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In the Guillain-Barré syndrome subform acute motor axonal neuropathy (AMAN), Campylobacter jejuni enteritis triggers
the production of anti-ganglioside Abs (AGAbs), leading to immune-mediated injury of distal motor nerves. An important
question has been whether injury to the presynaptic neuron at the neuromuscular junction is a major factor in AMAN.
Although disease modeling in mice exposed to AGAbs indicates that complement-mediated necrosis occurs extensively
in the presynaptic axons, evidence in humans is more limited, in comparison to the extensive injury seen at nodes of
Ranvier. We considered that rapid AGAb uptake at the motor nerve terminal membrane might attenuate complement-
mediated injury. We found that PC12 rat neuronal cells rapidly internalized AGAb, which were trafficked to recycling
endosomes and lysosomes. Consequently, complement-mediated cytotoxicity was attenuated. Importantly, we observed
the same AGAb endocytosis and protection from cytotoxicity in live mouse nerve terminals. AGAb uptake was attenuated
following membrane cholesterol depletion in vitro and ex vivo, indicating that this process may be dependent upon
cholesterol-enriched microdomains. In contrast, we observed minimal AGAb uptake at nodes of Ranvier, and this
structure thus remained vulnerable to complement-mediated injury. These results indicate that differential endocytic
processing of AGAbs by different neuronal and glial membranes might be an important modulator of site-specific injury in
acute AGAb-mediated Guillain-Barré syndrome subforms and their chronic counterparts.
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In	the	Guillain-Barré	syndrome	subform	acute	motor	axonal	neuropathy	(AMAN),	Campylobacter jejuni	enter-
itis	triggers	the	production	of	anti-ganglioside	Abs	(AGAbs),	leading	to	immune-mediated	injury	of	distal	
motor	nerves.	An	important	question	has	been	whether	injury	to	the	presynaptic	neuron	at	the	neuromuscu-
lar	junction	is	a	major	factor	in	AMAN.	Although	disease	modeling	in	mice	exposed	to	AGAbs	indicates	that	
complement-mediated	necrosis	occurs	extensively	in	the	presynaptic	axons,	evidence	in	humans	is	more	lim-
ited,	in	comparison	to	the	extensive	injury	seen	at	nodes	of	Ranvier.	We	considered	that	rapid	AGAb	uptake	
at	the	motor	nerve	terminal	membrane	might	attenuate	complement-mediated	injury.	We	found	that	PC12	
rat	neuronal	cells	rapidly	internalized	AGAb,	which	were	trafficked	to	recycling	endosomes	and	lysosomes.	
Consequently,	complement-mediated	cytotoxicity	was	attenuated.	Importantly,	we	observed	the	same	AGAb	
endocytosis	and	protection	from	cytotoxicity	in	live	mouse	nerve	terminals.	AGAb	uptake	was	attenuated	
following	membrane	cholesterol	depletion	in	vitro	and	ex	vivo,	indicating	that	this	process	may	be	depen-
dent	upon	cholesterol-enriched	microdomains.	In	contrast,	we	observed	minimal	AGAb	uptake	at	nodes	of	
Ranvier,	and	this	structure	thus	remained	vulnerable	to	complement-mediated	injury.	These	results	indicate	
that	differential	endocytic	processing	of	AGAbs	by	different	neuronal	and	glial	membranes	might	be	an	
important	modulator	of	site-specific	injury	in	acute	AGAb-mediated	Guillain-Barré	syndrome	subforms	and	
their	chronic	counterparts.

Introduction
The Guillain-Barré syndromes (GBSs) are acute, immune-medi-
ated neuropathies affecting the peripheral nervous system (PNS), 
usually triggered by preceding infectious events including Cam-
pylobacter jejuni enteritis. In the acute motor axonal neuropathy 
(AMAN) variant of GBS, the lipopolysaccharide of C. jejuni initiates 
the production of Abs against the gangliosides GM1 and GD1a 
via molecular mimicry (1). Human autopsy (2) and experimental 
animal (3–5) evidence suggests that anti-ganglioside Abs (AGAbs) 
bind to the axolemmal membrane at the node of Ranvier, where 
they fix complement, resulting in nodal dysfunction and, in severe 
cases, axonal degeneration.

Besides the node of Ranvier, the presynaptic motor nerve ter-
minals at neuromuscular junctions (NMJs) are also targets for 
AGAbs (6–8). In ex vivo experiments using mouse diaphragm 
and triangularis sterni (TS) preparations, interaction between 
AGAbs derived from immunized mice or GBS patients and the 
presynaptic membrane of NMJs induces an α-latrotoxin–like 
effect on transmitter release due to uncontrolled calcium influx 
through complement pores. Consequently, motor nerve termi-
nal electrophysiological function is blocked, accompanied by 
structural damage (8, 9). These animal data suggest that motor 
nerve terminal dysfunction might in part account for motor 

weakness  in  axonal  forms  of  GBS.  Considering  that  motor 
nerve terminals lie outside the blood-nerve barrier, are the tar-
get site for other Ab-mediated diseases such as Lambert-Eaton 
myasthenic syndrome and myasthenia gravis, and express gan-
gliosides (10), which act as receptors for toxins (11, 12), it seems 
highly plausible that presynaptic membranes are targeted for 
AGAb-mediated attack. Although the impairment of presynap-
tic NMJs is experimentally compelling, the clinical involvement 
of this phenomenon in GBS is less clear, except for some case 
studies of atypical clinical subforms (9).

In part this may be because of the limitations of electrophysi-
ological methods  in  interrogating this site, especially when 
motor  axons  are  concomitantly  blocked  by  more  proximal 
injury, for example at pre-terminal nodes of Ranvier. One other 
important confounding factor may be that AGAbs are very rap-
idly cleared from the presynaptic membrane by endocytotic 
pathways,  including  those  involved  in  synaptic vesicle  (SV) 
retrieval (13), whereas they may be retained on the extracellular 
face of the axolemmal membrane at other sites such as the node 
of Ranvier. At the former site, AGAbs would no longer be avail-
able for activating complement, whereas the node of Ranvier 
would remain vulnerable to attack. The possibility that AGAbs 
may be rapidly endocytosed at this site is supported by evidence 
of uptake at NMJs and retrograde transport of Abs against 
neuronal surface proteins (14, 15) and toxins that use ganglio-
sides as receptors (16–19).
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Here, we evaluated the impact of AGAb internalization on the 
pathology of AGAb-mediated injury, using a variety of cell- and 
tissue-based model systems. We selectively analyzed AGAb uptake 
in vitro in PC12 cells, and ex vivo and in vivo in mouse tissues, and 

show that internalization takes place at a physiological tempera-
ture via cholesterol-enriched microdomains and that internalized 
AGAbs either enter recycling endosomes (REs) or are degraded in 
lysosomes. Furthermore, we demonstrate that AGAb internaliza-

Figure 1
AGAbs are internalized by PC12 cells and transported to the EE compartment. (A) PC12 cells labeled with AGAb on ice were incubated at 37°C 
for 15, 30, and 60 minutes. Surface-bound and internalized Ab was detected using secondary Ab and analyzed by fluorescence microscopy. No 
binding to PC12 cells was seen upon labeling with the anti-TNP IgG3 control Ab, followed by secondary Ab. Scale bar: 20 μM. (B) Surface and 
internalized Ab was quantitated using AxioVision software. At least 30 cells were examined per condition (n = 3). (C) PC12 cells were labeled 
as described above and further allowed to internalize Ab over different time periods. The cells were then permeabilized and further stained for 
EEs using anti-EEA1 Ab and appropriate secondary Ab. Scale bar: 20 μM. (D) Co-localization of AGAbs with EEs was determined using Axio-
Vision software. Five to 10 dots per cell were assessed, at least 25 cells per condition were analyzed, and the average Manders coefficient was 
calculated. Plotted values are mean ± SEM (n = 3).
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tion greatly attenuates complement activation, thus preventing 
injury and consequently preserving nerve terminal function. These 
results indicate that AGAb internalization may be one mechanism 
by which NMJs could be relatively protected in AGAb-mediated 
GBS compared with other neural and non-neural sites.

Results
AGAbs are internalized by PC12 cells and dorsal root ganglion neurons 
and localize to distinct endocytic compartments. We first examined the 
kinetics and pathways of AGAb uptake and trafficking in neuronal 
cell culture models in vitro. Differentiated PC12 cells were sur-
face labeled with 3 different AGAbs by incubation at 4°C. Control 
Ab conditions included either an anti-trinitrophenol (anti-TNP) 
IgG3 Ab (IgG3 control, as shown in Figure 1 and Supplemental 
Figure 6; supplemental material available online with this article; 
doi:10.1172/JCI59110DS1), followed by fluorophore-labeled sec-
ondary Ab, or fluorophore-labeled secondary Ab alone (control, as 
shown in other figures). In all control experiments throughout the 
study, significant binding or uptake of irrelevant primary or sec-
ondary Ab was not observed. Subsequently cells were transferred to 
37°C for defined time periods in order to initiate any AGAb endo-
cytosis and intracellular trafficking. All three AGAbs bound to PC12 
cell plasma membranes under steady-state conditions (4°C, t = 0 
minutes) (Figure 1A). No binding was seen with negative control 
anti-TNP IgG3 (Figure 1A). Fifteen minutes after initiation of endo-
cytosis by transfer to 37°C, approximately 50% of anti-GD1a and 
anti-GD1b was redistributed throughout the cytoplasm, displaying 
punctate staining suggesting vesicular localization, while the bulk 
of anti-GM1 Ab still remained close to or at the plasma membrane 
(Figure 1B). As the incubation at 37°C proceeded, the concentra-
tion of all three Abs increased in the cytoplasm (Figure 1, A and 
B). Concomitantly, the level of AGAbs associated with the plasma 
membrane was substantially diminished by 60 minutes incubation 
at 37°C. Endocytosed AGAbs colocalized with the early endosome 
(EE) compartment marker EEA1 (Figure 1, C and D), as defined by 
a Manders coefficient greater than 0.7. In primary dorsal root gan-
glion neurons (DRGNs) exposed to the AGAb reactive with GD1b 
(known to be highly expressed on DRGNs; ref. 20) and subjected to 
the same incubation conditions as PC12 cells, extensive uptake that 
associated with EEA1 was also observed (Supplemental Figure 1).

We next assessed the trafficking pathways by which AGAbs 
were handled in PC12 cells. First we investigated whether the 
three AGAbs are internalized as predicted through the choles-
terol- and glycosphingolipid-enriched membrane microdomains 
by evaluating the extent of co-localization with caveolin-1. We 
observed strong co-localization for anti-GM1 Ab with caveolin-1 
at early time points (Manders coefficient, 0.7–0.9), while anti-
GD1a and -GD1b Abs showed a partial co-localization through-
out the incubation time (Manders coefficient, 0.3–0.7) (Supple-
mental Figure 2, A and B).

Late endosome (LE) and RE compartments were next assessed 
for involvement in Ab trafficking. Since LEs derive from EEs by 
maturation, we investigated whether AGAb cargoes are trans-
ported to LEs by probing with the LE marker Lamp1. Anti-GM1 
and anti-GD1b Abs colocalized with Lamp1-positive vesicles 30 
minutes after initiation of endocytosis, whereas anti-GD1a Ab 
colocalized by 60 minutes (Supplemental Figure 3, A and B). We 
next examined the trafficking of AGAbs to the REs using Rab11 as 
marker for the recycling compartment (Supplemental Figure 4, A 
and B). Anti-GM1 and -GD1b Abs colocalized with Rab11 after 30 

minutes of internalization at 37°C, whereas significant co-local-
ization of anti-GD1a Ab was not observed over this time course.

Having demonstrated that AGAbs are transported to LEs, we 
examined whether they were then delivered to lysosomes for degra-
dation, using LysoTracker (LysoT) dye, which labels acidic vesicles 
(Supplemental Figure 4, C and D). Anti-GM1 and -GD1b Abs sig-
nificantly associated with LysoT after 30 minutes of incubation at 
37°C and with anti-GD1a Ab by 60 minutes.

Overall,  these results demonstrate  that AGAbs, but not  the 
mouse anti-TNP IgG3 control Ab or the secondary Ab, are rapidly 
endocytosed by conventional trafficking pathways in PC12 cells, 
and either recycled or sorted to lysosomes for degradation.

AGAbs are rapidly internalized at NMJs but not at the node of Ranvier. 
Having demonstrated that AGAbs are capable of being rapidly inter-
nalized into endosomal compartments in PC12 cells and primary 
DRGNs, we next assessed whether they are internalized at neuronal 
membranes as found in physiologically intact neural structures, 
namely the presynaptic motor nerve terminal and node of Ranvier. 
Experiments were conducted under conditions and time course 
similar to those in the PC12 and DRGN studies. We used TS nerve-
muscle preparations from both WT and a-series ganglioside–over-
expressing mice (GD3 synthase KO, GD3s–/–), both of which also 
expressed cytosolic cyan fluorescent protein (CFP) in their axons 
to facilitate axonal visualization (WT/CFP, GD3s–/–/CFP; see Meth-
ods). TS preparations were labeled at 4°C with anti-GD1a, -GD1b, 
or -GM1 Ab, and all three Abs were monitored for internalization at 
37°C. Controls included anti-TNP IgG3 and secondary Ab (Supple-
mental Figure 6) or secondary Ab alone, neither of which labeled 
or was taken up at nerve terminal or nodes of Ranvier. We differ-
entiated surface and internalized Abs by assessing permeabilized 
and non-permeabilized tissue using fluorescence microscopy. The 
signal intensity of all three AGAbs associated with the extracellular 
aspect of the presynaptic membrane (i.e., non-permeabilized tissue) 
significantly decreased over time (1 hour) when incubated at 37°C 
(Figure 2, A, C, and E; Supplemental Figure 5, A and B), suggest-
ing that AGAbs were internalized. To confirm this, TS preparations 
were then permeabilized (to allow secondary Ab access for detec-
tion of AGAb) for assessment of internalized AGAbs and found to 
contain extensive deposits of intraterminal Ab. Quantification of 
anti-GD1b Ab levels in permeabilized NMJs showed equal total Ab 
amounts in tissues incubated for 30 and 60 minutes at 37°C, in 
comparison to 0 minutes, following Ab loading at 4°C (Figure 2, B 
and D). Quantitative data for anti-GM1 Ab were similar (Supple-
mental Figure 5, C and D). For anti-GD1a Ab, the level had signifi-
cantly fallen after 60 minutes incubation at 37°C (Figure 2F), sug-
gesting that anti-GD1a Ab may be cleared from the endplate region 
at a faster rate than anti-GM1 and anti-GD1b Abs.

We next examined AGAb binding and uptake at the node of Ran-
vier. Teased, unfixed fibers were freshly isolated from sciatic nerve 
of GD3s–/– mice and exposed to anti-GM1 Ab at 4°C, then incu-
bated at 37°C to initiate endocytosis (Figure 3, A–C). When Ab 
levels in non-permeabilized (Figure 3A) and permeabilized (Figure 
3B) fibers were compared, it was evident that anti-GM1 was not 
internalized at the node of Ranvier or may have been internalized 
at a much reduced rate over a longer time course, compared with 
the presynaptic membrane.

Internalization of anti-GD1b and anti-GM1 Abs is not paralleled by inter-
nalization of GD1b and GM1 gangliosides. It is established that tetanus 
neurotoxin fragment (TeNT Hc) binds to GD1b ganglioside at the 
presynaptic membrane and is internalized through clathrin-coat-
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ed pits, leaving behind its GD1b antigen. In contrast, cholera toxin 
B (CTB), which binds to GM1 in detergent-resistant membrane 
(DRM) microdomains, is endocytosed in complex with GM1 (16, 
17). The predicted consequence of this would be a reduction in the 
amount of cell surface GM1 available for further ligand binding, 

but not of GD1b. In light of this, we assessed whether uptake of 
AGAbs affects the level of ganglioside epitope subsequently avail-
able for further AGAb binding at the presynaptic nerve terminal 
membrane. TS preparations from WT/CFP and GD3s–/–/CFP mice 
were exposed to unlabeled anti-GD1b and anti-GM1 Abs at 4°C, 

Figure 2
Internalization of AGAb from presynaptic membranes at NMJs occurs rapidly at physiological temperature (37°C). (A) TS muscle was labeled 
with anti-GD1b Ab on ice and subsequently incubated at 37°C for 30 and 60 minutes to allow endocytosis. Surface anti-GD1b Ab was detected 
with secondary Ab and analyzed by fluorescence microscopy. Arrowheads indicate the expected site of surface anti-GD1b Ab signal overlying 
the acetylcholine receptor (AChR) signal at the NMJ upon incubation at 37°C. (B) Following microscopic analysis, the same TS preparations 
were permeabilized (with Triton X-100), and the total internalized and surface anti-GD1b Ab was imaged using secondary Ab. (C and D) Fluores-
cence images for anti-GD1b Ab were quantitated using ImageJ software. (C) Anti-GD1b Ab was rapidly depleted from the cell surface over time. 
(D) Following permeabilization, no significant difference in total anti-GD1b Ab signal overlying the NMJ was observed, compared with surface 
Ab levels at t = 0. (E and F) For anti-GD1a Ab (images not shown) rapid clearance by internalization from the cell surface was also observed 
(E), and by 60 minutes, there was also a mild but significant overall reduction in total anti-GD1a Ab over the NMJ (F, 60-minute time point), sug-
gesting clearance away from this site. At least 150 NMJs were analyzed per time point, and results are from 3 independent experiments per Ab.  
n = 3; **P < 0.005. Scale bars: 20 μM. Control tissues exposed to secondary Ab alone showed no significant binding or uptake (for anti-TNP 
IgG3 control data, see Figures 7 and 8).
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respectively (Supplemental Figure 6, A–D). TS preparations were 
then incubated at 37°C for 30 minutes to allow Ab endocytosis, 
which was monitored for completeness (30 minutes internaliza-
tion). The remaining surface ganglioside available for further Ab 
binding was estimated by relabeling the tissue with anti-GD1b or 
anti-GM1 Abs (30 minutes RE). This relabeled Ab signal was insig-
nificantly different from the original Ab signal obtained on first 
labeling the tissue (t = 0 minutes). Thus, no reduction in surface 
GD1b or GM1 immunoreactivity was observed in tissue subjected 
to prior AGAb uptake, compared with naive tissue. In contrast, 
preincubation with CTB, followed by surface probing with anti-
GM1 Ab, resulted in a significant reduction (43%, P < 0.001) in 
surface GM1 (median, 82 AU) compared with control tissue not 
subjected to CTB pretreatment (median, 143 AU) (Supplemental 
Figure 6, E–G). These results indicate that internalization of anti-
GD1b and anti-GM1 Abs is not paralleled by internalization of 
GD1b and GM1 gangliosides under these conditions.

AGAb uptake attenuates complement activation in PC12 cells. After dem-
onstrating that AGAbs are internalized by PC12 cells, DRGNs, and 
the presynaptic nerve terminal, we next addressed the extent to which 
AGAb internalization affects the pathological cascade driven by com-
plement activation. We first compared the amount of lactate dehy-
drogenase (LDH) release (as an index of complement-mediated cell 
lysis) from AGAb-opsonized PC12 cells upon incubation at 4°C and 
37°C, prior to exposure to normal human serum (NHS) as a com-
plement source. Complement-depleted NHS (heat inactivated [HI], 
negative control) and a cell lysis buffer (positive control, equating to 
100% LDH release, 100% cell lysis) were used as comparators. At the 
initial state (transfer to 37°C, t = 0), anti-GM1, -GD1a, and -GD1b 
Ab–coated PC12 cells resulted in 75% (P < 0.001), 56% (P < 0.05), and 
60% (P < 0.05) cell lysis, respectively (Figure 4A). After 15 minutes of 
incubation at 37°C and complement exposure, LDH release fell to 
30% (P < 0.001) and 43% (P < 0.001), respectively, for anti-GD1a– and 
anti-GD1b–labeled PC12 cells. For anti-GM1–labeled PC12 cells, 

Figure 3
Anti-GM1 is not internalized at the 
node of Ranvier. (A and B) Teased 
sciatic nerve fibers from GD3s–/–  
mice labeled with anti-GM1 Ab 
at 4°C were further incubated at 
37°C for 30–60 minutes to allow 
endocytosis, or studied immedi-
ately (t = 0 minutes). Anti-GM1 Ab 
was detected with secondary Ab 
in non-permeabilized tissue (A) 
and Triton X-100–permeabilized 
tissue (B) and analyzed by fluo-
rescence microscopy. Scale bars:  
20 μm. (C) Quantification of anti-
GM1 Ab levels at the node of Ran-
vier of permeabilized and non-per-
meabilized tissues was conducted 
using ImageJ software. In tissue 
incubated solely at 4°C or for a 
further 30–60 minutes at 37°C, 
there was no significant difference 
in anti-GM1 Ab levels at the node 
of Ranvier in either permeabilized 
or non-permeabilized conditions, 
indicating that insignificant uptake 
of antibody had occurred. For 
quantitative data, control fibers 
were labeled with secondary Ab 
alone and showed no binding. (D) 
No binding to nodes of Ranvier is 
seen upon labeling with the anti-
TNP IgG3 control Ab, followed by 
secondary Ab. Data are the mean 
of 2 independent experiment, and 
at least 75 nodes were assessed 
per condition.
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Figure 4
AGAb uptake attenuates complement activation in vitro and ex vivo, and protects tissue from injury. (A) PC12 cells labeled with AGAbs at 4°C 
were incubated at 37°C over time (15–60 minutes) to allow endocytosis or maintained at 4°C to retain all Ab on the surface. Cells were subse-
quently exposed to NHS for 60 minutes at 37°C. Control samples were exposed to the HI-NHS under the same conditions. Cell death (assessed 
using the CytoTox 96 kit) was greatly attenuated in samples incubated at 37°C for increasing time periods, compared with those maintained at 
4°C. Data are mean ± SEM (n = 3; P < 0.001 for 15-, 30-, and 60-minute time points, compared with samples incubated for 0 minutes). (B–F) 
TS from WT (B) and GD3s–/– (D) mice were labeled at 4°C with anti-GD1b and anti-GM1 Abs, respectively, then further incubated at 37°C for 60 
minutes (or maintained at 4°C) before exposure to NHS. Control tissues were exposed to HI-NHS. MAC deposits at the endplates were detected 
with anti–C5b-9 Ab. MAC deposits at NMJs of TS incubated at 37°C for 60 minutes were greatly reduced compared with incubation maintained 
at 4°C. Arrows indicate expected positions of NMJs. Scale bars: 20 μm. (C and E) Quantitation of MAC was conducted using ImageJ software. 
At least 150 NMJs were investigated per condition. n = 3; **P < 0.005. (F) The NMJ was assessed for the loss of intraterminal cytosolic CFP 
overlying the acetylcholine receptor staining, and the percentage of NMJs that retained CFP (healthy NMJs) was calculated. An increase in the 
number of healthy NMJs in tissue incubated for 60 minutes at 37°C was observed. Control data were obtained with HI-NHS. Data are the mean 
from 3 independent experiments, and at least 150 NMJs were investigated per condition; **P = 0.003.
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LDH release at 15 minutes was less marked, consistent with its 
slightly slower internalization (Figure 1B). By 30 minutes at 37°C 
with NHS exposure, all AGAb-labeled PC12 cells showed significant 
attenuation of LDH release. These results indicate that Ab internal-
ization with concomitant clearance of cell surface Ab attenuates 
complement activation and subsequent cell membrane lysis.

Complement activation is attenuated upon AGAb internalization at the 
presynaptic nerve terminal, whereas the node of Ranvier remains vulner-
able. We next examined whether AGAb uptake at the presynaptic 
nerve terminal attenuates complement activation and thereby 
protects NMJs against injury. First, TS nerve-muscle preparations 
from WT/CFP or GD3s–/–/CFP mice were incubated at 4°C with 
anti-GM1 or -GD1a/-GD1b Ab, respectively. AGAb-labeled TS 
preparations were then incubated at 37°C for 60 minutes before 
exposure to NHS. HI-NHS was used as a negative control. At time 
zero (i.e., prior to any incubation at 37°C), membrane attack com-
plex (MAC) deposits were observed at the presynaptic nerve termi-
nal of all tissues that had been preexposed to AGAb followed by 
NHS (Figure 4 and Supplemental Figure 7). Conversely, the levels 
of MAC at the presynaptic nerve terminal in AGAb-labeled tissue 
incubated at 37°C for 1 hour prior to the exposure to NHS were 
significantly reduced. Taken together, these data indicate that the 
attenuation of complement activation is due to AGAb clearance 
from the presynaptic nerve terminal membrane by endocytosis.

We next investigated the effect of AGAb uptake on complement 
activation at the node of Ranvier. Teased, unfixed fibers freshly 
isolated from sciatic nerve of GD3s–/– mice were exposed to anti-
GM1 Ab at 4°C and then incubated for 1 hour at 37°C to facilitate 
endocytosis, before exposure to the NHS. As a control, HI-NHS was 
used (Supplemental Figure 8, A and B; arrows indicate the node of 
Ranvier). As expected, the level of MAC deposited at the node of 
Ranvier did not vary between tissues incubated for 0 and 60 min-
utes at 37°C. This result supports the previous finding showing an 
absence of significant anti-GM1 Ab uptake at the node of Ranvier.

Presynaptic nerve terminal membrane integrity and function are protected 
as a consequence of AGAb uptake. To investigate whether the attenua-
tion of MAC deposition at AGAb-labeled NMJs results in the pres-
ervation of the presynaptic membrane integrity, we assessed the 

number of AGAb-labeled terminal axons overlying endplates that 
retained their CFP fluorescence, comparing those incubated at 37°C 
for 0 and 60 minutes, followed by exposure to NHS. Previous stud-
ies have shown that leakage of CFP through MAC pores, and thus 
loss of fluorescence signal, is a reliable index of terminal axon integ-
rity (21). AGAb-labeled TS preparations that had been immediately  
(0 minutes at 37°C) exposed to NHS showed a relative loss of endplate 
CFP compared with those allowed to internalize Ab for 60 minutes at 
37°C (Figure 4, B and D, and Supplemental Figure 7A, lower panels; 
arrows indicate expected position of terminal axonal CFP). Quan-
titatively, 20% or fewer of endplates sensitized by any of the three 
AGAbs and then immediately exposed to NHS remained healthy,  
compared with more than 60% of those allowed to internalize Ab for 
60 minutes at 37°C (Figure 4F and Supplemental Figure 7C).

We next assessed the effects of uptake of AGAb on complement-
mediated neurophysiological disruption of motor nerve terminal 
function using the nerve-muscle hemidiaphragm preparation, 
restricting these studies to anti-GM1 Ab in GD3s–/– mice (Fig-
ure 5). As shown in previous studies (9), aberrant calcium influx 
through MAC pores in the presynaptic membrane triggers massive 
uncontrolled exocytosis (manifested by an increase in miniature 
endplate potential [MEPP] frequency accompanied by sponta-
neous twitching of muscle fibers), followed by neuromuscular 
transmission block. At hemidiaphragm NMJs sensitized by anti-
GM1 Ab, but prior to exposure with NHS, MEPP frequency was 
normal, at approximately 1.5/s, as expected (Figure 5, A and B) 
(22). When these preparations were immediately exposed to NHS, 
a large elevation in the MEPP frequency — to a level of 56.6 ± 9.6/s 
(n = 51 NMJs from 2 muscles) — occurred, as expected from earlier 
studies with this Ab (23). When anti-GM1 Ab–sensitized prepara-
tions were incubated for 1 hour at 37°C prior to exposure to NHS, 
the increase in MEPP frequency was significantly attenuated, by 
approximately 75% (13.1 ± 3.5/s; n = 46 NMJs; P < 0.001). Similarly, 
the muscle fiber twitch score was greatly attenuated by inclusion 
of a 1-hour period of Ab uptake at 37°C (Figure 5C). Thus, the 
membrane integrity as assessed by CFP intensity and electrophysi-
ological function was largely preserved by allowing Ab uptake at 
the nerve terminal prior to complement exposure.

Figure 5
Incubation of anti-GM1 Ab pretreated GD3s–/– NMJs in Ringer’s solution for 1 hour at 37°C before addition of NHS attenuates complement-
mediated pathophysiological effects. (A) NMJs incubated for 1 hour at 37°C in Ringer’s medium (to facilitate Ab endocytosis) exhibited a lower 
increase in MEPP frequency following the addition of NHS as a complement source, compared with positive pathological controls pretreated with 
anti-GM1 Ab, then directly exposed to NHS (i.e., without an Ab endocytosis step). (B) Typical examples of MEPP recordings under pathological 
control conditions in comparison with 1 hour of Ab uptake prior to exposure to NHS. One-second trace. (C) The lower MEPP frequency in the 
1-hour 37°C Ringer’s medium–incubated muscles was accompanied by less intense muscle fiber twitching.
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Anti-GD1a uptake protects the presynaptic nerve terminal from the 
complement-mediated injury in vivo. Having demonstrated that AGAb 
uptake in vitro and ex vivo attenuates complement activation and 
preserves presynaptic nerve terminal integrity, we sought to deter-
mine whether the same finding could be observed in vivo. This study 
was restricted to anti-GD1a Ab applied to WT mice constitutively 
expressing CFP in their axons (WT/CFP mice). Following the topical 
application of anti-GD1a Ab together with NHS to sternomastoid 
muscles of mice under general anesthesia, only 7% (Figure 6B) of 
the nerve terminals maintained a healthy state (as determined by 
the retention of CFP fluorescence in terminal axons) (Figure 6A, top 
row; arrows indicate the complete disappearance of terminal CFP 
at 0 minutes) compared with control (100% healthy) (Figure 6A, 
bottom row; arrows indicate healthy endplates). When anti-GD1a 
Ab was topically applied for 30 minutes, followed by 60 minutes of 
incubation with Ringer’s before topical application of NHS, a signif-
icant attenuation of injury resulted as manifested by the retention 
of CFP in terminal axons (Figure 6A, middle row; arrows), with 60% 
of NMJs maintaining their healthy state (Figure 6B; P < 0.001).

AGAb uptake is regulated by membrane cholesterol in vitro and ex 
vivo. Finally, we considered whether biochemical perturbation of 

AGAb uptake might affect the pathophysiological outcome and 
addressed this by manipulating membrane cholesterol. We treated 
differentiated PC12 cells and TS preparations with methyl-β cyclo-
dextrin (MβCD), a cholesterol-depleting agent. First, PC12 cells 
were incubated for 30 minutes at 37°C with 5 mM MβCD diluted 
in serum-free DMEM. Control cells were untreated. After incuba-
tion, cells were rinsed with cold serum-free DMEM and labeled 
with 10 μg/ml AGAbs for 1 hour. After labeling, cells were reincu-
bated at 37°C for 30 minutes to initiate endocytosis, and surface 
and internalized Abs were then assessed. Pretreatment of PC12 
cells with 5 mM MβCD significantly inhibited the uptake of all 
three Abs by 30%–50% (P < 0.001) (Figure 7, A and B).

To investigate the dependence on cholesterol of Ab endocytosis 
at the presynaptic motor nerve terminal, we investigated whether 
MβCD would affect uptake of AGAbs in TS preparations, restrict-
ing these studies to anti-GD1b and -GM1 Abs. First, we showed that 
preincubation of WT TS preparations with 5 mM MβCD almost 
completely inhibited the uptake of anti-GD1b Ab (100 μg/ml,  
incubated for 2 hours at 4°C) at the presynaptic motor nerve ter-
minal (Figure 7, C and D). No tissue binding of the mouse IgG3 
negative control Ab was observed. We then sought to determine 

Figure 6
Anti-GD1a Ab uptake protects NMJs from injury in vivo. (A) Sternomastoid muscles from live anesthetized mice were labeled with anti-GD1a 
together with NHS (0 minutes) or anti-GD1a alone for 30 minutes, followed by 60 minutes with Ringer’s before exposure to NHS. Control mice 
received Ringer’s alone. NMJs were visually assessed for the loss of CFP overlying the acetylcholine receptor staining, and the percentage of 
NMJs that retained the CFP (healthy NMJs) was calculated. There is an increase in healthy NMJs in tissue incubated at 37°C. NMJs incubated 
in Ringer’s for 60 minutes (to allow Ab uptake) before exposure to NHS are protected from injury. Scale bar: 50 μm. (B) Quantitative analysis of 
NMJ integrity showing significant preservation of the endplate structure (arrows in A) in tissues subjected to a gap of 60 minutes incubation with 
Ringer’s prior to exposure to NHS. n = 3; **P < 0.001.
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whether the inhibition of Ab uptake at this site increased the 
membrane vulnerability to complement. TS preparations from 
WT and GD3s–/– mice were preincubated with 5 mM MβCD and 
then labeled at 4°C for 2 hours with anti-GD1b and anti-GM1 
Abs, respectively. TS tissues were further incubated at 37°C before 

exposure to NHS as source of complement. There was a substan-
tial increase in MAC deposit at the presynaptic nerve terminal of 
tissues pretreated with MβCD, compared with MβCD-untreated 
tissue (Figure 8, A, B, D, and E). In addition, the increase in MAC 
deposition at NMJs of MβCD-treated TS was accompanied by the 

Figure 7
Cholesterol is required for AGAb uptake in vitro and ex vivo. (A) MβCD-treated and untreated PC12 cells were labeled with AGAbs at 4°C and incu-
bated for 30 minutes at 37°C to allow endocytosis. AGAbs were detected using secondary Ab and analyzed by fluorescence microscopy. Scale bar: 
20 μm. (B) Levels of surface and internalized AGAb were estimated using the quantification module of AxioVision software, and the percentage of 
internalized AGAb was calculated. Data are mean ± SEM (n = 3; **P < 0.001). (C) MβCD-treated and untreated TS preparations were labeled with 
anti-GD1b at 4°C and incubated at 37°C for 30 minutes to allow endocytosis. No Ab binding or uptake was observed in parallel preparations receiv-
ing anti-TNP IgG3 control Ab. Anti-GD1b was detected using FITC-labeled secondary Ab, and NMJs were detected using Alexa Fluor 555 α-BTx. 
Scale bar: 20 μm. (D) Surface anti-GD1b Ab overlying the AChR was estimated using ImageJ software. While incubation at 37°C for 30 minutes 
resulted in significant Ab endocytosis compared with 0 minutes (**P < 0.01), this was completely attenuated in the presence of MβCD, with no sig-
nificant difference observed compared with TS maintained at 4°C. At least 150 NMJs were analyzed per condition in 2 independent experiments.
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loss of nerve terminal integrity as assessed by loss of axonal CFP 
fluorescence, while a substantial preservation of endplate integ-
rity was observed in MβCD-untreated tissue (30 minutes, con-
trol) (Figure 8, C and F). These results indicate that cholesterol-
enriched membrane microdomains regulate the uptake of AGAbs 
both in vitro and ex vivo.

Discussion
The current study was undertaken to investigate whether the 
presynaptic motor nerve terminal at NMJs might be protected 
from AGAb-directed, complement-mediated injury due to rapid 
Ab clearance by vesicular endocytosis. In contrast, other sites 
also containing abundant membrane gangliosides — including 
the nodal axolemmal membrane, where endosomal trafficking 
pathways are less active — may be especially vulnerable to com-
plement-mediated injury due to their inability to rapidly clear Ab 
by this mechanism. Although substantial experimental evidence 
supports a role for NMJ disruption in GBS pathology (12, 24, 
25), clinical electrophysiological evidence to support the view 
that the NMJ is either the earliest or the primary target is modest 
(9, 26–28). Here we demonstrate that at a physiological tempera-
ture, AGAbs were rapidly internalized by presynaptic motor nerve 
terminal membranes. As a consequence, uptake of AGAbs was 
accompanied by substantial attenuation of complement activa-
tion, both in vitro and ex vivo. In parallel, the pathophysiological 
effects mediated by AGAbs and complement at the presynaptic 
nerve terminal were also attenuated. In contrast, AGAb was not 
endocytosed at the node of Ranvier, and consequently comple-
ment activation over this time course under the same conditions 
was unaffected. These data suggest that a critical factor in deter-
mining membrane vulnerability to complement-mediated attack 
in human GBS and related disorders may be the rate of clear-
ance of AGAb from the membrane by endocytosis, and that this 
might differ widely in different membrane regions of the PNS. 

Put another way, neural membranes unable to rapidly clear sur-
face-bound Abs by endocytosis may be especially vulnerable to 
AGAb-mediated, complement-dependent injury in GBS.

Ab uptake by different mechanisms is well recognized in micro-
bial evasion of host defense, including complement-mediated lysis 
in trypanosomes (29). Autoantibodies against membrane self anti-
gens, including gangliosides, become endocytosed and undergo 
various intracellular trafficking fates (30, 31). In some cases, Ab 
endocytosis accompanied by accelerated internalization of ligand 
may affect function (32). To elucidate the entry routes and sorting 
pathways of AGAbs, including the effects of depleting membrane 
cholesterol, we examined PC12 cells as a readily tractable system 
and also conducted live tissue studies (33). Cholesterol is a major 
component of caveolae and lipid rafts, two structurally distinct 
membrane microdomains (34), and the disruption of cholesterol 
content has been shown to displace proteins, thereby altering their 
functional performance (35, 36). In our studies, AGAbs associated 
with caveolae and their uptake was attenuated following choles-
terol depletion, both in vitro and ex vivo, indicating that choles-
terol is an essential stabilizer of the membrane domains involved 
in AGAb uptake, although the precise mechanism by which cho-
lesterol exerts its effect in this system remains unknown. Involve-
ment of clathrin-mediated endocytosis of AGAbs is equally likely, 
as cholera and tetanus toxins that bind to GM1 and GD1b, respec-
tively, are internalized by sequential mechanisms that implicate 
both caveolae and clathrin-mediated endocytosis (17, 37). Whether 
AGAb uptake exclusively occurs within caveolae or clathrin micro-
domains remains unknown, although it is likely that both occur. 
Unlike cholera toxin, but similarly to tetanus toxin (17), AGAbs 
appeared to dissociate from ganglioside upon entry, leaving the 
ganglioside on the plasma membrane. Alternatively, intracellular 
gangliosides may very rapidly recycle back to cell surface, where 
further binding and uptake of Ab might take place.

In PC12 cells, AGAbs were rapidly sorted to EEs, the common 
convergence point from the plasma membrane, and then trans-
ported to both the RE compartment and the acidic compartment 
for lysosomal degradation. If recycled Ab became available in the 
extracellular environment to re-bind antigen, the recycling pathway 
may be a route whereby AGAb pathogenic capability is regulated. 
Equally, under certain disease or experimental conditions, satura-
tion of the recycling pathway might result in excess Ab being direct-
ed to the acidic compartment for degradation.

Retention of AGAbs on the presynaptic motor nerve terminal 
membranes rapidly decayed at a physiological temperature (37°C), 
similar to the rate seen in PC12 cells. Following endocytosis, the 
total amount of AGAb contained within  the endplate  region 
(either intracellularly or extracellularly) was unchanged over the 
short time frame studied (apart from a slight fall in anti-GD1a 
Ab), indicating that AGAb was retained locally in the synaptic 
region. Once they are internalized at the synapse, the trafficking 
route of AGAbs is unknown; however, evidence from many stud-
ies indicates the presence of multiple endosomal trafficking path-
ways at motor nerve terminals, the molecular apparatus involved 
in neurotransmitter uptake and recycling being particularly well 
studied. Endosomal sorting pathways for structural components 
of synaptic membranes including channels and receptors are also 
present in separate domains lateral to the active zones and thus 
distinct from the neuroexocytotic machinery, although it is likely 
that there is some overlap between these pathways (38). Thus, 
nerve terminals contain the two small GTPases Rab5 and Rab4, 

Figure 8
MβCD treatment of TS preparations increases AGAb-dependent MAC 
deposition and tissue injury at NMJs by attenuating Ab uptake. MβCD-
treated and untreated TS preparations from WT (A–C) and GD3s–/– 
(D–F) mice were labeled at 4°C with anti-GD1b and anti-GM1 Abs, 
respectively. Ab-labeled TS was either directly exposed to NHS (0 min-
utes) at 37°C or further incubated for 30 minutes at 37°C (to allow Ab 
internalization) and then exposed to NHS (30 minutes). MAC deposits 
at NMJs were detected with anti–C5b-9 and TRITC-labeled secondary 
Ab. NMJs were identified using α-BTx-488 that binds AchR. Represen-
tative fluorescence images are shown. Scale bar: 20 μm. (B and E) 
Quantitative analysis of MAC deposits at NMJs of MβCD-treated and 
untreated TS from confocal images using ImageJ software. Incubation 
of Ab-labeled TS for 30 minutes at 37°C (t = 30 minutes) in compari-
son to immediate exposure to NHS (t = 0 minutes) resulted in greatly 
reduced MAC deposition for both Abs; **P < 0.0001. Pretreatment 
with MβCD attenuated both anti-GD1b and -GM1 Ab uptake, and as a 
consequence, MAC deposition was enhanced, even to levels greater 
than those seen with immediate exposure to NHS (t = 0 minutes);  
P < 0.001 for both Abs. (C and F) NMJ integrity was assessed by 
counting α-BTx–positive NMJs that retained cytosolic CFP (healthy 
NMJs). A decrease in the number of healthy NMJs in tissues pretreat-
ed with MβCD was observed. P = 0.01 for anti-GD1b Ab; P = 0.02 
for anti-GM1 Ab. At least 150 NMJs were analyzed per condition in 3 
independent experiments. Control studies using anti-TNP Ab (IgG3) 
were conducted, and no effects were induced. Data are expressed as 
median values and interquartile ranges.
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which in non-neuronal cells regulate transport to and from the 
EE, respectively (39, 40), and also appear to be implicated in the 
SV recycling/formation processes. Rab5-positive endosomes are 
implicated in the differential sorting of amyloid precursor protein 
and SV components, which are internalized at nerve terminals and 
directed to the retrograde transport route and the recycling SV 
pool, respectively (41). The localization of different gangliosides 
within these membrane domains that would act as entry points for 
AGAbs is unknown, but may be widespread. At nodes of Ranvier in 
mature myelinated axons, data about endosomal trafficking path-
ways are sparse. Sorting capability must exist, especially during the 
formation of specialized domains integral to nodal organization 
that take place during development and repair (42); however, in 
the mature steady state, endosomal cycling of nodal axolemmal 
membrane components may be relatively modest in comparison 
to synaptic membranes. Our data on the lack of AGAb uptake at 
the node of Ranvier would support this view.

Abs against neuronal proteins and bacterial toxins that use gan-
gliosides as receptors are retrogradely transported to the neuronal 
cell body following internalization at the motor nerve terminal 
(15, 18, 43, 44). Extrapolating these findings to AGAbs, we would 
expect all three endocytosed AGAbs to also be retrogradely trans-
ported to the neuronal cell body, where they may be destined for 
lysosomal degradation, as seen in PC12 cells. Whether they may 
also be recycled back to the synaptic membrane through local 
endosomal circuits is not known.

An important feature of the AGAbs used in this study is that 
they fix complement upon binding to the membrane ganglio-
side (8, 45, 46). In this study and previous mouse models of acute 
axonal neuropathy and Fisher syndrome, nerve terminal injury is 
dependent upon MAC pore formation and is attenuated by termi-
nal complement inhibitors (5, 47–49). Once any MAC-mediated 
membrane injury has occurred, thereby allowing uncontrolled 
calcium influx and calpain activation (50), the ability of the endo-
somal machinery to actively endocytose additional AGAb will be 
severely compromised, and the pathological cascade would thus 
accelerate. In our studies, nerve terminals were pulsed with a high 
concentration of AGAb at a single time point, whereas in human 
disease, chronic exposure to smaller amounts of Ab over longer 
time frames occurs; thus, further consideration of the kinetics and 
saturation dynamics would need to be introduced to this model to 
predict the implications of these effects in humans.

Based on these data, we conclude that uptake of AGAbs at NMJs 
maintains nerve terminal integrity by attenuating complement 
activation, in contrast to the axolemmal membrane at the node 
of Ranvier. These effects could vary substantially between differ-
ent neural and glial membranes. Such internalization events are 
very likely to modify the development of the clinical and patho-
logical phenotypes observed in human AGAb-mediated disease in 
complex ways, modified by local factors including Ab access, dose, 
binding affinity, complement fixing properties, and complement 
regulation. It is clear that a highly dynamic environment exists at 
target membranes for AGAbs that needs to be considered when 
modeling such disorders.

Methods
Animals. Adult male and female C57BL/6 mice and GD3s–/– mice were 
used (51). WT C57BL/6 mice express a normal repertoire of gangliosides, 
including the major “a” and “b” series gangliosides in their nerve termi-
nals. GD3s–/– mice are unable to synthesize b-series gangliosides (e.g., GD3, 

GD1b, GT1b) and consequently overexpress a-series gangliosides (e.g., 
GM1, GD1a); thus, they are more vulnerable to the pathological effects 
of anti-GM1 and anti-GD1a Abs than WT mice, as a greater abundance 
of target is present (8). In the current studies, the use of GD3s–/– mice was 
restricted to experiments with anti-GM1 Ab. WT mice were used for studies 
on anti-GD1b and anti-GD1a Abs. To facilitate visualization of nerve ter-
minal and pre-terminal axons, mice expressing the cytosolic CFP in axons 
[B6.Cg/TgN (Thy1-CFP)] (52) were used. Using these mice, we have shown 
that CFP leaks out through MAC pores in the axolemmal membrane, and 
thus the loss of intracytosolic CFP indirectly indicates a breaching of the 
axolemmal membrane integrity. These mice crossed with GD3s–/– mice are 
herein referred to as GD3s–/–/CFP, and the WT counterpart as WT/CFP.

Abs and reagents. Mouse monoclonal AGAbs (anti-GM1, anti-GD1a, and 
anti-GD1b) were all IgG3 subclass and generated as described previously (53). 
In all ex vivo tissue studies, Abs were used at a concentration of 100 μg/ml  
in order to ensure an ample quantity of Ab was distributed through the 
various membrane and intracellular compartments for visualization pur-
poses. The mouse IgG3 mAb, clone MG3-35 raised against TNP, was used 
as an isotype control (BioLegend).

Rabbit anti-EEA1 and anti-Rab11 were purchased from Santa Cruz Bio-
technology Inc.; rabbit anti-Lamp1 from Abcam; rabbit anti–caveolin-1 
and anti–neurofilament-M (anti–NF-M) from BD Biosciences; and mouse 
anti–C5b-9  from Dako. Anti-neurofascin Ab  (clone A12/18.1, mouse 
IgG2a) was a gift from P. Brophy (Centre for Neuroregeneration, Univer-
sity of Edinburgh, Edinburgh, United Kingdom). FITC-labeled goat anti-
mouse IgG3, TRITC-labeled goat anti-mouse IgG2a, and TRITC-labeled 
goat anti-rabbit IgG were from SouthernBiotech. CTB, poly-l-lysine, and 
methyl-β-cyclodextrin  were  from  Sigma-Aldrich.  DMEM,  FCS,  horse 
serum (HS), penicillin/streptomycin, Alexa Fluor 488–labeled α-bungaro-
toxin (α-BTx-488, used to identify NMJs), and LysoT DND-99 were from 
Invitrogen. The CytoTox 96 kit was from Promega. The NHS used in this 
study was collected from a single donor and stored in aliquots at –80°C.

Cells. PC12 cells, differentiated in DMEM-containing nerve growth fac-
tor (NGF, Sigma-Aldrich) for 4 days as previously described (54), were used 
for in vitro AGAb internalization assays. DRGNs from P15 embryonic rat 
were isolated and cultured as described (55). Neurons were identified by 
staining for NF using anti–NF-M Ab.

Microscopic image acquisition. For PC12 cells, 30–50 cells were randomly 
selected and imaged using a Zeiss AxioImager Z1 equipped with an Apotome 
attachment and a ×63 objective. All images were acquired as Z-stack of 0.5-μm 
thickness with identical acquisition parameters. In each experiment, detection 
thresholds were first established and all data subsequently collected using 
these settings. Vesicular staining in cytoplasmic areas were imaged, and any 
staining that appeared to overlap with nuclei (as seen with the anti-Rab11 Ab) 
was excluded. Co-localization of fluorescence signals in either of two channels 
was determined using the co-localization module of the AxioVision software. 
Two signals were considered as strongly colocalizing if the Manders coeffi-
cient was equal to or greater than 0.7 (56, 57). For quantitative assessment of 
Ab and complement levels in all ex vivo TS preparations, images were collected 
using confocal microscopy (Zeiss LMS 5 Pascal) under constant acquisition 
settings and quantified using ImageJ software (http://rsbweb.nih.gov/ij/) as 
previously described (23). For illustrations, all images were collected using a 
Zeiss AxioImager equipped with an Apotome and AxioVision software. For 
sciatic nerve teased fiber studies, Ab and complement deposits at 30–50 nodes 
of Ranvier per condition were imaged and quantified in 3 independent experi-
ments using the AxioImager Z1 equipped with an Apotome attachment as 
above for PC12 cells and as previously described (5).

In vitro Ab-mediated complement-dependent cytotoxic assay. Differentiated 
PC12 cells (1500) seeded onto poly-l-lysine–coated 96-well plates were 
labeled with anti-GM1, anti-GD1b, or anti-GD1a (10 μg/ml in DMEM 
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plus 1% BSA) for 1 hour. Cells were rinsed twice with serum-free DMEM 
and incubated at 37°C for 15, 30, and 60 minutes in the same medium. 
Following incubation, cells were rinsed once with PBS and exposed to 50 μl 
of 40% NHS for 60 minutes at 37°C alongside 40% heat-inactivated NHS, 
lysis buffer (positive control), and Ab-untreated cells (background con-
trol). Plates were then centrifuged at room temperature (RT) for 4 minutes 
at 250 g, and the supernatant was transferred to 96-well ELISA plates. The 
cytotoxicity assay and cell death estimation were performed according to 
the manufacturer’s instructions.

TS preparation and Ab internalization assay. TS samples from adult mice were 
freshly dissected in Ringer’s solution (119 mM NaCl, 4.5 mM KCl, 2 mM 
CaCl2, 1 mM MgSO4, 1 mM NaH2PO4, 23 mM NaHCO3, 11 mM glucose, 
pH 7.4, pre-gassed with 95% O2/5% CO2) as described previously (5). TS 
preparations from WT/CFP mice were incubated with anti-GD1a or anti-
GD1b Ab (100 μg/ml in Ringer’s) for 2 hours at 4°C. For anti-GM1 Ab, TS 
preparations from GD3s–/–/CFP mice were used. In control tissue, either Ab 
was omitted or mouse IgG3 mAb control was used. After AGAb binding, tis-
sues were rinsed with Ringer’s and incubated at 37°C in Ringer’s for 30 and 
60 minutes, followed sequentially by 4% PFA (20 minutes), 0.1 M glycine 
(10 minutes), 5% normal goat serum (NGS) (15 minutes), goat anti-mouse 
IgG3–TRITC (1:300) and α-BTx-488 (1:500) diluted in PBS (2 hours), all at 
RT. Finally, tissues were rinsed in PBS mounted in Citifluor and imaged. 
To subsequently visualize internalized Ab, tissues were removed from the 
microscopic slides, washed in water, incubated for 30 minutes in 0.5% Tri-
ton X-100, and blocked with 5% NGS at RT. Internalized AGAb was then 
visualized by reincubating tissue with goat anti-mouse IgG3–TRITC (1:300) 
and α-BTx-488 (1:500) for 4 hours at RT. Tissues were washed, remounted, 
and reimaged. AGAb deposits at nerve terminals (identified by α-BTx stain-
ing) were quantified as described above (23, 24).

For experiments on AGAb uptake at the node of Ranvier, 5 mm of sciatic 
nerve was dissected from GD3s–/– mice and rapidly teased into individual 
fibers on microscopic slides in Ringer’s solution. Teased fibers were incu-
bated with anti-GM1 Ab (100 μg/ml in Ringer’s) at 4°C for 60 minutes, 
rinsed, and incubated at 37°C in Ringer’s for 30 and 60 minutes. After 
incubation, the tissues were further rinsed, incubated in 4% PFA (20 min-
utes) and then 5% NGS (30 minutes), both at RT. In parallel, tissues treated 
as above were permeabilized with 0.5% Triton X-100 to detect any internal-
ized Ab. Nodes of Ranvier were identified using anti-neurofascin Ab (1:100, 
overnight at 4°C). Tissues were then rinsed and incubated with goat anti-
mouse IgG3–FITC and goat anti-mouse IgG2a–TRITC and quantified.

AGAb-mediated complement activation and injury. To investigate the effect 
of AGAb uptake on complement activation at the presynaptic nerve ter-
minal, we first labeled TS preparations with anti-GM1, anti-GD1b, and 
anti-GD1a Abs (100 μg/ml) at 4°C for 2 hours. TS preparations were then 
either immediately exposed to 40% NHS for 60 minutes, or first incubated 
at 37°C for 60 minutes in Ringer’s solution (to allow endocytosis to occur) 
and then exposed to 40% NHS for 60 minutes. TS preparations were then 
rinsed and blocked with 5% NGS, then incubated with mouse anti–human 
C5b-9 (1:50) and α-BTx-488 (1:500) in Ringer’s solution overnight. Tissue 
was then sequentially rinsed, fixed for 20 minutes at RT with 4% PFA, incu-
bated at RT for 3 hours with TRITC-labeled goat anti-mouse IgG2a (1:300) 
and α-BTx (1:500) in PBS, washed, mounted, and imaged. MAC deposits at 
NMJs were estimated as above. The integrity of the presynaptic membrane 
was monitored by assessing the CFP intensity (present or absent), and the 
percentage of healthy NMJs was calculated.

To investigate the effect of Ab uptake on complement activation at the 
node of Ranvier, sciatic nerves from GD3s–/– mice were teased and labeled 
with anti-GM1 Ab as described above. Teased fibers were then either direct-
ly exposed to 40% NHS or further incubated at 37°C for 60 minutes in 
Ringer’s solution (to allow endocytosis), followed by 60 minutes incuba-

tion at RT in 40% NHS. Teased fibers were then rinsed, incubated at RT 
for 20 minutes in 4% PFA, blocked with 5% NGS for 30 minutes at RT, 
exposed to mouse anti–human C5b-9 (1:50) overnight at 4°C, washed in 
PBS and incubated with goat anti-mouse IgG2a–FITC (1:300), and imaged 
for quantification

NMJ electrophysiology and fiber twitch observation. To investigate whether 
AGAb uptake limits complement-dependent pathophysiology at the NMJ, 
we performed micro-electrode electrophysiology (22). Muscle fiber twitch-
ing (grade 0–4), which results from uncontrolled acetylcholine release 
caused by AGAb/complement-mediated presynaptic damage, was also 
scored (58). Hemidiaphragms from GD3s–/– mice were exposed to anti-
GM1 mAb (100 μg/ml) at 32°C for 2 hours, followed by 30 minutes at 4°C 
and 10 minutes at RT. NHS (33%) was added at RT to one of the hemidia-
phragms directly thereafter and to the contralateral hemidiaphragm after 
a further 1-hour incubation period in Ringer’s medium at 37°C. After 1 
hour in the presence of NHS, MEPPs (the postsynaptic responses to uni-
quantal acetylcholine release) were measured at multiple NMJs in each 
preparation. Concomitantly, the intensity of muscle fiber twitching was 
scored every 5 minutes.

AGAb-mediated injury of the nerve terminal in vital imaging studies. To inves-
tigate the effect of AGAb uptake at NMJs on complement activation in 
living mice, the sternomastoid muscles of adult WT/CFP mice under gen-
eral anesthesia were exposed and anti-GD1a Ab (200 μg/ml plus BTx-555, 
diluted 1:500, in Ringer’s solution) was topically applied, together with 
40% NHS (0-minute time point). In a second group, anti-GD1a Ab alone 
was applied for 30 minutes, followed by 60 minutes incubation in Ringer’s 
(to allow Ab uptake), then 30 minutes with 40% NHS (60-minute time 
point). Control animals received either Ringer’s or heat-inactivated NHS. 
Mice were then sacrificed, and the sternomastoid muscles were fixed in situ 
with 4% PFA for 1 hour, rinsed with PBS, and imaged as a whole mount 
preparation. A total of 12 mice were studied in 3 independent experiments. 
NMJs of the extracted sternomastoid muscles were assessed quantitatively 
for loss of CFP overlying the α-BTx signal with a Zeiss AxioImager and 
AxioVision software.

Cholesterol sequestration. To evaluate the effect of membrane cholesterol 
removal on the uptake of AGAb in vitro, PC12 cells were pretreated with 5 
mM of MβCD for 30 minutes at 37°C (34, 35). MβCD-treated and untreat-
ed cells were incubated at 4°C for 1 hour with AGAbs (10 μg/ml). Upon 
labeling, the cells were rinsed with cold PBS and incubated at 37°C for 30 
minutes in PBS to allow Ab uptake. PC12 cells were then fixed (4% PFA 
for 15 minutes at RT), permeabilized (0.1% Triton X-100 for 5 minutes at 
RT), blocked (5% NGS for 30 minutes at RT), and incubated for 1 hour at 
RT with FITC-labeled goat anti-mouse IgG3 (1:300). Surface and internal-
ized AGAb was quantified in 30–50 randomly selected cells. Images within 
the same experiment were acquired as Z-stack of 0.5-μm thickness with 
identical acquisition parameters. For each visual field, cells in the same 
focal plane were manually selected following either the cell contour (total 
AGAbs) or the intracellular contour (internalized AGAbs). A maximum of 
4 Z-stacks were analyzed per cell and the results expressed as percentage of 
total surface AGAbs.

To evaluate the effect of membrane cholesterol depletion on the uptake 
of AGAb at live nerve terminals, we pretreated mouse ex vivo TS prepa-
rations with 5 mM MβCD (or PBS as control) at 37°C for 30 minutes. 
Preparations were then labeled with anti-GD1b (100 μg/ml) or mouse 
IgG3 isotype control (100 μg/ml) at 4°C for 2 hours. TS preparations were 
rinsed with cold Ringer’s solution and incubated at 37°C in Ringer’s for 
30 minutes, further rinsed at 4°C with Ringer’s, and incubated in 5% NGS 
for 30 minutes. Surface anti-GD1b was detected by incubation of the TS 
preparations with TRITC-labeled IgG3 (1:300) containing FITC-labeled  
α-BTx (1:50). TS preparations were rinsed with Ringer’s and incubated in 
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4% PFA for 20 minutes at RT, rinsed with PBS, mounted, imaged, and quan-
tified. To evaluate the effect of MβCD treatment on MAC deposition at 
the nerve terminal, TS preparations from WT and GD3s–/– mice pretreated 
with 5 mM MβCD (or PBS as control) for 30 minutes at 37°C were labeled 
with anti-GD1b (100 μg/ml) and anti-GM1 (100 μg/ml) for 2 hours at 4°C, 
respectively, rinsed with Ringer’s, then incubated at 37°C in Ringer’s for 
30 minutes. Other TS control preparations were incubated in parallel with 
mouse IgG3 isotype control (100 μg/ml). TS preparations were then rinsed 
with Ringer’s and exposed to 40% NHS for 60 minutes at RT, then fixed for 
30 minutes by incubation with 4% PFA and blocked for 30 minutes with 5% 
NGS. MAC deposits at NMJs were detected using mouse anti–human C5b-9 
(1:50) and α-BTx-488 (1:500), followed by secondary Ab, then imaged and 
quantified for complement levels and NMJ integrity as described above.

Surface ganglioside depletion studies. To investigate whether AGAb uptake 
depletes ganglioside epitopes from the surface of presynaptic nerve terminals, 
TS preparations from WT and GD3s–/– mice were labeled for 2 hours at 4°C 
with anti-GD1b and anti-GM1 Abs (100 μg/ml), respectively. TS preparations 
were then sequentially rinsed, incubated at 37°C for 30 minutes (to allow endo-
cytosis), rinsed with Ringer’s at 4°C, and further incubated with anti-GD1b 
and anti-GM1 Abs for an additional 2 hours at 4°C to determine the level of 
remaining surface ganglioside. These data were compared with control TS prep-
arations labeled with 100 μg/ml anti-GD1b and anti-GM1 Abs or 100 μg/ml  
mouse IgG3 (isotype control) not subjected to the Ab uptake step.

In comparative studies using CTB, which is known to internalize in 
complex with GM1, TS preparations were first incubated with CTB for 2 
hours at 4°C, then at 37°C for 30 minutes (to allow endocytosis). Residual 
surface GM1 ganglioside was then quantified using anti-GM1 (100 μg/ml) 
Ab as above and compared with control (i.e., preparations not subjected to 
pretreatment with CTB).

In vitro endocytosis. To assess endocytosis, 20,000 undifferentiated PC12 
cells were seeded onto poly-l-lysine–coated (10 μg/ml) coverslips (13 mm) 
and cultured for 4 days at 37°C in DMEM supplemented with 4.5 g/l glu-
cose, 5% (v/v) HS, 5% (v/v) FCS, 100 U/ml penicillin, 100 μg/ml strepto-
mycin, and 100 ng/ml NGF. Thereafter, the cells were chilled on ice for 
10 minutes and further incubated with anti-GM1, -GD1a, and -GD1b  
(10 μg/ml) for 60 minutes. Cells were rinsed with cold PBS and incubated 
in pre-warmed serum-free DMEM for 15, 30, and 60 minutes at 37°C, fol-
lowed by 15 minutes incubation in 4% PFA and 5 minutes in 0.1% Triton 
X-100 at RT. The permeabilized PC12 cells were further incubated with 5% 
NGS at RT and the internalized cargoes visualized using FITC-conjugated 
goat anti-mouse IgG3 (1:300 in PBS).

To follow the bulk of internalized AGAbs, PC12 cells were treated as 
described above. Following permeabilization, cells were incubated at 4°C 
overnight with rabbit anti-EEA1 (1:100), rabbit anti-Lamp1 (1 μg/ml), rab-

bit anti-Rab11 (1:100), and rabbit anti–caveolin-1 (1:100). The next day, cells 
were rinsed twice and incubated for 1 hour at RT with FITC-labeled goat 
anti-mouse IgG3 (1:300) and TRITC-labeled goat anti–rabbit IgG (1:300). 
Cells were washed and mounted using VECTASHIELD (Vector Laboratories) 
mounting medium containing DAPI for imaging of AGAb internalization.

To label acidic vesicles, PC12 cells were preincubated at 37°C for 1 hour 
with 75 nM LysoT DND-99 diluted in serum-free DMEM before AGAb 
labeling. The cells were then further treated and analyzed as described 
above. To investigate the uptake of anti-GD1b Ab by DRGNs, purified 
neurons were labeled with anti-GD1b Ab and the Ab allowed to inter-
nalize for 15, 30, and 60 minutes at 37°C. The cells were treated and 
analyzed as described above.

Statistics. For PC12 cells, data from quantification and co-localization 
analyses were collected from images obtained from 2 independent cover-
slips per condition in 3 independent experiments. Data are expressed as 
mean values ± SEM. Statistical significance was determined by 1-tailed 
t  test using Minitab software. For tissue preparations in which non-
parametric data were obtained, all data are expressed as median values 
and interquartile ranges and were analyzed by the Mann-Whitney U test 
using Minitab software. All quantitative fluorescence data are expressed 
as fluorescence intensity units (AU) and represent the results of data 
acquisition from a minimum of 120 NMJs per condition and per time 
point, analyzed in 3 independent experiments. P values less than 0.05 
were considered significant.

Study approval. All animals experiments were carried out under UK 
Home Office Animals (Scientific Procedures) Act 1986, license number 
PPL 60/3842, and the University of Glasgow Ethical Review Process (ERP) 
committee. Study approval and written informed consent were received 
for the donor of the NHS used in the study by the West of Scotland 
Research Ethics Service.
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