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Abstract

Several studies have suggested that the autoantibodies (autoAbs) against muscle acetylcholine receptor (AChR) of
myasthenia gravis (MG) patients are the main pathogenic factor in MG; however, this belief has not yet been confirmed with
direct observations. Although animals immunized with AChR or injected with anti-AChR monoclonal Abs, or with crude
human MG Ig fractions exhibit MG symptoms, the pathogenic role of isolated anti-AChR autoAbs, and, more importantly,
the absence of pathogenic factor(s) in the autoAb-depleted MG sera has not yet been shown by in vivo studies. Using
recombinant extracellular domains of the human AChR a and b subunits, we have isolated autoAbs from the sera of four
MG patients. The ability of these isolated anti-subunit Abs and of the Ab-depleted sera to passively transfer experimental
autoimmune MG in Lewis rats was investigated. We found that the isolated anti-subunit Abs were at least as efficient as the
corresponding whole sera or whole Ig in causing experimental MG. Abs to both a- and b-subunit were pathogenic although
the anti-a-subunit were much more efficient than the anti-b-subunit ones. Interestingly, the autoAb-depleted sera were free
of pathogenic activity. The later suggests that the myasthenogenic potency of the studied anti-AChR MG sera is totally due
to their anti-AChR autoAbs, and therefore selective elimination of the anti-AChR autoAbs from MG patients may be an
efficient therapy for MG.
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Introduction

Myasthenia gravis (MG) is considered the classical organ

specific, autoantibody-mediated, and T cell dependent human

autoimmune disease [1–6]. MG is associated with autoantibodies

(autoAbs) against the acetylcholine receptor (AChR) of the

neuromuscular junction (NMJ). These autoAbs are found in

approximately 85% of the patients with generalized MG (AChR-

MG) [1,2], while the remaining ,15% of MG patients have

autoAbs to additional NMJ proteins: MuSK (Muscle-Specific

Kinase) [7–9] and LRP4 (lipoprotein receptor-related protein)

[10,11] or not yet detectable autoAbs [12]. MG patients are

suffering from fatigability and weakness of skeletal muscles, usually

due to destruction of the AChRs in the NMJ [2–4,13].

The AChR located in the muscle endplates is a ligand-gated ion

channel formed by five homologous subunits with stoichiometry

a2bcd in the embryos and a2bed in the adults. The subunits are

arranged symmetrically around a central pore and are embedded

in the postsynaptic muscle membrane, with their extracellular

domains (ECDs) oriented in the synaptic space. Muscle AChRs

bear one binding site per a-subunit for acetylcholine (ACh), the

neurotransmitter which is responsible for the transmission of the

nerve impulse to the muscle fibers [14,15].

The autoimmune nature of the MG has been proved by several

observations supporting the role of anti-AChR autoAbs in the

pathogenesis of MG. AChR-MG patients have serum circulating

anti-AChR autoAbs, detected also at the NMJ. Moreover,

patients’ clinical picture improves after plasma or IgG apheresis

[16,17]. Transplacental transfer of IgG (including anti-AChR

autoAbs) from MG mothers to infants is thought to be responsible

for the transient MG observed in the newborns [18,19]. Moreover,

the disease can be reproduced in animal models (experimental

autoimmune MG, EAMG) either by active immunization with

AChR (whole or parts of it) [20–22], or by passive transfer of MG

sera [23–25] and monoclonal Abs (mAbs) against the AChR

[26,27]. However, although it is clear that animal anti-AChR

autoAbs can cause EAMG, it has not yet been directly shown

whether the anti-AChR Ab fraction of MG patients’ sera is indeed

the only or at least the main pathogenic factor in these sera.

The anti-AChR autoAbs in sera of MG patients appear

heterogeneous in terms of epitope binding [28]. A large fraction

of the autoAbs is directed against a specific region, located at the

a-subunits called main immunogenic region (MIR) [29,30]. The

MIR is believed to consist of a group of overlapping conformation-

dependent epitopes around the 67–76 amino acids of the ECD of

the a-subunits, but additional segments also contribute to this

antigenic region [31,32]. Its antigenic structure is favored by its

position near the synaptic end. In addition to the MIR region,

autoAbs against the rest of the a-subunit and the other subunits

have also been identified [33,34]. Moreover E. coli- and P.
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pastoris-expressed ECDs of the five human AChR subunits bind

anti-AChR autoAbs from various MG sera, underlying the

heterogeneity and the variable antigenic specificity of these

autoAbs [35].

Epitope variability may explain the lack of correlation between

patients’ serum autoAb titers and their clinical condition. Indeed,

passive transfer experiments with MG sera have demonstrated the

induction of the disease only from certain sera [36]. In addition,

passive transfer of the disease with mAbs against the AChR has

been observed mostly with the use of anti-MIR Abs [26]. In this

paper, we isolated autoAbs from the sera of four MG patients

using recombinant human a- and b-AChR ECDs. We subse-

quently tested the ability of the purified autoAbs as well as those of

the intact and autoAb-depleted sera to induce EAMG when

injected intraperitoneally (i.p.) to Lewis rats. Whole sera and

purified AChR subunit-specific autoAbs could induce EAMG,

whereas the autoAb-depleted sera could not; the latter directly

shows that the myasthenic potency of AChR-MG sera is due to

their anti-AChR autoAbs. In addition, we showed that the anti-a
subunit autoAbs are not the only pathogenic anti-AChR autoAbs

though they are much more capable in inducing MG than the

anti-b ones.

Materials and Methods

Ethics Statement
Animal experiments were conducted at the Hellenic Pasteur

Institute (rat injections, anesthesia and sacrificing) under a protocol

approved by the Hellenic Pasteur Institute Animal Care and Use

Committee. Anti-AChR auto-Abs isolation from MG sera was

performed at the University of Patras. Use of human biological

samples was approved by the Bioethics Committee of the Hellenic

Pasteur Institute (Permit No. 1288). Written informed consent was

taken from all donors participating in this study.

Animals
Lewis rats, 3–4 weeks old, were used. Animals were housed in

groups of 4 animals per standard cage in a climate-controlled

room on a 12:12 h light:dark cycle with water and standard rodent

chow. General anesthesia during animal procedures was provided

using Diethyl ether.

MG sera and evaluation of the autoAb titer
Large plasma volumes from MG patients were collected during

therapeutic plasmapheresis procedure at the Department of

Clinical Therapeutics, Renal Unit, Alexandra Hospital, Athens,

Greece. MG serum samples used were from a large number of

anti-AChR autoAb-positive sera held in our laboratory at the

Hellenic Pasteur Institute for diagnostic purposes as previously

described [37]. For simplicity we will use the term ‘‘serum’’ for

both plasma and serum. All four patients whose sera were used in

this study had generalized mild to moderate MG symptoms

(MGFA grades II–III). Interestingly patients MG1 and MG2 (with

predominantly anti-a antibodies) had not more severe symptoms

than patients MG3 and MG4 (with predominantly anti-b
antibodies).

The anti-AChR autoAb titers of the MG sera used in this study

were determined by the anti-AChR autoAb assay kit (RSR Ltd,

Cardiff, UK) according to the manufacturer’s instructions with

slight modifications, as previously described [38]. Briefly, the

diluted sera or isolated autoAbs [supplemented with NHS (normal

human serum) to total 5 ml serum] were incubated overnight at

4uC with 25 ml (about 35,000 cpm) of 125I-AChR solution [125I-a-

Bgtx (alpha-bungarotoxin) labeled AChR], and the 125I-AChR-Ab

complexes were precipitated by incubation for 2 h at 4uC with

25 ml of goat anti-human IgG serum. The precipitated radioac-

tivity was measured in a c-counter (2470 WIZARD2 TM). To test

the cross-reactivity of the MG anti-AChR autoAbs with rat AChR,

20 ml of rat muscle extract containing 60 fmol of rat AChR was

labeled with approximately 0.1 pmol of 125I-a-Bgtx (,50,000

cpm). After the addition of MG sera or isolated autoAbs

(supplemented with NHS to total 5 ml serum), the samples were

incubated at 4uC overnight. Antibody-AChR complexes were

precipitated by adding 25 ml of goat anti-human IgG serum. The

pellets were washed twice with PBS, pH 7.4, 0.5% Triton X-100

and the radioactivity was counted in a c-counter. Anti-AChR

autoAb titers were expressed as nano moles of 125I-a-Bgtx binding

sites precipitated per liter of serum (nM).

Competition experiment of serum autoAbs and 125I-a-
Bgtx

Human AChR (RSR Ltd, Cardiff, UK) was added to 5 ml

serum (mixture of a predetermined quantity of MG1 serum

supplemented with NHS to reach the 5 ml). After incubation for

1.5 h, 125I-labeled a-Bgtx (70,000 cpm) was added for 1 h at room

temperature. In parallel human AChR was firstly incubated with

the 125I-labeled a-Bgtx for 1 h followed by the addition of the MG

serum and further incubation for 1.5 h. Complexes were

precipitated with goat anti-human serum and the precipitated

radioactivity was measured in a c-counter.

E. coli-expressed ECDs and construction of affinity
chromatography CNBr-Sepharose beads columns

Recombinant E. coli-expressed human a and b ECDs (a1-210

and b1-221with N-terminal 66His tag sequence) were produced

by growing pET15b/ECD-transformed BL21(pLysS)DE3 cells as

previously described [38]. Purification was performed following

the manufacturer’s instructions for binding to, and elution from,

Ni-NTA (Nickel- Nitrilotriacetic acid) beads (Qiagen). The

purified ECDs were used for the construction of CNBr (Cyanogen

bromide) -Sepharose columns, in a final concentration 1 mg ECD

per mL CNBr-Sepharose according to the manufacturer (Phar-

macia-Biotech) guidelines and as previously described [38].

Ig purification by saturated ammonium sulphate
A maximum of 2 ml of MG serum per animal was used for

passive transfer experiments. When serum volumes greater than

2 ml had to be used, the Ig of the serum were isolated and

concentrated by ammonium sulphate precipitation (40% satura-

tion). When the needed final volume of the precipitated Ig per

animal was over 2 ml, it was further concentrated by dialysis

membrane covered with polyethelenglycol 40,000.

Affinity purification of the anti-ECD autoAbs
Immunoadsorption experiments were performed by incubating

a certain volume of each MG serum or Ig fraction overnight at

4uC with gentle agitation with the appropriate ECD-Sepharose

suspension, capable of removing all of the corresponding anti-

ECD specific autoAbs (approximately 1 mg of ECD per 2.1 pmol

of autoAbs). The reduction in the amount of serum autoAbs

represents the fraction of autoAbs in the treated serum reactive

with the ECD used. The a- or b-ECD-Sepharose beads with the

bound autoAbs were washed three times with PBS and the bound

autoAbs were rapidly released from the Sepharose beads by

incubation for 5 to 10 seconds at room temperature with 0.2 M

glycine-HCl, pH 2.8; then 1/15 volume of 1 M Tris-HCl pH 9.0

was immediately added to the isolated autoAbs to raise the pH,

Pathogenic Role of AChR AutoAbs
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and the samples were extensively dialyzed against PBS, pH 7.4.

Finally, the isolated autoAbs and the depleted sera or Ig fractions

were tested for binding to the human and rat AChR by

radioimmunoassay (RIA), using 125I-a-Bgtx labeled AChR (see

above).

Passive transfer of MG - Clinical assessment
Three to four weeks old Lewis rats were injected i.p. with MG

serum or serum derivatives, as follows: groups of 3–5 animals were

injected with whole serum isolated anti-subunit autoAbs (anti-a or

anti-b), depleted sera (without the anti-a or anti-b autoAbs) or with

NHS or PBS, as negative controls. Each animal was weighted at

the beginning of the experiment and every 24 hours, unless

otherwise stated. For clinical examination, rats were evaluated for

myasthenic weakness and assigned clinical scores. Briefly, rats

were observed on a flat platform for a total of 2 min. They were

then exercised by gently dragging them suspended by the tip of the

tail across a cage top grid repeatedly (20–30 times) as they

attempted to grip the grid. They were then placed on a flat

platform for 2 min and again observed for signs of EAMG.

Clinical muscle weakness was graded as follows: grade 0, rat with

normal posture, muscle strength, and mobility at baseline and after

exercise; grade 1, normal at rest but with muscle weakness

characteristically shown by a hunchback posture, restricted

mobility, and difficulty in raising the head after exercise; grade

2, grade 1 symptoms without exercise during observation period;

grade 3, dehydrated and moribund with grade 2 weakness; and

grade 4, dead. The evaluator was blinded to treatment status for

all clinical evaluations.

Quantification of muscle AChR content
All groups of rats injected with MG sera (MG1–MG4) and their

derivatives (autoAb-depleted sera and anti-subunit isolated Abs) as

well as the control groups (injected with NHS and PBS) were

sacrificed 48 h post-injection. The hind limb muscles of each rat

were dissected, weighed and homogenized with a commercial

blender using liquid nitrogen to freeze the tissues. The homog-

enates were then washed twice, using two volumes per muscle net

weight (ml/g) of the following buffer: 0.1 M NaCl, 0.01 M

Na2HPO4-NaH2PO4, 0.01 M EDTA, 0.01 M EGTA, 0.001 M

PMSF, 0.1 M iodoacetamide, 0.05% NaN3, 5 U/ml of aprotinin

and 0.5 mg/ml of pepstatin, pH 7.4. The pellet was resuspended in

an equal volume of 2% Triton X-100 regarding to its weight, in

the previous buffer and incubated overnight at 4uC, with gentle

agitation. After centrifugation (12,000 g for 30 min) to remove

insoluble material, the muscle AChR content was determined as

previously described by Lindstrom et al., [39]. In brief, 20 ml

aliquots of each muscle extract were labelled with 0.1 pmol of 125I-

a-Bgtx and the complexes precipitated using an excess of a

mixture of mAbs 192, 195 and 198 followed by the addition of

anti-rat IgG, incubation, washing and counting the radioactivity of

the pellets. The decrease in the ratio of the Dcpm of samples from

autoAb treated animals versus Dcpm of samples from control

animals was interpreted as the Ab induced AChR-loss.

Confocal microscopy
In order to examine the physical association of MG sera and

their derivatives with muscle AChRs at the NMJ, we performed

in vivo immunofluorescence studies. Twelve hours post-injection

groups of rats (2 rats per group) injected with either 0.3 ml MG1

serum or its derivatives (anti-a subunit depleted serum and isolated

anti-a subunit Abs), and with Ig from 15 ml of MG3 serum or its

derivatives (anti-b subunit depleted serum and isolated anti-b
subunit Abs) were sacrificed and the hind limb muscles were

isolated from. The hind limb muscle samples were frozen in cold

isopentane and stored at 280uC. Ten mm thick sections were

taken, allowed to air-dry, and fixed in cold acetone for 10 min.

Then the sections were washed twice for 5 min with PBS, and

blocked for 25 min with PBS-BSA 3% and FBS 10% (Cappel; MP

Biomedicals). After being washed with PBS, the slides were

incubated with Alexa Fluor 555-a-Bgtx (1/100) (Invitrogen) for

binding on AChR and therefore to identify the NMJ endplates

(red) and with F(ab2) donkey anti-human IgG FITC conjugated to

identify human Abs (green) for 2 h at room temperature. Then,

the slides were washed three times with PBS-Tween 0.1% for

5 min and viewed under a Leica TCS SP5 confocal microscope.

Statistical analysis
AChR loss and rat weight changes were evaluated for statistical

significance using a two-tailed unpaired Student’s t-test, using the

Ms Excel 7.0 program.

Results

Selection of MG sera and their Ab specificities
Induction of passive EAMG in rats with obvious clinical

symptoms by human MG sera is usually not trivial and requires

several injections for several days. In order to achieve MG

symptoms by single injections we used young rats (3–4-weeks old),

and carefully selected MG sera. In order to select potent MG sera,

first we screened over 100 MG sera for binding to both rat and

human AChR by RIA. We found that the MG sera showed

varying degree of Ab cross-reactivity between the two AChR

species (data not shown). For the selection of the most appropriate

sera we also took into account their ability to bind to the a- or b-

subunit ECDs in order to allow us to isolate and study the

corresponding antibody fractions. We finally selected four MG

patients’ sera (MG1–MG4) of moderate to high titers for rat

AChR, for which we had large serum volumes available (Table 1).

The selected MG sera were then tested for their autoAbs subunit

specificity using immunoadsorbents with a- and b-ECDs. Table 1

shows the characteristics of the four MG sera in respect of autoAb

specificities to the human a- or b- AChR subunit ECDs, as well as

the cross-reactivity of these MG sera and their derivatives between

human and rat AChR. Table 1 shows that their differences in

anti-rat AChR titer are smaller than their differences in anti-

human AChR titer. Almost half (48.1%) of the MG1 autoAbs are

directed against the human a-ECD and are cross-reactive with rat

AChR. The remaining anti-AChR Abs (anti-a depleted sera) are

not cross-reactive with rat AChR. MG2 and MG3 sera contain

autoAbs that bind exclusively a- and b- ECDs, respectively. Both

sera (and their isolated autoAbs) were found cross reactive with rat

AChR. MG4 serum has the majority of its anti-AChR Abs against

the b- ECD (71.2%), while the remaining autoAbs are mainly

against the a-ECD. MG4 serum and its derivatives (anti-b Ab

depleted serum and isolated anti-b Abs) were all cross-reactive

with rat AChR.

Passive transfer by MG sera and their derivatives into rats
We tested the ability of the purified Abs as well as of the intact

and autoAb-depleted sera in inducing EAMG when injected i.p. to

Lewis rats in a range of volumes. Disease severity was assessed on

the basis of clinical symptoms and weight change. We initially

performed preliminary experiments with the 4 MG sera by which

we estimated the approximate volumes of each serum likely to

produce clinical symptoms (data not shown). This information was

used as a starting point for the below described experiments.

Pathogenic Role of AChR AutoAbs
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EAMG by MG1 and its derivatives. MG1 serum had the

highest titer for both human and rat AChR among the 4 sera

tested. Figure 1A–B show the different volumes of MG1 serum

and its derivatives used in the passive transfer experiments, as well

as the induced clinical symptoms. A volume of 0.4 ml MG1 whole

serum (0.15 nmoles anti-rat AChR Abs) was capable in inducing

death to all rats 48 h post-injection. However, Fig. 1A also shows

that the anti-a-subunit depleted serum, at even higher volumes

(0.4–0.8 ml/animal) was totally inefficient in causing EAMG. The

isolated anti-a-subunit Abs (at amounts derived from serum

volumes similar with those tested in Fig. 1A) overall were at least

similarly efficient with the corresponding volumes of the intact

serum (Fig. 1B). Figure 2 depicts the weight change of the group of

rats injected with 0.8 ml anti-a depleted MG1 serum 48 h after

the injection, while all rats injected with the other MG1 serum

fractions had already died. All rats of the group injected with anti-

a depleted MG1 serum increased their weight similarly to the

control group of rats injected with NHS.

The fact that MG1 serum could induce MG-like symptoms in

such small volumes led us to investigate the possibility that the

anti-a Abs of MG1 act by blocking the acetylcholine binding site.

We carried out a competition experiment between anti-AChR Abs

and 125I-a-Bgtx for binding to the AChR. Figure 3 shows that pre-

incubation of the AChR with the MG1 serum did not inhibit 125I-

a-Bgtx binding to the AChR, suggesting that the MG1 Abs do not

interfere with ACh activity.

EAMG by MG2 and its derivatives. Rats injected with 1

and 2 ml MG2 serum or Ig from 5 ml serum did not exhibit any

MG-like symptoms (data not shown). On the contrary rats injected

with Ig from higher serum volumes (10 ml), equivalent to

2.79 nmoles anti-rat AChR Abs, exhibited mild to moderate

EAMG symptoms (Fig. 1C). The body weight of these groups of

rats increased less than that of the control groups (Fig. 2).

Interestingly the rats that were given purified anti-a Abs from

10 ml serum (1.95 nmoles anti-rat AChR Abs) exhibited severe

symptoms (Fig. 1D) and lost dramatically weight (Fig. 2), 48 h post

injection. We also injected one rat with anti-a subunit Abs isolated

from 20 ml of MG2 serum as shown in Fig. 1D. We found that

this rat showed severe MG symptoms and died before the lapse of

48 hours after injection. The anti-a depleted Ab MG fraction,

when injected to rats caused no EAMG symptoms.

EAMG by MG3 and its derivatives. MG3 is a high Ab titer

serum (625 nM) with autoAbs targeting exclusively the b AChR

subunit. The Ig fraction of 4 and 8 ml of whole MG3 serum had

no effect. A group of rats were then injected with the Ig fraction of

15 ml of whole MG3 serum corresponding to 1.53 nmoles anti-rat

AChR Abs. As shown in Fig. 1E, they showed ambiguous MG

symptoms and 48 h after injection they had recovered. The anti-b
ECD Abs of 15 ml from MG3 serum were isolated and injected

into rats, with none exhibiting any MG symptoms. The isolation of

the anti-AChR Abs from the sera, allows using Abs derived from

very large serum volumes, which is not possible with crude Ig. We

could thus clarify whether MG3 Abs can indeed induce EAMG in

rat. Antibodies from 40 ml of whole serum was isolated and

injected into each of 2 rats (Fig. 1F), which showed mild MG

symptoms within 24 h, while 48 h after injection they fully

recovered, but their weight increased less gradually than the

control rats (Fig. 2). As also shown in Fig. 1E, 15 ml of anti-b-

depleted MG3 serum had no obvious clinical effect when tested in

rats and these rats increased their weight normally (Fig. 2).

EAMG by MG4 and its derivatives. MG4 serum had the

lowest anti-rat AChR Ab titer (23.2 nM) among the four sera

tested in passive transfer experiments. As shown in Fig. 1G, one

group of rats was injected with Ig from 5, 10 and 15 ml serum.

None exhibited any kind of MG symptoms, and their weight

increased similarly with that of the control rats (Fig. 2). In

addition, as shown in Fig. 1G, we injected 3 rats and 2 rats with

isolated anti-b subunit Abs from 15 ml and 45 ml of MG4 serum

each, respectively. No rat showed any MG symptoms.

Muscle AChR content
Using an excess of a mixture of rat AChR specific mAbs, we

estimated the content of muscle AChR of each rat group treated

with MG sera and derivatives as compared to the control rat group

Table 1. Anti-AChR autoAb specificities and autoAb titers of MG sera and their derivativesa.

MG serum
samples

MG serum samples and
derivatives

Anti-human AChR Ab titer
(nM)

Subunit (ECDs) specificities (% of total anti-
human AChR Abs)b

Anti-rat AChR Ab titer
(nM)

a subunit b subunit

MG1 Whole serum 1150 48.1 2.4 379

Anti-a Abs depleted serum 596 0 2.4 0

Isolated anti-a Abs 393 100 0 235

MG2 Whole serum 262 99.8 0 279

Anti-a Abs depleted serum 0.2 0 0 0

Isolated anti-a Abs 170 100 0 195

MG3 Whole serum 625 0 98.2 102

Anti-b Abs depleted serum 0 0 0 0

Isolated anti-b Abs 455 0 100 63

MG4 Whole serum 29.3 25.3 71.2 23.2

Anti-b Abs depleted serum 8.4 87.8 0 7.3

Isolated anti-b Abs 13.9 0 100 12.1

aThe four MG sera were screened for their Ab specificities for AChR subunits using immunoadsorption ECD columns and the percentages of Ab subunit specificities are
shown. The titers of the depleted sera and the isolated Abs are normalized to the corresponding whole serum volumes.
btest sera and Ab preparations were incubated with sepharose-immobilised ECDs and the anti-AChR titers of the depleted samples were estimated by RIA with intact
AChR.
doi:10.1371/journal.pone.0108327.t001
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Figure 1. Clinical course of rats 24 and 48 h post-injection with MG sera and their derivatives. The figures show the clinical symptoms of
groups of rats injected i.p. with the shown volumes of MG sera (or Ig), anti-a/b depleted sera (or Ig) and isolated autoAbs. A–B: EAMG-MG1; C–D:
EAMG-MG2; E–F: EAMG-MG3; G: (EAMG-MG4). Control groups were injected with NHS and PBS. Disease severity was assessed on the basis of
weakness and scored by their ability to grasp, hang and run when provoked: 0–4 (0: no clinical symptoms; 4: dead, see Methods). Points represent
mean clinical scores 6SE.
doi:10.1371/journal.pone.0108327.g001
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Figure 2. Weight change of rats treated with MG sera and their derivatives. The figures show the percent weight change of groups of rats
injected i.p. with the shown volumes of MG sera, anti-a/b depleted sera and isolated autoAbs. Control groups were injected with NHS and PBS. Bars
represent weight changes (% of controls) +SE, *p,0.05, **p,0.01.
doi:10.1371/journal.pone.0108327.g002
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(NHS or PBS) (Fig. 4). The muscle AChR content of the groups of

rats injected with PBS are not represented in Fig. 4, as they had

similar values to the NHS-treated rats. Administration of 0.25 ml

of whole MG1 serum and anti-a subunit Abs isolated from

0.25 ml MG1, significantly reduced (,40%) the AChR molecules

at the NMJ of the rats (Fig. 4a). The depleted of the anti-a AChR

Abs serum and the control NHS did not cause any effect on rat

AChR.

Total MG2 serum reduced the AChR content by about 40%

compared to the AChR content of the controls as shown in

Fig. 4b. Interestingly, the isolated anti-a Abs from 10 ml of MG2

serum reduced even more drastically the AChR content (,68%),

although the actual AChR Ab amount injected to the rats was

30% lower than that of the 10 ml whole serum due to losses during

Ab purification. Rats injected with anti-a depleted MG2 serum

showed normal levels of AChR concentration.

Ig isolated from 15 ml whole MG3 serum and anti-b subunit

Abs isolated from 40 ml MG3 serum both significantly reduced

the number of AChRs compared to the anti-b MG3-depleted

serum and the controls (NHS and PBS) as it is depicted in Fig. 4c.

This confirms the MG symptoms, even though rather weak,

induced by this anti-b-subunit serum as shown in Fig. 1E–F.

Whole MG4 serum (15 ml) and anti-b subunit isolated Abs

from 45 ml MG4 serum reduced the numbers of AChR (Fig. 4d).

Yet, the reduction was the lowest among the 4 MG sera (20–25%)

apparently justifying the absence of symptoms in the rats

(Fig. 1G).

Overall, the rats in which the antibodies induced ,40% AChR

loss did not exhibit significant clinical symptoms, whereas in those

with .40% AChR loss, disease was observed. The rat group with

the highest AChR loss (,68%) in Figure 4 (isolated Abs from

MG2) suffered the most severe clinical score.

Detection of IgG deposits at the NMJ by
immunofluorescence microscopy

The sections obtained from the rats injected with MG1 whole

serum, pure anti-a subunit MG1 Abs, MG3 whole serum and

pure anti-b subunit MG3 Abs showed considerable deposition of

human IgG at the NMJs (Fig. 5, left and right upper two rows).

On the contrary, the depleted MG1 and MG3 sera fractions as

well as the control NHS showed little or no deposition at the

neuromuscular endplates (Fig. 5, left and right bottom two

rows).



Figure 4. Muscle AChR content of treated rats. The four groups of animals injected with MG sera (MG1–MG4) and their derivatives were
sacrificed 48 hours post-injection. The hind limb muscles of each rat were dissected and the extracted AChRs were estimated by RIA. Results are
expressed as a percentage of the AChR of the rats receiving NHS only. Results for PBS are not shown but were very similar to the NHS. a, b, c, d: rats
injected with sera and derivatives of MG1, MG2, MG3 and MG4 respectively. Bars represent mean AChR content (% of controls) +SE, *p,0.05, **p,
0.01.
doi:10.1371/journal.pone.0108327.g004
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Discussion

MG is an autoimmune disease usually characterized by the

presence of autoAbs against the muscle AChR [2–6]. Animals’

anti-AChR autoAbs have been clearly shown to cause active or

passive EAMG (by immunization with AChR and injection with

anti-AChR mAbs). Although MG sera and their isolated whole

IgG fractions also induce MG symptoms into animal models, this

does not exclude that Abs other than the anti-AChR autoAbs in

these sera also contribute to the pathogenicity of the serum or even

form the main pathogenic factor. Therefore, direct observation of

the pathogenicity of the human MG autoAbs had yet to be

achieved. Using recombinant bacterial expressed ECDs of the a
and b subunits of human AChR we produced affinity chroma-

tography columns and used them to isolate the anti-a ECD Abs

from two MG sera (MG1 and MG2) and the anti-b ECD Abs from

another two MG sera (MG3 and MG4). The isolated autoAbs (as

well as the whole sera and the Ab-depleted sera) were tested for

their ability in inducing EAMG into rats by passive transfer

experiments.

Our results showed that the anti-a Abs isolated from MG1 and

MG2 sera were capable of inducing severe MG symptoms and

death into rats, at least as efficiently as the whole sera.

Immunofluorescence studies of the rat hind limb muscles showed

deposition of human IgG at muscle endplates, whereas measure-

ments of AChR content showed that the bound anti-AChR

autoAbs induced muscle AChR loss, apparently the cause of MG-

like symptoms in the rats.

Here, we showed that the anti-a Abs of MG1 could induce

severe MG symptoms or death, at approximately 30 times lower

amount than anti-a Abs of MG2. This observation prompted us to

investigate the possibility that the anti-a Abs of MG1 act by

blocking the ACh binding site. We conducted a competition RIA

between 125I-a-Bgtx and MG serum and found that the serum

autoAbs do not inhibit 125I-a-Bgtx binding to the AChR. This

suggests that no autoAbs of MG1 bind near or at the ACh binding

site, and therefore their pathogenic effect is probably not due to

inhibiting ion channel function.

The strong potency of the MG1 serum in causing EAMG was

also tested in mice. Whole MG1 serum was tested in passive

transfer experiments in a group of 4 Balb/c mice, 10 weeks old.

The critical serum volume that caused death to mice was 0.6 ml,

whereas in Lewis rats it was 0.3 ml (data not shown). Thus,

although less efficient in mice than in rats (possibly because of

Figure 3. Competition RIA between MG1 autoAbs and 125I-a-
Bgtx for binding to the AChR. Anti-AChR Ab precipitation of MG1
serum by RIA and competition RIA for the detection of blocking Abs in
the serum. For this, unlabeled AChR was preincubated with MG1 serum
followed by the subsequent addition of 125I-a-Bgtx (MG before 125I-a-
Bgtx); in parallel AChR was preincubated with 125I-a-Bgtx followed by
the subsequent addition of MG1 (MG after 125I-a-Bgtx). The precipitated
radioactivity, after the addition of the anti-Ab, was equal in both assays,
indicating that no autoAbs of MG1 bind near or at the acetylcholine
binding site.
doi:10.1371/journal.pone.0108327.g003



Figure 5. Deposition of IgG at the NMJ of EAMG rats detected by confocal microscopy. Hind limb muscle specimens were obtained from
the rats injected with MG1 and MG3 sera and derivatives as well as from rats injected with NHS. Cryostat muscle sections were co-stained with Alexa
Fluor 555-a-Bgtx to identify AChR (red) and with F(ab2) donkey anti-human IgG FITC conjugated to identify human autoAbs (green); merge on the
right. The immunofluorescence data shown are representative of sections obtained from two rats of each group. Original magnification is 3506.
doi:10.1371/journal.pone.0108327.g005
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lower cross-reactivity) the strong potency of MG1 is not restricted

to the rats.

The anti-b Abs isolated from MG3 and MG4 sera (and MG3

and MG4 total Ig) induced weak or no MG symptoms to animals,

respectively. It is possible that the rat complement is not efficiently

activated by the human anti-b auto-Abs (of MG3 and MG4) and

that the effect on the rats injected with MG3 and MG4 and their

derivatives could be mainly due to antigenic modulation of cross-

linked AChR. The difference from the anti-a-subunit sera could

be due to the presence of two a subunits per AChR molecule

which apparently allows the anti-a antibodies to make larger

AChR complexes. Since complement fixation is favored by larger

antigen-antibody complexes, it would be reasonable for comple-

ment to act more strongly with the anti-a antibodies. Moreover,

the a-subunits bearing the MIR region are more pathogenic than

the other ones in MG patients with more than 50% of the anti-

AChR autoabs are directed to the MIR [1,29]. The MIR has been

shown to be located on the top of the AChR, favoring cross-linking

of AChRs by the anti-MIR antibodies [31,32]. The anti-b auto-

Abs in in vitro experiments are less capable in cross-linking the

AChRs and therefore less capable in causing AChR destruction by

both complement and antigenic modulation mechanisms.

This observation is in accordance with our previous studies [37],

where we examined the effect of anti-a and anti-b Abs isolated

from MG sera in vitro, in antigenic modulation experiments.

Using TE671 cells we had shown that the anti-a autoAbs are

about 4.3 times more effective than the anti-b Abs in internalizing

membrane AChR molecules. This can explain the low potency of

the anti-b subunit Abs in inducing severe symptoms into rats

compared to the anti-a Abs of MG1 and MG2 sera. Nevertheless,

it was shown that MG3 Abs did induce mild MG symptoms,

weight and AChR loss. Finally, despite the absence of MG

symptoms in rats injected with MG4 serum and its isolated anti-b
Abs, the muscle AChR concentration was significantly reduced

compared to the control groups. Yet, the reduction of about 20%

of the total AChR molecules, as expected [40], was not sufficient

to affect nerve impulse transduction. Equally important with the

induction of EAMG by the isolated anti-a or anti-b Abs, was the

observation that none of the depleted fractions caused any MG

symptoms to the animals. MG2 and MG3 depleted sera had no

anti-AChR autoAbs, as these were adsorbed by the a- and b-ECD

columns, respectively. MG1 anti-a depleted serum had about 50%

of the total MG1 Abs, but these Abs were not cross-reactive with

rat AChR. This suggests that anti-AChR MG autoAbs not only

induce EAMG but they seem to be the sole, or at least the main,

pathogenic factor in anti-AChR positive MG.

Interestingly, at least in some cases, the isolated Abs seemed

more potent than the whole sera. This was more apparent with

MG2. The anti-a Abs from the MG2 serum induced clearly

stronger clinical symptoms (Fig. 1C–D), weight loss (Fig. 2) and

muscle AChR loss (Fig. 4B) than in the rats which were injected

with whole MG2 serum Ig. Although this dramatic difference was

observed only with MG2 serum, taking into account that the

isolated Ab samples had smaller Ab titers from the whole sera or Ig

(due to losses during Ab isolation) a trend for higher EAMG

efficiency may be noted also for sera MG1 and MG3, overall
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suggesting the possible presence of protective or suppressive

factor(s) in the serum which may partially block the autoAb

activity. This observation requires further study in order to identify

the potential protective factors in the sera.

Elucidation of the function of anti-AChR autoAbs will help us

to reveal their role in the initiation and progression of MG.

Furthermore, our results also suggest that the selective removal of

the anti-AChR autoAbs from the MG patients, an approach

which we are pursuing with ECD-immunoadsorption columns,

should be an efficient MG therapeutic approach.
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