and actin were marked 
against prestained molecular weight markers after Ponceau staining. Actin- 
and dynamin-containing strips of membrane were processed and devel-
oped independently. For quantitation of protein levels, the developed fi lms 
were scanned, and the dynamin 2 level was normalized to the respective 
actin level in the same lane. 

 Cytochalasin D treatment 
 Cells were labeled with b-Cy3 � BTX for 1 h on ice and shifted to 37 ° C for 0, 
2, and 4 h in complete growth medium containing 2.5  μ M cytochalasin D 
or an equivalent amount of the solvent DMSO. 20 min before the incubation 
fi nished, AlexaFluor488-Tf was added to ascertain the specifi city of cytocha-
lasin D treatment. After incubation for specifi ed periods, cells were washed 
for 10 min with ascorbate buffer, labeled with Cy5-SA for 1 h at 4 º C, and 
imaged. The Cy5-SA/Cy3-biotin- � BTX ratio was calculated and normalized 
to 0 h, and the extent of TfR endocytosis was assessed by fl uorescence 
quantifi cation of acid wash – resistant intracellular AlexaFluor488-Tf. 

 Rho GTPase inhibition and toxin B treatment 
 CHO-K1/A5 cells were transfected with myc-RhoA N19 or myc-Rac1 N17, 
labeled with AlexaFluor594- � BTX on ice for 1 h, washed, and chased in 
complete medium at 37 ° C for 6 h. For toxin B treatment, the entire proce-
dure was repeated in the presence of 1  μ g/ml toxin B with a chase in com-
plete medium for 1 h followed for a further 5 h in the absence of toxin B. 
Cells were then washed with chilled M1, labeled with mAb 210 followed 
with AlexaFluor647 secondary antibody on ice to detect the surface pool of 
AChR, fi xed, and imaged. 

 Activation of c-Src and Rac1 
 Cells treated with  � BTX for 2 h were lysed in radioimmunoprecipitation 
buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 500  μ M EDTA, 100  μ M 
EGTA, 1.0% Triton X-100, and 1% sodium deoxycholate). For assessing 
Rac1 activation, lysates were precleared and affi nity precipitated using 
PAK-PBD (Chemicon). The precipitate was resolved on a 10% SDS-PAGE 
and detected using anti-Rac1 antibody. To assess activation of c-Src, ly-
sates of  � BTX-treated CHO-K1/A5 cells were Western blotted with anti-Src 
(total c-Src) or antiphospho- – Tyr418-Src antibodies (activated c-Src). Pro-
tein content in the lysate was calculated using the microBCA kit (Thermo 
Fisher Scientifi c), and equal protein quantities were loaded. 

 Inhibition of c-Src activity 
  � BTX-treated CHO-K1/A5 cells were pretreated with 10  μ M of the c-Src 
 inhibitor PP2 for 1 h before assessing the effect of this treatment on Rac1 
activation or inhibition of c-Src phosphorylation. Cells were labeled with 
biotin- � BTX on ice, washed extensively, and then shifted to 37 º C followed 
by chase for 4 h. At the end of the chase, surface  � BTX was removed 
using extreme buffer. The internalized label was detected by permeabiliz-
ing cells, staining them with SA-PE, and analysis on a fl ow cytometer (LSR; 
Becton Dickinson). 

  src  gene mutants were made by cloning PCR-amplifi ed versions of 
appropriate cDNAs into myc-p – containing pCDNA3.1 vector. Wild-type 
and kinase-dead (K297R) isoforms of human Src obtained from Millipore 
were cloned into a mammalian expression vector, pCDNA3.1(B-)MycHis+, 
using available restriction sites. The kinase-dead c-Src (Src K297R) was 
transfected into cells along with GFP expression vector in a ratio of 2:1 
(wt/wt) with the maximum achievable effi ciency of cotransfection. 

 Fluorescence microscopy and image analysis 
 Live cell and TIRF microscopy .    For live cell TIRF and wide-fi eld imaging, an 
inverted system (TE 2000; Nikon) equipped with a 100 ×  NA 1.45 oil ob-
jective (Nikon) coupled to a bank of lasers and a CCD camera (Cascade; 
Photometrics) was used. For dual-color live imaging, the growth medium 
was substituted with M1 containing 0.1% BSA and glucose, and a temper-
ature-controlled stage maintained at 37 º C was used. For TIRF imaging, an 
Argon ion 488-nm laser coupled to the aforementioned system was used at 
10-mW output power. 

ratio at different times provided an estimate of the accessibility of the bio-
tin tag on the Cy3 � BTX-labeled receptor to Cy5-labeled SA; the Cy5/Cy3 
ratio of receptors labeled on ice was considered fully (100%) accessible. 

 Endocytosis and colocalization experiments 
 Unless otherwise specifi ed, cells were incubated with saturating concentra-
tions of AlexaFluor488- � BTX, Cy3 � BTX, AlexaFluor594- � BTX, or other 
AChR probes for 1 h on ice and rinsed with chilled M1 medium (140 mM 
NaCl, 20 mM Hepes, 1 mM CaCl 2 , 1 mM MgCl 2 , and 5 mM KCl, pH 7.4). 
For different probes, saturation was achieved at  � 0.1 – 1  μ M. For labeling 
and pulsing of AChR in the myocytes, differentiated C2C12 cells were 
incubated with either anti-AChR mAb or AlexaFluor488- � BTX for the indicated 
times, washed with M1 medium containing 0.1% BSA, 0.1% glucose, and 
0.5% FBS, and imaged live in the same medium. Whenever required, 
protein biosynthesis was arrested by incubation of cells with 200  μ g/ml 
cycloheximide for 6 h before labeling with fl uorescent  � BTX. 

 For endocytic traffi cking of AChR, CHO-K1/A5 cells were incu-
bated with Cy3 � BTX for 1 h on ice, rinsed with chilled M1, and shifted to 
37 ° C in growth medium for different periods (0 – 12 h). To assess co-
localization with Cy5-Tf or FITC-dextran, these probes were added to the 
medium at different time points. After incubation, cells were washed for 
10 min with chilled ascorbate buffer (140 mM sodium ascorbate, 65 mM 
ascorbic acid, 1 mM CaCl 2 , and 1 mM MgCl 2 , pH 4.5) to remove surface-
bound Tf and were imaged. To test possible colocalization with the early 
endosomal marker EEA1 and with the late endosomal marker LAMP1, cells 
were labeled with Cy3 � BTX and incubated at 37 ° C for 2, 4, 6, or 12 h. 
Cells were subsequently fi xed, permeabilized, and immunostained with 
anti-EEA1 or anti-LAMP1 antibodies. For caveolin and GPI anchored pro-
tein colocalization studies, cells were transiently transfected with plasmids 
coding for caveolin-GFP or GPI-GFP as described previously ( Sabharanjak 
et al., 2002 ), labeled with Cy3 � BTX on ice for 1 h, chased at 37 ° C for 
2 h, and imaged live. For quantitative assessment of colocalization, CHO-
K1/A5 cells were labeled with Cy3 � BTX on ice for 1 h, washed, chased 
at 37 ° C for 0, 2, 4, or 6 h, fi xed, and processed for immunofl uorescence 
for EEA1 or LAMP1. Cells were imaged using a spinning disc confocal 
microscope (CSU22; Yokagawa) mounted on a microscope (IX81S1F; 
Olympus) coupled to an electron multiplying CCD camera (Ixon; Andor 
Technology), and a single confocal slice from each plane was used for 
quantifi cation. Each slice was processed for background correction using 
median fi lter in MetaMorph and spotting using Multispots to extract out 
spots or endosomes from whole cell images as described previously ( Kalia 
et al., 2006 ). Spotted images of  � BTX were compared with spotted images 
of EEA1 or LAMP1 using Multicolloc, a custom software designed to deter-
mine the extent of the colocalization of intensities of two probes via the 
generation of a colloc image. Regions were marked in the original images 
of cells so as to select internal fl uorescence only, and these regions were 
extrapolated on spotted images to fi nd total internalized intensities and ex-
trapolated on the colloc images to fi nd total colocalized intensities. These 
intensities were presented as a ratio (colloc image intensity/spotted image 
intensity) per cell. 

 For immunolocalization of organellar markers in C2C12 cells, cells 
were labeled with BTX, chased for the indicated time points, and fi xed using 
4% PFA for 20 min at room temperature. Subsequently, cells were permeabi-
lized with 0.1% saponin for 20 min, washed, incubated with 2% goat serum 
for 1 h, washed, incubated with primary antibodies at 4 ° C overnight, 
washed, incubated with secondary antibody for 1 h, washed, and imaged. 
For washing C2C12 cells until fi xation, serum-free growth medium at 37 ° C 
was used for washing instead of M1. 

 Dynamin inhibition 
 Cells were transiently transfected with dynamin K44A – GFP, a dominant-
negative mutant of dynamin 2 ( Altschuler et al., 1998 ). 12 h after transfection, 
AChR accessibility was determined as described in the Endocytosis and co-
localization experiments section. As a positive control of dynamin inhibition, 
endocytosis of TfR was measured in CHO-K1/A5 cells by adding Cy5-Tf for 
20 min. For dynamin 2 RNA interference studies, cells were transfected with 
the shRNA plasmids for 68 – 72 h. Transfected cells were identifi ed by moni-
toring GFP fl uorescence. The extent of Tf endocytosis in CHO-K1/A5 cells 
that express endogenous hamster TfRs was quantifi ed by fi rst determining 
the mean endocytic uptake of AlexaFluor546-Tf in GFP-expressing cells 
transfected with either vector control or dynamin-shRNA – containing vector 
by determining the amount of fl uorescent Tf remaining in endocytic compart-
ments after a pulse of 5 min, after removal of surface-bound Tf. These values 
were subsequently normalized to the mean level of surface TfRs by determin-
ing the extent that AlexaFluor546-Tf bound to the cells on ice in cells that 
were independently transfected with the corresponding constructs. 
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 Quantitative microscopy and image analysis.   For most of the quanti-
tative fl uorescence microscopy assays, imaging of cells was carried out on 
an inverted wide-fi eld fl uorescence microscope (TE 300; Nikon) using 20 ×  
NA 0.75 and 60 ×  NA 1.4 objectives (Nikon) equipped with a sensitive 
digital imaging camera (MicroMax; Princeton Instruments) equipped with 
a sensor (TEK512 B; Roper Scientifi c). Images were collected using Meta-
Morph acquisition control software (MDS Analytical Technologies). Confo-
cal microscopy was carried out on a spinning disc confocal imaging 
system (IX81; Olympus) equipped with a scanning device (CSU22; 
Yokogawa) and Ixon camera. For imaging, a 60 ×  NA 1.42 oil objective 
(Olympus), Ixon camera, appropriate fi lter set dichroics, and lasers were 
used. Image acquisition was carried out using Revolution software (Andor 
Technologies) and further analysed using MetaMorph. Images were pro-
cessed, and fl uorescence was quantifi ed by methods described in the fi g-
ure legends and in greater detail in previous studies ( Sabharanjak et al., 
2002; Guha et al., 2003 ). 

 Flow cytometry 
 After staining with primary reagents (e.g., biotinylated  � BTX), cells were 
stained with secondary reagents (e.g., SA-PE) on ice for 30 min or as ap-
propriate. Stained cells were analyzed on a fl ow cytometer (LSR; BD Bio-
sciences), and data from  � 100,000 cells were routinely acquired for each 
sample. Data were analyzed using FlowJo software (Tree Star, Inc.). All data 
shown are representative of at least three independent experiments. 

 Statistical analysis 
 Unless otherwise indicated, all of the values are weighted means,   �  x  , ob-
tained from at least two different dishes in each experiment calculated by 
the formula 
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 where  i  is the number of coverslip dishes used in an experiment,   Xi    is the 
mean of fl uorescence intensities determined for cells in a single dish,  n i   is 
the number of cells observed per dish, and  �   Xi   is the SD in the measure-
ment. The SEM was determined by the equation 

   SEM =
⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟∑

σX

i

i

n

2 1 2/

 
  

 unless another indicator of the spread in the data such as SD was speci-
fi ed. Statistical signifi cance was measured using an unpaired two-tail 
distribution  t  test, and the p-values are reported for each case. Each ex-
periment was repeated two or more times with similar results unless other-
wise stated. 

 Online supplemental material 
 Fig. S1 shows the intracellular distribution and variation in total  � BTX levels 
during internalization. Fig. S2 demonstrates the snapshots from a time se-
ries of  � BTX carrier movement close to the cell surface or inside the cell. 
Fig. S3 shows the effect of blocking lysosomal degradation on levels of en-
docytosed  � BTX. Fig. S4 shows the relative intracellular distribution of 
 � BTX with respect to fl uid-phase marker or Tf. Videos 1 – 3 show morphol-
ogy and movement of the AChR tubule moving away from the TIRF fi eld 
(Videos 1 and 2) or the movement of these endosomes inside the cell 
(Video 3). Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.200709086/DC1. 
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