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The primary autoantigen in myasthenia gravis, the
acetylcholine receptor (AChR), is clustered and an-
chored in the postsynaptic membrane of the neuro-
muscular junction by rapsyn. Previously, we found
that overexpression of rapsyn by cDNA transfection
protects AChRs in rat muscles from antibody-medi-
ated loss in passive transfer experimental autoim-
mune myasthenia gravis (EAMG). Here, we deter-
mined whether rapsyn overexpression can reduce or
even reverse AChR loss in muscles that are already
damaged by chronic EAMG, which mimics the human
disease. Active immunization against purified AChR
was performed in female Lewis rats. Rapsyn overex-
pression resulted in an increase in total muscle mem-
brane AChR levels, with some AChR at neuromuscu-
lar junctions but much of it in extrasynaptic
membrane regions. At the ultrastructural level, most
endplates in rapsyn-treated chronic EAMG muscles
showed increased damage to the postsynaptic mem-
brane. Although rapsyn overexpression stabilized
AChRs in intact or mildly damaged endplates, the
rapsyn-induced increase of membrane AChR en-
hanced autoantibody binding and membrane damage
in severe ongoing disease. Thus, these results show
the complexity of synaptic stabilization of AChR dur-

ing the autoantibody attack. They also indicate that
the expression of receptor-associated proteins may
determine the severity of autoimmune diseases
caused by anti-receptor antibodies. (Am J Pathol 2007,

170:644–657; DOI: 10.2353/ajpath.2007.060676)

The molecular organization of the neuromuscular junction
(NMJ) is designed for optimal transmission of the signal
from nerve to muscle (neuromuscular transmission), with
nicotinic acetylcholine receptors (AChR) clustered at
high density on the postsynaptic muscle membrane.1 In
myasthenia gravis (MG), the AChR is the main autoanti-
gen, and the postsynaptic membrane of the NMJ is the
target for antibody-induced damage. Anti-AChR antibod-
ies are found in �85% of MG patients. The antibodies
cause loss of functional AChRs by cross-linking the re-
ceptors, leading to increased turnover of the AChR (an-
tigenic modulation), by activating complement and lead-
ing to focal loss of the postsynaptic membrane folding,
and/or by blocking the AChR ion channel.2 Loss of func-
tional AChRs compromises neuromuscular transmission,
resulting in skeletal muscle weakness.

The high density and remarkable stability of the AChRs
at the NMJ is dependent on rapsyn, a 43-kd membrane
protein that is also essential for the formation of the
postsynaptic apparatus.3 The clustering of postsynaptic
proteins during development is initiated by agrin, a neu-
ronal protein that acts via a receptor complex including
muscle-specific kinase.4 Agrin triggers phosphorylation
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of both muscle-specific kinase and AChR, resulting in the
clustering and anchoring of preassembled AChR-rapsyn
complexes to the cytoskeleton.5 Rapsyn links the AChR
to �-dystroglycan,6 which in turn is linked to F-actin via
utrophin.7 Mice deficient in rapsyn die perinatally be-
cause the postsynaptic specialization of the NMJ fails to
develop and respiratory paralysis occurs.3 Mutations
causing low expression of rapsyn in humans lead to a
decreased AChR level and a simplified postsynaptic
membrane folding.8,9 Besides being essential for cluster-
ing, rapsyn metabolically stabilizes the AChR: cotrans-
fection of rapsyn and AChR expression plasmids in-
creases the half-life of AChR in cell lines,10,11 and rapsyn
also reduces antigenic modulation of AChRs in trans-
fected fibroblasts when incubated with the anti-AChR
monoclonal antibody (mAb) 35.10

Experimental autoimmune MG (EAMG) is an animal
model that closely resembles clinical MG.12 EAMG can
be induced by passive transfer of MG patient sera or
anti-AChR mAbs or by immunization with tAChR derived
from Torpedo electric organ (chronic EAMG); the result-
ing antibodies against tAChR cross-react with muscle
AChR in the immunized animal. Similar to MG, antigenic
modulation and complement-mediated focal damage of
the postsynaptic membrane are the main pathogenic
mechanisms that lead to muscle weakness with impaired
swallowing ability, hunched posture, drooping of the
head, and limb weakness. Chronic EAMG is more similar
to human MG than passive transfer EAMG because it
models the continuous attack of autoantibodies through-
out a long time period (�2 weeks); during this time the
muscle may change the expression of postsynaptic pro-
teins and complement regulatory proteins that reduce
further damage to the endplate.

Age- and sex-dependent resistance to the induction of
passive transfer and chronic EAMG has been observed
in Lewis and Brown Norway rats.13–16 Young rats, both
male and female, are very susceptible to EAMG but
progressively become resistant. In female rats, the resis-
tance is incomplete because the induction of chronic
EAMG in aged animals still results in 40 to 50% of AChR
loss, albeit without clinical symptoms. Male rats develop
a complete resistance to both passive transfer and
chronic EAMG.15 This resistance is not attributable to
differences of the immune response or compensatory
mechanisms such as increased expression of AChRs
or complement modulatory proteins.15–17 In fact, the
postsynaptic membrane is intrinsically resistant to anti-
body-mediated degradation in aged animals of both
strains.14 In aged rats, rapsyn levels are increased rela-
tive to those of the AChRs, suggesting that rapsyn can
make the AChR resistant to antibody-mediated degrada-
tion.14 To investigate the therapeutic potential of increas-
ing rapsyn expression, we used in vivo gene transfection
and demonstrated protection against passive transfer
EAMG,18 with retained AChR and minimal ultrastructural
damage at the endplates of rapsyn-transfected muscles.

These observations suggest that rapsyn expression
might also be able to reverse the deficits in ongoing
EAMG. Here, we have tested the effect of rapsyn over-
expression in rat muscle during chronic EAMG. The re-

sults indicate a more complex relationship between
rapsyn expression and AChR numbers than anticipated
because rapsyn increased membrane AChR numbers
but at the same time enhanced the damage of the
postsynaptic membrane in damaged endplates and in
the continuous presence of autoantibodies.

Materials and Methods

Animals

Six-week-old female Lewis rats were obtained from the
Department of Experimental Animal Services, University
of Maastricht, Maastricht, The Netherlands, with permis-
sion of the Committee on Animal Welfare, according to
Dutch governmental rules. For immunization, in vivo elec-
troporation and electromyography measurements, the
animals were anesthetized with 3% isoflurane in air, sup-
plied over a cylindrical cap held over the head. The
animals were euthanized by CO2/air inhalation and sub-
sequent cervical dislocation.

Induction of Chronic EAMG

The animals were immunized at the base of the tail with
20 �g of tAChR in 0.1 ml of phosphate-buffered saline
(PBS) emulsified in an equal amount of complete
Freund’s adjuvant (Difco Laboratories, Detroit, MI).12

Blood samples were taken from the tip of the tail weekly,
and in addition, the weight of the animals were recorded.
After 5 weeks the rats were clinically scored, anesthe-
tized for electropermeabilization, and euthanized 2
weeks later.

Electropermeabilization

The expression plasmid pcDNA1.1-rapsyn18 was pre-
pared for electropermeabilization with the Qiagen Maxi-
prep (Qiagen Benelux B.V., Venlo, The Netherlands),
according to the manufacturer’s manual, and finally dis-
solved in 0.9% NaCl at a concentration of 2 �g of DNA/�l.
Seventy-five �l (2 �g/�l) of pcDNA-rapsyn was injected
in aliquots at seven to eight sites equally spread over the
muscle and electropermeabilized in the tibialis anterior19

with the same parameters as previously described18 us-
ing the Electro Square Porator ECM 830 (BTX, San Diego,
CA).

Clinical Scoring

The severity of clinical signs of disease in EAMG was
scored by measuring muscular weakness. The animals’
muscle strength was assessed by their ability to grasp
and lift repeatedly a 300-g rack from the table while
suspended manually by the base of the tail for 30 sec-
onds.15,16,20 Clinical scoring was based on the presence
of tremor, hunched posture, muscle strength, and signs
of fatigue. Disease severity was expressed as follows: 0,
no obvious abnormalities; �, no abnormalities before
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testing but reduced strength at the end; ��, clinical
signs present before testing, ie, tremor, head down,
hunched posture, weak grip; ���, severe clinical signs
present before testing, no grip, moribund.12

Electromyography

Decrement of compound muscle action potential was
measured in the tibialis anterior muscles of three control
and three EAMG rats as previously described.18 To de-
tect a decrementing response, a series of eight supra-
maximal stimuli were given at 3 Hz. Stimulus duration was
0.2 ms. This test was repeated 10 minutes after injection
of 3 to 6 �g of curare.21 The test was considered positive
for decrement when both the amplitude and the area of
the negative peak of the compound muscle action poten-
tial showed a decrease of at least 10%.22 To demonstrate
reproducibility, at least three recordings were made of all
investigated muscles. During the measurements, skin
temperature was kept between 35°C and 37°C by means
of a heating pad. All electromyography studies were
performed by the same investigator (F.S.).

Measurement of Serum Anti-Rat AChR
Antibody Titers

Serum was obtained before immunization and afterward
weekly up to the euthanasia. Anti-rat AChR serum anti-
bodies were measured using crude extract of denervated
rat muscle AChR: 100 �l of rat AChR extract (�5 nmol/L)
were labeled with an excess of 125I-�-BT (5.55 TBq/mmol;
GE Health Care) and incubated with 5 �l of rat serum at
4°C overnight. The resulting complexes were precipi-
tated by the addition of 100 �l of goat anti-rat Ig, 4 hours
incubation, and centrifugation at 15,000 � g for 5 min-
utes. The pellets were washed three times in PBS with
0.5% Triton X-100 and measured in a gamma counter.
Titers were corrected for the background of normal rat
serum. The antibody titer was expressed as mol of �-BT
binding sites/L.

Immunohistochemical Staining

Isolated tibialis anterior muscles of three control and six
EAMG animals were frozen in melting isopentane. Cryo-
sections of 10 �m were dried, fixed in acetone at 4°C for
10 minutes, dried, and blocked for 20 minutes with PBSA
(phosphate-buffered saline with 2% bovine serum albu-
min). Sections were incubated with the following antibod-
ies: mouse anti-rapsyn mAb 1234 (1/500 in PBSA; Affinity
Bioreagents, Golden, CO)23; mAb 2A1 against rat C5b-9
(membrane attack complex, 1/100 in PBSA; kindly pro-
vided by W.G. Couser, University of Washington, Seattle,
WA); rabbit anti-vesicular acetylcholine transporter
(VAChT, 1/500 in PBSA; Phoenix Pharmaceuticals, Bel-
mont, CA); mouse anti-utrophin mAb MANCHO 7 (1/100
in PBSA; kindly provided by Prof. G.E. Morris, North East
Wales Institute, Wrexham, UK),24 and Alexa 594-conju-
gated �-bungarotoxin (Alexa 594-�-BT; 1/300 in PBSA;

Molecular Probes, Leiden, The Netherlands) overnight at
4°C and finally washed with PBS with 0.05% Triton X-100.
Subsequently, the sections were incubated for 1.5 hours
at room temperature with the corresponding secondary
antibodies: biotinylated donkey anti-mouse Ig (1/400,
minimal cross-reaction with rat IgG; Jackson Immunore-
search, West Grove, PA) or Alexa 350-conjugated goat
anti-rabbit (1/100; Molecular Probes). After washing as
described above, the biotinylated antibodies were
stained for 1.5 hours at room temperature with Alexa
488-streptavidin (1/2000; Molecular Probes). Coverslips
were mounted with 0.2 mol/L Tris, pH 8, with 80% (v/v)
glycerol.

Quantitative Immunofluorescence Analysis

Pictures of muscle sections were taken using a Provis
AX70 fluorescent microscope (Olympus, Hamburg, Ger-
many) with a digital camera (U-CMAD-2; Olympus) and
the AnalySIS software (Soft Imaging Systems, Münster,
Germany). Sections triple stained for VAChT, rapsyn, or
utrophin, and AChR were photographed using filters for
Alexa 350, fluorescein isothiocyanate, and Alexa 594
fluorescence. A fivefold reduced concentration of pri-
mary antibodies and �-BT did not result in a weaker
staining, therefore they did not limit staining intensity.
Pictures were analyzed using the ImageJ software (ver-
sion 1.33n; http://rsb.info.nih.gov/ij). Endplate areas were
identified by the presynaptic staining of VAChT and the
mean intensity of VAChT, rapsyn, or utrophin, and AChR
staining was measured in the corresponding area. The
ratios of AChR/VAChT, rapsyn/VAChT, and utrophin/
VAChT were calculated for more than 200 endplates per
muscle as a relative measure for the postsynaptic rapsyn,
utrophin, and AChR concentration. All sections were
stained and processed in parallel to avoid interassay
variations.

Two-Photon Laser-Scanning Microscopy

High-resolution pictures of endplates were taken using a
two-photon laser scanning microscope setup as previ-
ously described.25 A 40� oil immersion objective with a
numerical aperture of 1.0 was used. Further magnifica-
tion was achieved by optical zoom (4�) of the scan head.
Picture stacks with an axial resolution of 0.15 �m and a
lateral resolution of 0.13 �m were taken using photomul-
tipliers accepting wavelengths of 470 to 500 nm, 520 to
560 nm, and more than 560 nm. To remove background,
each image was filtered applying the Kalman filtering
procedure on two subsequent images. For projection of
the images, the ImageJ software was used.

Muscle Membrane Extracts

Tibialis anterior muscles were minced and homogenized
with an Ultra-Turrax (3 times for 30 seconds at 4°C) in 10
ml of buffer A (PBS, 10 mmol/L ethylenediaminetetraace-
tic acid, 10 mmol/L NaN3, 10 mmol/L iodoacetamide, and
1 mmol/L phenylmethyl sulfonyl fluoride). The homoge-
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nate was centrifuged (22,100 � g, 30 minutes), and the
resulting pellet was resuspended in 2.5 ml of buffer B
(buffer A with an additional 0.5% Triton X-100). Extraction
was performed for 1 hour at 4°C on a reciprocal shaker
followed by centrifugation (22,100 � g, 30 minutes). The
AChR was measured immediately by radioimmunoassay.

Measurement of Total Muscle AChR by
Radioimmunoassay

The AChR concentrations of isolated tibialis anterior mus-
cles from five control and 10 EAMG rats were measured
as described previously.18 The AChR concentration per
g of fresh muscle weight was calculated in fmol/g � SD,
and differences between concentrations are presented in
percentage � SE of the difference of the means. Differ-
ences between samples were analyzed using a two-
sided t-test (paired differences were used for comparison
of rapsyn-treated versus control in the same experimental
group).

Measurement of Antibody-AChR Complexes
and Rapsyn-AChR Aggregates by
Radioimmunoassay

For measurement of antibody-AChR complexes formed in
vivo in EAMG,26,27 triplicate aliquots of 200 �l were taken
from the muscle membrane extracts, and each aliquot
was incubated with an excess (25 fmol) of 125I-�-BT and
1 �l of normal rat serum. After overnight incubation at
4°C, the samples were processed using the aforemen-
tioned radioimmunoassay protocol for total muscle
AChR. A similar assay was used to test whether rapsyn
increased AChR crosslinking in membrane extracts inde-
pendent of autoantibodies. For measurement of rapsyn-
AChR aggregates, a limited amount of rat anti-rat-AChR
antibodies (equivalent to 64 fmol of �-BT binding sites)
was added to triplicate 200-�l aliquots of the muscle
membrane extracts of untreated and rapsyn-treated con-
trol rats. In this way, if there were an aggregate of, for
example, three molecules of AChR complexed with
rapsyn, the binding of one IgG molecule to the AChR
would cause the whole aggregate to be precipitated,
increasing the radioactivity threefold compared with pre-
cipitation in the absence of aggregates (Figure 3A). A
second set of triplicate aliquots was incubated without
added anti-AChR antibodies and served as control. After
overnight incubation at 4°C, the samples with or without
added antibody were processed using the aforemen-
tioned radioimmunoassay protocol for total muscle
AChR.

Electron Microscopy

Electron micrographs were taken from endplates of the
tibialis anterior muscles of three EAMG rats and three
control rats with unilateral rapsyn treatment as previously
described.18 In brief, anesthetized rats were transcardi-
ally perfused with Tyrode solution followed by 2.5% glu-

taraldehyde fixation buffer. The tibialis anterior muscles
were postfixed with 1% osmium tetroxide, dehydrated
through a graded ethanol series, and embedded in ep-
oxy resin. Ultra-thin sections from selected areas were
contrasted with uranyl acetate and lead citrate and
viewed with a Philips CM 100 electron microscope (Eind-
hoven, The Netherlands). At least five endplate regions
were photographed from each muscle. Pictures were
scanned for morphometric analysis using the ImageJ
software. Analyzed parameters included the size of nerve
boutons and the length of the presynaptic and postsyn-
aptic membrane.28,29

Results

Rapsyn Overexpression Increases the Total
Muscle AChR Concentration

Ten rats were immunized with tAChR, and five nonim-
munized rats served as controls. All tAChR-immunized
rats developed raised levels of antibodies to rat AChR
5 weeks later (Figure 1, black circles); these levels
were comparable with those found in MG patients
(data not shown). At this time point, the left tibialis
anterior muscles of all animals were transfected with
pcDNA-rapsyn by electropermeabilization (rapsyn-
treated muscles). The right tibialis anterior muscles
were electropermeabilized after injection of an equal
volume of saline (untreated muscles). Two weeks after
transfection, the animals were euthanized, and the
concentration of total AChR (synaptic and extrasynap-
tic AChR) was subsequently measured by radioimmu-
noassay in muscle membrane extracts from individual
tibialis anterior muscles.

The results are summarized in Figure 2A, and the
correlation between AChR concentration and antibody
titer is shown in Figure 2B. Similar to our previous re-

Figure 1. Time course of anti-rat AChR antibody titers in female Lewis rats
immunized with 20 �g of Torpedo AChR in complete Freund’s adjuvant at the
age of 6 weeks (day 0). The tibialis anterior muscles were electroporated 5
weeks later and analyzed 7 weeks after immunization. Titers with filled
symbols belong to animals used for the measurement of total AChR and
AChR-antibody complexes in Figures 2 and 3. Titers with open symbols
correspond to animals immunized for immunofluorescence studies shown in
Figures 4 and 5.
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sults,18 rapsyn-treated muscles of control animals con-
tained significantly more AChR than untreated muscles
(an increase of 36 fmol/g, corresponding to 43%; n � 5;
P � 0.002, paired t-test; Figure 2A, control). Electropo-
ration of the empty vector did not change the AChR
concentration compared with saline-treated muscles
(data not shown).

Untreated EAMG muscles showed a significant reduc-
tion of AChR compared with untreated control muscles
(�46%; P � 0.001, unpaired t-test) as expected,
whereas the contralateral rapsyn-treated EAMG muscles
showed an 87% increase in AChR compared with the
untreated EAMG muscle (an increase of 34 fmol/g; P �
0.001, paired t-test; Figure 2A, EAMG). The AChR con-
tent of the rapsyn-treated EAMG muscles was similar to
that in control untreated rat muscles (�14%; P � 0.07,

unpaired t-test). As found in previous studies, there was
no correlation between the antibody titer and the AChR
loss of EAMG animals, either in the untreated or rapsyn-
treated EAMG muscles (Figure 2B).

Rapsyn Overexpression Increases Antibody
Binding to AChRs

Because rapsyn overexpression increased total AChR
levels, we hypothesized that the AChR is metabolically
stabilized in large rapsyn-AChR aggregates in the mus-
cle membrane (Figure 3A). To see whether the rapsyn
expression had led to aggregates of AChR, which could
resist detergent extraction, we used limiting amounts of
rat antiserum (64 fmol of �-BT-binding sites) to immuno-
precipitate the AChRs from untreated and rapsyn-treated
control muscle extracts. The rat antibodies were able to
immunoprecipitate 23% of the total AChR in untreated
control muscles and 20% in the rapsyn-treated control
muscles (Figure 3B, control � anti-AChR antibodies).
Thus, in normal animals rapsyn overexpression did not
increase detergent soluble AChR aggregates; the hypo-

Figure 2. Effect of rapsyn overexpression on total membrane AChR concen-
tration in control rats and in chronic EAMG rats. The AChR concentration of
untreated and rapsyn-treated tibialis anterior muscles was measured in five
control and 10 chronic EAMG rats by radioimmunoassay using 125I-labeled
�-BT. A: Average AChR concentration in the tibialis anterior muscles in
untreated muscles (white bars) and rapsyn-treated muscles (black bars). B:
The effect of anti-rat AChR antibody titer on AChR levels. Open circles
indicate the total AChR of untreated muscles; filled circles correspond to
total AChR of rapsyn-treated muscles. All rapsyn-treated muscles had an
increased amount of total AChR compared with the untreated muscle of the
same animal.

Figure 3. Measurement of antibody-AChR complexes and rapsyn-AChR
aggregates by radioimmunoassay. AChR clustering by rapsyn was tested
by adding a limited amount of anti-rat AChR antibody to membrane
extracts of untreated and rapsyn-treated control muscles. A: Hypothetical
scheme of AChR complexes, showing precipitation of AChR-rapsyn clus-
ters by a limited amount of anti-AChR antibodies. Cross-linking of recep-
tors by rapsyn (n) would lead to the co-precipitation of a larger amount
of radioactive �-BT. If clustering by rapsyn is absent, more AChR remains
in solution. B: Rapsyn transfection did not lead to increased size of
rapsyn-AChR aggregates in membrane extracts of control muscles (control
�AChR antibodies); cross-linking of AChR by rapsyn as shown in A did
not occur. In EAMG muscles, rapsyn transfection resulted in increased in
vivo binding of antibodies to AChR in EAMG animals (B, EAMG � normal
rat serum).

648 Martı́nez-Martı́nez et al
AJP February 2007, Vol. 170, No. 2



thetical increase of AChR cross-linking by rapsyn (Figure
3A) was not observed in these membrane extracts.

In the EAMG rat muscles, immunoprecipitation of rat
antibodies (in the presence of normal rat serum added as
co-precipitant) indicated the proportion of AChRs with
bound antibodies in vivo. The anti-AChR antibodies in the
membrane extracts led to the precipitation of 26% of the
AChR (Figure 3B, EAMG � normal rat serum) from un-
treated EAMG muscle. However, in the contralateral
rapsyn-treated EAMG muscles 44% of the AChR was pre-

cipitated under the same conditions, indicating greater
binding of antibody in vivo (P � 0.004, paired t-test).

Rapsyn Overexpression Increases the Amount
of AChR and Rapsyn at Endplates and
Extrasynaptic AChR Aggregates

To examine further the changes at the NMJ, we per-
formed immunofluorescence studies in five EAMG and

Figure 4. Cryosections of tibialis anterior muscles were triple-stained with Alexa 594-conjugated �-BT (red), mouse anti-rapsyn mAb1234 (green), and rabbit
anti-VAChT (blue); merge on the right. A: In an untreated tibialis anterior muscle of a control rat AChR, rapsyn and VAChT are co-localized at the endplates. B:
In the contralateral rapsyn-treated muscle of the same animal, rapsyn is localized extrasynaptically in the cell membrane of a transfected fiber (arrowhead). In
this fiber, the endplate contains an increased amount of rapsyn (arrow). C: In untreated chronic EAMG muscles, endplates showed reduced staining of AChR
and rapsyn but not VAChT. D: In rapsyn-treated EAMG muscles, the endplates in fibers with high amount of extrasynaptic rapsyn aggregates had a staining
intensity of AChR and rapsyn that was similar to endplates of untreated control muscles (arrowhead). D: In other fibers without such aggregates, endplates had
a reduced staining intensity for AChR and rapsyn (arrow). E: Extrasynaptic AChR co-localized with rapsyn (arrowheads) adjacent to the NMJ (arrow) in the
membranes of transfected fibers. Scale bars � 100 �m.
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three control rats. The immunized rats developed similar
antibody titers (Figure 1, open circles) as in the previous
experiment. The animals showed mild weakness after
testing (grade �) with the exception of the animal with the
highest antibody titer, which developed severe clinical
symptoms (grade ��). Cryosections of the isolated tib-
ialis anterior muscles were triple-stained for rapsyn,
AChR, and VAChT, with results shown in Figures 4 and 5
and a quantitative summary in Figure 6.

In untreated muscles of control rats, AChR, rapsyn,
and VAChT co-localized at the NMJs (Figure 4A) as
expected. In addition, many muscle fibers from rapsyn-
treated muscles of control rats had a large number of
intensively stained extrasynaptic rapsyn aggregates of

different sizes, localized in the cell membrane (Figure 4B)
and in intracellular aggregates. Such aggregates in
rapsyn-transfected fibers have been shown to corre-
spond to Golgi-vesicles.30

In chronic EAMG rats, AChR and rapsyn staining of
endplates of the untreated muscle was weak, relative to
the presynaptic VAChT staining (Figure 4C). In the
rapsyn-treated contralateral muscles, the endplates in
fibers with intense staining of rapsyn also stained in-
tensely for AChR (Figure 4D, endplate indicated with
arrowhead). Endplates in fibers with a low amount of
extrasynaptic rapsyn also stained weakly for AChR (Fig-
ure 4D, endplate indicated by arrow). A large number of
extrasynaptic membrane rapsyn-AChR aggregates were

Figure 5. Immunohistochemical analysis of the NMJ using two-photon laser-scanning microscopy. AChR is stained red, rapsyn is stained green, and VAChT is
stained blue; merge on the right. A: A normal endplate in an untreated control muscle shows co-localization of AChR and rapsyn in the postsynaptic membrane
and the adjacent presynaptic VAChT staining. B: Rapsyn-treated endplate of a control animal. C: Endplate in an untreated EAMG muscle with reduced staining
of AChR and rapsyn. D: Transfected endplate in a rapsyn-treated EAMG muscle with increased AChR and rapsyn. Scale bar � 20 �m.
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found in rapsyn-treated muscles from EAMG rats (Figure
4E, arrowhead) but were absent in the contralateral un-
treated muscles (Figure 4C). By contrast, extrasynaptic
rapsyn aggregates rarely co-localized with AChR in
rapsyn-transfected muscle fibers of control rats (not
shown).

We used two-photon confocal microscopy, at higher res-
olution, to examine the NMJs in more detail. Figure 5A

shows a normal endplate in an untreated control muscle
(frontal view). In this orientation, the projection shows
postsynaptic co-localization of AChR and rapsyn as well as
staining of VAChT in the adjacent nerve boutons. Figure 5B
shows an endplate in a rapsyn-treated control muscle. No
apparent structural differences were observed between
endplates from untreated and rapsyn-treated control mus-
cles. A representative endplate in an untreated EAMG mus-
cle (Figure 5C) shows a normal VAChT staining but reduced
amounts of rapsyn and AChR. In the rapsyn-treated EAMG
muscles, only a small subset of NMJs showed increased
AChR and rapsyn expression; most endplates were similar
to untreated EAMG endplates. Even in highly rapsyn-trans-
fected fibers, endplates only stained partly for rapsyn and
AChR (Figure 5D).

To analyze the efficacy of rapsyn overexpression, the
immunohistochemical staining of more than 200 end-
plates per tibialis anterior muscle were analyzed (Table
1). Postsynaptic AChR and rapsyn levels were measured
relative to the presynaptic VAChT levels. The endplates
of the untreated EAMG muscles showed a significant
decrease of AChR and rapsyn staining compared with
endplates from untreated control muscles: the average
AChR staining was reduced by 46 � 6% (P � 0.001,
unpaired t-test), and rapsyn was reduced by 64% (�8%;
P � 0.001, unpaired t-test). Endplates in the rapsyn-
treated chronic EAMG muscles had slightly increased
average staining of rapsyn (36%, P � 0.03, paired t-test;
Figure 6B) and AChR (23%, P � 0.29, paired t-test;
Figure 6A) compared with the contralateral untreated
muscles. However, the rapsyn overexpression did not
increase the average synaptic AChR and rapsyn to nor-
mal levels. The relative amount of AChR versus rapsyn in
individual endplates is plotted in Figure 6C for untreated
EAMG animals and in Figure 6D for the rapsyn-treated
EAMG animals. Most endplates distribute closely around
the average rapsyn and AChR levels in both conditions
(red and yellow colored areas in Figure 6, C and D).
Overall, only �10% of all analyzed endplates in rapsyn-
treated EAMG muscles had an increased synaptic
rapsyn and AChR level (scattered individual points to-
ward the top right in Figure 6D) compared with the con-
tralateral untreated EAMG endplates.

Figure 6. Measurement of fluorescence intensities of AChR and rapsyn relative
to VAChT staining in untreated and rapsyn-treated muscles of five EAMG ani-
mals. At least 120 endplates were analyzed per muscle. Staining intensities were
normalized to the average intensities of untreated control endplates. The average
rapsyn staining was significantly increased at endplates of rapsyn-treated EAMG
muscles compared with untreated muscles (B), but this did not lead to a
significant increase of average synaptic AChR (A). The relative amount of AChR
versus rapsyn in individual endplates are plotted in C for untreated EAMG
animals and in D for the rapsyn-treated EAMG animals. Data points with great
overlap were replaced by colored regions. The colors indicate the number of
replaced points. In the rapsyn-treated muscles, �10% of endplates had an
increased amount of rapsyn (individual data points more than 2� normal rapsyn
level in D, but only a few endplates had an increase of AChR compared with the
endplates in untreated muscles).

Table 1. Quantification of Synaptic AChR and Rapsyn Relative to VAChT

Animal
Antibody titer

(nmol/L)*

Untreated muscle Rapsyn-treated muscle

AChR† Rapsyn† AChR† Rapsyn†

1 20.0 0.84 � 0.48 0.51 � 0.04 0.63 � 0.19 0.44 � 0.10
(n � 397) (n � 470)

2 29.6 0.56 � 0.04 0.37 � 0.03 1.10 � 0.21 0.60 � 0.2
(n � 317) (n � 301)

3 32.8 0.71 � 0.16 0.41 � 0.09 0.69 � 0.01 0.51 � 0.43
(n � 325) (n � 315)

4 68.1 0.46 � 0.12 0.37 � 0.02 0.53 � 0.26 0.60 � 0.45
(n � 343) (n � 436)

5 154.0 0.45 � 0.06 0.20 � 0.02 0.51 � 0.13 0.28 � 0.08
(n � 281) (n � 394)

*The antibody titer is represented as the equivalent of �-BT binding sites of precipitated AChR.
†The staining intensity of AChR and rapsyn was measured relative to presynaptic staining of VAChT. The results are normalized relative to average

AChR and rapsyn levels of endplates in untreated control muscles. The values are the averages of two independent experiments (�SD) measuring
protein levels in representative areas of the muscles. The number in parentheses is the total amount of endplates analyzed in both experiments.
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Rapsyn Overexpression Does Not Prevent
Complement Deposition at the NMJ

At all endplates of EAMG animals, the AChR co-localized
with the membrane attack complex (not shown), consis-

tent with a complement-dependent degradation of
AChRs. Complement deposition was independent of
rapsyn transfection. Therefore, the increased total AChR
levels of rapsyn-transfected muscles cannot be ex-
plained by reduced complement activation. In control

Figure 7. Electron microscopic examinations of the postsynaptic folds of motor endplates. NMJ in an untreated (A) and rapsyn-treated (B) tibialis anterior muscle.
Damaged postsynaptic membrane without folds in an untreated tibialis anterior muscle (C) and in a rapsyn-treated tibialis anterior muscle (D) of an EAMG animal.
Arrows indicate the postsynaptic membranes; asterisks indicate the nerve terminals. Scale bars � 1 �m.

Table 2. Morphometric Analysis of Endplates

Regions
analyzed*

Nerve bouton
area (�m2)

Presynaptic
membrane
length (�m)

Postsynaptic
membrane
length (�m)

Membrane length
ratio

(postsynaptic/
presynaptic)

Untreated control 76 5.9 � 1.8 5.8 � 1.8 24.7 � 11.7 4.5 � 0.9
Rapsyn-treated control 65 5.3 � 2.6 4.9 � 1.3 20.1 � 7.8 4.0 � 0.3
Untreated EAMG 57 5.0 � 2.3 5.2 � 1.1 12.7 � 3.0† 2.5 � 0.3†

Rapsyn-treated EAMG 24 6.9 � 4.6 5.5 � 1.7 8.1 � 2.2‡ 1.5 � 0.02‡

Mean � SD of three muscles for each condition.
*A region here refers to an area of one synaptic bouton and the adjacent postsynaptic membrane.
†Significantly different from untreated control endplates (P � 0.05) and significantly different from rapsyn-treated EAMG endplates (P � 0.05).
‡Significantly different from all other conditions (P � 0.05) and other differences in this table are not significant (P � 0.05).
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muscles, membrane attack complex staining was absent
as expected.

Rapsyn Overexpression Does Not Improve
Neuromuscular Transmission in EAMG Rats

To study whether the increased amount of membrane AChR
had an effect on neuromuscular transmission, we measured
the compound muscle action potential on repetitive nerve
stimulation in three control and three EAMG rats. In control
rats, no decrement of the muscle compound action poten-
tial was found in untreated and rapsyn-treated muscles,
even after injection of 3 or 6 �g of curare to sensitize
neuromuscular transmission. In EAMG animals, no signifi-
cant difference of the compound muscle action potential
was found between untreated and rapsyn-treated muscles.
Decrement was induced bilaterally in all EAMG rats by
injection of 3 �g of curare.

Rapsyn Overexpression Reduces the
Postsynaptic Membrane Length in EAMG Rats
To study, therefore, how the rapsyn overexpression af-
fected the ultrastructure of the endplates in the rapsyn-
treated EAMG muscles, we performed electron micro-
scopic observations and morphometric analysis on three
control and three EAMG rats. Rapsyn treatment did not
appear to alter the structure of the NMJ in control mus-
cles (Figure 7, A and B; and Table 2), which showed
normal postsynaptic folds in all examined regions (76
endplate regions of untreated control muscles and 65
regions of rapsyn-treated control muscles). The postsyn-
aptic membrane was severely damaged in untreated
muscles of EAMG rats (Figure 7C) but even more so in
the contralateral rapsyn-treated muscles (Figure 7D). In
the untreated muscles of EAMG rats, all 57 endplate
regions analyzed had reduced postsynaptic folds or
even a complete loss of postsynaptic folding. The aver-
age length of the postsynaptic membrane was signifi-

Figure 8. Cryosections of tibialis anterior muscles were stained with �-BT (red), mouse anti-utrophin mAb MANCHO 7 (green), and rabbit anti-VAChT (blue);
merge on the right. A and B: In untreated and rapsyn-treated tibialis anterior muscles of a control rat, utrophin and VAChT are co-localized at the endplates. C:
In chronic EAMG muscles, endplates showed reduced staining of utrophin but not VAChT. D: In rapsyn-treated EAMG muscles, the endplates with increased
amount of AChR also stained intensively for utrophin. Scale bar � 100 �m.
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cantly reduced compared with normal endplates (Table
2). In the contralateral rapsyn-treated EAMG muscles, all
24 regions analyzed showed a complete destruction of
the postsynaptic folding. The length of the postsynaptic
membrane in rapsyn-treated endplates of EAMG rats was
significantly shorter compared with the contralateral un-
treated muscles or to control muscles (P � 0.05, Table 2).

Utrophin Levels Are Reduced in Chronic EAMG
Endplates

Because utrophin is involved in linking proteins of the
NMJ to the cytoskeleton, we stained muscle sections of
control and EAMG rats for utrophin and VAChT (Figure 8).
Similar to the loss of rapsyn and AChR, utrophin staining
was reduced in endplates of untreated EAMG muscles
(Figure 8C). The average decrease of utrophin/VAChT in
EAMG endplates was 58% compared with untreated con-
trol endplates (Figure 9). In endplates that stained in-
tensely for AChR in rapsyn-treated EAMG muscles, the
utrophin staining was also increased (Figure 8D). This
suggests that utrophin contributes to the anchoring and
stabilization of AChR-rapsyn aggregates to the cytoskel-
eton. This result also implies that increased rapsyn alone
is not sufficient to recover the proteins of the damaged
NMJ.

Discussion

Anti-AChR antibodies are the cause of the postsynaptic
membrane destruction in most MG patients, but the anti-
AChR antibody titer is not the only factor determining
disease severity. Previous observations suggested that
intrinsic differences in the expression of postsynaptic
proteins are correlated to resistance to EAMG,14 and we
found that transfecting the AChR anchoring protein
rapsyn alone is sufficient to prevent passively transferred
disease in susceptible animals.18 Here, we investigated
the effect of rapsyn transfection in the chronic model of
EAMG induced by active immunization. The results show
an increase of total membrane AChR in rapsyn-trans-

fected muscles of chronic EAMG animals, but the in-
creased AChR was localized mainly extrasynaptically,
rather than at the endplates, and was bound to antibod-
ies. In concordance with these findings, at the ultrastruc-
tural level, most postsynaptic regions in rapsyn-treated
muscles showed increased damage of the postsynaptic
membrane, and the electrophysiological defects did not
differ between treated and untreated muscles.

In rapsyn-treated muscles of control animals the
amount of AChR was increased by 43% after 2 weeks,
and the additional AChR was partly localized at end-
plates, as previously reported.18 By immunohistochemis-
try, however, there were also extrasynaptic rapsyn-AChR
aggregates in some fibers (schematically represented in
Figure 10B), which were not present in the contralateral
untreated muscles (Figure 10A). Rapsyn overexpression
also increased the AChR levels in ongoing chronic
EAMG. The total AChR concentration in rapsyn-treated
EAMG muscles was increased by 87% compared with
the contralateral untreated muscles, but significantly in-
creased AChR levels were only found in �10% of the
endplates. Confocal microscopy observations were con-
sistent with these results, showing that transfected fibers
with high rapsyn expression near the endplate region had
an increase of AChR levels at the endplate compared
with untreated EAMG endplates but did not reach normal
levels of AChR or even rapsyn in the entire endplate. It is
possible that these endplates were not completely de-
stroyed at the time of electroporation and were subse-
quently stabilized by the rapsyn transfection. A high num-
ber of extrasynaptic AChR-rapsyn aggregates were also
found in these fibers. Therefore, the extrasynaptic aggre-
gates account for most of the increased AChRs in these
muscles (Figure 10D). Interestingly, a large proportion of
the additional AChR was found to be complexed in vivo
with antibodies, suggesting that rapsyn mediated the
transport of extrasynaptic intracellular AChR to the cell
membrane where it could bind the antibody. It is unlikely
that this effect is caused by binding of circulating anti-
bodies to epitopes of intracellular AChR because this
phenomenon does not occur when isolated muscles are

Figure 9. Measurement of fluorescence intensities of AChR and utrophin relative to VAChT staining. A: AChR levels correlate with utrophin levels in endplates
of an untreated control muscle. B: In untreated EAMG muscles, AChR levels are significantly reduced. Utrophin levels are affected even stronger. C: Compared
with untreated control endplates, the endplates in EAMG muscles have an average utrophin reduction of 58% and an average AChR reduction of 44%.
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used for the muscle membrane extraction in contrast to
total limb extraction.27

The analysis of immunohistochemical staining sug-
gested that this extrasynaptic AChR and rapsyn were not
relocated to the endplate, although there is accumulating
evidence that these proteins can be actively transported
individually to the NMJ after ectopic expression in trans-
fected or transgenic muscle fibers.30–33 It is likely that
extrasynaptic aggregates of AChR and rapsyn that are
complexed with autoantibodies cannot be transported
and that this mechanism is responsible for the low levels

of rapsyn and AChR observed at endplates of rapsyn-
treated muscles and possibly also of untreated EAMG
muscles. Trapping of AChR-rapsyn aggregates might
aggravate the relatively low expression of rapsyn versus
the AChR in EAMG.34 The possibility that impaired
rapsyn trafficking plays a role in EAMG is also supported
by results of Kishi and colleagues,35 who observed that
rapsyn mRNA expression in normal muscle conditions is
only increased 1.6� at the NMJ compared with other
muscle areas, whereas other synaptic proteins reached
up to 80-fold increased synaptic expression. Interest-
ingly, the synaptic enrichment of rapsyn mRNA is age-
dependent in rats,36 thus paralleling the age-related re-
sistance against EAMG.14 Therefore, it will be interesting
to study whether the enhancement of synaptic rapsyn
expression helps to stabilize the AChR in EAMG more
efficiently compared with the rapsyn expression in the
whole muscle fiber.

The quantitative analysis of the ultrastructure showed
that the increase of AChR and rapsyn levels in the muscle
membrane of myasthenic rats had a detrimental effect on
the postsynaptic folding. We found an increased binding
of antibodies to AChR in rapsyn-transfected muscles,
which can explain an accelerated complement-induced
degradation of the postsynaptic membrane. This sup-
ports the hypothesis that rapsyn increases the clustering
of AChR in the synaptic and extrasynaptic membrane
and thereby making the AChR accessible to autoantibod-
ies and inhibiting its trafficking to the NMJ from perisyn-
aptic areas.37 It has been suggested that the reduced
AChR density after passive transfer EAMG limits further
damage to the postsynaptic membrane after subsequent
immunization with anti-AChR antibodies.38 Our results
are compatible with this mechanism and indicate that
increased expression of AChR and rapsyn in ongoing
EAMG enhances antibody binding and membrane
damage.

Consequently, rapsyn alone is not sufficient to anchor
the AChR efficiently in the membrane when the NMJ is
already damaged. We observed that apart from the
AChR and rapsyn, utrophin levels are also reduced in
chronic EAMG. Loss of utrophin has also been reported
for endplates of MG patients with anti-AChR antibod-
ies.39,40 The loss of utrophin and possibly other proteins
of the dystrophin-glycoprotein complex at the NMJ (Fig-
ure 10C) might restrict the anchoring of AChR-rapsyn
clusters to the cytoskeleton (Figure 10D). The difficulty to
restore the NMJ structure is illustrated by the fact that in
passive transfer EAMG the postsynaptic membrane is
still significantly reduced 54 days after injection of anti-
AChR antibodies.41 In chronic EAMG, the postsynaptic
membrane is continuously degraded, and its proteins
have to be continuously replaced. Up-regulation of
rapsyn increases the AChR concentration in the disease,
but this AChR is not sufficiently stabilized at the endplate.
Therefore, a better understanding of rapsyn interaction
with other proteins in the NMJ may reveal new factors that
can modulate the clinical severity in myasthenia gravis.
Taken together, our data help to understand the role of
rapsyn in the disease and indicate that, as a possible
treatment of chronic EAMG muscles, rapsyn overexpres-

Figure 10. Schematic summary of the observed effects of rapsyn treatment in
control and EAMG muscles. A: In untreated control muscles of young rats,
the AChR is clustered densely but anchored incompletely to the cytoskeleton
because of the low synaptic expression of rapsyn. Extrasynaptic rapsyn
expression possibly contributes to the endplate maintenance (see Discus-
sion). B: In rapsyn-treated controls, rapsyn anchors the AChR tightly to the
cytoskeleton via the utrophin-dystroglycan complex. Extrasynaptic rapsyn
accumulates in the cell membrane and is partially transported to the synapse.
C: In untreated EAMG muscles, anti-AChR antibodies damage the postsyn-
aptic membrane. AChR, rapsyn, and utrophin are degraded and the postsyn-
aptic folding is reduced. Extrasynaptically, AChR is up-regulated as a conse-
quence of functional denervation. The increased extrasynaptic AChR level
helps to replace lost AChR at the endplate. D: In rapsyn-treated EAMG
muscles, rapsyn and AChR co-localize both synaptically as well as extrasyn-
aptically. Rapsyn increases the AChR clustering in the postsynaptic mem-
brane, but the damage to the utrophin-dystroglycan complex prevents AChR
anchoring to the cytoskeleton. Therefore, the newly clustered AChR is sus-
ceptible to antigenic modulation by antibodies and is internalized by endo-
cytosis. The increased antibody binding and AChR turnover leads to an
aggravation of the ultrastructural damage of the postsynaptic membrane.
Moreover, extrasynaptic AChR clustering induced by rapsyn overexpression
prevents AChR trafficking to the perisynaptic area and the replacement of lost
AChR.
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sion has to be targeted specifically to the endplate region
and requires other postsynaptic proteins, including utro-
phin, for anchoring the AChR. Moreover, the results pre-
sented here show that rapsyn expression determines the
susceptibility to EAMG and possibly MG in a complex
way: high rapsyn expression anchors the AChR and pre-
vents antibody- and complement-induced damage to the
postsynaptic membrane, but when postsynaptic mem-
brane is already damaged, high rapsyn expression in-
creases membrane damage.
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