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Summary

Myasthenia gravis (MG) is a debilitating and potentially fatal neuromuscular
disease characterized by the generation of autoantibodies reactive with nico-
tinic acetylcholine receptors (AChR) that cause loss of AChR from the neu-
romuscular endplate with resultant failure of neuromuscular transmission. A
role for complement (C) in the pathology of human MG has been suggested
based upon identification of C activation products in plasma and deposited at
the endplate in MG. In the rat model, experimental autoimmune MG
(EAMG), C depletion or inhibition restricts clinical disease, further implicat-
ing C in pathology. The mechanisms by which C activation drives pathology
in MG and EAMG are unclear. Here we provide further evidence implicating
C and specifically the membrane attack complex (MAC) in the Lewis rat
passive EAMG model of MG. Rats deficient in C6, an essential component of
the MAC, were resistant to disease induction and endplate destruction was
reduced markedly compared to C6-sufficient controls. After reconstitution
with C6, disease severity and endplate destruction in the C6-deficient rats was
equivalent to that in controls. The data confirm the essential role of the MAC
in the destruction of the endplate in EAMG and raise the prospect of specific
MAC inhibition as an alternative therapy in MG patients resistant to conven-
tional treatments.
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Introduction

Myasthenia gravis (MG) is a debilitating and potentially life-
threatening condition characterized by episodes of profound
muscle weakness [1]. MG is a classical ‘organ-specific’
autoimmune disease [2,3]. Autoantibodies against the ace-
tylcholine receptor (AChR) are generated that bind AChR at
the neuromuscular junction (endplate) and cause blockade
of neuromuscular transmission, resulting in the severe
muscle weakness that typifies the condition [4]. The anti-
AchR antibodies are not directly blocking, but instead recruit
other effectors to cause endplate damage. Complement (C)
was implicated over 40 years ago with the demonstration of
C consumption in myasthenic patients [5]. Engel and
co-workers identified dense localized deposits of C proteins
at the endplate in muscle biopsies from MG patients [6],
provoking the suggestion that C activation was directly
responsible for the destruction of the endplate. The abun-
dance of membrane attack complex (MAC) at this site pro-
voked the suggestion that ‘microlysis’ caused by MAC

deposition and lytic pore formation was the cause of the
observed destruction [7].

Rodent models of MG have provided a number of impor-
tant insights into the disease. Experimental autoimmune
MG (EAMG) in rats and mice can be induced either actively
by immunizing with AChR from the torpedo ray, or passively
by administering pre-formed antibodies against the AChR
[6,8,9]. In the passive model, several sources of antibody
have been used, including MG patient serum, serum from
rodents actively induced for EAMG and monoclonal anti-
bodies (mAb) targeting the AChR [10]. Early studies in
active and passive EAMG in the rat demonstrated C activa-
tion in muscle resembling that found in human MG [6].
Direct evidence implicating C in pathogenesis came from
studies utilizing cobra venom factor (CVF) treatment of rats
to inactivate C [8]. The CVF-treated rats were resistant to
disease whether induced actively or passively, suggesting that
C activation was a critical event in the development of
pathology. CVF is a crude tool that removes C activity by
activation to completion with resultant generation of
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proinflammatory mediators that may influence disease
induction. However, these data were replicated in EAMG
using the specific C inhibitor soluble C receptor 1 (sCR1),
confirming the direct role of C in this model [11].

Although a role for the MAC has been suggested for
human MG, the evidence is at best circumstantial - the
abundance of MAC deposits at the endplate. C activation
generates a number of biologically active products, including
the anaphylactic peptides C3a and C5a, the opsonic frag-
ments C3b and C4b and the lytic MAC; any or all of these
may contribute to pathology in disease [12]. If anti-C thera-
pies are to be maximally effective it is important to know
which of the C-derived effectors are driving pathology.
Animals deficient in individual C components provide a
powerful tool for dissecting out the importance of the
various effectors. Rats deficient in C6 were discovered by
chance in commercial PVG rat colonies and have been used
to provide evidence for a role of the MAC in several disease
models [13]. We showed that C6-deficient PVG rats were
resistant to disease in a rat model of multiple sclerosis, impli-
cating the MAC in myelin injury and loss [14]. To extend the
utility of the C6-deficient rats for use in disease models we
have back-crossed eight generations onto Lewis, a strain that
has been used extensively in models of autoimmunity. Here
we have tested these rats in a mAb-driven passive EAMG
model. Whereas C6-sufficient (wild-type) Lewis rats devel-
oped a severe clinical disease characterized by profound
weakness and weight loss, rats deficient in C6 were com-
pletely resistant to disease induction. Endplate destruction
and muscle inflammatory cell infiltration were minimal in
the absence of C6. C3 deposition at the endplate was unaf-
fected by C6 deficiency, but C9 deposition was seen only in
wild-type rats with EAMG. Restoring C activity by adminis-
tering human C6 rendered C6-deficient rats susceptible to
disease. These findings confirm an essential role for the MAC
in endplate destruction in EAMG and suggest that targeted
inhibition of MAC formation will be of benefit in human
MG.

Methods

General reagents and antibodies

All chemicals, unless stated otherwise, were from Sigma
Aldrich Chemical Company (Gillingham, UK) or Fisher Sci-
entific UK Ltd (Loughborough, UK).

Polyclonal goat anti-rat C3c was from Nordic Laborato-
ries (Copenhagen, Denmark) and was used at a dilution of
1 : 400; polyclonal sheep anti-human C9 was generated
in-house and was used at a dilution of 1 : 400. Mouse anti-
rat CD68 mAb was from Serotec (Oxford, UK) and was used
at a final concentration of 2 mg/ml. Donkey anti-mouse IgG
fluorescein isothiocyanate (FITC) and donkey anti-goat/
sheep IgG FITC were from Jackson Immunoresearch (Luton,
UK) and were used at 1 : 200. a-Bungarotoxin–rhodamine

conjugate (T-1175) was from Molecular Probes (Invitrogen,
Paisley, UK).

The rat hybridoma TIB-175, secreting the anti-AChR
mAb35 [15], was obtained from the American Tissue
Culture Collection (ATCC). The hybridoma was maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) fetal calf serum (FCS, heat inacti-
vated), 2 mm l-glutamine and 1 mm sodium pyruvate. The
mAb35, produced against Electrophorus electricus electric
organ muscle-type nicotinic AChR, binds the main immu-
nogenic region (MIR) of the alpha subunit of the AChR and
cross-reacts with chicken, rat, mouse and human AChR. The
IgG1 mAb was purified from tissue culture supernatant on
Protein A Sepharose using a protocol modified for purifica-
tion of rat IgG1 with minimal bovine IgG contamination.
Rat IgG1 is known to be a C-activating isotype and this was
confirmed in our laboratory for mAb35 (unpublished data).

Human C6 was purified from plasma using an affinity
column comprising an in-house mAb against C6 immobi-
lized on sepharose. Purity and function were confirmed
using standard methods.

Animals

C6-deficient PVG rats were originally obtained from Banting
and Kingman Universal Inc. (Fremont, CA, USA) and a
colony maintained in-house. C6-deficient PVG rats were
back-crossed onto Lewis for eight generations. Control
C6-sufficient rats were either littermates from the final back-
cross or were obtained from Bantin & Kingman (Hull, UK).
All animals were maintained according to Home Office
guidelines within the Biomedical Services Unit (BSU) at
Cardiff University.

Passive induction of EAMG

All animal studies were reviewed and approved by the UK
Home Office. To assess the dose of mAb35 required for
disease induction, groups of two female wild-type Lewis rats
(160–200 g) were given 0·1 mg/kg, 0·5 mg/kg or 1 mg/kg
mAb35 intraperitoneally (i.p.) in phosphate-buffered saline
(PBS) under restraint. Animals were assessed for onset of
EAMG at frequent intervals over 48 h and scored for weak-
ness and weight loss as described below.

For testing effects of C6 deficiency, six female Lewis rats
(160–200 g) were obtained from Bantin & Kingman and
allowed to acclimatize for 1 week. Five female C6-deficient
Lewis rats (160–200 g) were obtained from BSU. All animals
were injected with 1 mg/kg mAb35 in PBS (i.p.) on day 0,
and assessed for changes in weight and clinical score as
described below.

To assess the effects of adding back C6 in C6-deficient rats,
two separate experiments were performed, In the first, two
matched groups, each comprising six female C6-deficient
rats, were injected with 1 mg/kg mAb35 in PBS (i.p.); one
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group were additionally administered human C6 (8 mg/kg
in PBS) in the same i.p. injection. In the second, matched
groups of six female C6-deficient rats were injected with
mAb35 as in the first experiment and human C6 (10 mg/kg
in PBS) was given with the initiating mAb and a second dose
i.p. after 12 h. Animals were assessed for weight loss and
clinical score as described below. Animals were scored
according to their ability to grasp and lift the lid of a mouse
cage: 0, no disease; 1, reduced grip strength in front paws
(can grip but cannot lift); 2, loss of grip in front paws; 3, loss
of grip and hind limb weakness and wasting; 4, loss of grip
and hind limb paralysis. Half scores were given for interme-
diate symptoms. Animals were also weighed at frequent
intervals and were killed by a Schedule 1 method when
weight loss was equal to or exceeded 20% of original body
weight, or when clinical score reached 4. After the onset of
clinical symptoms, rats were given pre-wetted food daily and
assessed every 12 h.

Assessment of haemolytic C in C6-deficient rats
reconstituted with human C6

C6-deficient rats in each of the two C6 add-back experi-
ments were bled by tail tipping before and at intervals after
i.p. administration of human C6. Serum was promptly sepa-
rated and stored at -40°C until assay. Antibody-sensitized
sheep erythrocytes (EA) were prepared using standard pro-
tocols and haemolytic sensitivity titred using normal rat
serum. C6-deficient rat serum was without haemolytic activ-
ity in this assay. To assess the C activity in sera from rats given
human C6, the minimum dose of normal rat serum causing
90–100% lysis of EA was identified from the titration curve
and the test sera used at this dilution in the assay. The per-
centage haemolysis for each serum sample was measured
and results expressed as a percentage of the haemolysis
caused by normal rat serum in the same assay.

Collection and processing of tissues for
immunohistochemical analysis

Rats were euthanized and the soleus muscle removed and
snap-frozen in isopentane on dry ice and stored at -80°C.
Frozen tissues were embedded in octreotide (OCT) medium
(Agar Scientific, Stanstead, Essex, UK), sectioned longitudi-
nally in a cryostat at 8–10 mm and transferred to Superfrost
slides (Surgipath, Peterborough, UK). Sections were fixed in
acetone for 5 min before storing at -20°C.

a-Bungarotoxin–rhodamine conjugate (T-1175) was used
to identify the AChR, and provided a tool with which
to evaluate the numbers of a-bungarotoxin-reactive
AChR from comparable sections from each animal.
a-Bungarotoxin–rhodamine was diluted 1 : 200 in block
buffer [PBS, 1% bovine serum albumin (BSA)], applied to
sections and incubated for 40 min at room temperature
in a humid chamber. Sections were washed in PBS and

mounted using VectorShield for analysis using a fluorescent
microscope.

The area occupied by a-bungarotoxin-reactive AChR
in each section was measured using density slicing in an
image analysis system (Openlab Improvision, Coventry,
UK). Twenty fields were captured from comparable regions
of muscle in each sample at the same exposure and
magnification.

To detect C deposition, frozen sections were stained for
1 h at room temperature with primary antibodies at the
stated dilutions in block buffer. Sections were washed and
incubated with appropriate secondary antibodies for 40 min
at room temperature. To detect macrophage infiltration,
frozen sections were stained for CD68 using clone ED1.
Numbers of ED1-positive cells were counted in three fields
from each animal and mean cell number per field calculated.
Sections were washed and mounted in VectorShield before
analysis.

For haemotoxylin and eosin (H&E) staining, muscle was
post-fixed in 10% formaldehyde in PBS and embedded for
sectioning and staining. Inflammatory cell infiltration was
scored blind in H&E-stained sections using a semiquantita-
tive method: 0, no inflammatory infiltrates; 1, infiltrates � 1
per low power field; 2, infiltrates 1–5 per field; 3, infiltrates
6–10 per field; 4, infiltrates � 10 per field.

Statistical analysis

For analysis of differences between two groups, Student’s
t-test was used. Where more than two groups were com-
pared, the analysis of variance (anova) test was applied with
post-hoc analysis using the t-test with Bonferroni correction.
Statistical analysis utilized the InStat package (GraphPad,
San Diego, CA, USA). Results were considered significantly
different when P � 0·05.

Results

Induction of EAMG and requirement for C6

In dosing studies, rats administered mAb35 at 0·1 mg/kg
developed only very mild clinical disease and no weight loss;
in contrast, rats given 0·5 mg/kg mAb35 developed moderate
weakness with a maximum mean clinical score of 1·5, while
animals given 1 mg/kg mAb35 developed severe weakness
and weight loss (data not shown). As the anticipated effect of
C6 deficiency was protection from disease, the 1 mg/kg dose
was chosen for subsequent studies.

In the definitive experiment, all wild-type rats began to
lose weight consistently by 20 h post-induction; in contrast,
C6-deficient animals were stable or continued to gain weight
over the time-course of the experiment; weight differences
were significantly different (P � 0·05–P � 0·005) between
the groups at all time-points (Fig. 1a). In this experiment,
wild-type animals began to display clinical symptoms
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comprising limp tails, pilo-erection and reduced grip
strength by 20 h post-induction, and all exhibited severe
disease with hind limb weakness and/or partial paralysis by
41 h; in contrast, all C6-deficient animals were protected
from any clinical manifestations of EAMG for the duration
of the experiment, there was no measurable decrease in grip
strength and the general condition remained unaltered;
clinical score was significantly different (P � 0·05–
P � 0·005) between the groups at all time-points except at
6 h (Fig. 1b).

In the first C6 add-back experiment, rats deficient in C6
were again refractory to disease induction, while rats given a
single dose of human C6 at the time of disease induction
developed clinical disease that closely resembled that in wild-
type rats, albeit less severe, with progressive weakness and
weight loss (Fig. 2a,b). Statistical analysis confirmed that, for

both parameters, there were significant differences between
C6 reconstituted rats and C6-deficient controls at all times
post-induction (P � 0·05–P � 0·01). Weight loss was not
significantly different between C6 reconstituted and wild-
type rats (P � 0·05), but clinical scores were significantly
higher in the latter group at all time-points post-induction
(P � 0·05). Because clinical disease was less severe in recon-
stituted rats than in wild-types, a second experiment was
performed with an increased dose of C6 at induction and a
second dose given after 12 h. In this experiment, clinical
disease in C6-deficient rats given this higher dose of human
C6 was even more severe and not different from that in
wild-type rats (P � 0·05 at all time-points; Fig. 2c,d).

Haemolytic activity of C6-deficient rats following C6
reconstitution

C6-deficient rats had no measurable C haemolytic activity in
the assay. Administration of human C6 at 8 mg/kg p.i. at the
time of induction restored serum haemolytic activity to an
average of 53 � 7% of wild-type control at 24 h and
48 � 8·5% at 48 h, demonstrating that this dose of C6
caused a partial but long-lived restoration of activity.
Administration of human C6 at 10 mg/kg p.i. at time of
induction, repeated at 12 h, caused essentially complete
restoration of haemolytic activity compared to controls
(mean 87 � 4% at 24 h; 81% � 5·5% at 48 h). All values are
means � standard deviation (s.d.) from six animals. Differ-
ences in haemolytic activities in C6 reconstituted groups
compared to C6-deficient controls were highly significant at
both time-points in both experiments (P � 0·01). In the
second experiment, haemolytic activities in C6 reconstituted
rats were not significantly different to those in wild-type
controls (P � 0·05).

C6 deficiency inhibits endplate destruction in EAMG

Endplates were quantified by measuring a-bungarotoxin–
rhodamine staining in muscle sections. At time of killing
in the EAMG studies, wild-type animals had fewer a-
bungarotoxin-reactive endplates compared with C6-deficient
animals, and this difference was highly significant
(P � 0·0001) (Fig. 3a–c).

C activation at the endplate was assessed by measuring
deposition of C3 and C9, the latter a surrogate marker of the
MAC. C3 deposition was found co-localized with
a-bungarotoxin-positive endplates in all animals subjected
to induction of EAMG, whether wild-type or C6-deficient
(Fig. 4a–f). In contrast, a-bungarotoxin-positive endplates
in naive rats were negative for C3 staining (Fig. 4g–i).

C9/MAC staining was absent from naive rat muscle
(Fig. 5a,b). In EAMG, endplates in wild-type rats were
strongly and universally stained for C9/MAC (Fig. 5c,d),
whereas endplates from C6-deficient rats were negative
(Fig. 5e,f), confirming that staining represented MAC

Hours post-induction

–35
–30
–25
–20
–15
–10

–5
0
5

10
15
20

Hours post-induction

M
ea

n 
ch

an
ge

 in
 w

ei
gh

t f
ro

m
 

or
ig

in
al

 (
g)

60300

0

0·5

1

1·5

2

2·5

3

3·5

4

4·5

(b)

(a)

*

*

*

*
**

**
** ** **

** **

**
** **

**

0

M
ea

n 
cl

in
ic

al
 s

co
re

6030

Fig. 1. C6 deficiency protects from clinical disease in the passive

experimental autoimmune MG (EAMG) model. Age- and

weight-matched groups of C6-deficient (n = 5; squares) and wild-type

(n = 6; diamonds) female rats were administered anti-acetylcholine

receptor (AChR) at time 0. Weight at time 0 was 230 � 5 g for the

C6-deficient rats (mean � s.d.) and 234 � 6·5 g (mean � s.d.) for

wild-type controls. Animals were assessed for change in weight (a)

and clinical score (b) as described in Methods. Bars represent � 1 s.d.

Asterisks indicate significant differences between the groups

(*P � 0·05; **P � 0·01).
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deposition at this site. Sections from C6-deficient EAMG rats
supplemented with human C6 were positive for C9/MAC
staining in the same distribution as in wild-types.

C6 deficiency inhibits inflammatory cell infiltration of
muscle in EAMG

In muscle sections from wild-type animals with EAMG,
massive inflammatory cell infiltration was evident through-
out the soleus muscle when assessed by ED1 staining
for macrophages in unfixed tissue (Fig. 4j); in contrast,
ED1-positive inflammatory infiltrates were minimal in
C6-deficient EAMG animals (Fig. 4k), and absent from naive
animals (Fig. 4l). Repletion of C6 (10 mg/kg p.i. at times
0 and 12 h) in EAMG animals markedly enhanced the

infiltration of ED1-positive inflammatory cells (Table 1,
P � 0·05 for a difference between these groups). Post-fixed
sections were stained with H&E to identify inflammatory
infiltrates; results fully supported the ED1 staining data with
large infiltrates seen only in wild-type animals with EAMG
(Table 1).

Discussion

There is substantial evidence that C activation is a central
component in the neuromuscular endplate destruction that
typifies MG and the rodent model EAMG. In MG, C activa-
tion is demonstrable in serum and the levels of C activation
products correlate with anti-AChR titres [16]. C activation
products are also found at the neuromuscular endplate;
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Fig. 2. Administration of human C6 renders C6-deficient rats susceptible to disease. In two separate experiments, age- and weight-matched groups

of six wild-type and C6-deficient female Lewis rats were administered anti-acetylcholine receptor (AChR). In each experiment, wild-type

(diamonds), C6-deficient rats without supplementary C6 (squares) and C6-deficient rats with supplementary C6 (triangles) were compared.

Animals were assessed for weight change (a,c) and clinical score (b,d) as described in Methods. In experiment 1 (a,b), a single dose (8 mg/kg)

of human C6 was given at t = 0; in experiment 2 (c,d), two doses (10 mg/kg each) of humans C6 were given at t = 0 and t = 12 h. Bars

represent � 1 s.d. Where error bars overlapped, only unidirectional bars are shown for clarity. Asterisks indicate significant differences between

experimental and control groups (*P � 0·05; **P � 0·01).
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indeed, the MAC has been implicated by association in
endplate destruction in MG and EAMG by virtue of its
abundance at the endplate [6,17]. The presence of C activa-
tion products at the endplate has even been suggested as an
aid to diagnosis in MG [18]. This abundance of evidence
implicating C has provoked the suggestion that anti-C thera-
pies may prove effective in the treatment of MG resistant to
conventional therapies [19,20]. The rational use of anti-C
therapies requires an understanding of the C products
involved in the pathology. Given the known involvement of
anti-AChR antibody, it would be predicted that the classical
pathway drives disease. Knock-out mice deficient in indi-
vidual components of the C activation pathways have been
used to confirm this prediction at the genetic level [21]. Mice
deficient in either C3 or C4, the latter specific for the classical
(and lectin) pathway(s), were resistant to disease induced by
immunization with AChR, provoking the authors to suggest
that therapies targeting the classical pathway might be ben-
eficial in MG. Evidence for a role of MAC in passive EAMG
in the rat came from a study of the effects of administering
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Fig. 3. Loss of acetylcholine receptor (AChR) following experimental

autoimmune MG (EAMG) induction requires C6. Soleus muscles

were harvested from each rat, frozen sections cut and stained with

a-bungarotoxin–rhodamine to identify AChR. Plates show

representative fields from C6-deficient (a) and wild-type (b) rats.

Using OpenLab imaging software, intensity limits were set,

corresponding to positively stained AChR, and the image was

density-sliced. The number of discrete areas was measured

automatically on the density-sliced image. Twenty fields from each rat

were analysed as described in Methods and the mean number of

discrete areas was obtained for each rat (c). Columns represent

averages for the wild-type (n = 6) and C6-deficient (n = 5) rats and

bars show standard deviation for each group. The significance of the

difference between groups is shown.

Table 1. Inflammatory cell infiltration in experimental autoimmune

MG (EAMG) muscle.

Rat group Inflammatory score ED1+ cells per field

Naive (n = 1) 0 � 10

w-t; EAMG (n = 6) 3·5 � 0·55 120 � 35

C6d; EAMG (n = 6) 0·5 � 0·22 19 � 12

C6d/C6; EAMG (n = 6) 3·2 � 0·48 135 � 24

EAMG was induced in wild-type (w-t), C6-deficient (C6d) and

C6-deficient administered C6 (10 mg/kg at time 0 and 12 h; C6d/C6)

rats. Inflammation in muscle was assessed in two ways. Inflammatory

infiltrates in haematoxylin and eosin-stained sections were assessed in a

semiquantitative manner and scored blind on a scale from 0, no inflam-

matory infiltrates; 1, infiltrates � 1 per low power field; 2, infiltrates 1–5

per field; 3, infiltrates 6–10 per field; 4, infiltrates � 10 per field. Scores

represent means for the stated groups � s.d. Infiltration of ED1+ cells

was measured in frozen sections by staining with specific antibody.

Positive cells were counted in three sections per animal to obtain mean

scores. Numbers shown represent mean of these means for each experi-

mental group � s.d.

Experimental myasthenia in C6-deficient Lewis rats

283© 2006 British Society for Immunology, Clinical and Experimental Immunology, 146: 278–286



Fig. 4. Assessment of C3 deposition at the

acetylcholine receptor (AChR) and muscle

inflammation in wild-type, C6-deficient and

naive Lewis rats. Soleus muscle from wild-type

(a–c) and C6-deficient (d–f) Lewis rats induced

for experimental autoimmune MG (EAMG)

and a naive rat (g–i) was harvested and

flash-frozen in isopentane as described. Ten mm

thin sections were cut and stained for AChR

(a, d, g) using rhodamine-conjugated

a-bungarotoxin (red staining). Sections were

double-stained for activated C3 (C3c; b, e, h)

using goat anti-rat C3c, and detected with

donkey anti-goat-Ig-fluorescein isothiocyanate

(FITC) conjugate (green staining). Sections

were mounted in VectorShield and analysed

under an inverted fluorescent microscope.

Images were merged for detection of

co-localization (orange staining; c, f, i). Images

were taken at 400¥ magnification and

magnified a further twofold electronically. For

assessment of inflammatory cell infiltration,

frozen soleus muscle sections from wild-type (j)

and C6-deficient (k) Lewis rats induced for

EAMG and a naive rat (l) were stained with

mouse anti-rat CD68 (ED1) to identify

macrophages within the muscle. Images were

taken at 200¥ magnification

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(a) (b) (c) (d) (e) (f)

Fig. 5. Assessment of C9/membrane attack complex (MAC) deposition at the acetylcholine receptor (AChR) in wild-type, C6-deficient and naive

Lewis rats. Soleus muscle from naive rats (a,b) and wild-type (c,d) or C6-deficient (e,f) Lewis rats induced for experimental autoimmune MG

(EAMG) were harvested, and flash-frozen in isopentane as described. Ten mm thin sections were cut and stained for AChR (a,c,e) using

rhodamine-conjugated bungarotoxin. Sections were double-stained for rat C9/MAC (b,d,f) using rabbit anti-rat C9, and detected with

anti-rabbit-Ig-fluorescein isothiocyanate (FITC) conjugate. Sections were mounted in VectorShield and analysed under an inverted fluorescent

microscope. Images were taken at 800¥ magnification. Arrows in paired images show identical regions stained in one or both.
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an anti-C6 polyclonal immunoglobulin fraction on the
course of disease [22]. Clinical disease was markedly inhib-
ited in the treated rats and neuromuscular conduction was
preserved. This single study has implicated MAC formation
in endplate damage in the model. However, the conclusions
of this important study can be questioned because the large
doses of rabbit IgG administered might have had other con-
sequences in a disease known to respond to intravenous
immunoglobulin administration [9,11,23].

To dissect out the contribution of the MAC to tissue injury
in C-mediated diseases, we and others have utilized PVG rats
deficient in C component C6 [14,24,25]. In the absence of
C6, production of the opsonic and chemotactic products of C
activation is unimpaired but generation of the MAC is
ablated. C6-deficient rats were protected from disease in
experimental demyelination, providing strong evidence that
MAC formation is required for myelin loss in this model of
multiple sclerosis [14]. Here we have used C6-deficient Lewis
rats to explore the role of MAC in the passively induced
EAMG model [8,26]. Whereas wild-type rats developed
marked weakness and weight loss within hours of adminis-
tering anti-AChR mAb, C6-deficient rats were completely
resistant to disease induction. Histological analysis demon-
strated a highly significant reduction in the loss of
a-bungarotoxin-positive endplates in the absence of C6; C3
was deposited at the endplate in both wild-type and
C6-deficient rats with EAMG, but C9/MAC was detected at
the endplate only in wild-types. Heavy and widespread infil-
tration of muscle with macrophages and other inflammatory
cells was seen in wild-type rats with EAMG but inflammation
was minimal in C6-deficient rats, demonstrating that inflam-
mation was, at least in part, driven by MAC formation.
Inflammation was not restricted to areas around the end-
plates as has been reported in other studies [17], due prob-
ably to the acute nature of the disease in the passive EAMG
model used here. Given that there is abundant C3 activation
at the endplate in EAMG in the C6-deficient rats, and
C-derived anaphylatoxins will be produced, the lack of
inflammatory cell infiltration is surprising. We have found
previously, in the experimental autoimmune encephalomy-
elitis model, that inflammation was much decreased in the
central nervous system (CNS) in C6-deficient rats [14], and
treatment with a C5a receptor antagonist in this model did
not affect inflammation or clinical disease [27]. The cell
activation and damage caused by the MAC must trigger the
local production of chemotactic factors in both these models.

To confirm that the observed protection was due solely to
the absence of C6, deficient rats were reconstituted with
human C6. In the first experiment, serum haemolytic activ-
ity was restored to approximately 50% of that in wild-type
rats and when given anti-AChR, C6-deficient rats reconsti-
tuted with C6 developed disease of a severity approaching
that seen in wild-types and with muscle pathology indistin-
guishable from wild-types. In a second experiment, where
serum haemolytic activity was restored completely, clinical

disease and pathology were indistinguishable from that in
wild-type rats, confirming that the absence of C6 was solely
responsible for the lack of disease in C6 deficiency. Taken
together, the data demonstrate conclusively that MAC for-
mation is necessary for endplate damage and paralysis in
passive EAMG in the rat.

The EAMG model closely resembles the human disease,
both of which are driven by antibodies against the neuro-
muscular endplate and both associated with systemic C acti-
vation and local C deposition. Blocking assembly of the
MAC would therefore be predicted to be protective in MG.
Specific blockade of MAC assembly offers significant advan-
tages over other C inhibitory strategies as it spares the
important anti-bacterial activities provided by C opsonins
and chemotaxins [20]. Several agents specifically targeting
MAC assembly are in development and may fit this role
[28,29]. Currently, anti-C5 agents have taken centre stage in
C therapeutics; these agents, derived from anti-C5 anti-
bodies, inhibit C5 cleavage, preventing formation of C5a and
the MAC. The humanized anti-C5, pexeluzimab, is already in
clinical trials for several inflammation and reperfusion-
related injuries [30,31]. The time is ripe for testing this agent
in MG.
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