Kaida & Kusunoki

Nerve injury associated with complement activation

Pathological studies using human nerve specimens have indi-
cated that complement activation in the nerve membrane is a
key process causing nerve damage in GBS [7-10]. Recent in vitro
and ex vivo research on antiganglioside antibodies indicates
that complement activation through the classical pathway is
essential for pathogenesis of GBS and its variants {11]. In mouse
hemi-diaphragma preparations, anti-GQ1b-positive sera showed
o-latrotoxin-like effects that increase the frequency of sponta-
neous release of acetylcholine (ACh) followed by block of elic-
ited ACh release 12). When normal human serum was used as
a source of complement, monoclonal anti-GQlb IgM antibody
also demonstrated similar effects at motor nerve terminals
through complement activation, accompanied by considerable
deposits of IgM and C3c at nerve terminals [15. The hypothesis
that such nerve injury is induced through complement activa-
tion by antiganglioside antibodies is supported by the facr that
the IgG subclass of serum anti-GQlb antibodies from Fisher

syndrome (FS) patients is [gG3 or IgG1 that has the ability
to fix complemenc [14]. The complement system is known to
be activated via three pathways: classical, lectin and alternative
pathways (Feurz 1). The classical pathway is initiated by binding
of the multimeric collectin, Clq, to Fe portions of immunoglob-
ulin (antibody complexes) bound to the surface antigens in the
membrane, followed by the formation of the C3 convertases,
C4bC2a and hydrolyzed-C3(C3w)Bb and, finally, leading o
the formation of the membrane-atrack complex (MAC; C5b-9),
opsonization and phagocytosis. The lectin pathway originartes
by binding of mannose-binding lectin to terminal mannose on
bacterial surfaces, followed by the formation of C3 convertase
C4bC2a or by the C2 bypass pathway directly producing C3b
from C3. The alternative pathway constantly acrivates at a low
level complement cascade resulting in spontaneous hydrolysis
of C3 into C3w. This pathway can be amplified easily by vari-
ous reactions such as the invasion of pathogens. Recent well-
conceived studies by Willison's group demonstrated that the

Figure 1. Activation and regulation of the complement system. Shows the potential complement-mediated mechanisms of nerve
injury in Guillain-Barré syndrome and its variants. The Lectin pathway can be activated by pathogens of antecedent infection.

Anti-ga. Ab: Antiganglioside antibody; MAC: Membrane attack complex; MBL: Mannose-binding lectin; MASP: MBL-associated

serine protease.
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classical pathway activation with MAC formation is prevailing
in the pathophysiology of an experimental mode! of GBS or
ES (15.16]. In their in vitro and in vive studics using C6-deficient
mice and sera, monoclonal anti-GQ1b IgM antibody did not
induce the formation of MAC and increase in MEPP frequency
at nerve terminals. In the case of CDD59-deficient {CD597) mice,
which cannot inhibit the formation of MAC, deposits of MAC
and damage of perisynaptic Schwann cells and neruofilaments at
nerve terminals were more frequently observed than in CD59+/
mice [i15}. In a similar experiment using Ca*'-free Ringer, the
formation of MAC and loss of neurofilament at nerve terminals
were strongly inhibited. This result suggests the predominance
of the classical pathway in the aforementioned animal model
because the classical pathway is Ca** dependent and the alterna-
tive pathway is Ca** independent, although there is a possibility
that the lectin pathway works together {15).

Disruption of voltage-gated sodium channel clusters

at nodes

Immunomodulatory treatments such as plasma exchange (PE)
and intravenous administration of immunoglobulin (IVIg) have
been developed and utilized in GBS patients, showing a great
advanrage in that they shorten the period of the inability to
walk and improve the prognosis of the disorder. The prompt
recovery of clinical features after the immunomodulatory treat-
ments, over hours to days, has often been experienced, indicating
that reversible conduction failure or functional block without
pathological changes of axon and myelin underlies such prompt
recovery of nerve dysfunction, The reversible conduction failure
can be induced in acute motor axonal neuropathy (AMAN) that
is thought to cause primary axonal damage 1718). Impairment
of some functional molecule on the nerve membrane is likely
to cause the reversible conduction failure or functional block
without structural destruction of nerve components. The most
potent molecules are ion channels associated with generation of
muscle action potentials, especially voltage-gated sodium chan-
nels (Nav) that are located and clustered at high densities on
the axonal membrane at the nodes of Ranvier. Some studies
have indicated that dysfunction of Nav is one of the primary
pathophysiological mechanism in GBS (19-211. In a recent study
on axonal excitability in AMAN patients with IgG antibody
to GM1, GM1b or GalNAc-GDIla, marked refractoriness (the
increase in threshold current during the relative refractory
period) was found with a rapid normalization and associated
with a recovery of compound muscle action potentials, suggest-
ing that dysfunction of Nav at the nodes of Ranvier is a pri-
mary cause of reversible conduction failure in GBS {22". Transient
blockade of Nav can induce conduction slowing or conduction
block and be accompanied by a rapid recovery to normalization
within days, as seen in poisoning by the Nav-blocking toxins,
saxitoxin and tetrodotoxin {23241, Such high refractoriness was
not seen in acute influnmatory demyelinating polyneuropathy
(AIDP) patients without antiganglioside antibodies [221. GM1-
like epitopes and GalNAc-GDla are thought to be located in
high density at the nodes of Ranvier in motor nerves where Nav

clusters are present {25-27). Antibody—antigen interaction on
the axonal membrane at nodes of Ranvier may induce direct
or indirect alteration of regulatory function of Nav. Anti-GM]1
antibodies have been shown to induce blockade of Nav at nodes
of Ranvier in a complement-mediated manner (19-21,281, although
some studies could not confirm anti-GM1 antibody-mediated
conduction block or blockade of Nav [29,30.

In the rabbit AMAN model immunized by a bovine brain
ganglioside mixture including GM1, reversible dysfunction of
Nav with structural changes of the nodes is demonstrated 31].
Lengthened nodes of the ventral roots, disruption of Nav clusters
at the nodes, and complement-mediated impairment of paran-
odal axoglial junctions, nodal cytoskeleton and Schwann cell
microvilli are observed in the anti-GM1-positive rabbit model,
improving gradually at the late recovery phase (31]. The anti-GM1
monoclonal antibody and the cholera toxin-B subunit stained
the membranes of the affected axons in motor nerves of the rab-
bit, accompanied by deposition of IgG and complement C3. A
recent experiment using B1,4-N-acetylgalactosaminyltransterase
(GalNAc-T; GM2/GD2 synthase)-knockout (GalNACT') or
wild-type mice have shown that GM1 is enriched in the lipid-
raft fraction at paranodes and that GM1 plays a role in main-
taining the paranodal architecture and clusters of Nav (32). It
is inferred from these findings that the Nav at the nodes of
Ranvier in motor nerves is linked to GM1 and that anti-GM1
antibodies may directly cause dysfunction of Nav at the nodes.
Taken together, antiganglioside antibody-mediated dysfunction
of Nav may be a principal pathogenesis in GBS, especially in
AMAN, although other factors such as IL-2 should be consid-
ered [33]. In GBS patients demonstrating prompt recovery after
immunomodulatory therapies, functional block of Nav without
structural destruction of nodes may be a primary mechanism
of limb weakness.

Involvement of calcium ion channels in the
pathogenesis of GBS

Some studies have suggested that dysfunction of ion channels
other than Nav is involved in the pathophysiology of GBS.
GalNAc-GDla, a minor ganglioside in the human brain and
peripheral nerves, is a target molecule for serum antibodies
in GBS, particularly in a pure motor variant {34-37]. IgG anti-
GalNAc-GDla antibodies from GBS patients or rabbits immu-
nized with GalNAc-GDla caused complement-independent
presynaptic inhibition of ACh release at the neuromuscular
junction in rat muscle~spinal cord cocultured cells (331 The
sera from rabbits immunized with GalNAc-GDl1a reversibly
inhibited voltage-gared Ca channel currents of PC12 pheochro-
mocytoma cells {39, These Andings suggest that che IgG and-
GalNAc-GDIa antibody blocks neurotransmitter release by its
presynaptic inhibitory effect of voltage-gated Ca channel cur-
rencs through its binding to motor nerve terminals, Sera from
AMAN patients with IgG antibodies to GM1, GalNAc-GD1a or
GDlaalso blocked the Cav2.1 voltage-gated Ca channel current
in cerebellar Purkinje cells, but those from AIDP patients did
not {+0]. Considering that synaptic transmitter release is regulated
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by entiy of Ca?* via voltage-gated Ca channels at the presynaptic
membiane, the possibility exists that antibodies to gangliosides
such as GM1 or GalNAc-GD1a block sponitaneous muscle action
potentials at the neuromuscular junction through impairment
of the voltage-gated Ca channel.

In ex vive experiments using mouse hemidiaphragmas, dnti-
GMI or anti-GDla monoclonal antibodies induce a decrease
in presynaptic transmitter release ini-a complementindepend-
ent manner through antibody-antigen interaction in the pre-
synaptic membrane of motor nerves, probably because depo-
latization-induced calcruni infux s inhibiced (411, Furthermore,
in 21 vitro experiments using cultured olfactory bulb neurons
that express P/Q-type Ca channels, these monoclonal antibod-
ies reduced depolatization-induced calcium influx, which was
complement-independent [411. These observations indicate that
the complement independent functional blockade of motor
nerve terminals by antibodies to GM1 or GDla can explain
limb weakness in AMAN. Considering that the blood—nerve
barrier is absent and gangliosides are abundant at presynaptic
membranes in the neuro-muscular junction, the presynaptic
membranes are likely to be susceptible to antiganglioside anti-
body attack (22},

Thus, the functional blockade of voltage-gated Ca channels
at the presynaptic membrane can be the alternative patho-
physio-logy in GBS. Neuromuscular transmission failure,
however, has never been confirmed by clinical electrophysio-
logical tests in GBS patients with antibodies to GM1, GDla
or GalNAc-GDla,

Ganglioside complexes as target antigens in GBS

& its variants

Thereis no question as to the importance of routine measurement
for serum antiganglioside antibodies in GBS and its variants. The
measurement. has generally been done using ELISA system..To
exactly detect serum antibodies, we use purificd single antigens

Figure 2. Thin Iayer chromatography (TLO) study (A) TLC bands are visualized with
orcinol reagent. (B) TLC immunostaining study reveals that the overlapping portion
between GD1a and GD1b is strongly stained (arrow). Serum is diluted to 1:100.

as test antigens and must avoid: contamination of the antigens.
Antiganglioside antibody negative has meant so far that the sera
have no antibodies to single ganglioside antigens.

Recently, we detected in some GBS'and FS seralgG antibodies
to a ganglioside complex (GSC) consisting of two different gan-
gliosides [43,44]. IgG antibodies to the GD1a~GD1b complex
(GP1a/GD1b) were identified in eight out of 100 patients with
GBS, and their sera showed sharp and strong immunostaining in
the overlapping portion of GD1a and GD1b on a thin-layer chro-
matographic plate (Fieure 2) [431. The anti-GSC antibody-positive
sera-have little or no reactivity with each constituent ganglioside,
but'a strong one with a mixture of the two gangliosideés in a
well of-an ELISA plate. This indicates that novel glycoepitopes
are formed in the GSC and may function as target molecules
in antibody-mediated events. The antibody activity to GDla/
GD1b became maximal when the mixture consisted of an equal
amount of GD1la and GD1b. Thus, we cannot state now that
sera are antiganglioside antibody negative before antibodies to
various GSCs are examined. In a larger population of GBS, 39
out of 234 patients (17%) had IgG antibodies to GSCs consist-
ing of two of the four major ganglio-series gangliosides, GM1,
GD1a, GDI1b and GT1b . Patients with anti-GD1a/GD1b or
anti-GD1b/GT1b antibodies are significantly predisposed o
severe disability 145, Most of anti-GD1a/GD1b- or anti-GD1b/
GT1b-positive sera react with GM1/GD1la and GM1/GT1b,
indicating that these sera are more multivalent than the anti-
bodies reacting only with GM1/GD1a or GM1/GT]1b, or with
single ganglioside antigen.

In ES, characterized by a clinical triad of ophthalmoplegia,
ataxia and areflexia, a ganglioside GQ1b is considered to be
a prime antigen {46.47]. We detected IgG antibodies to GSCs
containing GQIb or GTla, such as Gle/GMl and GQl1b/
GD1a, in half of FS patients [44.48. FS-associated antibodies
are probably subdivided into three types based on antibody

5pcc1ﬁuty Gle specific, GQ1b/GM1-rcactive and GQ1b/

GDla-reactive [44}. Such antibody specifi-
city appears to be regulaced by conforma-
tion of terminal residues containing sialic
acids (FIGURE 3). That iS, anti—Gle/GMl—
reactive sera react with a combination
of (GalB1-3GalNAc) and (NeuAco2—-8
NeuAco2-3GalB1-3GalNAc) in the ter-
minal residues of ganglio-/V-tetraose struc-
tures, and anti-GQ1b/GD1la-reactive sera
react with a combination of (NeuAco2-
3GalB1-3GalNAc) and (NeuAcw2-8
NeuAco2-3GalB1-3GalNAc) in the
terminal residues {44.48). A proportion
of GBS patients also have IgG antibod-
ies to GSCs containing GQ1b or GT1a,
and such anti-GSC antibodies are highly
associated with development of ophthal-
moplegia in GBS {s8). Both FS patients
with and without the anti-GSC antibodies
demonstrated the clinical triad, suggesting
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the possibility that same glycoepitopes are recognized by GQ1b-
specific, GQlb/GMI-reactive, or GQ1b/GDla-reactive anti-
body, or that each target molecules are in the vicinity on the
nerve membrane. In view of the clustering of gangliosides in
the biological membrane, GSCs containing GQI1b appear to
be preferential antigens in some cases (Ricure 4). As a matter of
course, GQ1b must be a key molecule in the immunobiology
of FS, and anti-GQlb IgG antibody remains in place as an
excellent diagnostic marker of FS.

The mechanism of anti-GSC antibody-mediated nerve injury
remains to be elucidated, although a complement-mediated
mechanism is speculated as seen in ex vivo or in vitro experi-
ments using anti-GQ1b antibody. Ganglioside complexes may
be preferentially formed in clustered glycoepitopes in the micro-
domains, such as lipid rafts or glycosynapses in nerve cell mem-
branes, and anti-GSC antibodies may directly cause dysfunction
of nerve cells through binding of anti-GSC antibodies to GSCs
in the microdomains. Furthermore, tight binding between such
multi-valent anti-GSC antibodies and clustered glycoepitopes
may correlate with a predisposition to a severe form of the
disease. Alternatively, anti-GSC antibodies may promote the
breakdown of the blood-nerve barrier by binding to clustered
glycoepitopes in various ligands on the membranes of vascular
endothelial cells {49,50]. It has been inferred that ligands of adhe-
sion molecules, such as selectins, comprise diverse and complex
glycoconjugates, called clustered saccharide patches, in which
oligosaccharides are packed closely together to form rigid rod-
like structures with muldivalency and strice binding specificicy
{51,521, The discovery of anti-GSC antibodies in GBS serum sug-
gests that clustered oligosaccharides on the plasma membrane
are actually involved in immune-mediated events. As described
in the latest research, clustered glycoepitopes of GSCs in the cell
membrane may function in a more effective manner than a solo
glycoepitope of isolated ganglioside [s3/.

Recently, a GSC consisting of GM1 and GalNAc-GD1a (GM1/
GalNAc-GDla) has been reported as a target antigen for pure
motor variant of GBS (s4). Electrophysiological findings of the
anti-GM1/GalNAc-GDla-positive patients featured early con-
duction block at intermediate nerve segments of motor nerves.
Serial netve conduction studies show rapid recovery of the con-
duction block and no findings indicative of remyelination or
axonal degeneration. Hence, the conduction block is thought to
be a reversible conduction failure on the axolemma and originates
from impairment of axonal membrane properties at the nodes of
Ranvier {t754]. GM1 and GalNAc-GDla may aggregate and form
GM1/GalNAc-GD1a in the motor axonal membrane at nodes,
since GM1-like epitopes and GalNA¢-GDla locate on the axo-
lemma at nodes of the motor nerves [26.27]. In view of the dense
cluster of of Nav in the axolemma at the nodes, the anti-GM1/
GalNAc-GDla antibody is likely to bind GM1/GalNAc-GDla at
the nodes and cause reversible conduction block through altera-
tion of the regulatory function of Nav. Further investigation will
clarify whether anti-GM1/GalNAc-GD1a antibody induces con-
duction block through complement activation, direct breakdown
of Nav function, or both.

&, Sialic acid |

&) Galactose
N-acetylgalactosamine

{_; Glucose

Figure 3. Carbohydrate structures of GQ1b, GM1, and
GD1a. The rectangle with solid lines indicates a putative
antigenic epitope for anti-GQ1b/GM1 antibody, and the one with
dotted lines for anti-GQ1b/GD1a antibody.

GM1, GalNAc-GDla and Nav may assemble in the micro-
domain on the axolemma at nodes of Ranvier. Thus, examina-
tion of anti-GSC antibodies may increase the spectrum of anti-
ganglioside antibodies in GBS and its variants, enhancing cheir
value as diagnostic markers and promoting further understanding
of the pathophysiology underlying antiganglioside antibody-medi-
ated nerve dysfunction. The concept of GSCs will shed light on
microdomain function mediated by carbohydrate-to-carbohydrate
interaction in the cell membrane.

Antibody avidity & glycolipid environment

The pathological effect of antiganglioside antibodies does not
evenly reach peripheral nerves. Diversity in ganglioside expres-
sion in the PNS can influence development of the symproma-
tology of GBS with antiganglioside antibodies {6.55), and GBS
is subdivided into some clinical phenotypes, each of which is
probably associated with specific antiganglioside antibodies [s3).

www.expert-reviews.com
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The 1gG anti-GQ1b antibody is well known to be an excel-
lent diagnostic marker of FS and have a pathogenetic potential
for development of FS [1146.i7. On the other hand, there are
multiple reports showing close association of IgG anti-GD1b
antibody with ataxia in GBS and experiments using rabbits
sensitized with GD1b also indicate char IgG GDlh-specific
antibodies can induce ataxic neuropathy [(s657). Only half of
GBS patients with IgG anti-GD1b antibody, however, dem-
onstrated ataxia in GBS in a larger population of subjects [s31.
Considering that different gangliosides can form clusters in
living cell membranes [59] and clustered gangliosides such as
GSCs are actually involved in antibody-mediated events {43.44],
anti-GD1b antibodies may bind to a part of epitopes in the
GSCs containing GD1b and differential specificity of the anti-
GDI1b antibodies may account for the clinical diversity. This
hypothesis prompted us to investigate the activities of the anti-
GD1b IgG-positive sera against GSCs containing GD1b {sn]. We
compared antibody activities to GSCs containing GDI1b with
use of anti-GD1b antibody-positive sera from GBS patients with
or without araxia, demonstrating that anti-GD1b activities to
GDI1b in sera from patients with ataxia were significantly inhib-
ited by the addition of gangliosides with two or more sialic acids
to GD1b. The addition of GD1a to GD1b completely inhibited
the binding activity of anti-GD1b antibody to GD1b, suggest-
ing thart target epitopes of GDIb can be masked or modified
by colocalization of GDla. These findings indicate that [gG
antibodies highly specific for GD1b induce ataxia in GBS and
that colocalizacion of another ganglioside and GDIb may influ-
ence the accessibility of the anti-GD1b antibodies (Ficure 5) (50}
Finally, the sugar chain of gangliosides may cis-interact in the
microdomains of the biological membrane and modify the

14 Target
é antigen

Figure 4, Putative target antigens for autoantibodies in Fisher syndrome. The
lower right iltustration shows a closeup of the antigenic molecules in the biological
membrane. The target antigens are thought to be localized on presynaptic axolemma,
perisynaptic Schwann cells, paranodal myelin in oculomotor, trochlear, and abducens
nerves, and a subset of large dorsal root ganglion cells. Small balls at neuromuscular
junction indicate acetylcholine released from presynaptic axonal membrane.

conformation of the glycoepitopes. Such complex glycolipid
environments in the cell membrane may affect accessibility and
avidity of antiganglioside antibodies against target gangliosides.
Regarding IgG anti-GM1 antibodies highly involved in devel-
opment of pure motor GBS, a recent study using GalNACT"
and GD3 synchase-deficient (GD3s7) mice demonstrated also
that the local glycolipid environment in the cell membrane is
critical for the exertion of the pathogenetic effect of antigan-
glioside antibodies (61]. The binding ability of the pathogenetic
anti-GM1 antibody to GM1-like epitopes is dependent upon
what gangliosides neighbor upon GM1 in the cell membrane
and whether GM1-like epitopes are unmasked. Such study has
drawn the conclusion that ganglioside interaction may either
enable or inhibit antibody binding to the neuronal membrane
or be neutral (611. Thus, to understand the pathogenetic role of
antiganglioside antibodies, we should bear in mind that the
neuropathic action of antiganglioside antibodies is dependent
not only upon the fine specificity of individual antibodies buc
also upon the conformarional diversity of glycoepitopes in gly-
colipid environments in the biological membrane. GSC anti-
gens can be useful tools for assay of antiganglioside antibody
activities against the conformational diversity of the clustered
gangliosides in the cell membrane.

Putative targets for AIDP

Acute inflammatory demyelinating polyneuropathy is the most
prevalent form of GBS in Western countries, the frequency
of which is approximately 90% of total GBS (62]. In addition
to cellular immune response associated with activated helper
T cells, humoral immune response involved with surface anti-
gens of Schwann cells has been speculated {7.62]. Some glycolip-
ids such as GD1b, LM1 or galactocerebro-
side have been proposed as target antigens
of AIDP [58.635-671. Experimental allergic
neuritis (EAN) induced by inoculation of
peripheral myelin protein such as PO or P2
has been considered as an animal model
of AIDP. The predominant pathology of
the EAN shows infiltration of T cells and
macrophages and demyelination, simi-
lar to the histopathology of AIDP [z6s.
Indeed, sera from patients with AIDP
often show antibodies to various periph-
eral nerve myelin, but it is not clear how
the antibodies are involved with thr patho-
physiology of AIDP (e9-71}. The mechanism
of conduction failure and demyelination in
AIDP has also not been well understood.
The disruption of Nav channel clusters at
nodes is observed in spinal roots of EAN
rats immunized with peripheral myelin,
although the mechanism of the disruption
was not elucidated {721, A recent study by
Lonigro and Devaux shed light on the dis-
ruption of Nav channel clusters at nodes
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Table 1. Novel therapeutics for Guillain—Barré syndrome and its
variants in preclinical development.

APT070 (Mirococept) Truncated sCRT with a membrane-
localizing peptide
Inhibition of C3/C5 convertase

Mouse model of
anti-GQ1b-positive
neuropathy

dependent upon complement activation
or independent. Clinical, electrophysi-
ological and immunobiological studies
with a large population of AIDP patients
will be required to select more effective
treatments or to develop a new regimen.

g

Eculizumab Humanized monoclonal antibody Mouse model of is0;  New therapeutic strategy for
against C5 anti-GQ1b-positive GBS &FS
Blocking of the formation of C5a neuropathy Specific immunomodulatory therapies
and C5b-9 such as [VIg and PE have hitherto been
rEV576 Recombinant form of a complement  Rat model of 8384} established in GBS (74]. Plasmapheresis,
inhibitory protein derived from the  myasthenia gravis such as immunoadsorption with tryp-
saliva of the soft tick Mouse model of tophanyl ligands or double membrane
Specif{c prevention of the conversion anti-GQ1b-positive fleration. is often utilized as an alrer-
of C5into C5a and C5b neuropathy native to PE (73], although a large rand-
Nafamostat mesilate Synthetic serine protease inhibitor Rabbit model of # omized trial for the efficacy has not yet
Inhibition of C1r and C1s, leading to - AMAN been executed. Some clinical trials have

inhibition of C3 fragment deposition

Flecainide Sodium: channel (Nav 1.5)
blocking agent
Axonal protection; reduction of
axonal degeneration

sCR1 Complement regulatory protein

Protection of netves from early
axonal degeneration after injury

AIDP: Acute inflammatory demyelinating polyneuropathy; AMAN: Acute motor axonal neuropathy;

sCR1: Soluble complement receptor 1.

and demyelination in EAN; a model of AIDP (73}. In EAN rats
induced by inoculation of crude peripheral myelin, disruption
of Nav channel clusters at nodes were found in parallel with
the clinical signs, with dispersion of Kv1 channels at nodes and
paranodes (73], Neurofascin 186, a neuronal protein exposed on
the surface of axon, and gliomedin, a myelin protein exposed
on Schwann cell microvilli, were broken down prior to Nav
channel dispersion and demyelination. The early breakdown of
neurofascin and gliomedin, which are involved with aggregation
of Nav channels at nodes, was followed by the node alteration.
Interestingly, antibodies to neurofascin and gliomedin were
found in sera from the EAN rats, and associated with degrada-
tion of axo—glial units and node alteration. A series of the patho-
logical events at the node were independent from complerent
deposition, suggesting that antineurofascin and antigliomedin
antibodies directly induce the node disorganization without
complement activation. EAN rats immunized with synthetic
P2 peptide showed little nodal changes and no antibodies to
neurofascin and gliomedin with pathology of inflammatory
demyelination, indicating that mechanism in EAN induced
by immunization of P2 is different from that of EAN by crude
peripheral myelin (73]. Thus, the pathophysiology of AIDP are
heterogeneous, and humoral factors such as antibodies to neu-
rofascin and gliomedin may also play a crucial role in the patho-
genesis of a part of AIDP. From the aspect of treatment, it will
he beneficial to know whether the predominant mechanism in
a patient with AIDP is humoral or a cellular immune response,

Rat model of AIDP

Rat model of nerve
crush injury

demonstrated ineffectiveness of cortico-
steroid in GBS, which might be associ-
ated with inhibitory effects of corticoster-
oids against macrophage repair processes
in demyelination {74}, and intravenous
methylprednisolone (IVMP) therapy exe-
cuted together with I'VIg had no signifi-
cant benefit for improvement of disability
compared with IVIg alone {76, IVIg plus
IVMP may be worthy of reconsideration,
because IVIg plus IVMP yielded a better improvement of dis-
ability than IVIgalone (p = 0.06) {76). Furthermore, adjustment
for age and degree of disability at entry revealed superiority of
a combination of IVIg and IVMP (p = 0.03) {76}. Such com-
bination therapy might be worthy in a particuldr subgroup of
GBS patients, such as ventilated patients ot patients with the
severe axonal form.

Ongoing studies on complement-mediated pathophysiology
in. GBS enable us to challenge novel therapeutic strategies [11]
(Tasce 1. Various complement-targeted drugs are prepared. for
practical'use in many diseases involved in complement acti-
vation [77]. A therapeutic inhibitor of complement activation,
APTO070 (Mirococept, Inflazyme Pharmaceutcicals, British
Columbia, Canada) contains the C3/C5 convertase inhibiting
region of complement feceptor 1 and a membrane-localizing
peptide. [n vitfo and in vivo studies using mouse models of
ES demonstrated that APT070 thorcughly prevented MAC
(C5b-9) formation and had a neuroprotective effect at the nerve
tetminal (161, The humanized monoclonal antibody against
complement component C5, eculizumab (Soliris; Alexion
Pharmaceuticals Inc., Cheshire, CT, USA), which blocks the
formation of human C5a and C5b-9, is the first complement-
specific drug authorized by the US FDA, and now applied to
treatment of paroxysmal nocturnal hemoglobinuria [78.79]. As
with Mirococept, eculizamab also showed neuroprotective
potency at motor nerve terminals in a novel mouse model of
FS (s0). Intraperitoneal administration of monoclonal anti-GQ1b

{86]

{89}
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Table 2. The target sites of antiganglioside a

injuty 1841; Electrophysiological and func-
tional assays revealed the dramaric efficacy
of tEVS576. This novel agent raises hopes
for better-than-expected improvements
in the treatment of a subset of GBS and
FS in which complement activation plays
a pathogenetic role. tEV576 that specifi-
cally blocks the C5 activation step isa more
attractive agent in’'that C3b opsenization
of pathogens and immune complex solubi-
lization are unaffected by its complement-

Axonal membrane at GM1 125.26.31}
nodes of Ranvier GalNAc-GD1a 127
Presynaptic axonal GM1 il
membrane GD1a i
No (ol
GalNAc-GD1a No
GQ1b Yes [11-13,16)
Perisynaptic Schwann Disialosyl epitope ?
cell (e.g., GQ1b, GD1b)
Paranodal myelin GD1b ?
Paranodal myelin in GQ1b ? [47)
oculomotor, trochlear,
abducens nerves
Subset of large cells GD1b ? (apoptosis) [56.87)
GQ1b ? [v3°

antibody and normal human serum as a complement source
induced respiratory paralysis and destruction of nerve termi-
nals in the mouse diaphragm through complement activation.
Intravenous eculizumab injection prevented the respiratory
paralysis and the complement-mediated nerve injury, which
were confirmed immunohistochemically, electrophysiologi-
cally and functionally (se). These results will provide promis-
ing therapeutic strategies, but we need take into account some
problems. First, it appears to be impossible to administer eculi-
zumab before or at the same time anti-GQIb antibody attacks
peripheral nerves in order to maximize the cfficacy. The late
administration of eculizumab may fail to inhibit nerve injury
that has already begun to progress through complement activa-
tion. Second, normal human serum is required as a source of
complement in the mouse model of FS. The reason why mouse
complement system is not activated by mouse monoclonal anti-
GQ1b antibody has not yet been elucidated 111.50]. Considering
that it has already been administered to patients with paroxys-
mal nocturnal hemoglobinuria, a clinical trial of eculizumab
will be planned also in GBS and ES patients in near future.
rEV576 is a recombinant form of a complement inhibitory
protein identified from the saliva of che soft tick Ornithodaros
moubata, and inhibits both the classic and the alternative path-
ways through specific prevention of the conversion of mouse and
human CS into C5a and C5b [s11. Recent reports have described
thar rEV576 has therapeutic efficacy in animal models of nryasthe-
nia gravis in which the terminal stage of complement pathway has
been demonstrated to play a key role in pathophysiology (52,831, In
an in vitro mouse model of FS using monoclonal anti-GQ1b anti-
body, tEV576 completely prevented the formarion of MAC and

protected motor nerve terminals from antibody-mediated nerve

381 inhibitory ability.
In a rabbit model of AMAN with anti-
yisi - GMI antibodies, a complement inhibitory
agent has been shown to inhibit comple-
63y  mentdeposition and complement-mediated
disruption of Nav at the nodes of Ranvier
in peripheral motor nerves (3s}. A synthetic
serine protease inhibitor, Nafamostat mesi-
late (6-amidino-2-naphtyl-p-guanidino-
benzoate dimethanesulfonate), which has
been used for acute pancreatitis and dis-
seminated intravenous coagulation, has
the complement inhibitory effect and pre-
vents sodium channel disruption in the rabbit model of AMAN
(ss5. Nafamostat mesilate has often been used for plasmapheresis
instead of heparin in Japan, and administered for patients with
GBS when they experience plasmapheresis. Such combination of
Nafamostat mesilate and plasmapheresis might be more beneficial
than plasmapheresis alone. This agent may be a potent candidate
for complement inhibitory therapy in light of its affordable price
and easy administration.

A sodium channel-blocking agent, Flecainide, which works by
blocking the voltage-gated sodium channel Navl.5 in the heart,
has been reported to have an effect on axonal protection in EAN
rats sensitized with bovine peripheral myelin 1. Flecainide amel-
iorates the neurological deficits, electrophysiological findings indi-
cating demyelination and axonal loss, and axonal damage in tibial
nerve fibers in the rat model of AIDP, although the mechanism
of its axonal protection has been obscure (86). This agent may
improve the outcome of GBS and its variants, especially AIDP,
by protecting the axonal damage.

Expert commentary

Growing evidence supports the importance of complement activa-
tion in the pathophysiology of GBS and FS and the neuroprotective
effect of complement inhibitory agents, and encourage us to chal-
lenge clinical trials of the agents, although some issues of actual
use remain to be solved. As is the case of IVIg and PE, its use in
the carly stage of the disorders should be more beneficial and criti-
cal. In the clinical scene, however, complement system has already
been activated and nerve injury has progressed to some extent
when patients with GBS and FS visit hospitals a few days after
the onset of the neurological symptoms. It is unknown whether
such late administration of the complement inhibitory agents
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Figure 5. Putative antigen-antibody interaction hetween GD1b-specific
antibody and ganglioside complexes containing GD1b in the nerve cell
membrane. In (A), GD1b and GM1 co-localize and cdis-interact together in the
mernbrane. The GD1h-specific antibady can easily access antigenic epitopes of GDtb in
the GD1b-GM1 complex. In (B) membrane, GD1b and GD1a co-localize and cis-interact
together in the membrane. The GD1b-specific antibody can hardly access the antigenic

epitopes of GD1b in the GD1b-GD1a complex.

improves the disability and the outcome significandy. Considering
that 1VIg and PE are more effective if conducted within 2 weeks
after the onset of the diseases, the complement inhibitory agents
appear to have a potency to limit nerve injury until pathogenetic
autoantibodies disappear from the patient’s serum. Furthermore,
in addition to cost—effectiveness, when or how to administer the
complement inhibitory agents should be carefully determined in
the practical use, because GBS isa monophasic disorder different
from chronic relapsing complement-mediated diseases tor which
complement inhibitory agents are considered.

The pathophysiology of GBS appears to be heterogeneous. A
recent study using a rabbit model of anti-GD1b antibody-associ-
ated sensory ataxic neuropathy demonstrated that an apoprotic
mechanism is predominant in the pathophysiclogy of the rabbit
model js71. This suggests that the activation of apoptotic cascade
plays a key role in development of anti-GD1b-positive GBS with
ataxia, and the complement inhibition may exert lictle efficacy
of nerve protection in the disorder. The efficacy of the comple-
ment inhibition has been shown exclusively in a rabbit model
of AMAN or a mouse model of FS in which target antigens
such as GM1 or GQ1b are shown to be located on the axonal
membrane of motor nerves {11,835, Cellular immune response to
myelin antigens, including macrophage activation, can be an
alternative mechanism in AIDP, in addition to the complement
activation and the formation of the MAC in peripheral nerves
(62}, Complement inhibition may be more effective in AIDP in
which complement-mediated pathophysiology is predominant.
The therapeutic strategy of GBS and its variants should depend
on the individual immunobiological mechanism; whether the
activation of complement system is predominant or not as well as
whether the disorders are electrophysiologically AIDP or AMAN.

Besides blockade of antibody-mediated complement activation,
complement inhibition has the therapeutic potential to rescue axons
from Wallerian degeneration in impaired nerves. Acure peripheral

& Galactose &, Slalicacld .

nerve injury can activate the classical pathway
of the complement system and induce the for-
mation of the MAC, which is essential for
the early events of axonal degradation during
Wallerian degeneration [ss1. Moreover, com-
plement inhibition can suppress the recruit-
ment and activation of macrophages (ss).
Complement inhibition by soluble comple-
ment receptor 1, an inhibitor of all comple-
ment pathways, can shield peripheral nerves
from early axonal loss [89]. These observations
indicate that complement inhibition has
a therapeutic potency to directly preclude
axonal damage and indirectly inhibit macro-
phage accumulation in impaired nerves after
acute netve injury, leading to an improved
outcome of GBS, Thus, we can expect the
protective effect of the complement inhibi-
tory agents against primary or secondary
axonal damage in autoimmune neuropathy,
although it may be supplemental.

As with of GBS patients demonstrating rapid recovery after
immunomodulatory therapies, reversible conduction failure with
little pathological changes of nerve structure may cause limb
weakness., Antibody-mediated dysfunction of Nav in the axonal
membrane at the nodes of Ranvier is probably a cause of the func-
tional block without pathological changes. Interaction berween
gangliosides and Nav at nodes of Ranvier may contribute to devel-
opment of such antibody-mediated functional block, which is one
of the issues to be solved.

Since the discovery of antiganglioside antibodies in sera from
GBS or FS patients, clinical and immunobiological studies on the
pathophysiology of GBS has greatly progressed. Close associa-
tion of anti-GQ1b antibodies with ophthalmoplegia is principally
founded on the specific localization of GQIb on the paranodal
myelin in human oculomotor, trochlear and abducens nerves [+7.
The antibodies highly specific to GD1b contribute to ataxia in GBS
and induce experimental ataxic neuropathy in rabbits immunized
with GD1b (601, associated with specific location of GD1b in sub-
sets of large dorsal root ganglion cells (s6.57]. Thus, antiganglioside
antibody-mediated nerve dysfunction is fundamentally regulated
by antibody specificity and specific disuribution of rarget ganglio-
sides in the PNS (Taste2) 16,53]. Recent studies, meanwhile, indicate
that some specific conditions of glycoepitopes in che cell membrane
of peripheral nerves are required for induction of pathogenetic
action of antiganglioside antibodies. First, as mentioned previously,
complex glycolipid environments in the cell membrane may affect
accessibility and avidity of antiganglioside antibodies against target
gangliosides {6n.61]. Screening for antibodies to GSCs is essential
for elucidating the pathogenetic role of antiganglioside antibod-
ies in the development of GBS and its variants. Analysis of the
reactivity of antiganglioside antibodies against GSC antigens is
also important. Second, the large amount of targeted ganglioside
in specific loci of peripheral nerves makes the loci predisposed to
antibody-mediated injury. Anti-GDla-mediated injury was found
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in GD3-synthase knockout mice that overexpressed GD1a but not
found in normal mice, suggesting that the high level of expression
of GD1a at neuromuscular junctions is required for development of
anti-GD1a-mediated disorders [90]. Third, the steric microstructure
of gangliosides can influence the binding ability of antiganglioside
antibodies. In immunohistochemical experiments using GDla
detivatives which sialic-acid residues were chemically modified,
anti-GD1a moenoclonal antibodies that preferentially stained
mortor axons specifically reacted wich such GDla derivatives as
GD1a-1-ethyl methyl, GDla-1-alcohol and GDla-1-metylester,
different from reaction of another anti-GD1la monoclonal anti-
bodies that stained both motor and sensory axons (91). Anti-GDla
antibodies from AMAN patients revealed the similar reaction to
the motor-specific anti-GD1a monoclonal antibodies. Boch the
fine specificity and ganglioside exposure in the nerves ave probably
significant contributions to target recognition by antiganglioside
antibodies [v1].

Various functional molecules that are located on nodes or par-
anodes and involved in conduction property of motor nerves may
be idencified in the future. Thrombin receptor PAR-1(G-protein-
coupled protease-activated receptor) is predominantly local-
ized on noncompacted Schwann cell microvilli at cthe nodes of
Ranvier, and interaction of thrombin with the PAR-1 is likely to
produce a reversible conduction block in peripheral nerves [92].
Antiganglioside antibody—antigen interaction at nodes may alter
the function of molecules such as PAR-1, inducing conduction
failure at nodes and muscle weakness in GBS.

Five-year view

Many autoimmune, inflammatory, and infectious discases have
been demonstrated to be attributable to excessive complement
activity. Complement-targeted therapeutics is emerging as a hope-
ful strategy and a salvor to such refractory complement-mediated
diseases {77t. There are much data indicating that complement
activation underlies development of GBS and its variants. In

addition to auchorized complement-specific drugs, such as ecu-
lizumab, various drug candidates that are in clinical trials and
prechinical developmene will be used o verify their cfficacy in
i vitre, ex vive or 11 vivo models of autoimmune neuropathy, and
in the near future will be applied to clinical trials for GBS and
its variants. Combination therapy such as complement inhibi-
tory agents and IVIg or PE may be challenged in these trials.
To adequately apply novel drugs to patients with GBS and its
variants, it is important to understand the mechanisms under-
lying the disorders in individual cases. Complement-dependent
pathophysiology is probably a key role in the development of GBS,
and complement-independent mechanisms such as the functional
blockade of voltage-gated Ca channel, the apoptotic mechanism,
or antineurofascin antibody-mediated disorganization of nodes is
not negligible. Precise idendification of target epitopes and analysis
of their conformation will lead to the development of various
efficacious remedies such as anti-idiotypic antibody neutralizing
anriganglioside or antineurofascin antibodies. In the near future,
indication of novel drugs, the timing of administration, and a
various combinations of established treatments and novel drugs
should be examined before clinical trials. Combination therapies
such as IVIg and a complement inhibitory agent, in practice, will
be more feasible than single administration of the novel agent.
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Key issues

pathway is essential for development of the disorders.

©

voltage-gated Na channel clusters at the nodes of Ranvier.

presynaptic membrane, explaining a part of the paralysis.

FS patients.

* In a rabbit or mouse model of Guillain-Barré syndrome (GBS) or Fisher syndrome (FS), complement activation through the classical

in anti-GM1-positive acute motor axonal neuropathy, motor conduction failure is probably a result of antibody-mediated disruption of
19G antibodies to GM1, GD1a or GalNAc-GD1a can induce complement-independent blockade of voltage-gated Ca channel at the
Ganglioside complexes (GSCs) consisting of two different gangliosides work as target antigens in a proportion of GBS and a half of

Anti-GSC antibodies in GBS sera are real examples indicating that clustered oligosaccharides on the plasma membrane are actually

involved in immune-mediated events. Screening for anti-GSC antibodies will broaden the spectrum of antigangliosice antibodies,

enhancing their value as diagnostic markers.

target gangliosides in the PNS.

®

¢

with complement-independent node disorganization.

of the classical pathway.

Antiganglioside antibody-mediated nerve dysfunction is fundarentally regulated by antibody specificity and specific distribution of

The exertion of the pathogenetic effect of antiganglioside antibodies depends upon local glycolipid environment in the cell membrane.
in acute inflammatory demyelinating polyneuropathy, neurofascin 186 and gliomedin are candidates for target molecules, associated

In experimental conditions of GBS and its variants, complement inhibitory agents exert a neuroprotective effect by inhibiting activation
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ARTICLE INFO ABSTRACT
Article history: After injury to the adult central nervous system, levels of extracellular matrix molecules
Accepted 22 January 2009 increase at the injury site and may inhibit the repair of injured axons. Among these
Available online 3 February 2009 molecules, the importance of proteoglycans, particularly their chondroitin sulfate chains,
has been highlighted. We have recently reported that keratan sulfate-deficient mice show
Keywords: better axonal regeneration after injury. Here, we investigated the regulation of keratan
Chondroitin sulfate sulfate and chondroitin sulfate biosynthesis after neuronal injuries. Several key enzymes
Cytokine required for glycosarninoglycan biosynthesis (33GIcNAcT-7 and GIcNAc6ST-1 for keratan
Glia sulfate; CS synthase-1 and C6ST-1 for chondroitin sulfate) were expressed at significantly
Keratan sulfate higher levels in the lesion 7 days after a knife-cut injury was made to the cerebral cortex in

adult mice. These increases were accompanied by increased expression of TGF-p4 and bFGF.
Since microglias at the injury sites expressed both keratan sulfate and chondroitin sulfate,
the effects of these cytokines were examined in microglias. TGF-p, induced the expression
of the above-named enzymes in microglias, and consequently induced keratan sulfate and
chondroitin sulfate biosynthesis as well as the expression of the chondroitin/keratan sulfate
proteoglycan aggrecan in these cells, TGF-p, also induced bFGF expression in microglias.
bFGF in tumn induced TGF-p; expression in astrocytes. Astrocyte-conditioned medium
following bFGF stimulation indeed induced keratan sulfate and chondroitin sulfate
production in microglias. This production was blocked by TGF-p;-neutralizing antibody.
Taken together, our data indicate that the biosyntheses of keratan sulfate and chondroitin
sulfate are upregulated in common by TGF-g, in microglias after neuronal injuries.
Published by Elsevier B.V.
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1. Introduction

Injuries in the adult mammalian central nervous system (CNS)
often leave serious functional defects, since neuronal axons
do not spontaneously regenerate after injuries. Many factors
are thought to be involved in this inability of axons to
regenerate, and can be summarized mainly into two cate-
gories: (1) lack of intrinsic regenerative capacity (Neumann
and Woolf, 1999; Widenfalk et al,, 2001) and (2) production of
inhibitory factors (De Winter et al,, 2002; Filbin, 2003; Silver
and Miller, 2004). Among the inhibitory factors, myelin-
associated molecules, such as Nogo, MAG and Omgp, have
been studied extensively, although studies using their knock-
out mice or their receptor-deficient mice show that these
factors are not sufficient for the in vivo inhibition of axonal
regeneration (Filbin, 2003; Silver and Miller, 2004). Other

A Contralateral site

-~ |

Y

RT-PCR

chemorepulsive molecules, such as Sema3A and RGMa, also
play important roles in inhibiting axonal regeneration (De
Winter et al., 2002; Hata et al., 2006; Kaneko et al., 2006).
Besides these molecules, the importance of chondroitin
sulfate proteoglycans (CSPGs) has been recently highlighted
{Moon et al., 2001; Bradbury et al,, 2002; Grimpe and Silver,
2004). Proteoglycans are a group of proteins that link acidic
polysaccharides, i.e., sulfated glycosaminoglycans, of which
there are three main forms: chondroitin sulfate (CS)/dermatan
sulfate, keratan sulfate (KS) and heparan sulfate/heparin
(Scott et al,, 1990; Johnson-Green et al,, 1991). The inhibitory
function of CSPGs on axonal outgrowth is largely ascribed to
their covalently attached CS-glycosaminoglycans, since the
ablation of CS by the use of chondroitinase ABC or a DNA
enzyme as to Xylosyltransferase enhances neuronal axon
growth at the site of CNS injury (Moon et al., 2001; Bradbury

Injured site
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Fig. 1 - Expression of KS and CS by microglia after brain injury. (A) Schematic localization of samples for
immunchistochemistry and RT-PCR. (B-E) 5D4-reactive KSPG was expressed by microglia at the site of injury. 5D4 is specifically
reactive to XS, and Iba1 specifically recognizes microglias. (F-1) Microglias expressed CSPG at the site of injury. CS56 specifically
recognizes CS. The specimens were treated with ChABC before immunchistochemical staining with 5D4 antibody. (E and I)
show magnified photos corresponding to the squares in (D and H) respectively. Bar, 20 um,
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Fig. 2 ~ Relationships between astrocytes and expression of KS and CS after brain injury. (A-D) 5D4-reactive KSPG only parily
merged with astrocytes at the site of injury. (E-H) CS56-reactive GSPG expression merged with astrocytes at the site of
injury. The specimens were treated with ChABC before immunohistochemical staining with 5D4 antibody. (D and H) show
magnified photos corresponding to squares in (C and G) respectively. Bar, 20 pm.

et al., 2002; Grimpe and Silver, 2004). For example, the axon
growth of dopamine neurons is enhanced by chondroitinase
ABC treatment after nigrostriatal tract transection {Moon
et al,, 2001). Chondroitinase ABC treatment has been shown
to enhance functional recovery after spinal cord injury in a rat
model (Bradbury et al., 2002).

We have recently demonstrated that KS is important in
inhibiting axonal regeneration. Thus, after a stab wound to
the cerebral cortex, mice deficient in KS of the CNS [N-
acetylglucosamine 6-O-sulfotransferase-1 (GlcNAc6ST-1)-
deficient mice] show less glial scar formation and
enhanced neuronal axon regeneration than do wild-type
mice, even though the induction of CS expression is
comparable to that in wild-type mice (Zhang et al., 2006).
KS ablation ameliorates functional disturbance after spinal
cord injury (Imagama et al., unpublished data). These data
suggest that KS plays a critical role in inhibiting axonal
regeneration.

This background indicates the importance of verifying the
mechanisms underlying the induction of KS and CS expres-
sion after neuronal injury. It has been recently reported that
the inhibition of CS chain polymerization in astrocytes via

RNA interference decreases the inhibitory activity of CSPG
against neurite outgrowth (Laabs et al,, 2007). It was also
reported that among various CS units the C unit is upregulated
after neuronal injury (Properzi et al., 2005). Some other studies
also investigated glycosaminoglycan levels in the central
nervous systern with epilepsy or after injury (Perosa et al,
2002; Dobbertin et al, 2003). However, detailed analyses
involving expression of synthetic enzymes for KS biosynthesis
after neuronal injury are still needed. Here, we demonstrate
that the biosyntheses of KS and CS share a regulation
mechanism in common which is mediated by TGF-g; in
microglias after neuronal injury.

2. Results
2.1. Glial cells expressing KS and CS

We made a knife-cut injury to the right hemisphere of the
cerebral cortex in 8-week-old male mice, and localized KS and
CS expression in the brain 7 days after injury. 5D4 is an
antibody specific to KS, while the antibody CS56 specifically

Fig. 3 - Expression of synthases of KS, CS and aggrecan after brain injury. (A) The biosynthesis process of KS. GIcNAC6ST,
N-acetyl-glucosamine 6-O-sulfotransferase; B3GIcNAcT, B1,3 N-acetylglucesaminyltransferase; KSGal6ST, keratan sulfate
galactose 6-O-sulfotransferase; B4GalT, f1,4-galactosyltransferase. (B) The CS synthesis process. XylT, xylose transferase;
GalT, galactose transferase; GlcAT, glucuronic acid transferase; C65T, chondroitin 6-O-sulfotransferase; CSGalNAcT,
chondroitin sulfate N-acetyl-galactosaminyltransferase; CSGIcAT, chondroitin sulfate glucuronic acid transferase; C4ST,
chondroitin 4-O-sulfotransferase; GalNAc4,6ST, N-acetyl-galactosamine-4-sulfate 6-0-sulfotransferase; 20ST, uronosyl
2-O-sulfotransferase. (C) Expression of KS and CS synthases after brain injury. For RNA extraction of injured lesion (I) and
contralateral region (C), tissues were excised 7 days after brain injury. Posmatal day 1 brain (P1) and normal adult brain (N) were
also subjected to RNA extraction, RNA expression was estimated by RT-PCR. (D) Real-time PCR for the quantification of RNA
expression. The results represent means=SD (n=3). *P<0.05 (versus contralateral region).
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recognizes CS. Regions beside the lesion core were subjected
for the immunofluorescence analysis (Fig. 1A). A significant
area positive for KS and CS expression merged with microglias
that were reactive to antibody Ibal (Figs. 1B-I). The experi-
ments were performed on two individual mice, and showed
similar results.

In contrast to the results of microglias, areas positive for KS
expression only partly merged with reactive astrocytes,
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whereas most astrocytes appeared to express CS (Figs. 2A-H).
These results were consistent with those reported for KS
expression in rat spinal cord after injury (Jones and Tuszynski,
2002). Although we did not exclude the possibility that a
portion of KS is produced by reactive astrocytes, our data
suggested that KS and CS production by microglias was a
suitable subject for the study of glycosaminoglycan biosyn-
thesis regulation.

| P3GICNACT-7

GIcNAc6ST-3  |KS

GIcNAcC6ST4

GalT-2

Ccs

803 §03° .| KSGal6ST
al-GlcNAc-(G IGIcNAc Yn-(N-link) or (OHlink)
SOy S(Sa S07 563
B protein
* T
GalT-1
Gal-Xyl-Ser
GalT-2
oo . — — — —l
GIcAT-1
GloA-Gal-Gal-Xyl-XySer Ll e e e —— Ry
CS synthase
CSGaINAcT] ‘ —
(GlcA-GalNAc)n-GlcA-Gal-Gal-Xyl-Ser
45T C6ST
(Gch-GalgAc)n (GlcA-GaINAg)n
4-803 6-S03
GalNAC4,65T 2081
(GlcA- GalrLAc (GlcA-GalNAc)n
2-505 6-S03
®
D [ Contralateral B Injured
254 ]
] £
S ]
0
[
o
% 1.5
23
g
B 11
2
5 051
o
B3GICNACT-7 | GICNACSST-1 ' CSsynthase-1 | CBST-1 |

Aggrecan



14 BRAIN RESEARCH 1263 (2009) 10-22

2.2, Expression profiles of enzymes for KS and CS
biosynthesis after brain injury

KS and CS are biosynthesized by many enzymes (Figs. 3A, B).
KS is composed of repeating disaccharide units of galactose
(Gal) and N-acetylglucosamine (GlcNAc), where the C6 posi-
tion of GlcNAc is always sulfated. The reaction sequence for
the biosynthesis of KS consists of N-acetylglucosaminylation,
6-sulfation of a GlcNAc residue exposed at the nonreducing
end, and galactosylation (Fig. 3A) (Habuchi et al., 2006;
Kitayama et al,, 2007). CS is composed of glucuronic acid
(GlcA) and N-acetylgalactosamine (GalNAc). The C2 position of
GlcA and the C4 and C6 positions of GalNAc can be sulfated.
Xylose is first linked to serine residues, followed by the
sequential addition of Gal, Gal and GlcA. The first GalNAc of
the CS polymer is then added by a CSGalNAc transferase, and
then polymerization (composed of GlcA and GalNAc) is
accomplished by CS synthases (Fig. 3B) (Silbert and Sugu-
maran, 2002; Sakai et al., 2007).

Among enzymes required for KS or CS biosynthesis, we
picked up several representative ones as listed in Fig. 3C, so
that we could determine at least some of the enzymes
upregulated during KS and CS biosynthesis in vivo. To obtain
expression profiles of these enzymes, tissues from the injury
lesion as well as from the contralateral regions (I’ and ‘C,
respectively, in Fig. 3C) were excised 7 days after a knife-cut
injury to the right hemisphere of the cerebral cortex in 8-
week-old male mice was made (Fig. 1A). The excised tissues
were subjected to RNA extraction and further RT-PCR. RT-PCR
was also performed for uninjured 8-week-old male mouse
brain (‘N’) and postnatal day 1 mouse brain {‘P1’). In this case,
P1samples were used as a positive control, since KS and CS are
known to be highly expressed in P1 mouse brain (Snow et al,,
1990; Emerling and Lander, 1996; Miller et al., 1997; Oohira
et al.,, 2000; Zhang et al., 2006). We found that GIcNAc6ST-1, -3,
-4 and 3GlcNACT-7 expression was markedly increased in the
injured lesion compared with that in the contralateral region
and in uninjured brain (Fig. 3C). The expression of two other
enzymes related to KS biosynthesis, e.g.,, GlcNAc6ST-2 and
KSGal6ST, was unchanged (Fig. 3C). As to CS biosynthesis, the
expression of CS synthase-1 and C6ST-1 was at least found to
be increased in the injured lesion compared with that in the
contralateral region and in uninjured brain (Fig. 3C). These
results suggest that upregulation of GIcNAc6ST-1, -3, -4 and
B3GlcNACT-7 expression might be involved in the elevation of
KS biosynthesis, while upregulated CS synthase-1 and C6ST-1
expression was related to the increase in CS biosynthesis. We

further examined the expression of aggrecan as an example of
a proteoglycan that carries both KS and CS (Fig. 3C). As shown
in Fig. 3C, aggrecan expression also was enhanced by brain
injury. We performed RT-PCR for Fig. 3C using 2 sets of
samples, and obtained similar results. Data shown in Fig. 3C is
arepresentative one. The expression upregulation observed in
Fig. 3C was confirmed by quantitative RT-PCR (Fig. 3D).

2.3, KS and CS expression in microglias under the control
of cytokines

Many cytokines have been implicated in the function of
astrocytes and/or microglias (Faber-Elman et al., 1996; Ridet
etal, 1997; Schilling et al., 2001). Therefore, we next examined
the response of primary cultured microglias to cytokines.
Primary cultured microglias were exposed to various cyto-
kines for 24 h, after which the expression of enzymes for KS
and CS biosynthesis was examined. The examined enzymes
had been upregulated in vivo after brain injury (Figs. 3C, D),
and are known to be involved in KS and CS biosynthesis
(GlcNAc6ST-1 and p3GIcNAcT-7 for KS; C6ST-1 and CS
synthase-1 for CS: Figs. 3A, B). In this case, we chose
GIlcNAC6ST-1 instead of GIeNAc6ST-3 and -4, since our
previous study has demonstrated that GlcNAc6ST-1 is essen-
tial for inducing KS biosynthesis after neuronal injury (Zhang
et al,, 2006). Among the cytokines tested, TGF-p, and EGF
upregulated the expression of GlcNAc6ST-1, p3GlcNACT-7,
C6ST-1 and CS synthase-1 (Fig. 4A). Aggrecan expression was
also upregulated only by TGF-p4 and EGF {Fig, 4A). Quantitative
RT-PCR verified that these expressions were indeed upregu-
lated by TGF-$, in a dose-dependent manner (Fig. 4B). TGF-$34
at 70 pg/ml could increase expressions of the enzymes
(Fig. 4B). Data in Figs. 4A and B were obtained from microglias
exposed to TGF-f3, for 24 h. We then investigated time course
of the expressions. The upregulation of GIcNAc6ST-1 occurred
as early as 12 h after TGF-B, stimulation, whereas expressions
of other molecules showed a tendency of increase at this time
point (Fig. 4C).

Consistent with these data, TGF-p, increased production of
KS- and CS-bearing proteoglycans, which appeared as smear
bands on Western blot analysis (Fig. 4D). EGF increased the
expression of these proteoglycans, but to a lesser extent than
TGF-p4 did (Fig. 4D). Consistent with data shown in Fig. 4B, the
KS- and CS-reactivity on Western blot increased in a dose-
dependent manner (Fig. 4E). The increase became apparent
12 h after TGF-p, stimulation (Fig. 4E). Taking the data in Fig.
4C into account, a post-transcriptional regulation of enzyme

Fig. 4 - Induction of KS, CS and aggrecan expression in primary cultured microglia by cytokines. (A) Primary cultured microglias
were stimulated with indicated cytokines for 24 h. RT-PCR was then performed to examine expression of aggrecan and
enzymes that increased after brain injury, as demonstrated in Fig. 3C. (B) Real-time PCR for the quantification of RNA
expression, The results represent means = SD (n=3). °P <0.05 (versus control). Primary cultured microglias were stimulated with
indicated cytokines for 24 h. (C) Time course of enzyme expressions for KS and CS biosynthesis. Real-time PCR was performed
for the quantification of RNA expression, The results represent means=SD {(n=3). "P<0.05 (versus 0 hour). (D) The expression of
KSPG and CSPG was examined by Western blot analysis. -actin controls are common for the 5D4 and CS56 Westemn blots,
since the sources of the samples are the same. (E) Dose-dependency and time course of KSPG and CSPG expressions. f-actin
controls are common for the 5D4 and CS56 Western blots, since the sources of the samples are the same. (F) RT-PCR showed the
induction of TGF-B, and bFGF expression after brain injury. Tissues from injured lesion (‘Injury’) and contralateral regions
(‘Control’) were collected 7 days after brain injury. RNA extracted from the tissues was then subjected to RT-PCR.
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productions may contribute in part to the increase in KS- and
CS-reactivity on Western blot.

We then examined the expression of the cytokines listed
in Fig. 4A in vivo after brain injury. TGF-B, expression was
found to be induced in vivo (Fig. 4F). bFGF and EGF are well-
known cytokines that activate astrocytes (Faber-Elman et al,,
1996; Smith and Strunz, 2005). bFGF, but not EGF, showed a
striking increase of expression in our injury model (Fig. 4F).
The induction of TGF-g; and bFGF after brain injury is
consistent with previous reports (Wiessner et al., 1993;
Endoh et al,, 1994). Taking into account that TGF-p, expres-
sion, but not EGF expression, was induced after brain injury
although both molecules induced KS and CS biosynthesis in
microglias (Figs. 4A-F), our data suggested that TGF-g, was an
intrinsic factor that could upregulate KS and CS biosynthesis
in vivo.

2.4. Cross talk between astrocytes and microglias

TGF-$; might not only upregulate KS and CS biosynthesis, but
also play a role in intercellular communication. In this
context, it is noteworthy that expression of TGF-p, and bFGF
was increased after brain injury (Fig. 4F). bFGF activates
astrocytes (Meiners et al, 1993; Faber-Elman et al, 1996;
Riboni et al,, 2001; Brambilla et al., 2003), and primary cultured
microglias can express bFGF (Araujo and Cotman, 1992). Based
on these backgrounds, we considered a possible link between
TGF-B; and bFGF. Thus, we first examined whether or not
bFGF expression was induced in microglias by TGF-p;. TGF-p,
exposure for 24 h induced bFGF expression in primary cultured
microglias in a dose-dependent manner (Fig. 5). We next
addressed a complementary question: whether or not bFGF-
activated astrocytes produced TGF-p,. Astrocytes were pri-
mary cultured either with or without bFGF for 24 h, and the
conditioned medium was collected (Fig. 6A). We detected the
apparent induction of TGF-p; production by astrocytes after
stimulation with bFGF (Fig. 6B). The conditioned medium was
then applied to primary cultured microglias. Western blot
analysis confirmed that medium conditioned from bFGF-

A
TGF-f;~¥~ Microglias bFGF
B TGF-3
P
Control 1 ng/mt 35 ng/fpl
B &3 i bFGF

S (-actin

Fig. 5 - bFGF expression in primary cultured microglias by
TGF-b,. (A and B) Medium was collected from primary
cultured microglias 24 h after TGF-8, stimulation, and
subjected to Westemn blot analysis for bFGF expression. To
make it sure that the samples were from cells with similar
numbers, cell lysates were examined for p-actin expression
on Western blot analysis. bFGF expression in primary
cultured microglias was induced by exogenous TGF-f; in a
dose-dependent manner, Experiments were performed 3
times and similar results were obtained.

activated astrocytes (bFGF-ACM), but not astrocytes without
bFGF treatment (ACM), induced the expression of proteogly-
cans bearing XS and CS (Figs. 6C, D). Although bFGF alone also
induced KS and CS, the extent of induction was much lower
than that by bFGF-ACM. KS and CS expression induction was
confirmed by immunocytochemistry (Fig. 6E). The antibody
that neutralizes TGF-p; functions effectively blocked these
inductions (Fig. 6F), indicating that the conditioned medium
from bFGF-activated astrocytes indeed contained functional
TGF-f1.

3. Discussion

In this study, we identified microglias as a suitable target by
which to investigate KS and CS expression. We found that
TGF-p; induces both KS and CS biosyntheses in microglias.
Thus, this is the first report showing that the biosyntheses of
KS and Cs induced after neuronal injury share a regulation
mechanism in common, which is mediated by TGF-p (Fig. 7).
As aggrecan mRNA expression is also induced by TGF-p,
(Fig. 4), the expression of core proteins of proteoglycans might
utilize this mechanism. These findings suggest that a
common regulatory mechanism contributes to biosynthesi-
zing all components of KS/CSPGs (i.e., KS, CS and core
proteins), which function as inhibitory molecules as to axonal
regeneration after injury.

In interpreting our data, we suggest that upregulation of
expression is responsible for the increase in levels of the
enzymes. But we cannot rule out the possibility that the
distribution of cell types is altered following injury and the
levels of enzymes simply reflect this change. However, in vitro
studies verified that primary cultured microglias barely
express KSPG or CSPG without the stimulation of TGF-p4,
whereas expressions of enzymes for KS and CS biosynthesis
are indeed upregulated by TGF-p,. Immunohistochemistry
data indicated that the main source of KSPG is microglias.
Therefore, our study may suggest that the increased expres-
sion through TGF-p1 may at least in part contribute to the
increase in levels of the enzymes.

The extracellular matrix of the adult CNS has a unique
composition. Instead of collagens, laminin-1 and fibronectin,
this matrix is rich in hyaluronic acid and CSPGs (Ruoslahti,
1996). KSPGs and proteoglycans bearing both KS and CS
chains are also important components of the CNS extra-
cellular matrix. Disorganized re-induction of proteoglycan
production may be triggered upon injury and thereby inhibit
neuronal axon regrowth. From this point of view, it is
important to note that a common mechanism works in the
induction of KS and CS expression after neuronal injuries.
This finding is interesting, as KS ablation and CS ablation
independently promote functional recovery after spinal cord
injury (Bradbury et al, 2002; Imagama et al.,, unpublished
data). These collectively suggest a close functional relation-
ship between KS and CS. For example, proteoglycans bearing
both KS and CS chains, other than CS-alone or KS-alone
proteoglycans, might play an important role in inhibiting
axonal regeneration.

TGF-p4 also induced bFGF expression in microglias. bFGF,
in turn, induced TGF-p, expression in astrocytes. Indeed,
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Fig. 6 - Gross talk between astrocytes and microglias through TGF-b, and bFGF. (A) Preparation of astrocyte-conditioned
medium (ACM). Primary cultured astrocytes were incubated either with or without bFGF for 24 h. (B) TGF-B, expression in
primary cultured astrocytes was induced by exposure to bFGF-treated ACM (bFGF-ACM). TGF-B, amounts were determined
with ELISA specific for TGF-f,. The results represent means=SD (n=3). "P<N0.05 (versus ACM). (G, D) KSPG and CSPG
expression was induced in primary cultured microglias incubated with bFGF-ACM. Western blotiing data are shown.
B-actin controls are common for the 5D4 and €556 Western blots, since the sources of the samples are the same. (E)
Immunocytochemical staining for KS and GS confirmed the induction of KSPG and CSPG expression in primary cultured
microglias incubated with bFGF-ACM. Bar, 150 pm. (F) TGF-B,-neutralizing antibody diminished KS and CS expression in
microglias treated with bFGF-ACM.



