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Guillain-Barré syndrome (GBS) and chronic inflam-
matory demyelinating polyneuropathy (CIDP) are
conditions that affect peripheral nerves. The mecha-
nisms that underlie demyelination in these neuropa-
thies are unknown. Recently, we demonstrated that
the node of Ranvier is the primary site of the immune
attack in patients with GBS and CIDP. In particular,
GBS patients have antibodies against gliomedin and
neurofascin, two adhesion molecules that play a cru-
cial role in the formation of nodes of Ranvier. We
demonstrate that immunity toward gliomedin, but
not neurofascin, induced a progressive neuropathy in
Lewis rats characterized by conduction defects and
demyelination in spinal nerves. The clinical symp-
toms closely followed the titers of anti-gliomedin IgG
and were associated with an important deposition of
IgG at nodes. Furthermore, passive transfer of anti-
gliomedin IgG induced a severe demyelinating condi-
tion and conduction loss. In both active and passive
models, the immune attack at nodes occasioned the
loss of the nodal clusters for gliomedin, neurofascin-
186, and voltage-gated sodium channels. These results
indicate that primary immune reaction against glio-
medin, a peripheral nervous system adhesion mole-
cule, can be responsible for the initiation or progres-
sion of the demyelinating form of GBS. Furthermore,
these autoantibodies affect saltatory propagation by
dismantling nodal organization and sodium channel
clusters. Antibodies reactive against nodal adhesion
molecules thus likely participate in the pathologic
process of GBS and CIDP. (Am J Pathol 2012, 181:1402–

1413; http://dx.doi.org/10.1016/j.ajpath.2012.06.034)

Guillain-Barré syndrome (GBS) is a group of inflammatory

neuropathies that affect peripheral nerves. In Europe,

1402
acute inflammatory demyelinating polyneuropathy (AIDP)
is the most common form of GBS. Autopsy and biopsy
studies indicated that both humoral and cellular immune
reaction against Schwann cell or axonal antigens are
implicated in GBS etiology.1 Early investigations have
found that conduction defects closely correlate with my-
elin retraction and macrophage invasion in many pa-
tients.2–5 Some GBS cases also involve acute demyelina-
tion without immune cell invasion and are primarily
humorally mediated.6,7 In particular, deposition of comple-
ment on the abaxonal surface of the Schwann cells has
been shown during the early stage of GBS8–10 and in ex-
perimental allergic neuritis (EAN).11 In a recent study, we
demonstrated that nodes of Ranvier and paranodes are the
targets of the immune attack in GBS and in chronic inflam-
matory demyelinating polyneuropathy (CIDP).12 Notably,
cell adhesion molecules (CAMs) at nodes or paranodes
(gliomedin, neurofascin, and contactin) were recognized by
IgG antibodies in patients with GBS or CIDP.12,13 Autoanti-
bodies against neurofascin and gliomedin were also de-
tected in a rat model of AIDP and correlated with important
conduction defects.14 This finding suggested that antibod-
ies to nodal CAMs may participate to the pathogenesis of
AIDP and CIDP. However, the exact mechanisms by which
these humoral factors mediate demyelination and conduc-
tion defects are still elusive.

Several CAMs are implicated in node formation and are
responsible for the enrichment of voltage-gated sodium
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(Nav) channels at the nodes of Ranvier.15 At peripheral,
nodes gliomedin and NrCAM are secreted into the nodal
gap lumen and interact with neurofascin-186 (NF186) ex-
pressed at nodal axolemma.16–19 This interaction is crucial
for Nav channel aggregation at nodes.19–21 In addition, the
paranodal axoglial junctions are made by the association of
contactin and contactin-associated protein (Caspr) with
neurofascin-155 (NF155), a variant expressed in glia.22 This
adhesive junction forms a barrier to the lateral diffusion of
nodal channels.19,21,23 In a rat model of AIDP, we found that
the loss of NF186 and gliomedin at nodes preceded para-
nodal demyelination and the diffusion of Nav channels in
demyelinated segments.14 This finding indicated that anti-
bodies to nodal CAMs may participate to conduction de-
fects by dismantling axoglial attachment at nodes and para-
nodes.

We investigated whether immunity toward gliomedin and
NF186 can trigger peripheral neuropathies and be respon-
sible for demyelination in GBS patients. We found that im-
munization against gliomedin induced a biphasic condition
associated with conduction loss and demyelination. Pas-
sive transfer of antibodies to gliomedin exacerbated the
clinical signs of EAN and resulted in the disorganization of
the nodes of Ranvier. Altogether, these results demonstrate
that humoral immune response directed against nodal
CAMs participates in conduction abnormalities in peripheral
nerves and in the etiology of GBS and CIDP.

Materials and Methods

Immunization

The extracellular domain of NF186 fused to human IgG
Fc (NF186-Fc) and gliomedin fused to human IgG Fc
(Gldn-Fc) were obtained as described previously22,24

and stored at �80°C. The human IgG Fc fragment was
purchased from Bethyl Laboratories (Montgomery, TX).

Figure 1. Animals immunized against glio-
medin develop neurological signs. A: Lewis rats
were immunized against Gldn-Fc (n � 20),
NF186-Fc (n � 8), or human IgG Fc (Control Fc;
n � 10), and the clinical scores were monitored
daily and averaged. Gliomedin-sensitized ani-
mals developed two episodes of clinical symp-
toms that completely remitted by 90 days after
immunization. By contrast, animals sensitized
against NF186-Fc or human IgG Fc did not show
significant clinical signs. B: Individual clinical
grades from six representative gliomedin-sensi-
tized animals reveal that the disease course was
variable among individuals. In some animals, the
clinical signs plateaued for up to 7 weeks (G13
and G19). Other animals showed fluctuating
clinical signs (G18, G23, and G25). C: Nerve
activity was recorded in L6 ventral spinal roots
from control (n � 8 nerves from 4 animals;
upper trace) and gliomedin-sensitized animals
(n � 10 nerve from 6 animals; middle trace) at
disease peaks (between 30 and 45 days after
immunization). D: Gliomedin-sensitized animals
had a significant decrease in CAP amplitude and
conduction velocity compared with controls.
*P � 0.01, **P � 0.001 by unpaired two-tailed
Student’s t-tests for two samples of equal vari-
ance. Horizontal lines indicate the mean and
SD.
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Male inbred adult Lewis rats (6 to 7 weeks old; Elevage
Janvier, Le Genest St Isle, France) were sensitized by
subcutaneous injection at the base of the tail with 200 �L
of an antigen emulsion. The antigens were emulsified with
an equal volume of complete Freund’s adjuvant (Sigma-
Aldrich, St. Louis, MO). Final doses in the inoculum were
100 �g of H37RA Mycobacterium tuberculosis and 50 �g
of Fc fusion proteins. Animals received intraperitoneal
injections of 200 ng of pertussis toxin in PBS on the day
of immunization and 48 hours after immunization. Animals
were weighed and observed daily. Clinical signs were
graded as follows: 0, no illness; 1, tail tip hanging; 2, limp
tail; 3, tail paralysis; 4, gait ataxia; 5, mild paraparesis; 6,
severe paraparesis; 7, paraplegia; 8, tetraparesis; 9,
moribund; and 10, death. All of the experiments were in
lines with the European Community’s guiding principles
on the care and use of animals (86/609/CEE).

IgG Purification and Passive Transfer

Blood was collected by cardiac puncture at disease
peaks (30 days after immunization) from six animals im-
munized with Gldn-Fc or control Fc. IgG was purified
from serum samples by affinity chromatography with pro-
tein G sepharose according to the manufacturer protocol
(Sigma-Aldrich). The synthetic peptide of bovine P2
myelin protein (amino acids 53 to 78)25 was purchased
from Bachem (Bubendorf, Switzerland) and dissolved
in saline (2 mg/mL). Lewis rats were sensitized with 50
�g of P2 antigen (EAN-P2) in 100 �L of saline emulsi-
fied with 100 �L of complete Freund’s adjuvant. At the
onset of disease (12 days after immunization), rats
received i.p. injections of 500 �g of purified anti-
gliomedin IgG or control rat IgG. In parallel, naive
Lewis rats received i.p. injections of 500 �g of purified
anti-gliomedin IgG. Animals were weighed and exam-
ined daily for clinical signs.

Immunolabeling and Histopathologic Analysis

L6 spinal nerves from immunized Lewis rats and sciatic
nerves from adult C57BL/6J mice were dissected and
fixed in 2% paraformaldehyde in PBS for 1 hour at 4°C,
then rinsed in PBS. Axons were gently teased, dried on
glass slides, and stored at �20°C. In some experiments,
unfixed L6 spinal roots were rapidly teased, dried, and
frozen. Alternatively, fixed spinal nerves were cryopro-
tected in 30% sucrose in 0.1 mol/L PBS overnight at 4°C,
then cut into 5- to 10-�m–thick cryosections. Frozen sec-
tions and teased fibers were permeabilized by immersion
in �20°C acetone for 10 minutes, blocked at room tem-
perature for 1 hour with 5% fish skin gelatin containing
0.1% Triton X-100 in PBS, and incubated overnight at 4°C
with various combinations of primary antibodies or sera:
rabbit anti-sera against gliomedin (1/500),24 NF186 (1/
500),26 or Caspr (1/1000)27; mouse monoclonal antibod-
ies against PanNav channels (K58/35; 1:500; Sigma-Al-
drich), Nav1.6 (1/100; University of California, Davis,
National Institute of Neurological Disorders and Stroke,
National Institute of Mental Health, NeuroMab Facility,

Davis, CA), ED1 (1/200; AbD Serotec, Oxford, UK), CD3
(1/200; AbD Serotec), or C5b-9 (1/50; DakoCytomation,
Glostrup, Denmark); goat antibody against contactin (1/
200; R&D Systems, Minneapolis, MM) or rat complement
C3 (Nordic Immunological Laboratories, Tilburg, The Neth-
erlands); or rat sera diluted 1/200 to 1/2000. The slides were
then washed several times and incubated with the appro-
priate Alexa-conjugated secondary antibodies (1/500; Invit-
rogen, Paisley, UK). Slides were mounted with Mowiol plus
2% 1,4-diazabicyclo[2.2.2]octane and examined using an
ApoTome fluorescence microscope (ApoTome, AxioOb-
server and AxioCam MRm, Carl Zeiss MicroImaging
GmbH, Jena, Germany). Digital images were manipu-
lated into figures with Adobe Photoshop (Adobe Systems
Inc, San Jose, CA) and CorelDraw (Corel Corporation,
Ottawa, ON, Canada). Teased fibers from five animals
were analyzed for each group (�500 axons counted in
total). The lengths of individual Caspr-positive paranodes
and intercalated nodes were measured using ImageJ
software version 1.43u (NIH, Bethesda, MD). For the
quantification of demyelinated axons, teased fibers were
stained for Caspr, and intercalated nodes larger than 5
�m were counted as demyelinated. For histopathologic
analysis, L6 spinal nerves were fixed in 2% paraformal-
dehyde and 2% glutaraldehyde in 0.1 mol/L PBS over-
night at 4°C and postfixed in 1% OsO4 in 0.1 mol/L PBS
for 1 hour. Nerves were dehydrated and embedded in
epoxy resin. Transverse semithin sections were stained
with toluidine blue and examined by light microscopy.
The number of degenerated myelinated axons was mea-
sured in five animals for each group (all of the fibers in the
roots were counted; �1000 axons per animals). Schwann
tubes, �2 �m in diameter and typically containing myelin
debris but no recognizable axon, were considered to be
degenerating myelinated axons.

Cell-Binding Assay

Blood was collected from the lateral tail vein before im-
munization (preimmune), and at 7, 14, 21, 30, 45, and 80
days after immunization. Blood was allowed to clot for 30

Table 1. Characteristics of CAPs from Ventral Spinal Roots of
Animals Immunized Against Gliomedin

Characteristic

Lewis rats immunized against

Fc Gldn-Fc

Amplitude (mV) 17.2 � 6.8 7.3 � 5.1*
Area (mV · ms) 4041 � 2014 2247 � 1395*
Duration (ms) 0.43 � 0.09 0.54 � 0.27
CVV½ (m · s�1) 40.2 � 3.8 31.8 � 3.5*
CVVmax (m · s�1) 27.5 � 3.3 21.7 � 4.5*
No.† 8 (4) 10 (6)
Days of analysis after

immunization
30 30–45

The data were recorded at the peaks of severity from L6 ventral roots
of animals immunized against human Fc or Gldn-Fc. Data are presented
as mean � SD.

*Significantly different P � 0.01 with two-tailed t-tests for two samples
of equal variance.

†No. represents the number of nerves tested. The number of animals
tested is indicated in parentheses.
CVV½, conduction velocity at half the maximal amplitude; CVVmax,
conduction velocity at peak amplitude.
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minutes at room temperature, then blood was centrifuged
for 10 minutes at 3000 � g, and serum samples were
collected. Human embryonic kidney (HEK) cells were
transiently transfected with rat NF186 (NM_001160314.1;
HA tagged) or rat gliomedin (NM_181382.2; Myc tagged)
using JetPEI (Polyplus-transfection, Illkirch, France). One
day after transfection, cells were trypsinated, suspended
in serum free Opti-MEM medium (Invitrogen), and plated
onto poly-L-lysine coated glass coverslips in 24-well
plates at a density of 100,000 cells per well. One day
after, living cells were incubated for 20 minutes with 50
�L of serum diluted at 1/50 to 1/10,000 in blocking solu-
tion (5% fish skin gelatin in PBS). Serum samples were
preincubated for 30 minutes at room temperature with
fluorescein isothiocyanate–conjugated anti-rat IgM (1/50)
or tetramethyl rhodamine isothiocyanate–conjugated an-
ti-rat IgG (1/50). Cells were washed three times in PBS,

Figure 2. Nodal clusters are disrupted in gliomedin-sensitized animals. A–E
at disease peaks stained for contactin (red) and gliomedin (green; A–C) or N
concentrated at high densities at the nodes of Ranvier (arrowheads) and are
(B, C, and E), Nav channels and gliomedin were concentrated at most
(double-ended arrows). In some nodes and demyelinated axons (C and E,
Scale bars: 10 �m. F and G: L6 ventral spinal roots from control (n � 8 anim
stained for Caspr, and the length of the intercalated nodes was measured. A
degeneration was measured from transverse sections of L6 ventral spinal ro

0.001 by unpaired two-tailed Student’s t-tests and Kolmogorov-Smirnov test. In additio
and few degenerated axons.
fixed with 2% paraformaldehyde in 0.1 mol/L PBS for
20 minutes, rinsed in PBS, and blocked for 30 minutes.
Cells were then incubated for 1 hour with primary an-
tibodies: rat monoclonal antibodies against HA (1/200;
Roche, Basel, Switzerland) or mouse monoclonal anti-
bodies against Myc (1/500; Roche). The cells were then
washed and revealed with the appropriate Alexa-conju-
gated secondary antibodies (1/500; Invitrogen). Cells
were stained with DAPI and mounted with Mowiol plus
2% 1,4-diazabicyclo[2.2.2]octane.

Electrophysiology

Recordings were performed at different stages of the
disease. After euthanizing, the caudal equine were
quickly dissected and transferred into artificial cerebro-
spinal fluid equilibrated with 95% O2�5% CO2, which

fibers from L6 ventral roots from control and gliomedin-sensitized animals
nels (green, D and E). In control animals, Nav channels and gliomedin are
by contactin-positive paranodes (A and D). In gliomedin-sensitized animals
of Ranvier and were clustered at heminodes in demyelinated segments
panels), clusters of gliomedin and Nav channels were disrupted (arrows).
axons) and gliomedin-sensitized animals (n � 9 animals; 841 axons) were

th node widening superior to 5 �m were considered demyelinated. Axonal
e length was significantly increased in gliomedin-sensitized animals. **P �
: Teased
av chan
flanked
nodes
bottom
als; 596

xons wi
ots. Nod
n, gliomedin-sensitized animals presented signs of paranodal demyelination
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contained 126 mmol/L NaCl, 3 mmol/L KCl, 2 mmol/L
CaCl2, 2 mmol/L MgSO4, 1.25 mmol/L NaH2PO4, 26
mmol/L NaHCO3, and 10 mmol/L dextrose, pH 7.4 to 7.5.
The L6 ventral spinal roots were cut into 2-cm segments,
and recordings of nerve compound action potentials
(CAPs) were made at 36°C in a three-compartment re-
cording chamber as previously described.14 Nerves
were stimulated at a single site. The delay and duration of
the CAPs were calculated at half the maximal amplitude.
Conduction velocities were estimated from latencies. For
recruitment analysis, nerves were stimulated at increas-
ing intensities. For refractory period analysis, two stimuli
were applied at different intervals, and the amplitude of
the second CAP was measured and plotted as a function
of the stimulus interval.

Results

Induction of EAN by Immunization Against
Gliomedin

To determine whether the immune reaction toward nodal
proteins participates in the pathogenesis of AIDP, Lewis
rats were immunized with the extracellular domains of
NF186-Fc; 50 �g) and Gldn-Fc (50 �g). Animals were
treated with pertussis toxin on days 0 and 2 to potentiate
the immune response. NF186-Fc or Fc alone did not
induce significant neurologic signs in Lewis rats. By con-
trast, animals immunized against Gldn-Fc developed
progressive neurologic symptoms within 7 to 9 days (Fig-
ure 1A). The clinical course was biphasic, with a first
peak at days 12 to 15 followed by a complete remission
and a clinical worsening starting around 21 days after
immunization (Figure 1, A and B). The course of the
secondary phase was variable among individuals and
lasted for several weeks. Some animals presented a re-
lapse-remitting course, whereas other presented a sec-
ondary progressive rise to a plateau (Figure 1B). At dis-
ease peaks, animals exhibited a maximal clinical score of
approximately 4 (see Supplemental Figure S1C at http://
ajp.amjpathol.org) characterized by tail paralysis and gait
abnormalities. Higher doses of immunogen did not en-
hance clinical signs or reveal symptoms in the case of
NF186-Fc.

Electrophysiologic examinations at disease peaks (be-
tween 30 and 45 days after immunization) demonstrated
that gliomedin-sensitized animals exhibited important
conduction deficits in L6 ventral spinal nerves with a
marked decrease in CAP amplitude and in conduction
velocity (Figure 1 and Table 1). These alterations were
associated with a significant increase in the refractory
period and a displacement of the recruitment curve to-
ward higher voltages (P � 0.01; see Supplemental Figure
S1A at http://ajp.amjpathol.org), which are hallmarks of
demyelinating conditions. However, sciatic nerves, L5
ventral spinal roots, or dorsal roots were less affected
(data not shown). Altogether, these results indicated that
immunity to gliomedin induces a predominantly motor

demyelinating neuropathy.
Immunity Against Gliomedin Induces
Demyelination and Node Disruption

To examine the organization of the nodes of Ranvier, L6
ventral spinal roots were immunostained for Caspr or
contactin. Caspr and contactin showed the expected
distinct paranodal distribution (Figure 2). However, many
axons showed signs of nodal elongation or paranodal
demyelination (Figure 2, C and E). The length of un-
stained nodal gap was determined from nine different
animals and was found to be significantly widened in
gliomedin-sensitized animals (Figure 2, F and G). More
than 5% of the nodes were �5 �m in length and were
undergoing paranodal demyelination. No signs of demy-
elination were observed in animals immunized against
NF186-Fc or control Fc.

Next, I investigated the possibility that nodal organiza-
tion was affected in gliomedin-sensitized animals. In most
axons, NF186, gliomedin, and Nav channels were prop-
erly clustered at normal-appearing nodes (Figure 2 and
Table 2). However, NF186, gliomedin, and Nav channels
were missing or diffusely localized in most demyelinated
segments (Figure 2E and Table 2). Only a few demyelinated
segments showed NF186, gliomedin, or Nav channel clus-
ters at heminodes that flanked the paranodes (Figure 2C).
These results indicated that node elongation, demyelina-
tion, and node disruption might account for conduction
defects and neurologic signs in these animals.

The Node of Ranvier Is the Locus of the
Immune Attack

To understand the immunopathologic mechanisms un-
derlying EAN, spinal nerves were examined for immune
cell infiltration or IgG deposits at disease peaks (30 to 45
days after immunization). Semithin transverse sections
confirmed the presence of demyelination. Only a few
degenerated axons were visible at disease peaks and

Table 2. Percentage of Nodal Cluster Disruption in Animals
Immunized Against Gliomedin

Fc Gldn-Fc

Rabbit �-gliomedin
Normal nodes (%) 99.1 92.2
Disrupted nodes (%) 0.9 7.8
No. 802 805

Rabbit �-NF186
Normal nodes (%) 99.2 90.8
Disrupted nodes (%) 0.8 9.2
No. 602 692

Mouse �-PanNav
Normal nodes (%) 99.2 96.1
Disrupted nodes (%) 0.8 3.9
No. 1054 1144

Days of analysis after immunization 30 30–45

Teased fibers were prepared at the peaks of severity from L6 ventral
roots of five different animals immunized against human Fc or Gldn-Fc.
The teased fibers were stained with the indicated antibodies and a goat
antiserum anti-contactin. Nodes and heminodes with bright and focal
gliomedin, NF186, or PanNav staining were considered normal nodes.

Nodes and heminodes with diffuse and weak staining were considered
disrupted. No. represents the number of nodes examined.

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
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may be secondary to demyelination or inflammation (Fig-
ure 2G). Worth noting, spinal nerves appeared devoid of
immune cell infiltration.

Consistently, no signs of CD3-positive T cells were
found in spinal nerves (data not shown), and only a few
ED1-positive macrophages were detected in gliomedin-
sensitized animals (see Supplemental Figure S2 at http://
ajp.amjpathol.org). Instead, a strong IgG deposit was de-

Figure 3. Gliomedin-sensitized animals showed a rapid IgG response agains
gliomedin-sensitized animals before immunization (pre-im.) and at 7 (n � 8),
but also from animals sensitized with human IgG Fc (control) and NF186-F
transiently transfected with gliomedin. Horizontal lines indicate the mean a
an important IgG response against gliomedin that lasted for several weeks a
IgM response against gliomedin. Control and NF186-sensitized animals did no
animals specifically bound to the surface of HEK cells transfected with gliom
from gliomedin-sensitized animals co-localized with gliomedin at nodes of
L6 ventral roots of control (F and H) and gliomedin-sensitized animals (G a

an important IgG deposit was detected at nodes in gliomedin-sensitized animals
gliomedin-sensitized animals. Scale bar � 10 �m.
tected at most nodes (57%; n � 4 animals) in L6 ventral
spinal nerves (Figure 3, F and G). This finding was asso-
ciated with a faint deposition of the terminal complement
complex (C5b-9) in 22% of the nodes (n � 4 animals;
Figure 3, H and I). Worth noting, IgG deposits were
mostly found at intact nodes but were not detected in
demyelinated axons. No IgG or complement deposition
was found in control animals (Figure 3). Also, no IgM

din and IgG deposits at nodes. A and B: Serum samples were collected from
8), 21 (n � 8), 30 (n � 7), 45 (n � 5), and 80 (n � 7) days after immunization
A) and IgM (B) titers against gliomedin were measured on living HEK cells
As soon as 7 days after immunization, gliomedin-sensitized animals showed
ressively decreased as the animals remitted. Animals also exhibit a transient
ntibody response against gliomedin. C and D: IgG from gliomedin-sensitized
) but did not bind the surface of NF186-transfected cells (D). E: Serum IgG
in teased fibers from mouse sciatic nerve. F–I: These are teased fibers from
eled for Caspr (green) and rat IgG (F and G) or C5b-9 (H and I). Note that
t gliome
14 (n �
c. IgG (
nd SD.
nd prog
t show a
edin (C

Ranvier
nd I) lab
but not in control animals. A faint deposition of C5b-9 was also found in

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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deposits were detected in immunized animals. These
results pointed out that antigens at nodes are the targets
of the immune response in these animals and suggested
that the blood-nerve barrier is permeabilized.

Cell-binding assay then demonstrated that gliomedin-
sensitized animals developed anti-gliomedin antibodies
(Figure 3C). The titers of the anti-gliomedin antibodies
were examined at different stages of the clinical course.
An important IgG response was observed as early as 7
days after immunization when the first clinical symptoms
appear (Figure 3). The mean IgG titer then closely fol-
lowed the course of the disease with a first IgG peak at 14
days after immunization and a secondary IgG response
at 30 days after immunization that progressively de-
creased as the animals remitted. Animals also presented
a transient IgM response against gliomedin that started
as early as 7 days after immunization and was completely
vanished by 30 days after immunization. No animals im-
munized against control Fc or NF186 developed antibod-
ies against gliomedin (Figure 3, A and B). Conversely,
gliomedin-sensitized animals did not show IgG or IgM
response against NF186 (Figure 3D; see also Supple-
mental Figure S1D at http://ajp.amjpathol.org). Also,
NF186-sensitized animals produced antibodies against
NF186 (see Supplemental Figure S1D at http://ajp.
amjpathol.org); albeit, they did not develop any peripheral
neuropathy. Incubation of mouse sciatic nerve fibers with
sera from gliomedin-sensitized animals (30 days after
immunization) revealed that serum IgG binds the nodes
of Ranvier and colocalizes with gliomedin (Figure 3). Sera
from control animals did not stain the nodes of Ranvier.
Altogether, these results emphasized that anti-gliomedin
IgG may be responsible for IgG binding at nodes and for
node alterations.

Pathogenicity of Anti-gliomedin Antibodies
in Vivo

To understand whether anti-gliomedin IgG are responsi-
ble for EAN, serum IgG was purified from animals sensi-
tized with gliomedin (sacrificed at 30 days after immuni-
zation) and were injected into naive Lewis rats. Of 10
animals injected with anti-gliomedin IgG, only two ani-
mals developed significant clinical signs, which started 3
days after injection and lasted for 14 and 34 days, re-
spectively (see Supplemental Figure S1E at http://ajp.
amjpathol.org). The clinical signs of these animals were

Figure 4. Passive transfer of anti-gliomedin IgG
exacerbates the clinical signs of EAN. A: Lewis
rats were immunized with low doses of P2 pep-
tide and received anti-gliomedin IgG (n � 20) or
control IgG (n � 10) on day 12. The clinical
score was monitored daily and averaged.
EAN-P2 animals developed faint neurologic
signs that peaked at 12 days after immunization
and remitted completely by 24 days. Administra-
tion of anti-gliomedin IgG exacerbated signifi-
cantly the intensity and the duration of the clin-
ical symptoms. B: Individual clinical grades from
two animals administrated with control IgG (left
panel) or anti-gliomedin IgG (right panel). C:
L6 ventral spinal roots were recorded from
EAN-P2 animals administrated with control (n �
6 nerves from 5 animals) or anti-gliomedin IgG
(n � 16 nerves from 13 animals) at 13 days after
immunization, 15 days after immunization, and
at disease peaks (17 to 18 days after immuniza-
tion). Note that the passive transfer of anti-glio-
medin IgG induced important conduction loss as
early as 24 hours after the transfer of anti-glio-
medin IgG (13 days after immunization). Con-
duction loss then progressively increased as the
clinical signs worsened. At disease peaks, some
nerves also exhibited signs of temporal disper-
sion as depicted here (right end panel).
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reminiscent of those found in actively immunized animals
and were characterized by a tail paralysis and gait abnor-
malities. These results indicated that anti-gliomedin IgG
may have the potency to pass the blood-nerve barrier in a
limited manner.

To circumvent the obstacle of the blood-nerve barrier,
anti-gliomedin IgG was passively administrated at dis-
ease onset (12 days after immunization) into animals
actively immunized against the neuritogenic P2 peptide
(EAN-P2). In a previous study, immunization against 200
�g of P2 peptide was found to induce inflammatory de-
myelination without altering nodal clusters. This study
also found that sera from EAN-P2 animals do not react
against NF186 or gliomedin.14 In this study, I used low
doses (50 �g) of P2 peptide to induce a mild neuropathy.
As controls, serum IgG was purified from animals sen-
sitized with control Fc and was injected into EAN-P2
animals at disease onset. Passive administration of
anti-gliomedin IgG exacerbated the severity and dura-
tion of EAN-P2 within 2 days (Figure 4). The clinical
course of the disease was homogenous between indi-
viduals, and the clinical signs reached a peak within 7
days after injection. Then, the clinical symptoms pro-
gressively remitted in 4 to 5 weeks (Figure 4, A and B).
Recording of L6 ventral spinal roots revealed important
conduction deficits in animals administered with anti-
gliomedin IgG (Figure 4C). As early as 24 hours after
IgG transfer, CAP amplitude was significantly de-
creased compared with control animals (Figure 4C and
Table 3). Then, the amplitude of the CAPs further de-
creased concomitantly with the worsening of the clini-
cal deficits. A reduction in conduction velocity became
evident at 15 days after immunization (Table 3). At
disease peaks (17 to 18 days after immunization), the
latency of the initial CAP phase was not significantly
delayed (Figure 4C and Table 3); however, three ven-
tral roots of five displayed temporal dispersion (Figure
4C). The recruitment and refractory period also pre-
sented a modest, but not significant, displacement
(see Supplemental Figure S1B at http://ajp.amjpathol.
org). This finding emphasized that antibodies to glio-
medin induce important demyelination and conduction

Table 3. Passive Transfer of Anti-Gliomedin IgG Induces Condu

Co

Amplitude (mV) 20.3 � 7.2
Area (mV · ms) 4168 � 1338
Duration (ms) 0.35 � 0.02
CVV½ (m · s�1) 47.1 � 7.2
CVVmax (m · s�1) 33.5 � 4.4
No.† 6 (5)
Days of analysis after immunization 15–18

The data were recorded at 13, 15, 17, and 18 days after immunization f
IgG. Data are presented as mean � SD.

*Significantly different P � 0.01 with two-tailed t-tests for two samples
†No. represents the number of nerves tested. The number of animals
CVV½, conduction velocity at half the maximal amplitude; CVVmax, con
loss in motor axons.
Antibodies to Gliomedin Mediate Nodal
Alterations

Histopathologic examination confirmed that IgG transfer
induces important demyelination in ventral spinal nerves
(Figure 5H). Axonal degeneration was only marginally
increased after the passive administration of antibodies
to gliomedin (Figure 5, E and F), indicating that axonal
loss is not responsible for conduction deficits. Semithin
tranverse sections further revealed the presence of many
infiltrating cell nuclei in L6 spinal nerves at 15 days after
immunization (data not shown) and at disease onsets
(Figure 5, E and F). Immunostaining for CD3 and ED1
corroborated that anti-gliomedin IgG promoted infiltration
of T cells and activated macrophages in spinal nerves at
15 days after immunization and later stages (see Supple-
mental Figure S3 at http://ajp.amjpathol.org). By contrast,
a modest immune cell infiltration was observed in spinal
nerves from animals treated for only 24 hours and from
control animals (see Supplemental Figure S3 at http://
ajp.amjpathol.org). Immunostaining for rat IgG and C5b-9
revealed an important background staining in L6 ventral
spinal nerves, confirming that the blood-nerve barrier is
permeabilized in EAN-P2 animals. A total of 24 hours
after antibody injection, a strong IgG deposit was de-
tected in 67% of the nodes in L6 ventral spinal nerves
(Figure 5H; see also Supplemental Figure S4 at http://
ajp.amjpathol.org). IgG deposition then rapidly vanished
at 15 days after immunization (14%), and only 11% of the
nodes presented a faint IgG deposition at disease peaks.
No overt signs of C5b-9 deposition were found at intact
nodes or demyelinated segments in EAN-P2 animals that
received anti-gliomedin or control IgG at any stages
(data not shown). These data indicated that the immune
response followed two steps: a humoral attack against
the nodes followed by immune cell infiltration.

To determine whether alterations of Nav channels may
be responsible for conduction block in injected animals,
the localization of nodal and paranodal components was
examined in L6 spinal nerves at different stages of the
disease. No signs of demyelination were found in EAN-P2
animals that received control IgG. Accordingly, nodes of
Ranvier contained normal-appearing clusters of Nav

oss

EAN-P2 animals administered with

G Anti-Gliomedin IgG

12.8 � 3.0 8.1 � 4.8* 6.3 � 2.0*
2567 � 934 1728 � 745* 1344 � 350*
0.50 � 0.24 0.41 � 0.11 0.3 � 0.02
38.9 � 8.7 37.5 � 6.1 44.6 � 5.0
27.4 � 8.0 25.8 � 4.6* 32.2 � 3.8

5 (4) 6 (4) 5 (5)
13 15 17–18

entral roots of EAN-P2 animals that received control IgG or anti-gliomedin

al variance.
is indicated in parentheses.

velocity at peak amplitude.
ction L

ntrol Ig

rom L6 v

of equ
channels, gliomedin, and NF186 (Figure 5; see also
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Supplemental Table S1 at http://ajp.amjpathol.org). As
early as 24 hours after anti-gliomedin IgG injection, im-
portant node widening and demyelination were observed
(Figure 5, G and H). Nevertheless, most nodes contained
normal clusters of Nav channels, NF186, and gliomedin
at this stage. Only a few demyelinated nodes presented
disrupted NF186 or gliomedin aggregates. By 15 days
after immunization, the number of nodes showing dis-
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rupted gliomedin or NF186 clusters increased signifi-
cantly. Concomitantly, alterations in Nav channel aggre-
gates became apparent in demyelinated axons.
Interestingly, paranodal demyelination was less promi-
nent than at 13 days after immunization. This finding may
correlate with the decreased IgG deposition at nodes.
A few days later, nodal cluster disruption increased
concomitantly with demyelination. Nav channels, glio-
medin, and NF186 were missing or diffusely localized
in �10% of the nodes (Figure 5; see also Supplemental
Table S1 at http://ajp.amjpathol.org). At all stages of the
disease, disrupted nodal clusters were more commonly
associated with elongated or demyelinated segments (Fig-
ure 5, B and D). These observations were reminiscent of our
previous observations in EAN-PM animals that exhibited
autoantibodies against NF186 and gliomedin14 and indi-
cated that Nav channel loss is the result of both the disrup-
tion of the nodal axoglial contact and demyelination. Alto-
gether, these data indicate that antibodies to gliomedin are
pathogenic and affect the axoglial contact at nodes.

Discussion

Humoral and cellular factors are responsible for the pro-
gression of the motor deficits in AIDP and CIDP. Accord-
ing to previous investigations, the binding of antibodies
on the outer surface of the Schwann cells may precede
myelin damage in AIDP and trigger complement-depen-
dent cytolysis.8–10 In severe cases, axonal degeneration
also occurs, probably as a consequence of demyelina-
tion or inflammation. However, the mechanisms and tar-
get antigens underlying demyelination and conduction
defects are barely known. Our recent observations high-
lighted that the node is the locus of the immune attack in
GBS.12 These observations led to the hypothesis that
autoantibodies to nodal CAMs may initiate paranodal de-
myelination in AIDP and CIDP.

In this study, I demonstrate that immunity directed
toward gliomedin, a peripheral CAM, induces paranodal
demyelination and peripheral nerve defects in Lewis rats.
The passive transfer of anti-gliomedin IgG exacerbated
EAN and dismantled the organization of the nodes. Un-

Figure 5. Anti-gliomedin antibody transfer causes disruption of nodal cluste
control (A and C) or anti-gliomedin IgG (B and D) that were stained for conta
animals injected with control IgG did not exhibit signs of paranodal demyelin
gliomedin (arrowheads). Five to six days after passive transfer of anti-gli
(arrows) particularly in demyelinated axons (B, bottom panel, and D, bo
of L6 ventral roots from EAN-P2 animals injected with control (E; 17 days
degenerated axons were found in EAN-P2 animals injected with control or
demyelinated axons (double arrowheads) were found after injection of
anti-gliomedin IgG administration. G: The distribution of node length w
anti-gliomedin antibodies at 13 days after immunization (blue; n � 5 animal
to 18 days after immunization (red; n � 5 animals; 524 axons). Node length w
as the clinical signs worsened (P � 0.01 by Kolmogorov-Smirnov test). H: T
of demyelinated (middle panel) and degenerated axons (right panel)
(green), and at disease peaks (17 to 18 days after immunization; red) in E
group). Important IgG deposition was found at nodes 24 hours after the
animals transferred with anti-gliomedin antibodies at disease peaks. Anim
I: The percentage of nodes with disrupted Nav channel (violet trace), NF
days after immunization, 15 days after immunization, and at disease peak

or anti-gliomedin antibodies (five animals for each group). Note that the disrup
channel dispersion. The error bar represents SD. Scale bar � 10 �m.
like sensitization with P2 peptide or peripheral myelin
fraction,28,29 immunization against gliomedin did not in-
duce major infiltration of T cells and macrophages.
Rather, important deposition of IgG and co-deposition of
C5b9 was found at nodes, indicating that complement
may be involved in the demyelination process. IgG de-
position at nodes was also observed after passive trans-
fer of anti-gliomedin IgG. In these latter animals, the im-
mune response was more complex and followed two steps:
IgG deposition at nodes during the early stage of the dis-
ease and T-cell and macrophage infiltration in spinal
nerves. Demyelination was important when IgG deposition
was strong, decreased as IgG deposition vanished, and
increased again as immune cell infiltration increased. This
finding clearly indicates that both humoral and cellular
mechanisms participate in the disease.

What mechanisms may lead to the loss of gliomedin
and NF186 and to demyelination? The disappearance of
nodal IgG deposits in passively transferred animals sug-
gests that the antigen-IgG complex is rapidly degraded.
It is thus plausible that IgG binding onto the Schwann cell
surface triggers antigen loss via internalization, destabi-
lization of the gliomedin/NF186/NrCAM complex, or the
complement pathway. We did not find clear signs of
endocytosis in gliomedin-transfected HEK cells after in-
cubation with autoantibodies to gliomedin from AIDP pa-
tients or animals (data not shown). However, we cannot
exclude the possibility that antigens may be internalized
by Schwann cells or by infiltrating macrophages in vivo.
As mentioned previously, complement deposition at
nodes was detected in gliomedin-immunized animals.
Deposition of complements is also found on intact my-
elinated fibers in early cases of GBS, whereas high den-
sities of T cells were associated with extensive active
demyelination.8,9 In EAN, the genetic ablation of C6 com-
ponent delays the demyelination process but does not
affect the extent of myelin damage.30 Deposition of IgG
and complement at nodes may thus be an early event
that participates in Schwann cell vacuolization and my-
elin retraction. In a rabbit model of acute motor axonal
neuropathy, the binding of anti-GM1 IgG and comple-
ment at nodes appears to precede node disruption and

Representative images of L6 ventral roots from EAN-P2 animals injected with
) and gliomedin (green; A and B) or Nav channels (green; C and D). EAN-P2
node disruption. Most nodes exhibited normal clusters of Nav channels and
IgG, clusters of gliomedin and Nav channels were often found disrupted
nel). E and F: These are representative micrographs of transverse sections
munization) or anti-gliomedin IgG (F; 17 days after immunization). Few

medin IgG. However, a higher number of degenerated (arrowheads) and
medin IgG. Note that many infiltrating cells (asterisks) were found after
ined in EAN-P2 transferred with control (n � 4 animals; 510 axons) or
ons), 15 days after immunization (green; n � 5 animals; 498 axons), and 17
icantly increased as early as 24 hours after IgG injection and further increased
entage of nodes showing IgG deposition (left panel) and the percentage
asured at 13 days after immunization (blue), 15 days after immunization
animals transferred with anti-gliomedin antibodies (five animals for each
transfer. The percentage of demyelinated axons was more important in

sferred with control IgG did not show signs of paranodal demyelination.
aroon trace), and gliomedin clusters (yellow trace) were measured at 13
18 days after immunization) in EAN-P2 animals transferred with control
rs. A–D:
ctin (red
ation or
omedin
ttom pa
after im

anti-glio
anti-glio
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s; 391 ax
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tion of NF186 and gliomedin clusters precedes demyelination and Nav
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axonal loss.31,32 The passive transfer of anti-gliomedin
IgG did not increase axonal loss, indicating that IgG
mediates demyelination after recognition of gliomedin on
the Schwann cell surface.

Our results further indicate that infiltrating immune cells
participate in the aggravation of EAN and are potentially
involved in node alterations. In passively transferred ani-
mals, node disruption was accompanied by extensive infil-
tration of activated macrophages. Also, alterations of ax-
oglial contact at nodes and paranodes correlate with
microglial inflammation in patients with multiple sclerosis
and in experimental autoimmune encephalomyelitis.33 One
can easily imagine that macrophages may degrade or in-
activate gliomedin by releasing inflammatory factors and
proteases or by internalizing the IgG-antigen complex. Glio-
medin is incorporated to the extracellular matrix and could
be sensitive to protease cleavage.16,17 In our previous
study, we found that EAN-P2 animals do not show signs of
node alterations, despite the presence of demyelination
and immune cell infiltration.14 Hence, nodal elongation or
macrophage invasion are not sufficient to induce the loss of
Nav channels. Anti-nodal CAM antibodies might contribute
to EAN by favoring the release of inflammatory mediators or
the internalization of IgG-ligand immune complexes by
macrophages.

Consistent with our previous observations,14 we
found that Nav channel disruption appeared subse-
quent to demyelination and to the disappearance of ad-
hesive molecules from nodes in passively transferred
animals. The electrophysiologic data further demon-
strated that these morphologic alterations underlie impor-
tant conduction defects in motor axons. Indeed, the pas-
sive transfer of anti-gliomedin IgG in EAN-P2 animals
resulted in progressive conduction loss and in a signifi-
cant conduction slowing in the early stage of the disease.
At disease onset, the initial phase of the CAPs and the
refractory period was not significantly changed. How-
ever, some nerves presented temporal dispersion of the
CAPs, reflecting important conduction slowing in a sub-
set of axons. Because most demyelinated axons showed
a complete loss of Nav channels at this stage, one can
easily assume that the regeneration of the action poten-
tials is severely affected and that propagation is blocked
in demyelinated segments. These data thus support the
idea that demyelination together with the alterations of the
axoglial contact result in the diffusion of Nav channels
and in progressive conduction loss.

Could autoantibodies to nodal CAMs be critically im-
plicated in the pathology of AIDP or CIDP? We recently
found that IgG antibodies directed against gliomedin,
neurofascin, or contactin are associated with GBS and
CIDP.12 The present data indicate that immunity toward
gliomedin may orchestrate peripheral nerve inflamma-
tion. Gliomedin-sensitized animals displayed fluctuating
clinical signs that were reminiscent of CIDP. It is possible
that changes in IgG titers or nerve permeability may
account for these fluctuations. Because the clinical re-
mission of these animals paralleled the gradual decrease
in IgG titers, it is tempting to speculate that autoantibod-
ies to nodal CAMs could participate to GBS or CIDP

pathogenesis and notably remission. Consistently, the
rapid improvement observed in CIDP and AIDP patients
after plasma exchange or intravenous injection of IgG
indicates that humoral factors and IgG play a nonnegli-
gible role in the pathogenesis.34–37 Future prospect
should examine whether the IgG titer correlates with the
severity and remission of AIDP and CIDP.

The causes promoting autoimmune reaction in GBS and
CIDP patients are, however, enigmatic. More than 50% of
GBS patients develop neuropathic symptoms after an initial
infection.38,39 Molecular mimicry between lipo-oligosaccha-
rides expressed on the surface of Campylobacter jejuni and
human gangliosides appears to trigger antibody response
against GM1 and GD1a.40 Similarly, we can suspect that
molecular mimicry might be responsible for antibody re-
sponse against nodal CAMs. Secondary immune cascade
could also participate in disease worsening by promoting
epitope spreading of autoreactive B cells.41 Many GBS
patients had autoantibodies against multiple nodal
CAMs.12,13 However, this study found that immunization
against gliomedin did not promote secondary reactions to-
ward NF186, despite node deterioration and demyelination.
This finding suggests that autoantibodies to nodal CAMs
are not simply due to a secondary autoimmune reaction in
AIDP and CIDP patients. The reasons why immunization
toward NF186 did not generate significant neurologic
signs in Lewis rats are unclear. Several previous stud-
ies documented that anti-myelin antibodies necessitate
T-cell response to pass the blood barrier in the peripheral
nervous system and central nervous system.42,43 I dem-
onstrate that anti-gliomedin IgG did not lead to a signifi-
cant neuropathy in absence of blood-nerve barrier break-
down, emphasizing that EAN neuropathy is not solely
humorally mediated but also implicating cellular factors
that help antibodies gaining access to their targets. It is
thus plausible that immunization toward NF186 may not
generate a sufficient T-cell response to induce the break-
down of the blood-nerve barrier. The mechanisms influ-
encing autoimmunity toward nodal antigens are thus
more complicated and will require further investigation to
be fully elucidated.
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