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ABSTRACT

Background: Arthrogryposis multiplex congenita
(AMC) is defined as nonprogressive congenital contrac-
tures that generally result from lack of fetal movement
in utero. AMC is a feature of many congenital disorders
caused by genetic, environmental, or other factors.
One rare cause of AMC is maternal myasthenia gravis
(MG). This is an autoimmune disorder, caused by anti-
bodies to the nicotinic acetylcholine receptor (AChR),
and resulting in weakness of voluntary muscles. In
10-15% of babies born to MG mothers, transient signs
of MG are noted after placental transfer of anti-AChR
antibodies. In a few cases, AMC predominates.

Methods: We review the role of antibodies to AChR in
MG and in AMC associated with maternal antibodies to
AChR.

Results: In anti-AChR antibody-associated AMC, fetal
or neonatal death is common; other deformities or
CNS abnormalities are common as well. The condition
usually recurs in each pregnancy unless the mother is
treated for MG, but some mothers are asymptomatic.
The maternal antibodies cross the placenta and block
the function of the fetal isoform of the AChR leading to
fetal paralysis. Injection of maternal plasma into preg-
nant mice results in AMC in mouse fetuses. Some
women with recurrent AMC in their babies have no
detectable anti-AChR suggesting the presence of anti-
bodies to other fetal muscle or neuronal proteins.

Conclusions: Although rare, anti-AChR-associated
AMC is potentially treatable and can be diagnosed by a
routine antibody test. The mouse model can be used to
investigate the role of these and other maternal anti-
bodies in causing congenital conditions.

Teratology 62:332-341, 2000. © 2000 Wiley-Liss, Inc.

MYASTHENIA GRAVIS

Myasthenia gravis (MG) is one of the best-character-
ised human immune-mediated disorders. The esti-
mated incidence in the population is around 1:10,000.
This acquired condition can present at any stage of life
but is relatively rare in children and very rare before 2
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years of age among Caucasians. Infantile onset of MG
is much more common in the Chinese paediatric popu-
lation (Chiu et al., ’87). Many Caucasian patients
present in adolescence or early adult life, and these are
most often female. MG is caused by serum antibodies
binding to the nicotinic acetylcholine receptor (nAChR)
on the postsynaptic surface of the neuromuscular junc-
tion, and which is essential for neuromuscular trans-
mission. The antibodies lead to loss of nAChR, result-
ing in progressive weakness and fatigue of voluntary
muscles (Drachman, ’94). Anti-AChR antibodies are
detected by radiocimmunoassay (RIA, using ?°I-a-bun-
garotoxin-labelled AChR), and are very variable in ti-
tre. But within an individual patient the level of anti-
bodies correlates well with disease status, and they are
very rare (<1%) in healthy subjects (Vincent et al., ’86).
A small percentage of patients (10—15%) with a clinical
diagnosis of MG do not have detectable anti-AChR in
their serum (seronegative MG [SNMG]); this condition
is probably due to antibodies directed at some other
neuromuscular junction target (Blaes et al., ’00).

The role of serum anti-AChR antibodies in MG was
clearly demonstrated by passive transfer experiments
in which injection of MG immunoglobulins (Igs) into
experimental mice produced many of the symptoms
and signs of MG (Toyka et al., ’77). It was confirmed by
a striking clinical response to plasma exchange and
immunosuppressive treatment (Newsom-Davis et al.,
78).

The thymus gland is involved in MG. Many patients,
particularly those with onset of disease during adoles-
cence or early adult life (early-onset MG), respond well
to thymectomy, and about 25% do not need further
treatment. The thymus gland is often hyperplastic in
these cases, and secretes anti-AChR antibodies, per-
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haps because the presence of AChR on muscle like cells
in the thymic medulla stimulates specific B cells
(Drachman, ’94). Patients who do not respond to
thymectomy may be given prednisolone or azathio-
prine, or a combination of both (Palace et al., 98).

MATERNAL MG AND FETAL
COMPLICATIONS

Placental transfer of maternal anti-AChR antibodies
to the fetus can cause transient neonatal myasthenia
gravis (NMG) in about 10% of newborns of MG mothers
(Namba et al., ’70), although the incidence may be
decreasing with improved treatment of mothers. At
birth, or shortly afterward, babies present with hypo-
tonia, respiratory distress, and feeding difficulties
which usually resolve in 4—6 weeks. However, a more
severe clinical spectrum can also occur; the death rate
due to fetal anomalies is higher than in the general
population (Batocchi et al., ’99). Different systems
and/or single organs may be involved, although arthro-
gryposis is one of the most frequent findings.

CAUSES AND CLASSIFICATION OF AMC

The term arthrogryposis (arthron = “oint,” grypo-
sis = “bent”) is largely used in clinical practice to de-
scribe a variable sign recognisable in many different
malformative syndromes. On the basis of clinical fea-
tures, Hall ("96) proposed three different phenotypic
patterns of arthrogryposis: (1) isolated; (2) associated
with other systemic anomalies; and (3) associated with
dysfunction and/or malformation of the central nervous
system (CNS).

The first study that clearly demonstrated the impor-
tance of lack of fetal movement in causing arthrogry-
posis was conducted by Drachman and Coulombre
(’62). These workers found that injection of curare into
chick embryos resulted in multiple congenital contrac-
tures at birth. Jago ("70) reported the occurrence of
arthrogryposis in a baby born to a mother with tetanus
who had to be treated with muscle relaxants during
pregnancy. Moessinger (’83) produced an animal phe-
notype characterised by fetal growth retardation, pul-
monary hypoplasia, short umbilical cord, and multiple
joints contractures by giving daily intrauterine injec-
tions of curare during the last days of gestation. The
anomalies, which Moessinger called the “fetal akinesia
deformation sequence,” bore a striking resemblance to
the syndrome first described by Pena and Shokeir ("74)
in four newborn infants.

Although a specific cause has not been established in
many of the patients with AMC, five different patho-
genic categories of arthrogryposis have been distin-
guished on the basis of the cause of the limitation of
fetal movement:

1. Neuropathic processes: include either central (CNS)
or peripheral nervous system (PNS) defects, or
sometimes a combination of both (e.g., brain and
spinal cord malformations, spinal muscular atro-
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phy, amyelinating congenital neuropathy, nonpro-
gressive congenital neuropathy)

2. Myopathic processes: pathologic conditions related
to both the muscle and neuromuscular junction
(congenital muscular dystrophy, congenital myas-
thenia), as well as primary amyoplasias

3. Abnormal connective tissue disorders: include joint
and tendon abnormalities

4. Physical constraints in utero: (e.g., twin pregnancy,
oligohydramnios, amniotic bands, or structural
anomalies of the uterus)

5. Maternal illness: include maternal infections and
maternal neurological conditions, which are occa-
sionally associated with arthrogryposis, e.g., mater-
nal rubella and varicella infection and some other
infectious diseases (Hall and Reed, ’82); maternal
myotonic dystrophy, diabetes, hyperthermia, hypo-
tension, multiple sclerosis, and MG (Smith et al.,
78; Hall and Reed, ’82; Farrell and McGillivray, '83;
Livingstone and Sack, ’85)

This review concentrates on AMC associated with
MG in which there are maternal antibodies to AChR.

AMC ASSOCIATED WITH MG

Although neonatal MG is the most common problem
seen in infants of mothers with MG, there have been
cases reported with arthrogryposis. To date, 32 affected
offspring born to 13 myasthenic mothers have been
reported. The cases are summarised in Tables 1-4,
where they are separated depending on whether the
mother had MG at the time of the first pregnancy. In
addition, one reported case in which the mother was
entirely symptom free is detailed in Table 4. Several
features emerge from analysis of the cases.

Variable severity of AMC

The severity of AMC in the infant is variable and
does not relate to the severity of mother’s MG, either at
onset or at the time of the first or subsequent preg-
nancy. Strikingly, in those with poor outcomes, there
were other features of the fetal akinesia sequence.
Eight babies were stillborn, and nine died during the
neonatal period. In these cases, there was often a his-
tory of reduced fetal movement and polyhydramnios.
Postmortem studies showed findings compatible with
fetal akinesia sequence but, in addition, a few cases
had damage to the CNS. In some cases with less severe
AMC, there was a mixed picture at birth and symptoms
of neonatal MG. If they survived the neonatal period,
the outcome was generally good.

High recurrence risk of fetal deformities

An important feature of these cases and a clue to the
diagnosis in the family reported by Vincent et al. ("95)
(Table 4) was the high recurrence rate. The mother was
counselled originally for an autosomal recessive disor-
der but, after the fifth recurrence and, being aware of
the family reported by Barnes et al. (95), the geneticist
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requested anti-AChR antibody levels in the totally
asymptomatic mother. In three other instances, in
which the number of siblings was greater than three,
all or all but the first pregnancies were affected (Mou-
tard-Codou et al., ’87; Barnes et al., ’95; Vincent et al.,
’95), and this was probably also the case in some of the
smaller sibships reported (Tables 1-4). The severity of
the clinical spectrum did not correlate with the birth
order.

Disease status of the mother

The onset of MG in the mother, when MG was
present, was almost exclusively confined to adoles-
cence. There was no obvious correlation between ma-
ternal disease severity and AMC, and there are a num-
ber of cases in which the diagnosis of MG was not made
until during the pregnancy or after the birth of the
affected baby (Holmes et al., ’80; Dulitzky et al., ’87;
Moutard-Codou et al., ’87; Barnes et al., ’95; Vincent et
al., ’95). Indeed, as mentioned above, in the case re-
ported by Vincent et al. ("95), no symptoms or signs of
MG were found at any time.

Response to treatment of maternal MG

One important reason for recognising this condition
is that it is potentially treatable. In the family reported
by Carr et al. (91), treatment with anticholinesterases
and thymectomy did not influence the outcome of preg-
nancy, but extensive plasma exchange (six sessions at
15-17 weeks gestation) followed by prednisolone (80
mg every other day) was associated with improvement
in a subsequent pregnancy. After treatment with pyri-
dostigmine and thymectomy, the patient reported by
Holmes et al. ("80) had a baby born with only fifth finger
contractures (L.B. Holmes, personal communication).
A similar outcome was obtained after thymectomy and
treatment with prednisolone and azathioprine for the
patient reported by Barnes et al. ("'95) (Fig. 1). Another
successfully treated case was given intravenous IgG
and plasma exchange during pregnancy (Newsom-
Davis, '98; unpublished observations). For the asymp-
tomatic woman with six affected pregnancies (Table 4),
repeated plasma exchange from 10 weeks onward pro-
longed the period of fetal movements for 3 weeks (Vin-
cent et al., ’95; Brueton et al., ’00), but unfortunately
AMC subsequently developed.

AChR and antibodies in typical MG patients

The AChR is an oligomeric membrane protein which,
in normal adult muscle, is made up of five subunits: «,
v, B, €, and 3. It is essential for the transmission of
impulses from nerve to muscle and exists in two iso-
forms that differ by one subunit; during early develop-
ment (and after denervation), a y-subunit is present
instead of the e-subunit. In typical MG, a high propor-
tion of the antibodies bind to an epitope on the a-sub-
units, called the main immunogenic region (Tzartos et
al., ’80). However, many patients also have antibodies
specific for the fetal isoform of the AChR (Newsom-
Davis et al., ’87), probably binding to the y-subunit.

Fig. 1. Children born pre- and posttreatment to mother reported by
Barnes et al. ('95). A: Postmortem picture of fourth child showing
arthrogryposis multiplex congenita (AMC). B: Mild finger contrac-
tures and mild lung hypoplasia were the only problems in her sixth
pregnancy after treatment.

Antibodies in MG act by three mechanisms: comple-
ment-mediated damage of the muscle membrane, anti-
body-induced reduction of AChR numbers, and direct
block of AChR function (Drachman '94). In most MG
patients, the latter is not thought to be an important
pathogenetic mechanism. There is some evidence that
women whose babies suffer from neonatal MG, have
higher titres of antibodies and a higher proportion that
bind to epitopes on the y-subunit (Vernet der Garabi-
dien et al., ’94) but, in most respects, it is unclear as to
why only a few babies develop neonatal MG. It may be
that the neonatal neuromuscular junction is relatively
resistant to the effect of antibodies, perhaps due to its
immaturity and higher turnover of AChR, and there
may be less complement-mediated damage.

Antibodies that block the function of fetal
AChR in mothers of AMC babies

Our interest in this area was stimulated by the se-
verity of the recurrent AMC in babies of MG mothers
(Barnes et al., ’95). We have now studied sera from
seven women with AMC babies, and the results are
remarkably similar.

IgG antibodies in serum of mothers with AMC in
their babies inhibit selectively the function of the
fetal form of the AChR which expresses the y-sub-
unit, but have no effect on function of the adult form,
that expresses the e-subunit (Vincent et al., ’95, Ri-
emersma et al., ’96) (Fig. 2A). The two forms differ by
one subunit (see above). In one case, similar effects
were found with serum from an affected fetus at 18
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Fig. 2. Effects of maternal immunoglobulin G (IgG) on fetal and adult
acetylcholine receptor (AChR) function. A: Effect on human adult and
fetal AChR in vitro. Xenopus oocytes were first injected with cDNA for
the human AChR subunits in order to induce their expression. Whole-
cell currents were measured in oocytes expressing fetal (upper) or
adult (lower) human AChR. The currents were activated by 30—60-sec
additions of 1 pwmol/L acetylcholine to the bath (arrow) every 10 min
(traces not continuous). At the solid bar, the bathing solution was
exchanged for one containing maternal IgG (1:50 dilution) for 40 min.
Subsequent additions of ACh induced normal-size currents with adult
AChR, but markedly reduced currents with fetal AChR (Reprinted

weeks gestation (Vincent et al., ’95). Surprisingly, in
the study conducted by Vernet-der Garabedian et al.
(’94), the three mothers whose babies were severely
affected by arthrogryposis and hypotonia did not
have particularly high titres of antibodies directed
against fetal AChR by immunoprecipitation assays.
However, these sera were shown subsequently to
inhibit dramatically the function of fetal AChR and
to have little or no effect on adult AChR (Riemersma
et al., ’96). Thus, these studies strongly suggest that
there is a population of anti-AChR antibodies,
mainly directed against a functional determinant
specific to fetal AChR, that are responsible for caus-
ing fetal paralysis leading to AMC. The reason that
these particular antibodies were not detected in the
routine immunoprecipitation assay used by Vernet
der Garabedian et al, is that the fetal specific, func-
tional site is occupied by '?°I-a-bungarotoxin.
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with permission from Vincent et al., ’95.) B: Effects of exposure to
maternal IgG on mice in utero. Pregnant mice were injected daily,
from E11-E17, with plasma from multiparous women with healthy
babies or from women with arthrogryposis multiplex congenita (AMC)
babies. The control treated fetus (left) and AMC-treated fetus (right)
were removed under terminal anaesthesia at E18 and fixed in 95%
ethanol. The control fetus is normal in appearance. The AMC fetus
shows torticollis and asymmetry of the shoulders, the left forelimb is
internally rotated and abducted, and scoliosis of the spine is also
present. (Reprinted with permission of the Rockefeller University
Press from Jacobson et al., ’99.)

Placental transfer model
of antibody-mediated AMC

It is well established that, for normal development,
the fetus needs to be able to move freely at 7—8 weeks
gestation onward. Maternal IgG begins to cross the
placenta substantially at 14-16 weeks gestation on-
ward, and fetal AChR is not detected in the fetus after
33 weeks. Thus, antibodies interfering with fetal AChR
function will be at their most pathogenic at 14-33
weeks gestation. In several cases of AMC with mater-
nal anti-AChR antibodies, lack of fetal movement and
developing AMC have been noted in the middle trimes-
ter and the pregnancies terminated.

We have established an experimental model to look
at the effects of maternal antibodies on fetal develop-
ment. Some degree of placental transfer of human an-
tibodies across the mouse placenta was demonstrated
using sera from women affected by systemic lupus er-
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ythematosus (SLE) (Guzman-Enriquez et al., ’90). In
quantitative studies, we found that human antibodies
can be efficiently transported to the mouse fetus (prob-
ably via the yolk sac rather than the placenta). MG
serum was injected by the intraperitoneal route into
pregnant mice from E10-E17, producing high levels of
anti-AChR in the fetuses, equivalent to levels in the
mouse dams; most of the transfer occurred after E15.
Injection of plasma from the mothers reported by Bar-
nes et al. "95) and Vincent et al. ("95) produced striking
evidence in favour of the role of antibodies in causing
this condition: none of the mice delivered healthy pups,
and there were no survivors among the offspring (al-
though the mouse dams themselves were unaffected).
Moreover, when fetuses were removed earlier under
terminal anaesthesia, many pups showed multiple con-
tractures, craniofacial dysmorphisms, cutaneous oe-
dema, kyphosis/scoliosis, multiple pterygia, low-set
ears, and hypotonia—all abnormalities associated with
AMC (Fig. 2B). On further morphological examination,
hypoplastic lungs and cerebellar atrophy were seen in
a few fetuses. Control serum/plasma injected mice gave
birth to normal pups that thrived. Studies on plasma
from other AMC mothers are in progress.

In spite of the convincing evidence in favour of anti-
bodies to fetal AChR as the major cause for AMC in MG
mothers, or in those with anti-AChR without MG,
there are some interesting additional features that
complicate the interpretation. Postmortem examina-
tion of the reported human cases revealed (Tables 1-4)
not only features that might be consistent with fetal
paralysis, but also involvement of other organs such as
cerebrum, cerebellum, and heart. One possibility is
that the plasma IgG from these mothers also reacts
with other fetal antigens and causes systemic anoma-
lies unrelated to lack of fetal movement. Some evidence
in favour of this comes from the high incidence of
unrelated abnormalities in the fetuses of mice injected
with AMC or MG plasmas, particularly atrioseptal de-
fect in one and a possible Chiari malformation in an-
other (Jacobson et al., ’99). It is possible that during
development of the human (or mouse) fetus, the blood-
brain barrier is sufficiently leaky to allow IgG antibod-
ies to gain access to the central nervous system and
cause damage that would not be seen in a normal adult.

DISCUSSION

Maternal MG is a rare, but significant, cause of con-
genital contractures in newborns. As a few mothers in
some of the reported cases had not been diagnosed
previously as having MG and, in one case remained
asymptomatic, we suggest that maternal AChR anti-
bodies should be measured in all cases of AMC of un-
known cause. This test is routinely available for the
diagnosis of MG.

The high recurrence risk (100% in many cases),
much greater than would be predicted for a genetic
disorder, has important implications for the counsel-
ling of these mothers. Particularly as treatment, at

least in some cases, seems to have been effective in
preventing further affected children.

The role of maternal antibodies is suggested by nor-
mal development and movement early in pregnancy,
with subsequent lack of movement and joint contrac-
tures, and is confirmed by the presence of anti-AChR
antibodies particularly directed at fetal AChR. How-
ever, it is possible that some other cases of AMC are
caused by antibodies to different neuronal or muscle
antigens; for instance, antibodies interfering with
nerve conduction or muscle contraction could give rise
to a similar phenotype. Further experimental studies
are needed to test this possibility.

The establishment of an animal model of transfer of
the pathogenic antibodies will not only help to eluci-
date the mechanisms involved in inducing fetal abnor-
malities, but may permit testing of experimental treat-
ment protocols as well. It may be possible to block
placental transfer of IgG during the most critical phase
of intrauterine life.

One intriguing question that arises is the stimulus
that results in production of antibodies that are so
strongly fetal specific. It is possible that maternal sen-
sitisation follows exposure to fetal antigens during or
after the first pregnancy, or perhaps in a previous
pregnancy that was spontaneously aborted. Alterna-
tively, defects in expression of fetal AChR on muscle-
like cells in the thymus could lead to lack of immune
tolerance. There may be genetic factors that make
these mothers more likely to make antibodies to fetal
AChR. Future studies will look at the natural history of
these antibodies in asymptomatic mothers, and at their
prevalence in other MG patient groups, including par-
ous and nonparous individuals.

We conclude with a more general hypothesis—that
immune mechanisms could be the cause of congenital
abnormalities other than AMC. Since maternal anti-
bodies to fetal receptors are not always associated with
maternal disease, one cannot exclude the possibility
that quite different congenital disorders are caused by
antibodies to fetal-specific antigens or to those antigens
that are only accessible during intrauterine life. Our
animal model provides a way in which this hypothesis
can be tested.
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