Plasma from human mothers of fetuses
with severe arthrogryposis multiplex congenita
causes deformities in mice
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Arthrogryposis multiplex congenita (AMC) is characterized by fixed joint contractures and other defor-
mities, sometimes resulting in fetal death. The cause is unknown in most cases, but some women with
fetuses affected by severe AMC have serum antibodies that inhibit fetal acetylcholine receptor (AChR)
function, and antibodies to fetal antigens might play a pathogenic role in other congenital disorders.
To investigate this possibility, we have established a model by injecting pregnant mice with plasma from
four anti-AChR antibody-positive women whose fetuses had severe AMC. We found that human anti-
bodies can be transferred efficiently to the mouse fetus during the last few days of fetal life. Many of the
fetuses of dams injected with AMC maternal plasmas or Ig were stillborn and showed fixed joints and
other deformities. Moreover, similar changes were found in mice after injection of a serum from one
anti-AChR antibody-negative mother who had had four AMC fetuses. Thus, we have confirmed the role
of maternal antibodies in cases of AMC associated with maternal anti-AChR, and we have demonstrat-
ed the existence of pathogenic maternal factors in one other case. Importantly, this approach can be

used to look at the effects of other maternal human antibodies on development of the fetus.

J. Clin. Invest.103:1031-1038 (1999).

Introduction

Arthrogryposis multiplex congenita (AMC) is a well-rec-
ognized congenital disorder characterized by contrac-
tures in more than one joint, with or without other
abnormalities, and is sometimes associated with severe
fetal maldevelopment and fetal or neonatal death.
Although the incidence is usually given as 1 in 3,000
births, some forms of joint contractures (e.g, bilateral
talipes) or skeletal deformities such as scoliosis are much
more common. AMC can be caused by infectious agents,
drugs, toxins, or physical agents, as well as genetic fac-
tors and maternal disease (1, 2). The pathology is vari-
able (2-4), but the common final pathway appears to be
lack or restriction of fetal movement in utero (5-7).

We previously reported high levels of antibodies against
human muscle acetylcholine receptor (AChR) in five
women with histories of AMC recurring in successive
pregnancies (8, 9). The fetuses, which were mostly still-
born or terminated for fetal anomalies, showed dysmor-
phic facies and lung hypoplasia as well as joint contrac-
tures, often referred to as the Pena-Shokeir syndrome (10).
Anti-AChR antibodies are usually associated with
acquired myasthenia gravis (MG), a condition in which
weakness and fatigue result from loss of AChRs from the
neuromuscular junction (reviewed in ref. 11). Transient
neonatal MG sometimes occurs in neonates born to
mothers with MG, due to placental transfer of the anti-

bodies (11-13). However, three of the mothers (AMC-Ms)
of babies with AMC were asymptomatic or had mild or
unrecognized MG at the time that their babies were affect-
ed (8,9, 14), suggesting that the anti-AChR antibodies
were different from those usually associated with MG.
Indeed, the serum and IgG from these women blocked, by
>90%, the function of fetal AChR expressed in the human
muscle-like cell line, TE671, and in Xenopus oocytes (8,9).
They did not, however, block the function of adult AChR,
explaining the marked effects on the fetuses and the rela-
tive sparing of their mothers (in humans, fecal AChR is
replaced by the adult form by 33 weeks’ gestation; ref. 15).

These observations led us to propose (8, 9), as others
have done previously (16, 17), that other fetal abnor-
malities might be caused by maternal antibodies to
fetal antigens or to neuronal antigens that are exposed
during development. To test this hypothesis, we have
established a mouse model of maternal-fetal transfer
of human antibodies and demonstrated that transfer
of antibodies from AMC-Ms results in the appearance
of AMC features in the mouse pups. Some of this work
has appeared previously in abstract form (18, 19).

Methods

Clinical material. Plasmas were obtained after plasma exchange
from four women with histories of severe AMC in their babies
and from one nongravid woman with typical MG. Clinical
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Table 1
Clinical and serological features of mothers with AMC

Moth

AMC-

AMC-

AMC-

AMC-

Date from ref. 14; Brueton et al., manuscript in preparation; and Newsom-Davis, unpublished observations. Cases described as AMC-M3, AMC-M4, and AMC-MS5 in ref.
11 were not studied because of insufficient serum samples. AIncludes fixed joints, dysmorphic facies, lung hypoplasia, hydramnios, and hydrops. AMC, arthrogryposis

er No. pregnancies MG, when diagnosed No. of fetuses/neonates Additional features noted at Antibody to Antibody to
with typical features postmortem examination human fetal human adult
of AMCA AChR (nM) AChR (nM)
M1 7 No 6 (includes 5 terminated Scoliosis, shrinkage of the 210 90
for lack of fetal right side of the brain and
movement) necrosis of the cerebellum noted
in one fetus at postmortem
M2 5 Yes, after 4th baby 4 Cryptorchidism, absent 330 150
stomach, CNS atrophy
M6 2 Yes, after 2nd baby 2 (includes 1 Hydrops, scoliosis, pectus 360 40
terminated for lack excavatum, abnormal genitalia,
of fetal movement) ascites, myositis, CNS anomalies
M7 2 Yes, before 1st baby 2 Hypotonia, esophageal atresia, 3000 1350

cleft lip/palate

multiplex congenita; CNS, central nervous system; MG, myasthenia gravis.
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details of the AMC-Ms are given in Table 1. In addition, serum
from a woman with a history of four fetuses with fatal AMC
was sent for testing by E. Whittaker (Washington, DC, USA).
Control plasmas were donated by healthy laboratory workers
(HC), including three women who had had at least two preg-
nancies within the preceding 10 years (Multip). Other neuro-
logic control samples (OND) were obtained from therapeutic
plasma exchange. Ethical approval for use of these materials
was given by the Central Oxford Research Ethics Committee.
Purified IgG was obtained from two plasmas by affinity chro-
matography using protein G-Sepharose (Pharmacia Ltd., Upp-
sala, Sweden), and a crude Ig fraction was concentrated from
plasma using precipitation with 40% saturate ammonium sul-
fate. They were extensively dialyzed against Hartman’s solu-
tion before injection.

Anti-AChR antibody measurements in serum and fetal extracts.
Muscle or TE671 cell line extracts were labeled with '2°T-a-bun-
garotoxin (125I-0-BuTx) and used as described previously (20).
Fetal extracts were made by homogenizing unfixed whole fetus-
es in 50 mM TRIS buffer with 150 mM NaCl, 1 mM EDTA, 1
mM EGTA and 0.2 mM PMSF. The homogenate was spun to
remove insoluble material, and the supernatant was stored at
-20°C until required. To measure anti-AChR antibody, dilu-
tions of purified IgG, crude Ig fractions, plasma, mouse sera, or
undiluted fetal extracts (usually 25 pl) were incubated
overnight with 50-pl aliquots of 12T-a-BuTx-labeled muscle
preparations containing approximately 30 fmol of AChR. Nor-
mal human serum (1 pl) was added to provide carrier IgG, and
immunoprecipitation was performed with goat anti-human Ig.
The cpm in the pellet were expressed as nanomoles of
125]-a-BuTx binding sites precipitated, after subtraction of cpm
precipitated in the presence of carrier serum alone.

Animal breeding and injection. MF1 female mice (5-8 weeks old)
and adult stud males were obtained from Harlan UK
Ltd.(Oxfordshire, United Kingdom) and housed under stan-
dard laboratory conditions before and after mating. EO was
defined as the day on which a vaginal plug was detected. After
successful mating, the pregnant mice were kept in pairs until
E9; thereafter, they were caged separately.

Injections of adult mice with human plasma or Ig prepara-
tions have become a routine procedure for investigating the
effects of autoantibodies on adult muscle neuromuscular func-

tion (21-23). Pregnant mice were injected with 0.5 ml of plas-
ma (or equivalent amounts of IgG or Ig) intraperitoneally from
E9 to E13 and subcutaneously from E14 to E16. Injections were
never performed for more than 8 consecutive days, and the
dams showed no apparent ill effects. After spontaneous deliv-
ery, the pups were left with the mother and their progress was
monitored for up to 6 weeks. In many cases, the mothers were
sacrificed at E18/19 by exsanguination under anesthesia fol-
lowed by dislocation of the neck. The abdomen was opened to
expose the uterus. The number of fetuses and intrauterine
deaths in each horn of the uterus was recorded. The extent of
fetal movements, both spontaneous and after mechanical stim-
ulation, was noted. The uterus was then removed and the fetus-
es dissected out, separated from the placentas, washed in warm
water, observed for spontaneous and mechanically stimulated
movements including respiratory efforts, examined for signs of
deformities, and photographed. The number and combined
weight of the fetuses were recorded.

Fetuses were sacrificed by fixation in Bouin’s fluid. After
18-24 h, they were rinsed and stored in 70% ethanol or were
placed directly in 95% ethanol. They were photographed, either
alive or after fixation, by the Department of Histopathology at
John Raddliffe Hospital. For histology, the Bouin’s-fixed fetus-
es were embedded in paraffin, sectioned at 10 pm, and stained
with hematoxylin and eosin.

Results

Clinical details of mothers of babies with AMC. Each of the
AMC-Ms had had at least two consecutive affected fetus-
es (see Table 1). Most of the babies had fixed joints, lung
hypoplasia, and facial abnormalities, but additional
features were also present, such as cutaneous
edema/hydrops, pectus excavatum, scoliosis, abnormal
genitalia, ascites, myositis, and central nervous system
(CNS) atrophy; these features are not uncommon in
association with AMC (1-4). In addition, AMC-M7’s first
baby had esophageal atresia and cleft lip and palate.
Interestingly, both AMC-M1 and AMC-M2 have surviv-
ing children with mild sensorineural deafness (ref. 14;
and Brueton, L., et al., manuscript in preparation).
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Figure 1

Anti-AChR antibodies tested for binding to adult and fetal human acetyl-
choline receptor (AChR) in plasma from AMC-M2 and AMC-M7. Approx-
imately equal amounts of fetal AChR (from TE671 cells) and adult AChR
(from TE671-€, a subline that expresses predominantly the adult form;
ref. 20) were used. Dilutions of each plasma were added to the '?5|-0bun-
garotoxin ('?/-0BuTx)-labeled AChR preparations for 2 h, followed by
immunoprecipitation with goat anti-human IgG. Results are given as
femtomoles of '25|-abungarotoxin AChR precipitated by each dilution of
serum. All antibody measurements in this study are based on titrations
similar to these. AMC, arthrogryposis multiplex congenita.

Importantly, AMC-M1 has never had symptoms of
MG and has been healthy throughout. Plasma
exchange during her sixth affected pregnancy pro-
longed fetal movements but did not prevent develop-
ment of AMC (8). AMC-M2 and AMC-M6 were not
diagnosed as having MG until after their fourth (14)
and second affected babies, respectively, but subse-
quently, after thymectomy for MG and immunosup-
pressive treatment for their MG symptoms, each has
given birth to a healthy baby (Huson, S., and Newsom-
Davis, J., unpublished observations).

Reactivity of AMC-M sera with adult and fetal AChR. Plas-
mas were obtained from the first bag of plasma
exchange, and before any other immunosuppressive
treatment, and were first tested for antibodies to
human adult and fetal AChR. Figure 1 shows examples
of immunoprecipitation of AChR, labeled with !25]-
0BuTx (a snake toxin that binds strongly to the AChR),
by AMC-M2 and AMC-M7 plasmas. AMC-M7 dis-
played the highest titer of antibody against human
AChR, and all four plasmas reacted more strongly with
fetal AChR than with adult AChR (Table 1). In addi-
tion, all four plasmas at 1:100 dilution inhibited fetal
AChR function by >90% as described previously for
AMC-M1 and AMC-M2 (8, 9).

Establishing transfer of human IgG. To test whether human
IgG antibodies were transferred to the mouse fetus, we
first injected a series of pregnant dams with anti-
AChR-positive plasma from a female, nongravid patient
with typical MG at 0.5 ml/day from gestational day E10 to
E17. None of the dams showed any signs of weakness. At
intervals, individual dams were exsanguinated under anes-
thesia; the fetuses were removed, and an extract of fetal
body fluid was tested for anti-AChR antibodies. The
amount of fetal body extract used (25 pl) was shown in
separate experiments to be equivalent to about 3.5 pl of
fetal serum (data not shown). The transfer of antibody to
the fetuses was efficient as illustrated in Figure 2a. The
fetal anti-AChR began to rise soon after the injections were
started and reached appreciable levels by E18; this was mir-
rored by a fall in anti-AChR in the dams’ sera during the
injection period (Figure 2a), probably partly reflecting the
large increase in the maternal/fetal circulation during the
last days of the pregnancy. When injections were started
earlier in gestation, most of the transfer still took place
after E13 (data not shown). Three offspring out of a total
of 27 from two dams injected for eight days with MG plas-
ma showed limb and cranial deformities (see later here),
but the remaining fetuses appeared normal.
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Figure 2

Transfer of human anti-acetylcholine receptor (anti-AChR) antibodies
from dam to fetus. (a) Pregnant dams were injected daily with 0.5 ml of
plasma from a typical, nongravid, patient with myasthenia gravis (MG),
containing 90 nmol/l of anti-AChR. At different time points, anti-AChR
antibody was measured in 1 pl of the dams’ sera and 25 pl of extracts of
their fetuses. Subsequent analysis showed that 25 I of fetal extracts
(from 12.5 pl of fetal tissue) was equivalent to 3.5 pl of fetal serum. Thus,
at E18, the fetal serum would have contained about 8 fmol/pl of anti-
AChR. Similar results were obtained in two other experiments, and raised
anti-AChR levels were also detected in the fetal yolk sacs. (b) Anti-AChR
antibodies measured in sera and fetal extracts taken at E18/19 from
dams injected from E9 to E16 with AMC-M plasmas.
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Results of injecting plasmas into pregnant dams. (a) Mice allowed to give
birth spontaneously. The mean number (+ SEM) of live pups born to each
uninjected dam, or dams injected with plasmas from controls (HC,
healthy; OND, other neurologic diseases; two dams each with plasma
from patients with Guillain-Barré syndrome, Miller Fisher syndrome, and
acquired neuromyotonia; Multip, healthy individuals with two or more
children) are compared with those injected with plasmas from AMC
mothers. (b) In utero and immediate ex utero observations. The mean num-
ber of fetuses that had undergone intrauterine death, showed reduced
movements or obvious deformities, or appeared normal is shown. Num-
ber of dams investigated are given in brackets. In b, there was marked vari-
ability between different dams, and SEMs are not given.

We then injected the pregnant dams with AMC-M
plasma preparations and measured the anti-AChR lev-
els in the dams and the fetuses at E18, just before spon-
taneous delivery. In these preliminary studies, it was
evident that many of the fetuses were affected by the
antibody transfer (see next). At this stage of the preg-
nancy, the levels of antibody in the dams were between
1% and 3% of that in the injected plasmas, and the fetal
extracts contained equivalent amounts (Figure 2b).
Again, the dams did not show any adverse effects.

Effects of transfer of AMC-M plasma IgG. To test the
effects of transfer of AMC-M antibodies on fetal devel-
opment, we injected 0.5 ml of AMC-M and control plas-
mas daily into pregnant dams from E9 to E16 and com-

pared the number of live pups with that from uninject-
ed controls. Plasma from healthy individuals, from
other patients with immune-mediated neurologic dis-
orders (Guillain-Barré syndrome, Miller Fisher syn-
drome, acquired neuromyotonia), or from three healthy
multiparous women did not affect the average number
of live pups delivered (Figure 3a). By contrast, no live
pups were born to nine AMC-MI- or six AMC-
M2-injected dams; in many cases, spontaneous delivery
was delayed until E20 or E21, when dead pups were
born or removed under anesthesia. Plasma from AMC-
M6 had a much more variable effect, but overall, the
number of live pups, 39 from six dams, was less than
that from control-injected dams. Plasma from AMC-M7
had no apparent effect. The mean results for each plas-
ma are shown in Figure 3a. One litter of pups born to a
dam treated with plasma from the patient with Guil-
lain-Barré syndrome did not thrive, but otherwise, those
pups that were born normal, thrived, gained weight, and
showed no ill effects over the following six weeks.

In further studies, we sacrificed the dams at E18 or E19
and examined the fetuses in utero and then ex utero. All
AMC-M-injected dams had some intrauterine deaths, vary-
ing in apparent gestational age at death (based on size) from
about E13 to E16, but no such deaths were present in con-
trol-injected dams (Figure 3b). The control-treated fetuses
were healthy and showed spontaneous movements in utero.
By contrast, many of those from AMC-M-treated dams
moved very little or only in response to mechanical stimu-
lation. On removal from the uterus, many were clearly
deformed, with the average number of affected pups vary-
ing from 2.3 to 5.0 per pregnancy (Figure 3b) and showing
no movements or only occasional respiratory efforts.

The fetuses were then examined in detail and pho-
tographed before or after fixation. Untreated and con-
trol plasma-treated pups adopted a posture ex utero as
illustrated in Figure 4a (left). Many AMC-M-treated pups
demonstrated fixed lower or upper limbs and crooked,
misplaced tails (Figure 44, right; b and c). Abnormalities
of the spine were frequent and included kyphoscoliosis
and torticollis (Figure 4, b and ¢). In some cases, there
was evidence of edema (Figure 44, right) and loss of nor-
mal skin creases (Figure 4e, right). Many fetuses had more
than one abnormality. Table 2 summarizes the frequen-
cy of the main features.

To demonstrate that the effects were due to transfer of
IgG antibodies, we first injected purified IgG from AMC-
M1 and AMC-M2 into pregnant dams, starting at E13 to
conserve material. The number of surviving offspring
was significantly reduced in both cases (AMC-M1: 4.7 +
1.2 (3), P=0.02; AMC-M2: 4.0 + 2.0 (3), P = 0.023), com-
pared with noninjected controls (9.7 + 1.0 (6); mean +
SEM (n), unpaired ¢ test), even though only four to five
injections had been given. However, because of fears that
elution from the protein G column might have partially
damaged the Fc regions and reduced transfer, we subse-
quently used crude ammonium sulfate precipitates of
IgG from AMC-Ms and a healthy control to study the
effects of transfer. The transfer of IgG was efficient, and
many of the fetuses observed at E18/19 were abnormal
(Table 2). Control IgG-treated pups were born sponta-
neously and were normal.
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Table 2
Numbers of fetuses with different abnormalities taken ex utero from dams treated with AMC-M plasma

Plasma, Reduced Joint Joint Spinal deformities Cranio-facial Skin abnormalities

no. dams movements” contractures: contractures: kyphoscoliosis abnormalities® oedema, decreased

(no. fetuses) upper limbs lower limbs hyperextension of the skin creases,
neck, torticollis webbing

AMC-M1, 4 (29) 29 17 11 13 5 12

1gG, 1 (10) 9 3 5 6 0 0

AMC-M2, 2 (17) 17 9 8 2 1 6

IgG, 1 (12) 12 4 5 8 1 7

AMC-M6, 3 (26) 10 11 9 4 0 3

1gG, 1 (11) 11 4 3 8 0 0

AMC-M7, 3 (30) 13 5 6 2 1 3

1gG, 1 (13) 1 0 1 0 0 0

Controls, 9, (110)¢ 0 2 3 0 0 0

1gG, 3 (24)P

Alncludes complete paralysis and lack of spontaneous movements; some fetuses responded to mechanical stimulation.
BIncludes pointed facies, or low-set ears.

CControls include 72 fetuses of control-injected dams and 38 fetuses of noninjected dams. Five of the 72 fetuses of control-injected dams had mild contractures
in a single distal joint.

PAll control Ig-treated dams gave birth spontaneously to healthy fetuses.

Histological features in affected fetuses. Several of the
fetuses had craniofacial abnormalities such as long or
pointed facies and low-set ears, and three affected
fetuses were examined after paraffin embedding. His-
tological examination of a fetus injected with plasma
from the nongravid MG patient showed compression
and reduced size of the brain associated with an
increased amount of fluid around it (Figure 5b). An
Arnold-Chiari-like malformation with herniation of
the medulla oblongata (Figure 5d) was found in an
AMC-M6-treated fetus, and an atrial septal defect was
noted in a fetus from a dam treated with AMC-M7
plasma (Figure 5f). These changes were not seen in
healthy control plasma-treated or untreated animals
(Figure 5, 4, ¢, and e).

The results in Table 2 show that many of the fetuses of
dams treated with AMC-M preparations were affected,
but the lethality and severity of the conditions did not
appear to correlate either with the antibody titers against
human fetal AChR in the maternal serum (Table 1) or
with titers against mouse fetal AChR (data not shown).

Pathogenic antibodies in an anti-AChR antibody—negative
mother with AMC. During the course of this study, we were
sent serum from a mother who had four consecutive
pregnancies with fatal AMC, consistently with an anti-
body-mediated pathogenesis, but who did not have
detectable anti-AChR. Injection of 0.5 ml/day of her
serum from E9 to E16 produced three intrauterine
deaths and four affected fetuses from a total number of
23 implantations (Figure 6, 2 and b), indicating the
involvement of a transferable serum factor.

Discussion

To explore a possible pathogenic role of human mater-
nal antibodies on fetal development, we have developed
an animal model in which human antibodies are trans-
ferred from the maternal to the fetal circulation. We
started with samples from four women who were
known to have high levels of antibodies to fetal AChR

and who had given birth to two or more babies with
severe, usually fatal, AMC. We found that the transfer of
human antibodies to the mouse fetus is efficient, lead-
ing to substantially raised titers in the fetuses. Transfer
of plasma antibodies from the mothers with AMC pro-
duced fixed joints and other deformities in the mouse
fetuses that were similar to those observed in human
babies with AMC, and plasmas and purified IgG caused
substantial fetal death. We also found evidence of a
transferable serum factor from one other AMC mother
who did not have detectable anti-AChR antibodies.
Thus, although our results confirm that maternal anti-
bodies, probably those directed at fetal AChR (see later
here), are a cause of AMC in some cases, they suggest
that this condition may sometimes be caused by other
antibodies or by other serum factors.

AMC is a condition characterized by contractures in
more than one joint, but it is frequently associated with
other, sometimes life-threatening, developmental
abnormalities frequently including pulmonary
hypoplasia (when it is referred to as Pena-Shokeir syn-
drome; ref. 10). AMC can be caused by genetic factors,
infectious agents, drugs and toxins, physical agents, and
maternal illness, particularly MG and multiple sclerosis
(1, 2). Hall (1) divided AMC cases into three groups: ()
those with predominantly limb involvement who tend
to survive; the condition is often nonprogressive (sug-
gesting an environmental etiology), although even with
extensive surgery and physiotherapy the patients may be
disabled for life; (b) those with additional involvement
of other systems; and (c) those in which there is also
CNS involvement with mental retardation in the sur-
vivors. Cases with associated maternal illness, such as
MG, were considered a separate group.

The causes of AMC are many, but the common final
pathway appears to be lack or restriction of fetal move-
ment in utero (5-7). Paralysis of the chick embryo with
curare leads to joint contractures (5), and injection of
curare into rats embryos at E17-20 (last three days of
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Figure 4

Fixed deformities found in fetuses taken at E18 or E19 from plasma-injected mouse dams. (a) A control plasma-treated (left) and AMC-M1-treated
fetus (right) removed at E19 and fixed in 95% ethanol. The AMC-M-treated fetus shows severe external rotation of the hip, genu varum, adduction
and varus of the forefoot, with adduction of the right forelimb, ankylosis of the elbow, and varus of the left forelimb. (&) Control (left) and AMC-
M7-treated (right) fetuses removed at E18 and fixed in 95% ethanol. There is severe torticollis, asymmetry of the shoulders, internal rotation and
abduction of the left forelimb, and scoliosis of the spine. The lower limbs are normal. (¢) A fetus from an AMC-M1-injected dam, removed at E18
and not fixed before photography. There is internal rotation of the left hip associated with genu varum and internal rotation of the foot; the tail is
misplaced in relation to the hindlimbs. The head is flexed both laterally and frontally. (d) Fetuses from control (left) and AMC-M-treated (right) dams
at E18. The latter shows marked hydrops, the left wrist is fixed in flexion, and the tail is displaced. (e) Fetus from AMC-M1-treated dam (right) has
cutaneous edema with absence of normal skin creases that are evident in the control (eft).
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gestation in the rat) produced contractures, lung
hypoplasia, micrognathia, and polyhydramnios, similar
to the changes reported here (6), which were termed the
fetal akinesia deformation sequence. Moreover, arthro-
gryposis was reported in the baby of a woman treated
during pregnancy with muscle relaxants (7). Although
arthrogryposis is recognized as a rare complication of
maternal MG (13, 23, 24), the role of maternal circulat-
ing factors in causing AMC and other developmental
abnormalities has not been widely considered.

MG is caused by antibodies to the AChR at the neuro-
muscular junction (11, 23). The fact the MG was not
present, or was only subsequently diagnosed in three of
the mothers described here, suggests that the fine speci-
ficity of the antibodies must be different from those in
classical MG. Indeed, the antibodies even at high dilu-
tion strongly inhibited the function of human fetal
AChR while having little effect on adult AChR (8, 9).
High titers of these fetal-specific inhibitory antibodies
are rare in MG (9), explaining why AMC is uncommon
in babies born to typical MG mothers. AMC-M plasmas
also inhibited mouse fetal AChR function (Vincent, A.,
unpublished data), and the inhibitory activity was high-
estin AMC-M1 and AMC-M2 and least in AMC-M6 and
AMC-M?7, correlating with the severity of the effects that
we observed in the fetuses. Thus, it is very likely that the
lack of fetal movement in the mouse fetuses, and the
subsequent deformities, were due to antibodies inhibit-
ing mouse fetal AChR.

AMC-M1, AMC-M2, and AMC-M3 had not previously
been diagnosed as having MG, suggesting that anti-
AChR antibodies should be looked for in any unex-
plained case of AMC. Moreover, the absence of
detectable antibodies to AChR should not exclude the
possibility of a transferable factor; our finding of limb
and spinal fixed deformities in a few of the fetuses trans-
ferred with serum from a healthy woman who was anti-
AChR antibody-negative suggests that there are other
antibodies (or other serum factors) that can be respon-
sible for fetal abnormalities. Indeed, any neonatal or fetal

condition that shows a high recurrence rate without
clear evidence of a genetic basis would be a candidate for
testing in this experimental model, and demonstration
of an appropriate effect on the fetus would stimulate the
search for a specific autoantibody or other factor.

Passive transfer to mice has proved to be an essential
tool in demonstrating a pathogenic role of serum anti-
bodies in peripheral neurologic disease, particularly MG
(11,21, 22) and other disorders caused by autoantibodies
to peripheral ion channels (23), but MG plasmas seldom
produce overt clinical disease when injected into adult
mice (22). The plasma from a 15-year-old, nongravid
patient with MG, whom we studied for anti-AChR trans-
fer (Figure 24), produced a small number of affected
fetuses, one of which demonstrated reduced brain size
(Figure 5b). It could be that transfer of human antibod-
ies to the developing mouse (or possibly neonatal trans-
fer via the milk, which is very effective; Jacobson, L., and
Vincent, A., unpublished results), because of greater
accessibility or vulnerability of the nervous system, will
prove to be a more sensitive approach to detect patho-
genic antibodies in some adult neurologic conditions.

Transfer of IgG across the placenta is known to be an
active process, dependent on specific Fc receptors (25),
and it was not a priori expected that the transfer of
human antibodies to the mouse fetus would be efficient;
in fact, the transfer probably occurs via the yolk sac
rather than the placenta (26), and we found raised levels
of anti-AChR in the fetal yolk sac fluid (data not shown).
There have been very few previous studies on transfer of
human antibodies to the mouse fetus, although injec-
tion of anti-cardiolipin antibodies into pregnant mice
resulted in reduced numbers of pregnancies and reduced
fetal size (27, 28), and in another study, some transfer of
human antinuclear antibodies from dam to fetus was
demonstrated (29).

There are several other conditions in which mater-
nal antibodies are known to be pathogenic, including
hemolytic disease of the newborn, due to the transfer
of antibodies against the rhesus antigen on fetal red
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Figure 5

Internal abnormalities in mouse fetuses (b, d, and f) compared with
healthy plasma-injected (4 and c) or noninjected (e) fetuses. (a and b)
Coronal sections of the forebrain at the level of the striatum, caudate
nucleus, and thalamus; all the normal structural features are present in
the affected fetus (nongravid MG plasma-injected; b), but the brain is
dorsoventrally compressed and reduced in size. (cand d) Transverse sec-
tions of the neck at the atlas/axis level; the affected fetus (AMC-
Mé6-injected; d) shows an Arnold-Chiari-like malformation with the
medulla oblongata herniated into the spinal canal. (e and f) Transverse
sections of the heart. The affected fetus (AMC-M7-injected; f) shows an
atrial septal defect. ¢, head of caudate nucleus; la, left atrium; ra, right
atrium; t, thalamus. Scale bar: 1 um.

Figure 6

Deformities in fetuses treated with serum from a mother with AMC with-
out detectable anti-AChR antibodies. (a) Fetuses from healthy
control-injected (left) and AMC-M8-treated (right) dams. The AMC-
M8-treated fetus has a mild extension of the right hip, and hyperextension
of the head with adduction of the forelimbs. (b) Two AMC-M8-treated
fetuses, fixed in Bouin’s solution, showing pointed facies, lowering and
adduction of the shoulder and flexion of the hip joints (left), and hyper-
extension of the cervical spine with lumbar kyphosis (right).

blood cells (30, 31); neonatal idiopathic thrombocy-
topenia purpura (32); and heart block that results
from transfer of antibodies against Ro or La antigens
(33, 34). Interestingly, in the congenital heart block,
the mother may have systemic lupus erythematosus
but is often asymptomatic at the time. This suggests
that the immune response may be specifically direct-
ed at fetal antigens but that subsequent maternal dis-
ease, if it occurs, is due to the spreading of the
immune response to include maternal autoantigens;
this may also apply in the cases described here. Our
model should be useful for further investigations of
these conditions.

Antibody-mediated disorders can be treated by a vari-
ety of immunotherapies, including plasma exchange,
intravenous Ig, and corticosteroids, and these treat-
ments can be used during pregnancy. Both AMC-M2
and AMC-M6 have produced healthy babies after such
treatments, as reported previously in a similar case (35).
Women whose fetuses are at risk from hemolytic ane-
mia (31) or neonatal idiopathic thrombocytopenic pur-
pura (32) have also been treated successfully with intra-
venous IgG. This treatment may be particularly
appropriate because it specifically competes with the
maternal IgG for transfer across the placenta (36). Iden-
tification of an immune basis for any developmental
disorder should be an indication for immunotherapy
during subsequent pregnancies.

It has been proposed previously that maternal anti-
bodies might be a cause of neurodevelopmental disor-
ders (16, 17). Mice immunized against brain emulsions
or phospholipid antigens were examined for embryo
survival and morphology (16), and a possible role of
maternal antibodies in dyslexia and other disorders was
proposed (17). In the New Zealand black mouse, the
uterine environment is responsible for some behavioral
abnormalities (whereas others are due to genetic fac-
tors), and it seems likely that autoantibodies are
involved (37); moreover, a recent study shows that trans-
fer of mouse monoclonal antiphospholipid antibodies
to the mouse fetus causes behavioral differences (38),
clearly suggesting that antibodies transferred during
development can affect the CNS as well as the periph-
ery. The effects on brain structure that we found in a
limited study of affected fetuses suggest that transfer of
human maternal antibodies can also cause, either
directly or indirectly, pathology to the CNS.

In conclusion, our results show that human antibod-
ies can be transferred from the mouse dam to her fetus-
es, and confirm that arthrogryposis can be caused by
maternal antibodies, particularly those directed at the
fetal AChR. The experimental model that we have estab-
lished can be used to investigate an antibody-mediated
pathology in other cases of AMC and, more important-
ly, in other congenital disorders. This approach could
have wide application to the study of fetal or neonatal
development and the disorders that affect it. It may also
provide a sensitive test for pathogenic antibodies
against neuronal antigens in adult neurologic disorders
and will provide a useful model in which to test possi-
ble therapeutic approaches to limit transfer of patho-
genic antibodies.
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