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effect of neurofascin and
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in autoimmune nodopathies
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Anesthesiology, University Hospital Wurzburg, Wurzburg, Germany, *Institute of Clinical
Neurobiology, University Hospital Wurzburg, Warzburg, Germany

Introduction: 1gG4 autoantibodies against paranodal proteins are known to
induce acute-onset and often severe sensorimotor autoimmune neuropathies.
How autoantibodies reach their antigens at the paranode in spite of the myelin
barrier is still unclear.

Methods: We performed in vitro incubation experiments with patient sera on
unfixed and unpermeabilized nerve fibers and in vivo intraneural and intrathecal
passive transfer of patient IgG to rats, to explore the access of IgG autoantibodies
directed against neurofascin-155 and contactin-1 to the paranodes and their
pathogenic effect.

Results: We found that in vitro incubation resulted in weak paranodal binding of
anti-contactin-1 autoantibodies whereas anti-neurofascin-155 autoantibodies
bound to the nodes more than to the paranodes. After short-term intraneural
injection, no nodal or paranodal binding was detectable when using anti-
neurofascin-155 antibodies. After repeated intrathecal injections, nodal more
than paranodal binding could be detected in animals treated with anti-
neurofascin-155, accompanied by sensorimotor neuropathy. In contrast, no
paranodal binding was visible in rats intrathecally injected with anti-contactin-1
antibodies, and animals remained unaffected.

Conclusion: These data support the notion of different pathogenic mechanisms
of anti-neurofascin-155 and anti-contactin-1 autoantibodies and different
accessibility of paranodal and nodal structures.
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autoimmune nodopathy, IgG4, neurofascin, contactin, node of ranvier, inflammatory
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1 Introduction

Autoantibodies (abs) against proteins of the paranodal complex
are detectable in a subgroup of patients with inflammatory
neuropathies (1). These patients show distinct clinical features
like acute onset, tremor and/or ataxia, and in contrast to the
majority of patients with chronic inflammatory demyelinating
polyradiculoneuropathy (CIDP), they mostly do not respond to
treatment with intravenous immunoglobulins (2-4). Anti-pan-
neurofascin (pan-NF) abs that bind to the nodal (neurofascin-
186) and paranodal (neurofascin-155 (NF155)) isoform of
neurofascin have been shown to induce an even more severe
clinical phenotype with tetraplegia, cranial nerve involvement and
respiratory insufficiency (5, 6). As there is evidence that the nodes of
Ranvier are the site of the pathophysiological process, these
disorders are called autoimmune nodopathies (7). Paranodal abs
mainly belong to the IgG4 subclass and their pathogenicity has been
proven in several studies (8-10). Abs against NF155 and contactin-
1 (CNTN1) share several important features: They both bind to the
paranodal axoglial complex, they are associated with a similar
clinical phenotype and they mainly belong to the IgG4 subclass
that does neither activate complement nor induce internalization by
cross-linking of epitopes (1, 11). However, recent studies gave
evidence that the pathomechanism of anti-NF155 and anti-
CNTNI abs differs in some respects: Anti-CNTN1 abs induce
axoglial dysjunction, whereas anti-NF155 abs are supposed to
impair the physiological protein turnover at the paranodal
junction (8, 9, 12, 13). Differences of the access of abs to the
paranodal complex that is protected by the myelin barrier (14) may
account for different pathomechanisms.

In the current study, we aimed to compare the binding of anti-
NF155 and anti-CNTNI1 to paranodes and the pathogenicity of the
antibodies in-vivo using two routes of application (intraneural and
intrathecal injection). We first performed in vitro binding assays with
a larger number of samples (n=12), followed by passive transfer of
samples of one patient with each autoantibody that had shown clear
binding patterns in the binding assays. The pathogenic effect as well
as binding to the nodes/paranodes was directly compared between
anti-CNTN1 and anti-NF155 and between chronic (intrathecal) and
short-term (intraneural) exposure.

2 Material and methods

2.1 Patient material

Serum of five patients with anti-NF155, two patients with anti-
pan-NF, and five patients with anti-CNTN1 abs was used for in
vitro incubation of unpermeabilized and unfixed murine nerves.
Paranodal abs and IgG subclasses were detected as previously
described (15). Only patients with a distinct paranodal binding to
permeabilized and fixed teased nerve fibers were included. For
passive transfer experiments, IgG was purified from plasma
exchange material using ion exchange chromatography with
DEAE Sepharose fast flow (GE Healthcare, Chicago, Illinois,
USA) as previously described (16). For intraneural injection, IgG
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of one patient with anti-NF155 IgG4 abs (patient 1) and one patient
with anti-pan-NF IgG3 abs (patient 2) was used. We did not
perform intraneural injection with IgG of a patient with anti-
CNTNI abs in this study as this was performed in a previous
study using exactly the same protocol and material of patient 4 (10).
For intrathecal injection, IgG of patient 2 and another patient with
mainly IgG4 anti-NF155 (patient 3), and a patient with mainly IgG4
anti-CNTNI1 abs (patient 4) was taken. IgG of three individuals who
had undergone plasma exchange due to multiple sclerosis or optic
neuritis and who were negatively screened for abs was used as a
control. Autoantibody titers of purified IgG were determined by
enzyme-linked immunosorbent assay (ELISA) as previously
described (17). Demographic and serological data of all patients
are presented in Table 1, and data of some patients have been
described in detail in previous studies (5, 12, 18). All patients gave
informed consent to participate in the study and the project was
approved by the Ethics Committee of the University of Wiirzburg
Medical Faculty (number 278/13 and 222/20).

2.2 Binding assays on murine nerves
in vitro

Binding assays on permeabilized and fixed teased nerve fiber
preparations were performed as previously described using either
patient/control serum or purified IgG (12). For the detection of the
IgG subclass in binding assays, subclass specific FITC-conjugated
secondary antibodies were used (anti-human IgG3: Merck,
Darmstadt, Germany; anti-human IgGl, 1gG2, IgG4: Abcam,
Cambridge, UK). To investigate the accessibility of the paranodal
complex for patient abs, we performed in vitro nerve incubation
experiments on unfixed and unpermeabilized mouse and rat sciatic
nerves: Sciatic nerves were dissected from B6/NCrl mice and Lewis
rats, the epi- and perineurium was removed and 1 cm long
segments of unpermeabilized and unfixed sciatic nerves were
incubated with patient or control serum diluted in artificial
cerebrospinal fluid (Ecocyte Bioscience, Austin, Texas, USA) at a
dilution of 1:250, for 3 h at 37°C. After incubation, nerves were fixed
in 2% paraformaldehyde, teased onto slides, and blocked with 4%
normal goat serum, 4% fetal calf serum and 0.3% Triton-X-100 in
phosphate-buffered saline (PBS) for 1 h, before being incubated
with a Cy3-conjugated anti-human IgG secondary antibody (1:100;
Jackson Immuno Reseach) for 2 h. All samples were analyzed using
a fluorescence microscope with appropriate filter settings (Zeiss
Ax10 and Axio Imager M2 with an Apotome2 device, Zeiss,
Oberkochen, Germany).

2.3 Animals, injections and study design

Eight- to twelve-week-old female Lewis rats were purchased from
Charles River (Sulzfeld, Germany). Animals were housed in plexiglass
cages in a light (day)/dark (night) cycle of 12:12 h and with water and
food ad libitum. Animal experiments and housing and breeding of
mice to obtain nerve tissue for binding assays were approved by the
Bavarian State authorities (Regierung von Unterfranken, license
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TABLE 1 Serological characteristics of patients and controls. *results from a previous study (10).

Patient  autoantigen = Serum Purified IgG titer Age, IgG In-vitro incubation of In- vivo binding

titer (dominant subclass) sex  subclass = unpermeabilized nerves . .
i.th. i.n.
1 NF155 1:6,000 1:5,000 (IgG4: 1:500) 29, m 1gG4 weak nodal n/a none
2 Pan-NF 1:4,000 1:1,000 (IgG3: 1:500) 71, m 1gG3>2 nodal weak nodal = weak
nodal
3 NF155 1:14,000 1:10,000 (IgG4: 1:1,000) 78, m 1gG4>2,1 nodal >> paranodal nodal >> n/a
paranodal

4 CNTN 1:2,000 1:15,000 (IgG4: 1:15,000) 71, f 1gG4>2 weak paranodal none paranodal®

5 NF155 1:2,500 n/a 18, m 1gG4 none n/a n/a

6 NF155 1:5,000 n/a 52, f 1gG4>2,1 nodal n/a n/a

7 NF155 1:5,000 n/a 33, m 1gG4>2 none n/a n/a

8 Pan-NF 1:200 n/a 52, m 1gG4>3 none n/a n/a

9 CNTN 1:19,000 n/a 62, m 1gG4>2 Strong paranodal n/a n/a

10 CNTN 1:7,500 n/a 76, m IgG3>4 paranodal n/a paranodal®

11 CNTN 1:2,000 n/a 69, m 1gG4>3 none n/a none*

12 CNTN 1:1000 n/a 72, m 1gG4>2,1 none n/a n/a

13 - - 37, f - none none none

(control)

14 - - 38, f - none none n/a

(control)

15 - - 37,f - none none n/a

(control)

number: 55.2.2-2532-2-593-17). Rats were anesthetized with isoflurane.
For intrathecal injections, catheters were placed into the spinal
subarachnoid space (19): A polyethylene catheter (6.5 cm intrathecal
length, Instech Laboratories, BTPU-27) was inserted by incision of the
atlanto-occipital membrane. After placement of intrathecal catheters,
animals recovered for at least one week. Catheters were flushed daily
with 20 pl NaCl using a 30G Hamilton syringe or 10 pl of patient or
control IgG (100 mg/ml) followed by 10 pl NaCl, respectively.
Injections were performed over a period of three weeks, timepoints
are illustrated in Figure 1A. Intraneural injection of 10 pl of patient
or control IgG (100 mg/ml) was performed under anesthesia
with isoflurane as previously described (10): The left sciatic nerve
was dissected at the sciatic notch and intraneural injection was
performed at two time-points (Figure 1B). Tissue dissection was
performed 48 hours after the second injection.

2.4 Scoring and behavioral testing

To monitor phenotypic abnormalities, animals were observed daily
walking freely on a table. Symptoms were classified as followed: 0, no
impairment; 1: reduced tone of the tail; 2: limp tail; 3: tail paralysis; 4:
gait ataxia; 5: mild paraparesis; 6: moderate paraparesis; 7: severe
paraparesis or paraplegia; 8: tetraparesis; 9: moribund; 10: death (20).
All experimenters performing scoring, behavioral testing, and nerve
conduction studies were blinded until all experiments and tissue
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dissections were finished. For experiments with intrathecal injection
of anti-NF abs, ten control animals, twelve animals injected with anti-
NF155 abs and four animals injected with anti-pan-NF abs were
included. For intrathecal injection of anti-CNTN abs, twelve patient
animals and 16 controls were measured. For intraneural injection of
anti-NF abs, 18 control animals, 12 rats injected with anti-pan-NF and
5 animals injected with anti-NF155 were included.

The RotaRod performance test (TSE Systems, Bad Homburg,
Germany) was used to assess motor function. Rats were placed on
an accelerating RotaRod and the mean fall latency of five trials was
measured for each animal. For the analysis of gait parameters (paw
print area, maximum intensity, standing time), the Catwalk™ XT
(Noldus, Emmerich am Rhein, Germany) was performed. Rats were
placed on a transparent glass runway and footprints were detected by a
video camera from below. Three runs per animal were recorded. To
assess mechanical sensitivity, the hindpaws were tested with von-Frey
filaments (Stoelting, Wood Dale, Illinois, USA) six times each and were
analyzed using Dixon’s staircase system (21). To assess thermal
sensitivity, the Hargreaves test (Ugo Basile, Gemonio, Italy) was
performed. A radiant heat stimulus was applied to the hindpaws,
and the withdrawal latency was measured by a fiber optic sensor. The
mean value of three measurements was calculated. To obtain baseline
values, behavioral testing performed before the onset of IgG injections.
During the experiment, behavioral testing was performed on day 4, 9,
16 and 20 of intrathecal injection and on day 4 after intraneural
injection (Figure 1).
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Timelines of intrathecal and intraneural injections. The days of injections (intrathecal in A and intraneural in B) are shown at the x-axis, arrows mark
injections, "T" indica/tes the days of behavioral testing. Baseline behavioral testing and nerve conduction studies were performed before starting
injections, post-injection nerve conduction studies and tissue dissection was performed on the day after the last intrathecal injection or two days
after the second intraneural injection. The y-axis in (A) demonstrates the EAN score of rats treated with IgG of the anti-NF155-1gG4-positive patient,

whiskers indicate standard errors.

2.5 Nerve conduction studies

Nerve conduction studies of the sciatic/tibial nerves were
performed under anesthesia with ketamine/xylazine. Surface body
temperature was maintained at 34-36°C with a heating lamp. In
animals that underwent intraneural injection, both sciatic/tibial
nerves were measured whereas in animals that were intrathecally
injected, only the right sciatic/tibial nerve was recorded using
Neurosoft-Evidence 3102 electromyograph (Schreiber and Zholen
Medizintechnik GmbH, Stade, Germany) and needle electrodes as
previously described (10). For motor neurography, the active
electrode was inserted between the third and fourth toe, the
inactive electrode lateral to the first toe. The stimulation
electrodes were placed above the ankle (distal) and the sciatic
notch (proximal). Amplitudes of compound muscle action
potentials (CMAP) were recorded after supramaximal stimulation
at the proximal and distal sites. F-waves and H-reflexes were
recorded by ten stimuli with a frequency of 0.3 Hz, 1 Hz, and 10
Hz at the distal stimulation site. Minimum F-wave latency and
persistence were determined for each frequency. For the analysis of
mixed afferents, the recording electrodes were placed at the sciatic
notch and the stimulation electrodes above the ankle.
Electromyography was performed in the gastrocnemius muscles.
Nerve conduction studies were performed at baseline and at the end
of the experiment immediately prior to tissue dissection.

2.6 Tissue dissection,
immunohistochemistry and microscopy

Tissue dissection after intrathecal injection included spinal

cord, dorsal, and ventral nerve roots of segments L3, L4 and L5
and the sciatic nerves for immediate cryoconservation.
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Additionally, teased fiber preparations of the nerve roots and
sciatic nerves were done as previously described (17). Intrathecal
catheters were checked for correct placement during tissue
dissection. After intraneural injection, only sciatic nerves were
dissected, including cryoconservation for cross sections and
teased fiber preparation.

To detect binding of patient or control IgG to the spinal cord or
dorsal root ganglia, 10 pm thick longitudinal sections (spinal cord)
or cross sections (dorsal root ganglia) were cut, fixed in 10% acetone
for 10 minutes and blocked with 10% bovine serum albumin (BSA)/
PBS for 1 h at room temperature (RT). Afterwards, sections were
incubated with Cy3-conjugated anti-human IgG (1:100; Dianova,
Hamburg, Germany) for 2 h.

Teased fiber samples were incubated with Cy3-conjugated anti-
human IgG (1:100; Dianova, Hamburg, Germany) as previously
described (10). For the investigation of complement deposition,
nerve root teased fibers were incubated with primary antibody
against the complement component Clq (mouse, 1:50, abcam)
followed by secondary antibody (Alexa-Fluor488-conjugated anti-
mouse, 1:200).

Nodal architecture was analyzed by immunofluorescence of
spinal and sciatic teased nerve fibers with anti-Casprl (NeuroMab
UC Davis, 1:100), anti-pan NF (R&D systems, 1:1000), anti-pan-
sodium-channel (Sigma Aldrich, 1:250) at 4°C overnight and
appropriate secondary antibodies (Alexa-Fluor488-conjugated
anti-mouse, Jackson Immuno Research, 1:200 or Cy3-conjugated
anti-chicken, Jackson Immuno Research, 1:300) for 2 h at RT.
Microscopy was performed as described above. Nodes and
paranodes were measured using Image] (Rasband, W.S., Image],
U. S. National Institutes of Health, Bethesda, Maryland, USA). All
nodes within a field of view were measured. In the sciatic nerves of
animals that were intraneurally injected, 100 nodes and 200
hemiparanodes were analyzed in control and patient animals
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each, in the spinal nerves of animals that were intrathecally injected,
78 nodes of controls and 87 nodes of patients were assessed. Nodal
length was defined as the gap between the paranodes stained with
anti-Casprl. Hemiparanodal length was measured as the length of
Casprl staining on one side of the nodal gap.

2.7 Statistical analysis

Statistical testing was performed using Graph Pad Prism,
version 9.5.0. Data of behavioral testing were compared between
patient animals intrathecally injected with IgG of the anti-NF155,
anti-pan-NF or anti-CNTN1-positive patients and control animals
using two-way analysis of variance for repeated measure and with
Kruskal-Wallis test in animals that were intraneurally injected.
Nodal and hemiparanodal lengths were compared using Mann-
Whitney-U-test. A significance level of 0.05 was applied in all tests.

3 Results

3.1 Binding of patient IgG to the nodo-
paranodal complex in vitro

Binding assays of patient serum and purified IgG on fixed and
permeabilized mouse and rat teased fibers showed distinct binding
to the paranodes but not to the nodes. These binding patterns did
not differ between anti-CNTN and anti-NF-155 positive patients
(Figures 2 A, B). Patients with anti-NF-155 abs additionally showed
strong binding to the Schmidt-Lanterman incisures (Figure 2B,
arrows). Binding to the nodes and paranodes was detectable in the
patients with anti-pan-NF IgG3 abs (Figure 2C). No binding was
observed in controls (Figure 2D). For IgG of patients 1-4 that was
used for passive transfer experiments, IgG4 was identified as the
dominant IgG subclass binding at the nodes/paranodes in patients
1, 3 and 4, whereas IgG3 was the main subclass in patient 2
(Figures 2E-H). No binding of the other IgG subclasses
was detectable.

To investigate the accessibility of abs to the paranodal/nodal
region, in vitro incubation of unpermeabilized and unfixed nerves
with patient sera was performed. Paranodal binding was detectable
after incubation with serum of 3 of 5 patients with anti-CNTN IgG
4 abs (patients 4, 9 and 10, example in Figure 2I). Binding was
weaker and often only comprised the node-adjacent half of the
paranode and was more prominent and broader on small-diameter
myelinated fibers. We did not detect any distinct binding to the
nodes. In two patients (both with high anti-CNTN titers) we did not
detect any binding to unpermeabilized and unfixed fibers. When
performing these experiments using serum of anti-NF155 IgG4
positive patients, a completely different pattern of staining was
detected: Binding was found at the nodal area in 3 of 5 patients with
anti-NF155 abs (patients 1,3 and 6, example in Figure 2]), in one of
these patients (patient 3) weak paranodal binding was also
detectable (data not shown). In some binding assays of these
patients, weak binding to the Schwann cell surface was observed
(data not shown). In two patients (both with high titers) no nodal or
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paranodal binding was detectable. Serum of one of two patients
with anti-pan-NF abs also showed distinct binding to the nodal
region (Figure 2K) similar to the binding pattern of the commercial
pan-NF control antibody (Figure 2L). We did not detect any
binding in control sera. The same binding patterns were found in
mouse and rat teased nerve fibers.

3.2 No in vivo binding or pathogenic effect
after intraneural injection of anti-NF155
I9G

Teased sciatic nerve fibers were prepared and pre-fixed two days
after intraneural injection of purified IgG of patients with anti-NF-
155 IgG4 abs (patient 1) or controls (controls 13 and 14). In
contrast to a previous study using IgG of patients with anti-
CNTN1 abs where a small band of paranodal autoantibody
binding was observed (10), no binding to the paranodes or nodes
was detectable after injection of anti-NF155 IgG. When using IgG
of a patient with anti-pan-NF abs (patient 2), only weak nodal
binding was detectable in 50% of the animals (Figure 3A).
Respectively - in contrast to our previous study performing
intraneural injection of anti-CNTN1 abs - none of the rats
injected with IgG of the patient with anti-NF155 abs or anti-pan-
NF abs developed any motor or sensory symptoms as measured by
RotaRod, von Frey, Hargreaves (Figure 3B) and Catwalk testing
(data not shown). Nerve conduction studies did not give any
evidence of a conduction block (data not shown) - in contrast to
a recent study from our group using anti-CNTN1 abs where we
observed conduction blocks and loss of F waves two days after
injection (10). Immunofluorescence staining of teased sciatic nerves
was performed to assess nodal architecture (Figure 3C). Nodal and
hemiparanodal length did not differ between patient and control
animals (Figure 3D).

3.3 Nodal binding and motor and sensory
deficits after intrathecal injection of
anti-NF155 IgG

Teased sciatic as well as ventral and dorsal lumbar root nerve
fibers of animals that were intrathecally injected with patient or
control IgG were assessed for autoantibody binding by staining with
anti-human IgG. While no binding was detected in rats treated with
control IgG (Figure 4A), animals treated with IgG of the anti-NF155
-positive patient showed distinct nodal more than paranodal
binding in ventral roots (10/12 animals) and in dorsal nerve roots
(7/12 animals) (Figure 4B) but not in teased sciatic nerve fibers
(data not shown). The median percentage of positive nodes was
17.0% (0-40.2%) in the ventral roots and 10.2% in dorsal roots (0-
51.0%). In rats treated with IgG of the anti-pan-NF -positive patient
only weak binding at the nodes and/or adjacent to the nodes was
observed in the ventral roots of all animals (median 18.0% (14.7-
21.4%) and in the dorsal roots of three animals (median 5.4% (0-
16.1%) (Figure 4C). In contrast to our recent study with intraneural
injection of anti-CNTN1 (10), no deposition of complement (C1q)
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Photomicrographs of binding assays on teased nerve fibers. Binding assays of patient sera/lgG on teased sciatic nerve/rat fibers (A-D), binding
assays with purified IgG that was used for passive transfer experiments and staining with subclass specific anti-human 1gG (E=H) and in vitro
incubation of unfixed and unpermeabilized mouse nerves with patients’ sera (I-L) were performed. Paranodal binding was detectable in binding
assays of patients with anti-NF155 and anti-CNTNZ1 abs (A, B), additional binding to the Schmidt-Lanterman incisures was found in patients with anti-
NF155 (B, arrow heads). Strong binding to the nodal and weaker binding to the paranodal region was found in binding assays with IgG of an anti-
pan-NF-positive patient (C). No binding was seen when using serum of a healthy control (D). IgG4 was identified as the major subclass in patients 1,
3 and 4 (E, G, H), IgG3 in patient 2 (F). After in-vitro incubation of unpermeabilized and unfixed nerve fibers, paranodal binding was found in some of
the anti-contactin positive patients (I), but only nodal binding in nerve fibers incubated with serum of patients with anti-neurofascin-155 (J) or anti-
pan-NF (K) and after incubation with a commercial anti-pan-NF antibody (L) Scale bar = 20 ym

was detectable by immunofluorescence. In animals injected with
IgG of the anti-CNTN1 positive patient (patient 4), we did not
observe any binding to the paranodes or nodes (Figure 4D).

We did further not observe any motor or sensory symptoms in
animals intrathecally injected with IgG of the anti-CNTN1-positive
patient and control IgG and could not detect any relevant motor or
sensory deficits in the von-Frey, RotaRod, Hargreaves (Figure 4E,
lower graphs) and Catwalk tests (data not shown). There was just a
trend to an increased thermal threshold in patient animals, but
without statistical significance (p=0.09, Figure 4E). Nerve
conduction studies of the sciatic nerve including F waves were
completely normal (data not shown).

In contrast, 8 of 12 (67%) of the animals injected with IgG of the
anti-NF155 patient developed motor and sensory symptoms, mostly
starting one or two days after starting injections (Figure 1). Half of the
symptomatic animals (n=4) showed mild symptoms, like paresis of the
tail (EAN scores 1-2) whereas in the other half paresis of the hind limbs
was observed (EAN scores 4-6). We did not observe any paresis in
animals treated with anti-pan-NF IgG. Motor testing revealed a
decrease of the fall latency on the RotaRod in rats injected with IgG
of the anti-NF155 positive patient (F=4.516, p=0.046; mean difference
from baseline: 3%(-9s) (controls) and 31%(-44s) (NF155); Figure 4E).
Sensory testing demonstrated increased latency in Hargreaves testing in
anti-NF-155 patient animals compared to controls (F=12.97, p=0.002;
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mean difference from baseline: 8% (0.6s) (controls) and 42% (3.4s)
(NF155)) and an increased threshold in the von-Frey testing (F=7.25,
p=0.014; mean difference from baseline: 7% (1.2g) (controls) and 17%
(2.9g) (NF155)) (Figure 4E). Nerve conduction studies of the sciatic
nerve did not show any abnormalities including normal F wave
persistence and latency in animals injected with anti-NF155 IgG/
anti-panNF IgG. Immunofluorescence staining of the paranodal/
nodal proteins Casprl and pan-NF at teased nerve roots did not
show any dispersion to the juxtaparanodes or any destruction of nodal
architecture or any obvious nodal or paranodal elongation. We did not
find any difference of hemiparanodal or nodal length between dorsal
and ventral roots within groups. Quantitative analysis of
hemiparanodal and nodal length of dorsal and ventral nerve roots
revealed a decrease of the hemiparanodal length in rats injected with
IgG of the anti-NF155-positive patient (p=0.018) and an increase of
nodal length in rats injected with IgG of the pan-NF-positive patient
(p=0.0026) (Figure 4F).

4 Discussion

By directly comparing binding patterns of anti-CNTN1, anti-
NF155 and anti-panNF in vitro and after passive transfer, we could
demonstrate clear differences of binding: Weak paranodal binding
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NF155 or anti-pan-NF abs and staining with anti-human IgG: Weak nodal binding was detectable at some nodes after injection of anti-pan-NF (A, left
image, arrows), but not after injection of control IgG (A, right two images). Sensory and motor testing did not show any differences between patient
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was performed to analyze hemiparanodal (Casprl, magenta) and nodal (pan-Nav, cyan) length (C) No differences were found between patient and
control animals (n = 100 nodes/200 hemiparanodes) (D). (A) Scale bars = 20 ym, (B) Scale bar = 5 ym

was detectable after incubation with anti-CNTN1 whereas anti-
NF155 and anti-panNF bound to the nodes more than to the
paranodes. No binding and no pathogenic effect was found after
short-term intraneural injection of anti-NF155 - in contrast to a
recent study applying purified IgG of patients with anti-CNTN1
IgG3 and IgG4 abs using the same protocol (10). By long-term
intrathecal injection, nodal binding accompanied by motor and
sensory symptoms was seen in animals injected with purified IgG of
a patient with anti-NF155 IgG4 abs, not after injection of IgG of an
anti-CNTNI1 positive patient. Results are summarized in Figure 5.
Even though NF155 and CNTN1 both are part of the paranodal
protein complex forming the axoglial junction and abs against both
proteins are associated with very similar clinical symptoms of a
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severe sensorimotor autoimmune neuropathy, our data further
strengthen the notion of different pathogenic effects of both abs:
Paranodal binding after incubation of mouse and rat sciatic nerve
with anti-CNTN1 gives evidence that abs against CNTN1 are at
least partly able to cross the myelin barrier and to bind to paranodal
autoantigens. Our data are in accordance with a previous study that
could also show paranodal binding of anti-CNTN1 IgG4 but not
IgG1 (8). In our in vitro study, patients with anti-CNTN1 IgG4 and
IgG3 abs were included and paranodal binding could be shown for
both subclasses, similar to a recent study from our laboratory that
could demonstrate paranodal binding after intraneural injection of
anti-CNTN1 abs (10). However, interindividual differences of
paranodal binding after in vitro incubation of unpermeabilized
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Photomicrographs of teased nerve roots of animals intrathecally injected with IgG of a control (A), a patient with anti-NF155 (B), anti-pan-NF (C) or
anti-CNTN1 (D) abs. No binding is detectable after injection of control and anti-CNTNL1 IgG (A, D), nodal more than paranodal binding after injection
of anti-NF155-positive 1gG (B) and weak nodal and juxtanodal binding after injection of anti-pan-NF-IgG (C). Behavioral testing revealed a decrease
of fall latency in the RotaRod testing, increased thermal and mechanical sensory thresholds by Hargreaves and Von-Frey testing in animals treated
with anti-NF155 IgG (upper images), not in animals injected with anti-CNTN1-IgG (lower images), just a trend towards increased thermal thresholds
in patient animals but without statistical significance (E). Morphological analysis of nodal and hemiparanodal length revealed increased nodal length
in anti-pan-NF-1gG injected animals and a decrease of hemiparanodal length in animals treated with anti-NF155-1gG (n = 78 nodes (controls), 145
(NF155), 87 (pan-NF) (F). Graphs show mean values and standard errors, *p<0.01, **p<0.001. Scale bars = 20 pm

nerve fibers were observed that were not explained by different IgG
subclasses and could only be partly explained by autoantibody
titers. Different affinities of abs or different epitopes with various
grades of accessibility may be an explanation, considering that such
different epitopes have been described for patients with anti-
CNTNI abs (22, 23). Therefore larger studies are needed to draw
a definite conclusion.

In contrast to anti-CNTN1 abs, where conduction blocks and
pareses have been described after intraneural injection (10), high
local concentrations of abs, as induced by intraneural injection, did
not seem to be sufficient to access the paranodes in cases with anti-
NF155 and anti-pan-NF. For these antibodies, no binding to the
paranodes was observed in teased sciatic nerve fibers of animals that
were intraneurally injected. In contrast to intrathecal injection, no
binding to the nodes was detectable after intraneural injection of
anti-NF155 and only weak nodal binding of anti-pan-NF, but
without clinical effects. As anti-pan-NF abs were of the IgG3
subclass, lack of complement may account for the absence of an
effect on nerve conduction. However, in a recent study with anti-
CNTNI abs, complement deposition and conduction blocks could
be detected, also without the addition of human complement (10).

Frontiers in Immunology

Upon intrathecal injection, we found clear differences between
anti-NF155 and anti-CNTNI abs: Similar to a recent study (9),
motor symptoms were induced by anti-NF155 and distinct
binding to the nodes but only weak and incomplete binding to
the paranodes was observed. These results indicate that
continuous exposure to anti-NF155 abs - in contrast to anti-
CNTNI1 where focally high concentrations seem to be effective - is
required to induce clinical symptoms. Devaux and colleagues
proposed impairment of the protein turnover by binding to
NF155 that is expressed at the nodal Schwann cell surfaces as a
potential pathogenic mechanism in anti-NF155 associated
neuropathy, concordant with the necessity of continuous
exposure to abs (8). Indeed, this may also explain the findings
of our study, since we could not find evidence supporting other
explanations like binding to the spinal cord or dorsal root ganglia.
However, symptoms occurred after one to two days of injection,
which would be early for such a mechanism. Another explanation
for differences between intraneural and intrathecal injection may
be a higher vulnerability of nerve roots compared to peripheral
nerves like the sciatic nerve. As nerve roots originate at the
transition between central and peripheral nervous system, the
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the density of nodes may be increased and alterations of the
ultrastructure may occur (24, 25) and thus, the myelin barrier may
be easier to penetrate. Remarkably, polyradiculitis is a prominent
feature in patients with anti-NF155 abs as demonstrated by MRI
studies (26). However, we could not measure any loss of F waves as
a potential correlate of conduction block of ventral roots. An
explanation may be that the intrathecal catheters end at L3/L4 and
other nerve roots that contribute to the sciatic nerve (L4-L6) are
not sufficiently affected. Morphological analysis of nerve roots did
not reveal any obvious damage to the nodes. Quantitative
assessment found a mild decrease of hemiparanodal length in
animals injected with anti-NF155 IgG that may be explained by a
slightly decreased expression of NF155 at the paranodes, mostly
affecting the marginal area of the hemiparanodes. In contrast to
the recent study by Manso and colleagues (9), our animals did not
only show motor but also sensory symptoms. This is in line with
the clinical picture of the patients and is supported by binding of
patient IgG to ventral as well as dorsal nerve roots and decreased
paranodal length in ventral and dorsal nerve roots. Different
autoantibody titers and/or epitopes may explain these differences.
Due to the rareness of the disease and the complexity of the
experiments, only a small number of patients can be tested in
passive transfer experiments and samples of different patients were
used for intraneural and intrathecal injection of anti-NF155.
Interindividual differences of epitopes, autoantibody affinity and
titers therefore need to be taken into account when interpreting
results. Another limitation are different titers of abs that may reduce
the comparability between different patients and the limited number
of patients. Another barrier that may contribute to the accessibility of
autoantibodies to nerve fibers is the blood nerve barrier that needs to
be addressed in future studies using systemic administration
of autoantibodies.

Frontiers in Immunology

In summary, our data demonstrate different capabilities of
paranodal abs to access their targets and support the notion of
different pathogenic mechanisms of anti-CNTN1 and anti-NF155
abs, but also indicate interindividual differences of abs targeting the
same protein that may explain different courses of disease and
should be addressed in future studies.
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