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1 Abstract

Optic neuritis is one of the most common clinical manifestations of multiple sclerosis
(MS), a chronic inflammatory disease of the central nervous system (CNS). After an
episode of optic neuritis, 30-50 % of patients develop persistent impairment of vision
caused by degeneration of optic nerve (ON) axon fibers. Our group has previously
shown that in Brown Norway (BN) rats, myelin oligodendrocyte glycoprotein (MOG)
— induced experimental autoimmune encephalomyelitis (EAE) affects the optic nerve
in more than 90% of immunized animals, leading to inflammation, demyelination, and
degeneration of axons. The precise pathological mechanisms of axonal degeneration
are not fully understood, but are likely to involve excess accumulation of calcium ions
(Ca®") into axons. One of the possible routes of entry of Ca®* under pathological
conditions is via different types of voltage-dependent calcium channels (VDCCs).
Since manganese ions (Mn**) also enter neurons via VDCCs and cause signal
enhancement in T1-weighted magnetic resonance images (MRI), we have used Mn**-
enhanced MRI to evaluate the effects of type specific VDCC blockers.

We found that application of ® — conotoxin GVIA, a specific blocker of N-type
VDCCs, caused a significant decrease of Mn”*- induced enhancement in T1-weighted
MR images. In order to further investigate N-type VDCC expression in the ON, we
have performed immunohistochemistry for o, the pore-forming subunit of N-type
VDCCs, which revealed a significant difference in both the degree and the pattern of
N-type VDCC expression between healthy and inflamed ONs. In healthy, myelinated
ONs, a modest degree of a;p immunoreactivity was detected. However, a highly
significant up-regulation of expression was seen in MOG-immunized ONs.
Furthermore, a highly significant positive correlation between the number of op-
positive sites per ON and the percentage of demyelination was detected by myelin-
specific histopathological staining. A highly significant negative correlation was
observed between the number of a;g-positive sites per ON and the percentage of
axonal survival.

Additionally, we have tested the N-type VDCC blocker, ® — conotoxin GVIA, during
an in vivo calcium imaging study. After w-conotoxin GVIA was topically applied to
the inflamed ONs, depolarization-induced influx of Ca** was significantly inhibited in
comparison to the control group of MOG-immunized ONs. Treatment of healthy rats

with the N-type VDCC blocker decreased the Ca®* signal to a smaller extent which



was not significantly different to healthy ONs after topical application of normal
saline. These results confirm the previously obtained data about up-regulated
expression of N-type VDCCs in MOG-immunized ONs and indicate further that the
newly expressed N-type VDCCs are functional.

Taken together, our data indicate N-type VDCCs to have the most prominent effect on
Ca®™ influx in MOG-induced optic neuritis. Further corroboration was acquired by
showing therapeutically significant effects of a specific N-type VDCC blocker, -
conotoxin GVIA, after intracerebroventricular continuous infusion. We detected
significantly decreased demyelination and a significant increase of axonal survival in
the ONs of ®-conotoxin GVIA-treated animals.

Thus, our data show an ectopic expression of N-type VDCCs in MOG-induced optic
neuritis in BN rats, which mainly contribute to an increased Ca** influx under
autoimmune inflammatory conditions. Furthermore, we introduce w-conotoxin GVIA

as a neuroprotective agent in the treatment of autoimmune optic neuritis.



2 Introduction

2.1. Multiple sclerosis — pathological features and pathogenesis

Multiple sclerosis (MS) is an autoimmune inflammatory and demyelinating disease of
the central nervous system (CNS). In the last years, however, it has become
increasingly apparent that neurodegeneration plays an important role in MS and is the
key factor of chronic disability (Trapp, 1999). A number of recent studies showed
either by histopathology and magnetic resonance imaging (MRI) (Kornek, 2000;
Losseff, 1996) or by using animal models (Meyer, 2001; Diem, 2003; Hobom, 2004)
that axonal and neuronal damage starts in the earliest stages of the disease. However,
the exact sequence of events which leads to disease development is largely unknown.
There are several reasons for this. First of all, multiple sclerosis is rather a complex of
syndromes with different causes and pathogenic mechanisms than a single disease
(Noseworthy, 2000), which is reflected by a significant degree of clinical, genetic,
MRI and pathological heterogeneity described for MS (Lucchinetti, 2000). The
diversity of MS etiology and symptoms requires different therapeutic approaches in
order to treat the specific disease type effectively (Table 1).

However, there are pathological hallmarks which distinguish MS from other
inflammatory CNS diseases. These are, namely, large, multifocal, demyelinated
plaques with reactive glial scar formation (Lassmann, 2001). This demyelinating
process is accompanied by an inflammatory reaction with infiltrates composed mainly
of T-cells and macrophages. Myelin sheaths and oligodendrocytes (OG) can be
destroyed, possibly by different mechanisms in different individuals, which results in
distinctly different patterns of demyelination in active lesions. Lesions are
predominantly formed in the optic nerves, periventricular white matter, brain stem,
cerebellum and spinal cord white matter, and they often surround one or several

medium-sized vessels (Noseworthy, 2000).
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MS types Current treatment agents

Interferon beta-1b, Interferon beta-1a,

Relapsing-remitting Glatiramer acetate, Inmunoglobulins

. Interferon beta-1b, Mitoxantrone
Secondary progressive

hydrochloride
Primary progressive None
Acute relapses Corticosteroides, plasma exchange

Table 1: Classification of MS types and current treatments.
Modified from Noseworthy, 2000

2.2. General mechanisms of injury and repair in MS

MS is generally considered to be an autoimmune disease that is induced when T
helper 1 (Th1) cells recognize components of the myelin sheath (Lucchinetti, 2000).
However, this is an oversimplified description of the events which lead to the
pathologies described in different types of MS. Another important aspect to consider
is the effect of genetic and environmental factors on susceptibility to MS. These
factors include viral infection, bacterial lipopolysaccharides, superantigens, reactive
metabolites, and metabolic stress and may facilitate the movement of autoreactive T
cells and demyelinating antibodies from the systemic circulation into the CNS through
disruption of the blood—brain barrier (BBB). In the CNS, local factors (including viral
infection and metabolic stress) may up-regulate the expression of endothelial adhesion
molecules, such as intercellular adhesion molecule 1 (ICAM-1), vascular-cell
adhesion molecule 1 (VCAM-1), and E-selectin, further facilitating the entry of T
cells into the CNS. Proteases, including matrix metalloproteinases, may further
enhance the migration of autoreactive immune cells by degrading extracellular-matrix
macromolecules. Pro-inflammatory cytokines released by activated T cells, such as
interferon-y and tumor necrosis factor-ot (TNF- o), may up-regulate the expression of
cell-surface molecules on neighbouring lymphocytes and antigen-presenting cells.
Binding of putative MS antigens, such as myelin basic protein, myelin-associated
glycoprotein, myelin oligodendrocyte glycoprotein (MOG), proteolipid protein, aB-

crystallin, phosphodiesterases, and S-100 protein, by the trimolecular complex — the
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T-cell receptor (TCR) and class II major-histocompatibility-complex (MHC)
molecules on antigen-presenting cells — may trigger either an enhanced immune
response against the bound antigen or anergy, depending on the type of signaling that
results from interactions with surface co-stimulatory molecules (e.g., CD28 and
CTLA-4) and their ligands (e.g., B7-1 and B7-2). Down-regulation of the immune
response (anergy) may result in the release of anti-inflammatory cytokines
(interleukin-1, interleukin-4, and interleukin-10) from CD4+ T cells, leading to the
proliferation of anti-inflammatory CD4+ type 2 helper T (Th2) cells. Th2 cells may
send anti-inflammatory signals to the activated antigen-presenting cells and stimulate
pathologic or repair-enhancing antibody-producing B cells. Alternatively, if antigen
processing results in an enhanced immune response, pro-inflammatory cytokines (e.g.,
interleukin-12 and interferon-y) may trigger a cascade of events, resulting in the
proliferation of pro-inflammatory CD4+ type 1 helper T (Th1) cells and ultimately in
immune-mediated injury to myelin and oligodendrocytes. Multiple mechanisms of
immune-mediated injury of myelin have been postulated: cytokine-mediated injury of
oligodendrocytes and myelin, digestion of surface myelin antigens by macrophages,
including binding of antibodies against myelin and oligodendrocytes (i.e. antibody-
dependent cytotoxicity), complement-mediated injury, and direct injury of
oligodendrocytes by CD4+ and CD8+ T cells. This injury to the myelin membrane
results in denuded axons that are no longer able to transmit action potentials
efficiently within the CNS (loss of saltatory conduction). This slowing or blocking of
the action potential produces neurologic symptoms. The exposed axon segments may
be susceptible to further injury from soluble mediators (including cytokines,
chemokines, complement, and proteases), resulting in irreversible axonal injury (such

as axonal transection and terminal axon ovoids).

There are several possible mechanisms of repair of the myelin membrane, including
resolution of the inflammatory response followed by spontaneous remyelination,
spread of sodium channels from the nodes of Ranvier to cover denuded axon
segments and restore conduction, antibody-mediated remyelination, and remyelination
resulting from the proliferation, migration, and differentiation of resident
oligodendrocyte precursor cells. The described events and possible mechanisms are

depicted in Figure 2.1.
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Fig.2.1: Possible mechanisms of injury and repair in multiple sclerosis

(detailed explanation given in the text). Scheme taken from Noseworthy, 2000

2.3. Patterns of demyelination in MS

12

Demyelination may be induced by macrophages (M) and/or their toxic products

(resulting in pattern I), by specific demyelinating antibodies and complement (C,
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resulting in pattern II), by degenerative changes in distal processes, in particular those

of periaxonal oligodendrocytes (distal oligodendrogliopathy), followed by apoptosis

(resulting in pattern III) or by a primary degeneration of oligodendrocytes followed by

myelin destruction (resulting in pattern IV). Most prominent characteristics of

pathology of different MS patterns of demyelination as well as putative mechanisms

are summarized in the Table 2.

Patterns of

Pathology

Putative mechanisms

demyelination

Pattern |

Macrophage-
mediated
demyealination

Perivenous distribution
and radial expansion of
lesions; inflammatory
infiltrates composed of
T-cells and macrophages

T-cell mediated inflammation with
macrophage/microglia activation,
demyelination induced by macrophage
toxins

Pattern 11

Y
oG
=

YCY
M M

Antibody-
mediated
demyalination

Similar lesions as in | but
additional deposition of
immunoglobulin and
activated complement at
sites of active myelin
destruction

T-cell mediated inflammation with
macrophage/microglia activation,
complement mediated lysis of antibody-
targeted myelin

Inflammation by T-cells

oligodendroglia
clegenaration

Pattern |l and macrophages, small
vessel vasculitis with
endothelial cell damage
anﬁ‘mﬁ?ovseizsel T-cell mediated small vessel vasculitis
d . - with secondary ischemic damage of the
egeneration of distal white matter
i oligodendrocyte
Distal processes, followed by
";'I?é":;::':' oligodendrocyte
apoplosis apoptosis and
demyelination
Pattern IV
P | i esionasim, | T medited mammaton it
but prominent ‘ophage 9 ’
& lisodend h demyelination induced by macrophage
dogasoaencrocyie | tosins onthebackground o
rim of periblague white metabolically impaired
L P maptteqr oligodendrocytes; possible genetic
Primary defect of oligodendrocytes

Table 2: Summary of pathologies and putative mechanisms of different patterns of

demyelination in MS. Adapted from Lucchinetti, 2000.
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2.4. Axonal damage in MS

Axonal pathology has been noted in the earliest pathological descriptions of MS and
its cause and functional consequences have been discussed in detail in the early 20th
century (Kornek, 1999; Trapp, 1999). However, when it became clear from
experimental studies that an inflammatory demyelinating disease similar to MS can be
induced by autoimmunity against myelin antigens, the interest in axonal injury
vanished. It re-appeared after recent MRI investigations provided increasing evidence
for axonal and neuronal loss in MS (Kornek, 1999). These observations suggested that
acute axonal injury occurs during a small time window of about two weeks after onset
of demyelination (Lassmann, 2003). In addition, there is a slow burning, ongoing
axonal destruction, which can be seen even in inactive demyelinated plaques, in
which inflammation is sparse or absent. Such ongoing axonal injury is lacking in
remyelinated shadow plaques (Kornek, 2000). These data, taken together, suggest that
axons in MS lesions are destroyed in two different ways:

During acute demyelination, high numbers of axons are damaged, most likely by the
action of toxic inflammatory mediators. This phase of massive axonal injury,
however, lasts only for a few days to weeks. In contrast, a low grade of axonal
degeneration occurs in silent inactive plaques. Although only few axons are destroyed
at a given time point, such lesions may persist in the CNS for years. Thus, this low
burning axonal injury may account more to the global axonal loss in MS than axonal
degeneration in acute plaques and it may in part also explain the slow progression of
clinical disability in the chronic progressive phase of the disease.

When considering the molecular mechanisms of axonal damage, two different phases
of axonal disintegration have to be distinguished: the trigger of axonal damage and the
downstream pathways of axonal dissolution (Lassmann, 2003). Although the triggers
of axonal injury seem to be specific for inflammatory conditions, such as MS, the
downstream mechanisms of axonal dissolution appear similar in a variety of different
pathological conditions of the nervous system, including inflammation, ischemia, or
trauma (Stys, 2004).

Axonal injury can be initiated through direct T cell mediated cytotoxicity. Even more
important compared with direct T cell mediated cytotoxicity seems to be the
interaction of activated macrophages or microglial cells with axons in the course of

axonal injury. Such cells are consistently found in close contact with degenerating
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axons. Many of their toxic effector molecules may lead to axonal injury, although a
direct injurious effect has so far only been shown for proteases and reactive nitrogen
species (Linington, 1993). In particular, nitric oxide (NO) intermediates are
particularly attractive candidates. At low concentration, they may induce a functional
conduction block, thus explaining clinical deficit in the absence of overt structural
damage. At higher concentrations, and in particular when axons are electrically active,
NO derivatives may lead to irreversible destruction of axons (Redford, 1997). This
may in part be accomplished by the blockade of mitochondrial function and the
disturbance of energy metabolism, which can be induced by NO radicals.

In addition to toxins produced by T cells and macrophages, specific antibodies may be
involved in the initiation of axonal injury (Lassmann, 2003). The trigger activates
several downstream events, which in a cascade of action result in the final dissolution
of the axon. The precise mechanisms of axonal degeneration initiated by mentioned
triggers under autoimmune inflammatory conditions are not fully understood, but are
likely to involve excess accumulation of calcium (Ca2+) ions in the axons (Stys,
2004). Indeed, there has been an increasing number of studies which emphasize the
involvement of Ca®" in axonal degeneration in trauma (George, 1995), anoxia
(Waxman, 1994; Imaizumi, 1999) ischemia (Brown, 2000; Stys, 2005), or
inflammatory models (Kornek, 2001).

Under pathological conditions, Ca** may enter the axon via ion-specific transport
mechanisms such as voltage-dependent calcium channels (VDCC) and/or reverse
operation of the Na*/Ca® exchanger (Stys, 1998). Further sequence of events initiated
by increased intracellular Ca®* concentration would include the activation of calpains
and other neutral proteases which could lead to degradation of cytoskeletal

components (Banik, 1992).
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Fig.2.2: Events initiated during acute injury of CNS white matter
The locations of the various channels and transporters are drawn for convenience and do not
necessarily reflect actual distributions (detailed explanation given in the text). Scheme taken
from Stys, 2005.

Disturbance of axoplasmic membrane permeability and a state of relative energy
failure leads to uncontrolled ion influx into the axoplasm, in particular in those that
are still electrically active (Lassmann, 2003). This creates an energy deficit and/or an
excess demand of energy which in turn disturbs the ATP-dependent Na™ - K™ ATPase
(la) and the Ca®* — ATPase (1b), including those located on the “axoplasmic
reticulum” (“AR”). Internal stores of Ca”* may contribute significantly to axonal Ca®™
accumulation, triggered by depolarization via L-type VDCCs (2a) and/or generation
of inositol triphosphate (IP3) (2b). The rise in flux through non-inactivating Na'-
channels (3a) will increase [Nali and, together with depolarization caused by K*
efflux through a variety of K* channels (3b), stimulates the Na*- Ca®* exchanger to
operate in the reverse Ca*t import mode (4). This Ca®* accumulation (5) promotes
destructive events including mitochondrial Ca®* overload (especially during
reoxygenation) (6), and over-activation of several Ca**-dependent enzyme systems
(7). Nitric oxide (NO) will inhibit mitochondrial respiration and alter other cellular

proteins. Some Na® influx may occur through Na'/K* permeable inward rectifier
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channels (8). Glutamate is also released through a reversal of Na'-dependent
glutamate transport (9), causing cellular injury from activation of ionotropic glutamate
receptors (10). Recently, ATP-activated P2X purinergic receptors were suggested to
cause Ca2+—dependent oligodendroglial injury (11) (Stys, 2005). A component of Ca®
influx into damaged axons directly through VDCCs is also likely (12). GABA and
adenosine release may play an “autoprotective” role (13). Anion transporters such as
the K™-CI" co-transporter participate in volume dysregulation of glial cells and the
myelin sheath, contributing to conduction abnormalities (14). (Stys, 2005) However,
knowledge concerning the mechanisms of Ca® up-take was mainly derived from
investigations in hypoxia models (Stys 2004, 2005) or studies on isolated optic nerve
tissue in vitro (Stys, 1993; Waxman, 1994). The relevance of these findings for
neurodegeneration under autoimmune inflammatory conditions has been hypothesized

rather than it has been formally proven.

2.5. Myelin oligodendrocyte glycoprotein (MOG) — induced experimental
autoimmune encephalomyelitis (EAE)

Experimental autoimmune encephalomyelitis (EAE) is the principal model of MS
(Wekerle, 1994). Firstly, it was regarded to be a prototypic T cell - mediated
autoimmune disease model induced by active immunization with CNS tissue
homogenates or purified myelin antigens (Stefferl, 1999). However, nowadays, a
whole spectrum of EAE models can be induced by the use of different agents and
modes of immunization in susceptible animal strains. In fact, the influence of the
major histocompatibility complex genes (MHC) in determining susceptibility to
autoimmune diseases was first described for experimental autoimmune
encephalomyelitis (EAE) (Stefferl, 1999).

The mechanism by which MHC genes modulate susceptibility to autoimmune
diseases is generally discussed in terms of the effects of class I and Il MHC alleles on
the selection, activation, or effector function of the T cell repertoire (Alberts, 1994).
However, this interpretation is derived almost solely from EAE models in which
disease is T cell mediated and is independent of the B cell response (Stefferl, 1999).
In contrast, human diseases such as MS are generally far more complex in that both
cellular and humoral immune effector mechanisms are involved in disease

pathogenesis (Noseworthy, 2000). This complex immunopathology is reproduced in
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rats with EAE induced by active immunization with the myelin oligodendrocyte
glycoprotein (MOG) (Meyer, 2001). MOG is a unique myelin autoantigen in that it
induces both an encephalitogenic T cell response and a demyelinating autoantibody
response in rodents and primates (Stefferl, 1999). In the Lewis rat, the T cell response
to MOG is only weakly encephalitogenic, and disease induction exhibits an absolute
requirement for the MOG-specific autoantibody response. The formation of
demyelinating lesions depends on a synergy between the MOG-specific T cell and
autoantibody responses (Stefferl, 1999). The T cell response initiates a subclinical
inflammatory reaction in the CNS, disrupting the blood-brain barrier and allowing
antibodies to enter the CNS compartment. Activation of the complement cascade by
MOG-specific antibodies bound to the myelin surface then initiates demyelination
while at the same time enhancing the local inflammatory response through the
production of pro-inflammatory factors. The degree of axonal pathology as well as the
demyelination pattern in MOG-EAE resembles the one of the human disease
(Linington, 1993; Kornek, 2000). Hence, MOG-EAE appears to be one of the most
effective animal models for the investigation of both clinical and pathological features
of MS (Kornek, 2001).

The brown Norway (BN) rat strain is specifically interesting as a target strain for
MOG-induced EAE, given that this rat strain exhibits a generalized resistance to many
purely T cell-mediated autoimmune diseases but is susceptible to autoantibody-
mediated diseases. Our group has previously demonstrated that in MOG-EAE in BN
rats, severe optic neuritis occurs in 80-90% of the animals (Meyer, 2001). Further, we
have shown that optic neuritis in this model leads to acute axonal degeneration of the
optic nerve (ON) and consecutive apoptosis of retinal ganglion cells (RGCs) (Diem,
2005; Hobom, 2004). The additional advantage is the possibility of a separate
evaluation of disease - related effects in the neuronal cell bodies, RGCs, and their
associated axons which comprise the optic nerve, due to the anatomical organization

of the visual system.
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2.6. Voltage dependent calcium channels (VDCCs) — structure, function,
distribution and classification

Voltage dependent calcium channels (VDCC) mediate calcium influx in response to
membrane depolarization in many different cell types. Besides being central to the
function of all excitable cells, VDCCs are also crucial in many non-excitable cells
(Catterall, 2005). Their activity is essential to couple electrical signals on the cell
surface to physiological events in cells. These events include both intracellular
processes that either directly utilize elevations of intracellular Ca®* concentration as a
functional trigger (e.g. exocytosis, muscle contraction) or are modulated by Ca™ -
dependent signalling cascades (e.g. gene expression, cell division) (Randall, 1999). A
detailed overview of the cellular functions and localizations of different VDCC types
is given in the Table 3.

Multiple VDCC types with different biophysical and pharmacological characteristics
have been described. Until recently, they have been classified into L, N, and P/Q-
types, as high voltage activated (HVA) VDCCs, T-type as low voltage activated
(LVA), and R-type as intermediate voltage activated (IVA) VDCCs. An alternative
classification was made with respect to the pore-forming subunit (o). L-type VDCCs
were referred to channels with o, Oip, O Or O4s pore-forming subunits, N-type
VDCCs contain o5, P/Q-type VDCCs have a5 pore-forming subunits and T-type
VDCCs contain O, 0iig or 01 pore-forming subunits. R-type VDCCs have the o
pore — forming subunit of the channel (Bean 1989; Westenbroek, 1992).

However, molecular cloning and biochemical studies showed that this classification
does not represent in full the whole complexity of VDCC structure, function and
distribution (Catterall, 2005). Calcium currents recorded in different cell types have
diverse physiological and pharmacological properties, therefore the above described
alphabetical nomenclature was adjusted for the distinct classes of calcium currents.
Nowadays, the accepted VDCC nomenclature is as follows: L-type VDCC is the
generic name for the subgroup of HVA VDCCs which comprise Ca,l.1, Ca,l.2,
Cay1.3 and Cay1.4 channels, while the other two subgroups of HVA VDCCs include
Ca,2.2 (N-type) and Ca,2.1 (P/Q-type). The LVA group of VDCCs consists of
Ca,3.1, Ca,3.2 and Ca,3.3 (T-type) VDCCs, while the IRA group contains the Ca,2.3
channel (R-type) (Catterall, 2005). The summary of VDCC types and nomenclature is
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given in Tables 3 and 4, together with an overview of their expression sites and

cellular functions (Table 3) and type-specific inhibitors (Table 4).

Channel Channel Localization Cellular functions

name type

skeletal muscles;

Ca,1.1 L transverse tubules excitation-contraction coupling
cardiac myocytes; smooth
muscle myocytes; excitation-contraction coupling;
Ca,1.2 L endocrine cells; neuronal hormone release; regulation of
cell bodies; proximal transcription; synaptic integration
dendrites
endocrine cells; neuronal hormone release; regulation of
cell bodies and dendrites; transcription; synaptic regulation;
Ca,1.3 L cardiac atrial myocytes and cardiac pacemaking;
pacemaker cells; cochlear | hearing;heurotransmitter release from
hair cells sensory cells

retinal rod and bipolar
Ca,1.4 L cells; spinal cord; adrenal
gland; mast cells

neurotransmitter release from
photoreceptors

nerve terminals and
Ca,2.1 P/Q dendrites; neuroendocrine
cells

neurotransmitter release dendritic
ca* transients; hormone release

nerve terminals and . o
neurotransmitter release dendritic

Ca,2.2 N dendrites; r;zﬁgoendocrlne Ca®* transients; hormone release
Ca.2.3 R neuronal cell bodies and repetitive firing; dendritic ca*
Ve dendrites transients

neuronal cell bodies and
Ca,3.1 T dendrites; cardiac and pacemaking; repetitive firing
smooth muscle myocytes

neuronal cell bodies and
Ca,3.2 T dendrites; cardiac and pacemaking; repetitive firing
smooth muscle myocytes

neuronal cell bodies and

Ca3.3 1 dendrites

pacemaking; repetitive firing

Table 3: Detailed overview of the localization and cellular functions of different VDCC
types. Blue colour indicates high voltage activated (HVA), yellow intermediate voltage
activated (IVA) and violet low voltage activated (LVA) VDCCs. Adapted from Catterall,
Pharmacol Rev, 2005
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Channel Channel Pore-forming Pharmacology
type name subunit (type-specific blockers)
Cav1 A Olis
L-tvpe Ca,1.2 Olic TaiCatoxin, Calciseptine, Calcicludine,
yp Ca,1.3 Oip Dihydropyridines, Benzothiazepine
Cav1 4 Ol F
_ w-agatoxin IVA, w-agatoxin TK,
PiQtype | Ca2.1 - @-conotoxin MVIIC
m-conotoxin GVIA,
m-conotoxin MVIIA,
N-type i L w-conotoxin MVIIC,
w-grammotoxin SIA
R-type Ca,2.3 OlE SNX-482
Cav3.1 Ol
T-type Ca,3.2 OltH Kurtoxin
Ca,3.3 Ol

Table 4: Summary of nomenclature and pharmacology of VDCCs
Blue colour indicates high voltage activated (HVA), yellow intermediate voltage activated
(IVA) and violet low voltage activated (LVA) VDCCs. Adapted from Zamponi G, Voltage-gated
calcium channels, 2005.

VDCCs have been biochemically characterized as complex proteins composed of four
or five distinct subunits that are encoded by multiple genes (Catterall, 2005). The o,
subunit of 190 to 250 kDa is the largest subunit, and it incorporates the conduction
pore, the voltage sensor and gating apparatus, and most of the known sites of channel
regulation by second messengers, drugs, and toxins. Like the o subunits of sodium
channels, the o; subunit of VDCCs is organized in four homologous domains (I-1V),
with six transmembrane segments (S1-S6) in each. The S4 segment serves as the
voltage sensor. The pore loop between transmembrane segments S5 and S6 in each
domain determines ion conductance and selectivity. An intracellular [ subunit and a
transmembrane, disulfide-linked 0,3 subunit complex and a y subunit are components
of most types of calcium channels (Fig.2.3. a, b).

Although these auxiliary subunits modulate the properties of the channel complex, the
pharmacological and electrophysiological diversity of calcium channels arises

primarily from the existence of multiple o, subunits (Fig.2.3c).
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Fig.2.3: Schematic representations of VDCC structure and possible

combinations of different subunits

(a) The scheme represents the subunit composition and structure of Ca,1 and Ca,2 channels.
Predicted o helices are depicted as cylinders. The lengths of lines correspond approximately
to the lengths of the polypeptide segments represented. Scheme adapted from Catterall,
2005.

(b) Schematic representation of the heteromeric assembly pattern and topology of the
a100By complex. 4 homologous repeats of the pore-forming o subunit are shown in red, with
a cut-open view of repeat | showing the 6 putative transmembrane o helices (S1 helix and S2-
S6 purple columns). Scheme adapted from Randall, 1999.

(c) The scheme illustrates the most likely subunit combinations exibited by different VDCC
classes. Adapted from Randall, 1999.
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Despite of these extensive data on VDCC distribution, the presence of VDCCs in the
rat optic nerve is still an ambiguous one. One of the reasons is the fact that ON axons
are of too small diameter (0.77 mm is the mean diameter of the rat ON) to allow
voltage or patch-clamp studies (Oozeer, 2006). However, it is possible to investigate
action potential characteristics by means of extracellular recordings of compound
action potentials (CAP) coupled with pharmacological exploration (Lev-Ram and
Grinvald, 1986; Fern, 1995; Brown, 2000). Other techniques used to detect VDCC
expression in the rat ON include confocal fluorescence imaging of intracellular
calcium, usually after selective dye labeling of axons and glial cells which allows for
separation of calcium transients to axonal and glial ones (Sun and Chiu, 1999; Stys,
2000), immunological stainings for light, fluorescent, confocal and -electron
microscopy, as well as formulating simulations of axonal excitability based on the
Hodgkin-Huxley model which would enable a prediction of the conditions under
which the potential contribution of a Ca®* current to the evoked action potential could
be measured (Brown, 2003; Oozeer, 2006).

To our knowledge, our work is the first which uses MRI to investigate VDCC

distribution.

2.7. VDCCs as therapeutic targets

Given that VDCCs link membrane potential changes of excitable cells to intracellular
processes, including regulated secretion of neurotransmitters and hormones, muscle
contraction and gene transcription (detailed in Table 3), they are attractive targets for
the development of novel pharmacological agents. Therapeutic approaches targeting
VDCCs might be useful for a broad variety of diseases originating from excitable
tissues, from the central and peripheral nervous systems to the endocrine and
cardiovascular apparatus. Currently, blockers of VDCCs are most widely used to treat
cardiovascular ailments. These agents act largely via block of just one type of
VDCCs, namely L-type. However, in our study, we focused on VDCCs as therapeutic
targets for the treatment of neurological diseases.

Several authors showed protective effect of VDCC antagonists in animal models of
anoxia or ischemia of the CNS. The synthetic w-conotoxin MVIIA (SNX-111), which
selectively blocks depolarization-induced calcium fluxes through neuronal N-type

VDCCs, protected pyramidal neurons in the CAl subfield of the hippocampus from
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damage caused by transient forebrain ischemia (Valentino, 1993) and also reduced
cortical infarct size in rats subjected to 1h focal cerebral ischemia (Bowersox., 1997).
A neuroprotective effect of N-type VDCC blocker was observed in a rat model of
spinal ischemia as well (Burns, 1999). Simultaneous block of L-type and N-type
VDCCs resulted in postanoxic compound action potential (CAP) recovery in a model
of anoxia-induced white matter injury, studied on the isolated rat optic nerve (Fern,
1995) and on dorsal column axons of the rat spinal cord (Imaizumi, 1999).

Taken together, these data suggest that VDCCs are involved in both CNS grey and
white matter anoxic and ischemic injury, implicating that strategies directed against
Ca®" influx via VDCCs may provide protection for a broad spectrum of CNS regions.
Furthermore, an altered distribution of VDCCs was detected both in MS and EAE
(Kornek, 2001). An amelioration of the disease after aplication of VDCC blockers has
also been demonstrated in a mouse model of EAE. In this study, spinal cord samples
showed reduced inflammation and axonal pathology which supports the hypothesis
that calcium influx via VDCCs plays a significant role in the development of
neurological disability and white matter damage in EAE and MS (Brand-Schieber,
2004).

Some of the most specific VDCC blockers belong to the class of peptide toxins from
marine snails (conotoxins) and spiders (agatoxins, grammotoxin). One of the best-
characterized species of cone shell marine snails is Conus geographus, the venom of
which contains, among other toxins, sodium channel blockers (uU-conotoxins),
acetylcholine receptor blockers (o-conotoxins), and calcium channel blockers (-
conotoxins) (Olivera, 1987; Norton, 1999). ®-conotoxins are a large family of
structurally related peptides with a wide range of specificities for different types of
VDCCs. The individual peptides in a conotoxin family are typically each selectively
targeted to a diverse set of different molecular isoforms within the same ion channel
family (Terlau, 2004). Their high selectivity has made them enormously valuable as
physiological tools and as a new class of therapeutics for pain management
(Malmberg and Yaksh, 1995; Bowersox, 1996) and ischemic brain injury (Valentino,
1993; Fern, 1995). The most frequently used ones are listed in the Table 4.

For example, w-conotoxin MVIIA, entered clinical practice in its synthetic form

known as ziconotide or SNX-111 (Prialt ®) for the treatment of chronic neuropathic
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pain associated with injury, surgery, cancer and AIDS, especially for those patients

who did not respond to intrathecal opioids anymore (Norton, 1999).

2.8. Magnetic resonance imaging (MRI) for visualization of MS and EAE
pathology

MRI allows an in vivo assessment of several aspects of MS or EAE-related
pathological processes, including early inflammation, tissue degradation, and scar
formation, and is currently regarded as the gold standard for clinical evaluation of the
disease status in MS patients (Rausch, 2003). Furthermore, MRI allows the detection
of spatial and temporal dissemination of MS lesions earlier than it is possible by
clinical assessments (Zivadinov, 2006). A variety of conventional MRI protocols, in
conjunction with clinical assessment, are now routinely used to increase the accuracy
of diagnosis and long-term prognosis of multiple sclerosis. For example, multiple
regions in which the signal is diminished (“black holes”) in TI1-weighted MRI,
correspond to chronic lesions in MS (Noseworthy, 2000). The contrast gadolinium-
enhanced lesions on TI1-weighted images reflect increased blood-brain barrier
permeability associated with active inflammatory activity. T2-weighted hyper-intense
lesions are related primarily to increased water content and thus cannot distinguish
between inflammation, edema, demyelination, Wallerian degeneration, and axonal
loss. Changes in the number and volume of lesions on T2-weighted MRI (referred to
as the T2-weighted lesion load) are sensitive but non-specific indicators of disease
activity and the response to treatment (Noseworthy, 2000). Conventional MRI metrics
are not sufficiently sensitive to detect invisible brain damage in the normal appearing
brain tissue, and they do not show a reliable correlation with clinical measures of
disability. However, numerous studies showed that they can improve accuracy in the
diagnosis and prognosis of MS (Zivadinov, 2006). Recently, non-conventional MRI
techniques have been introduced to increase the accuracy of diagnosis and prognosis
of MS. Several studies have used brain atrophy, T1-hypointense lesion volume,
magnetization transfer imaging, diffusion-weighted imaging and magnetic resonance
spectroscopy to test whether the extent and severity of tissue loss in lesions and in
normal appearing grey and white matter at the time of clinically isolated syndrome

may have a diagnostic and prognostic value (Zivadinov, 2006). These MRI techniques
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represent a powerful tool to non-invasively study different pathological substrates of
lesions and microscopic tissue changes.

Several comparative studies showed significant correlation between MRI findings and
histopathology in animal models of MS (Morrissey, 1996; Schellenberg, 2007).
Significant decrease in T1 relaxation time during the course of EAE was detected in
several EAE models (Seeldrayers, 1993; Boretius 2007, in press).

Contrast-enhanced T1-weighted imaging using extracellular contrast agents allows
better visualization of anatomical structures both in healthy and affected animals.
Furthermore, combination of different contrast agents may provide broader
information on the state of the disease and/or events occurring during the course of
EAE. For example, detection of gadolinium-DTPA in the CNS implies BBB
disruption (Ding, 2006), while manganese enhancement in definite areas may indicate
increased calcium influx (Boretius, 2007, in press). Recently superparamagnetic iron
oxide (SPIO) particles as well as ultrasmall superparamagnetic iron oxide (USPIO)
nanoparticles (Rausch, 2003) have been introduced as a contrast agent to detect

macrophage migration in vivo by MRI (Linker, 2006).

2.9. Manganese enhanced MRI

Manganese has long been used as an MRI contrast agent because this paramagnetic
ion induces shortening of the spin-lattice relaxation time constant, T1, which yields
positive contrast enhancement in T1-weighted MRI, specific to tissues in which the
ion has accumulated. Provided that Mn®* remains compartmentalized after exogenous
administration, it can be used for delineating targeted tissue elements, such as the
optic nerve (Watanabe, 2001). The manganese ion (Mn2+) has been used in
biomedical research as an indicator of calcium (Ca?*) influx because it is well
established that Mn>* enters cells through voltage-dependent calcium channels
(VDCC) (Pautler R, 2006; Koretsky, 2004). However, further pharmacological
dissection in order to distinguish the influence of different VDCC types to manganese

influx was not performed so far.
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Aim of the study

The aim of our study was to address the following specific questions: 1. Do VDCCs
play a pathophysiological role for inflammation-induced neurodegeneration? 2.
Which type of VDCCs is involved in increased calcium influx occuring in
neuroinflammation? 3. Which cell types express VDCCs involved in increased
calcium influx in optic neuritis? 4. Would pharmacological intervention targeted to
VDCCs influence the optic neuritis pathology?

In order to answer these questions we have used in vivo manganese-enhanced MRI
and in vivo calcium-imaging coupled with application of VDCC type-specific
blockers. For post-mortem analysis of VDCC expression in the optic nerve, we have
performed immunohistochemistry for the pore-forming subunits of VDCCs. We have
used histopathological stainings and immunohistochemistry (IHC) to assess pathology
of optic neuritis, namely inflammation, demyelination and axonal degeneration. These
were [HC for ED1 (marker of macrophages), Luxol fast blue and Bielshowsky axon
impregnation, respectively.

We have also performed double labeling IHC for different cell-type specific markers
together with the antibody for the pore-forming subunit of N-type VDCCs, in order to
establish which cell types express this type of VDCCs.

Furthermore, we have applied a specific blocker of N-type VDCCs, w-conotoxin
GVIA, via the intracerebroventricular continuous infusion, to test if this specific

blocker can produce neuroprotective effect in the MOG-induced optic neuritis.
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3 Methods

3.1. Animals

Female Brown Norway rats 8—10 weeks of age were used in all experiments. They
were obtained from Charles River (Sulzfeld, Germany) and kept under
environmentally controlled conditions without the presence of pathogens. All
experiments that involved animal use were performed in compliance with the relevant
laws and institutional guidelines. These experiments have been approved by the local

authorities of Braunschweig, Germany.

3.2. Immunogen

Recombinant rat MOG (1rtMOG), corresponding to the N-terminal sequence of rat
MOG (amino acids 1-125), was expressed in Escherichia coli and purified to
homogeneity by chelate chromatography (Weissert, 1998). The purified protein in 6
M urea was then dialysed against 0.01 M sodium acetate, pH 3, to obtain a

preparation that was stored at -20° C.

3.3. Induction and evaluation of EAE

The rats were anaesthetized by inhalation of diethylether and injected intradermally at
the base of the tail with a total volume of 200 ul inoculum, containing 100 ug rrMOG
in saline emulsified (1:1) with complete Freund’s adjuvant (CFA) (Sigma, St Louis,
MO, USA) containing 200 pg heat-inactivated Mycobacterium tuberculosis (strain H
37 RA; Difco Laboratories, Detroit, MI, USA). Rats were scored for clinical signs of
EAE and weighed daily. The signs were scored as follows: grade 0.5, distal paresis of
the tail; grade 1, complete tail paralysis; grade 1.5, paresis of the tail and mild hind
leg paresis; grade 2.0, unilateral severe hind leg paresis; grade 2.5, bilateral severe
hind limb paresis; grade 3.0, complete bilateral hind limb paralysis; grade 3.5,
complete bilateral hind limb paralysis and paresis of one front limb; grade 4,
complete paralysis (tetraplegia), moribund state, or death. Cumulative score was

calculated as the sum of daily clinical scores.
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3.4. Retrograde labeling of RGCs

Two weeks before immunization, adult Brown Norway rats were anaesthetized with
intraperitoneal injection of ketamine 10% (0.65 ml/kg; Inresa, Germany) together
with xylazine 2% (0.35 ml/kg; Albrecht, Aulendorf, Germany) and placed in a
stereotactic frame. The skin was incised mediosagittally, and holes were drilled into
the skull above each superior colliculus (6.8 mm dorsal and 2 mm lateral from
bregma). We injected stereotactically 2 pl of the fluorescent dye fluorogold (FG; 5%
in normal saline) (Fluorochrome Inc., Englewood, CO, USA) into both superior
colliculi. For postoperative analgesia, carprofen (5 mg/kg in saline, Rimadyl®, Pfizer,

Germany) was given subcutaneously.

3.5. Quantification of RGC density

At the end of the MRI recordings or at the end of the treatment study, the rats were
humanely sacrificed with CO, and were perfused via the aorta with 4%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS). The brain, the ONs and
both eyes were removed, and the retinas were dissected and flat-mounted on glass
slides. They were examined by fluorescence microscopy (Axiophot 2; Zeiss,
Gottingen, Germany) using an UV filter (365/397 nm). RGC densities were
determined by counting of labelled cells in three areas (62 500 pmz) per retinal
quadrant at eccentricities of 1/6, 3/6, and 5/6 of the retinal radius. Cell counts were

performed by two independent investigators following a blind protocol.

3.6. Optic nerve histopathology

At the end of the MRI recordings or at the end of the treatment study, the animals
were perfused with 4% PFA in PBS and postfixed overnight in 4% PFA. ONs were
removed and embedded in paraffin. Histological evaluation was performed on 0.5 pm
thick slices stained with Luxol-fast blue and Bielschowsky’s silver impregnation to
assess demyelination and axonal pathology, respectively. Demyelinated areas were
determined as a percentage of the whole ON cross-section. The surface area of the
ON was measured using the AxioVision 4.5 software (Carl Zeiss, Germany). Axonal

densities were determined in cross sections of the ONs stained by Bielschowsky’s
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silver impregnation. Overview photographs (200x magnification) and high-
magnification photographs (1000x magnification) were made with a CCD camera
(Color View II; Soft imaging Systeml) and Axioplan 2 microscope (Carl Zeiss,
Germany). The number of axons in each ON was counted using a custom-made
eyepiece with a grid (Carl Zeiss, Germany) which allowed for a stereological
counting. Three grid areas were randomly positioned within the area of the ON cross-
section. The average of three counts was expressed as percentage of the mean number
of axons in the ONs of a healthy control group of BN rats (n=8; 16 ONs). Due to
substantial changes during optic neuritis, it was not possible to blind the observer as
to whether a section was from a MOG-immunized animal or a healthy control.
However, the investigator who performed neuropathological examinations was
blinded to the MRI data as well as to the results of the treatment study with -
conotoxin GVIA.

3.7. Immunohistochemistry

Immunohistochemistry was performed in serial sections of paraffin-embedded ONs
and spinal cords. The following standard protocol was followed:
e The paraffin sections were deparaffinized and
e rehydrated by placing in 2 changes of xylol (10 min each)
e followed by 6 changes, 2 min each, in ethanol (EtOH) of descending
concentrations (2 x 100%-2 x 90%-70%-50%),
e followed by cold running tap water
* microwave antigen retrieval was performed by heating the slides in 0.2%
citrate buffer pH=6.0 for 10 min at 800W
e cooling down (15 min) and washing in PBS for 2 x 5 min
e quenching of endogenous peroxidase by immersing the slides in 3%
H,0,/PBS for 10 min at room temperature (RT)
e wash with PBS (2 x 5 min)
¢ blocking for 1h at RT with 10 % serum (a) or in 10 % serum in 0.3 % Triton
X-100 (b)
e applying primary antibody in appropriate dilution (c)

e Incubation overnight at 4°C
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e At this point staining may proceed with various secondary antibodies:

e for light microscopy

O

O

incubation with secondary antibody (d) 1h/RT

sections were incubated with VECTASTAIN® Elite Universal ABC
kit (Vector, Burlingham, USA) 1h/RT

Color development was achieved by incubating the sections for 3
min/RT

in DAB substrate kit for peroxidase (Vector, Burlingham, USA)
stopping the reaction with distilled water (5 min/RT)

followed by 10 min in Haemalaun and HCI-EtOH for counterstaining
after dehydration through the ascending series of EtOH and
delipidation in xylol (2 x 10 min)

the slides were coverslipped using Roti® - Histokitt II (Carl Roth,

Germany ) mounting solution

e for fluorescence microscopy

O

O

O

O

application of secondary antibodies (e) 1h/RT in dark

wash in PBS (3 x 5 min)

5 min immerse in DAPI (Sigma-Aldrich, Germany)

the slides were coverslipped using Shandon Immu-Mount (Thermo

Electron Corporation, UK) mounting solution

a) For light microscopy THC for anti-3-APP and anti-EDI, the blocking was

performed using a 10 % horse serum (Sigma-Aldrich, Germany)

b) For anti-N—type calcium channel IHC light microscopy, blocking was done with

10 % normal donkey serum (Sigma-Aldrich, Germany) in 0.3 % Triton X-100

(Sigma-Aldrich, Germany) and for fluorescence microscopy with 10 % normal goat

serum (Sigma-Aldrich, Germany) in 0.3 % Triton X-100

c¢) The following primary antibodies were used:

e rabbit anti-N-type calcium channel (anti-oi;g) (Sigma-Aldrich, Germanys;
dilution 1:1000),

e mouse anti-B-APP (Chemicon, USA; 1:1000),

¢ mouse anti-ED1 (CD68, Serotec, UK; 1:500),

® mouse anti-glial fibrillary acid protein (GFAP, Dianova, Germany, 1:100)
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e mouse anti-myelin 2', 3’-cyclic nucleotide 3'-phosphodiesterase (myelin
CNPase) (SMI 91, Covance, USA; 1:200).
d) Secondary antibodies for light microscopy IHC:
¢ biotinylated donkey anti-rabbit (Chemicon USA, 1:400)
¢ biotinylated goat anti-rabbit IgG (Vector, Burlingham, USA; 1:200),
® biotinylated goat anti-mouse IgG (Vector, Burlingham, USA; 1:200),
¢ biotinylated horse anti-mouse IgG (Vector, Burlingham, USA; 1:200),
e) Secondary antibodies for fluorescence microscopy IHC:
e (y3-labelled goat anti-rabbit IgG (Jackson Immunoresearch, USA; 1:600),
e Alexa 488-labelled goat anti-mouse IgG (Molecular Probes, Netherlands,
1:400).
Control sections were incubated in the absence of primary antibodies. As positive
controls, spinal cord sections, where the expression pattern for VDCCs is well
described (Kornek, 2001), were always stained in parallel with ON sections to assure
the efficacy of each staining trial. Stereological quantitative analysis of EDI and a,;p-
labelled serial sections was performed using a calibrated eyepiece. The immuno-
positive sites were counted in 3 randomly selected areas per ON. The counts were

performed independently by two investigators following a blind protocol.

3.8. Experimental setup for in vivo manganese enhanced MRI

30 animals underwent MRI at day 14 post immunization when the average integrity
of the blood-brain barrier is maximally reduced and allows VDCC blockers to
penetrate into the CNS. Anaesthesia was induced by medetomidine (0.25 mg/kg, s.c.,
Domitor®, Pfizer, Germany) and ketamine (25 mg/kg, i.v., Medistar, Germany). The
animal numbers decreased at later time points due to advanced neurological
impairment. After muscular relaxation, the animals were intubated under visual
control with a purpose-built endotracheal tube (1.4 mm inner diameter, 2.1 mm outer
diameter), and artificially ventilated. Anaesthesia was maintained using isoflurane
(0.25 = 0.5% in oxygen and ambient air (1:1.5)). The anaesthetized and intubated
animals were placed in the magnet in a supine position with the head firmly fixed by
a home-build stereotaxic device. For the application of contrast agents, the rats were

provided with a permanent venous catheter in one of the tail veins.
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All MRI measurements were performed at 2.35 T using a MRBR 4.7/400 mm magnet
(Magnex Scientific, Abington, UK) equipped with a DBX system (Bruker Biospin,
Ettlingen, Germany). A birdcage radio frequency coil (154 mm inner diameter) was
used for excitation together with a saddle-shaped surface coil for signal reception
(both from Bruker Biospin, Ettlingen, Germany). High-resolution T1-weighted data
sets with an isotropic resolution of 230 um were acquired using 3D FLASH (TR/TE =
17.0 ms/4.36 ms, flip angle = 25 degree). The relatively short TE was chosen to
ensure opposite-phase conditions for fat and water. After acquisition of pre-contrast
T1-weighted images, the animals received MnCl, (0.05 mmol/kg, Sigma-Aldrich,
USA) via the vein catheter. Mn**—enhanced T1-weighted MRI was performed 10
minutes as well as 24 h and 48 h after MnCl, administration. Some animals
additionally received a VDCC blocker or AMPA/kainate receptor antagonist which
was administered shortly before MnCl, injection. The following VDCC antagonists
were applied: diltiazem (20 mg/kg i.p.; Sigma-Aldrich, Germany), w-conotoxin
GVIA (10 pg/kg i.v.; Anaspec, USA), amlodipine (5 mg/kg p.o.; LKT Laboratories,
USA), amiloride (100 pmol/kg i.v.; Sigma-Aldrich, Germany), or w-agatoxin IVA
(20 pg/kg i.v.; Alomone, Israel). NBQX (30 mg/kg i.p; Tocris Bioscience, USA) was
used for AMPA/kainate receptor blockade. Drug concentrations were chosen
according to previously described dosages sufficient to achieve a selective channel
blockade in rat models of EAE (Smith, 2000), neurogenic pain and vasodilatation
(Akerman, 2003), or patch clamp studies on isolated nerves (Furukawa, 1997; Sun,

1999).
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Fig.3.1: Position of the animal in the holder used for placing in the MR scanner.
Magnified image shows saddle-shaped surface coil. The image represents only the position of
the animal in the holder (The photo shows Wistar rat, we used BN). Image courtesy of Dr.
Susann Boretius, NMR in Biomedicine GmbH, Max-Planck Institute for Biophysical Chemistry,

Gottingen, Germany

3.9. Analysis of MR images

For quantitative image analyses, MRI sections parallel to the optic nerve were used to
determine a suitable region-of-interest (ROI). Quantitative ROI analyses were based
on MRI signal intensities (SI) in the optic nerve normalized to the intensity of nearby
grey matter using Paravision 3.2 (Bruker Biospin, Ettlingen, Germany) (Fig. 3.2). The
ratio of the normalized signal intensities after and before application of Mn** was
calculated to determine the efficiency of the applied antagonists to block respective

Ca’" channels.



Fig.3.2: Selected regions of interest (ROIs) used for analysis of MR images

(a) Mid-sagittal section of a T1-weighted MRI data set from a control animal. The horizontal
line parallel to the optic nerve demonstrates the section orientation shown in b)

(o) In each optic nerve (ON), there are identical square ROls. Two circular ROIls are
positioned in the brain tissue surrounding the optic nerve. S| measured in selected ROls was
used to calculate ratio of normalized Sl before and after an*.application (detailed description
is given in the text).

3.10. Labeling of the optic nerves with a Ca** sensitive dye

17 rats underwent the procedure for in vivo Ca®™ imaging. Animals were anesthetized
by intraperitoneal injection of chloralhydrate (420 mg/kg bodyweight). Using a
Hamilton syringe, 3 ul of Oregon Green 488 BAPTA-1 AM ester (OGB) were
injected into the vitreous body. OGB is then taken-up by RGCs and transported
anterogradely in the axons forming the ON. Uptake of OGB in the ON reached a
plateau after ~2h and the ON was then prepared for in vivo Ca* imaging. After
performing a mediosagittal skin incision to the skull, the orbita was opened by
dissecting the soft tissue parallel to the orbital rim. The intraorbital glands were
subtotally resected. After spreading of the superior extraocular muscles, the ON was
exposed by longitudinal incision of the nerve sheath. A tie of fine surgical thread

(10/0, Ethilon) was placed loosely around the ON to highlight the region of interest.
3.11. In vivo calcium-imaging
The anesthetized rat was placed on a platform below the objective ("Achroplan”

40x/0.8 W Ph2, Zeiss, Gottingen) and the objective was lowered on to the exposed
dye-loaded ON. The space between the objective and ON was filled with calcium-free
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isotonic 0.9% NaCl solution. OGB was excited at 488 nm and collected through a 522
nm bandpass filter using fluorescence microscope (Axioplan-2, Zeiss, Gottingen,
Germany). In order to quantify the extent of photobleaching, 50 images (1/s) were
taken before inducing depolarization. To induce depolarization 10 pl of a KCl
solution (160 mM) were injected intravitreally. ®-conotoxin GVIA (Mobitec,
Germany) was applied topically to the exposed nerve, for 30 minutes before inducing
depolarization, in a dose of 3 pg per ON according to previous experiments described
by Xiao et al (Xiao, 1995).

Data analysis was conducted using ImageJ 1.36b (http://rsb.info.nih.gov/nih-
image/default.html), based on the mean fluorescence intensity (analysis of mean grey

value of each picture).

3.12. Intracerebroventricular infusion

16 rats were implanted with mini-osmotic pumps (model 2004, delivery rate 0.25
ul/h, Alzet, USA) and the respective brain infusion kits (model 1, Alzet, USA). ®-
conotoxin GVIA (6 uM) was diluted in sterile artificial cerebrospinal fluid (aCSF)
(Harvard Apparatus, USA) immediately before filling of the osmotic pumps. The
vehicle-treated control groups of rats received pumps containing aCSF without
addition of the blocker. The pumps with the attached brain infusion catheters were
primed for 40 h at 37°C in sterile 0.9 % saline according to the instructions from the
manufacturer. After that, the pumps were implanted subcutaneosly in the
interscapular region. The tip of the infusion kit was placed into the right lateral
ventricle according to the following stereotactical coordinates: 0.9 mm caudal and 1.4
mm lateral to bregma, 3.6 mm below the dura mater (Paxinos and Watson, 1998).
After placement, all incisions were closed with Autoclips (Stoelting, USA). The
minipumps yielded a constant infusion rate of 0.25 pl/h for a time period of 23 days
in the pre-treatment groups and for a time period of 8 days in the “late” treatment
groups. During these experiments, o-conotoxin GVIA was delivered at a
concentration of 1.5 pmol/h. This protocol was chosen due to results obtained from a
preliminary dose-finding trial (data not shown) and according to published data
describing chronic intracerebroventricular applications of conopeptides (Malmberg

and Yaksh, 1995). After explantation of the pumps, the residual volume was
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recovered from the pump reservoir and measured in order to verify the accuracy of

the pump delivery. The values were within the range predicted by the manufacturer.

3.13. Statistical analysis

The degree of Mn”* - induced enhancement within the ONs after application of
various VDCC antagonists was compared by Kruskal-Wallis non-parametric
ANOVA followed by Dunn's post hoc procedure. These tests were also used for
comparing the fluorescence intensities after calcium imaging of healthy and inflamed
ONs treated with VDCC blockers. Statistical significances of the histopathological
data, differences between RGC densities and the neurological scores were assessed
using the non-parametric Mann-Whitney two-tailed test. The Spearman two-tailed
test was used to examine the correlation between o5 expression and percentage of
demyelination or axonal survival. The following levels of significance were defined:
p<0.05 to be significant, p<0.01 to be very significant and p<0.001 to be highly
significant. All statistical analyses were performed using GraphPad Prism software,

version 4.00 for Windows (GraphPad Software, San Diego, California, USA).
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4 Results

4.1. In optic neuritis signal intensity in T1-weighted MR images is

reduced and Mn*- induced enhancement is prominent

Fig.4.1: T1-weighted MR images of optic nerves
(a) ONs from a healthy rat (b) ONs from a rat with MOG-induced optic neuritis, before
and (c) after application of manganese (Mn®*) as a contrast agent. T1-weighted signal
intensity (Sl) in inflamed is significantly decreased when compared to healthy ONs.
Note the increase in ON diameter in (b) and (c) due to oedema formation. The
arrowhead points out to the change in contrast between the optic nerves and the
surrounding brain tissue before and after Mn®*- application. Scale bar = 2 mm.

Sham-immunized controls and rats with optic neuritis underwent T1-weighted 3D
MRI before and 10 min after Mn** application (Fig. 4.1a—c). Compared to controls
inflamed ONs exhibited a marked reduction of the normalized signal intensity (SI) on
the pre-contrast T1-weighted images (Fig. 4.1a, b). The SI of the ONs were 1.09 +
0.01 (n=8) and 0.94 £ 0.05 (n=6) (p = 0.029; mean £ SEM) for healthy and inflamed
ONGs, respectively. During optic neuritis, a strong Mn®* - induced enhancement was
evident in the central parts of the ON (Fig. 4.1¢c), suggestive of an influx of Mn?* into

the cytoplasm of the nerve fibers. Note an increased diameter of ONs with neuritis.
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4.2. High voltage-activated calcium channels mediate Mn?**- induced

enhancement

Because Ca”* and Mn”* are of a similar size and of the same positive charge, we
investigated whether the routes of entry for these two bivalent cations are the same.
Therefore, a previously described MRI protocol (Boretius, 2007 in press) was
modified to include the application of pharmacological antagonists of AMPA/kainate
receptors and of VDCCs. These were applied immediately prior to Mn** during the
MR imaging session, allowing the effects of the inhibitors on Mn?* influx to be
detected by the enhanced contrast in T1-weighted MR images.

Initially, the effects of an AMPA/kainate receptor antagonist, NBQX (30 mg/kg i.p)
(Smith, 2000), a broad-range blocker of high voltage-activated (HVA) VDCCs,
amlodipine (5 mg/kg, p.o) (Furukawa, 1997), and a low voltage-activated VDCC
antagonist, specific for T-type VDCCs, amiloride (100 pwmol/kg i.v) (Turner, 2004
and personal communication) were investigated. Drug concentrations were chosen
according to previously described dosages sufficient to achieve a selective channel
blockade in rat models of ischemia (Smith, 2000), neurogenic pain and vasodilatation
(Akerman, 2003), as well as patch clamp studies on isolated nerves (Sun, 1999). In
each trial, the blocker was applied after performing the first T1-weighted FLASH scan
and before Mn”* application.

Application of NBQX (AMPA-block) or amiloride (T-block), alone or in
combination, did not have any detectable effect on Mn?* - induced enhancement (Fig.
4.2b, c). However, application of amlodipine (L+N block), a broad-range blocker of
HVA VDCCs, led to a prominent decrease of Mn?* - induced enhancement (Fig.
4.2d). The normalized SI was measured before and 10 min after application of Mn?*
and used to quantify the effect of the applied antagonists. Mean values + SEM (Fig.
2e) were 2.62 + 0.14 in controls (n=4), 2.43 £ 0.06 in animals receiving the T blocker
(n=3), 1.85 £ 0.04 for T+AMPA blocker (n=3), and only 1.40 £ 0.04 for L+N blocker
(n=3).
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post Mn/pre Mn T1 SI
(normalized)

Fig.4.2: T1-weighted MR images obtained 10 min after Mn** application
demonstrating the effects of type-specific VDCC blockers and an AMPA-receptor
inhibitor on the Mn?*- induced enhancement within the inflamed ONs.

(a) ON without blocker. (b) A T-type specific VDCC blocker did not reduce Mn®* -
induced enhancement. (¢) The combination of a T-type VDCC blocker and an AMPA-
receptor did not reduce Mn®* - induced enhancement. (d) Inhibition of L- and N- type
VDCCs led to a clear reduction of Mn®*- induced enhancement. (e) Normalized signal
intensities of the ONs without blocker (control), with amiloride (T block), with amiloride
and NBQX (T+AMPA block), and with amlodipine (L+N block). Note a trend towards a
reduced signal intensity in the animal group which received L- and N- type VDCCs.
Error bars represent SEMs..

4.3. Mn** enters the inflamed ON via N-type VDCCs

After the most significant inhibition of Mn** uptake was observed using the HVA
VDCC blocker, further experiments were performed with higher animal numbers,
allowing for full statistical analyses. Our objective was to further dissect the HVA
VDCCs involved in Mn** influx, namely L-type, P/Q-type, and N-type VDCCs
through the use of more specific antagonists. These included diltiazem, an inhibitor of
L-type VDCCs (20 mg/kg i.p) (Sun, 1999), w-conotoxin GVIA (10 pg/kg i.v)
(Akerman, 2003), a specific blocker for N-type VDCCs, and w-agatoxin IVA (20
ng/kg i.v) (Akerman, 2003), a specific inhibitor of P/Q -type VDCCs. The antagonists
were applied only to those animals which showed abnormalities in T1-weighted MR

images such as increased ON diameter and decreased signal intensity, indicative of
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severe optic neuritis (data not shown). In some cases, additional corroboration of optic
neuritis was obtained by application of a conventional MRI contrast agent,
gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA), which is widely used to
assess a disruption of the BBB (Ding, 2006) (Fig.4.2c,d). Furthermore, following
histopathology, only ONs with more than 50 % demyelination were included in the
statistical evaluation. Figure 4.3a—d show T1-weighted images of inflamed ONs 10
min after Mn”* application where ONs of untreated animals are shown in Fig. 3a, and
of animals which additionally received the L-type (Fig. 4.3b), the P/Q-type (Fig.
4.3c), and the N-type blocker (Fig. 4.3d). Whereas the normalized SI in animals
receiving the L-type (1.70 +0.20; n=8) or P/Q-type blocker (1.82 +£0.09; n=9) did not
significantly differ from controls (2.03 + 0.13; n=14), Mn?*- induced signal
enhancement in the central parts of the ONs was significantly reduced after

application of the N-type blocker (1.49 +0.04; n=7; p = 0.038, Fig. 4.3g).
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Fig.4.3: T1-weighted MR images obtained after Mn** application demonstrating
the effects of type-specific HYA VDCC blockers on Mn** -induced enhancement
within the inflamed ONs.

Images (a—d) were taken 10 min after application of Mn®** without a blocker (a), with the
L-type VDCC blocker (b), with the P/Q-type VDCC blocker (c), and with the N-type
VDCC blocker (d). Note that application of the N-type VDCC blocker suppresses Mn*'-
induced enhancement within the ONs. However, after degradation of the N-type VDCC
blocker (i.e., after 24 h) Mn®* - induced enhancement of the inflamed ONs recovers (e)
and retains up to 48 h (f). (g) Normalized signal intensities of the ONs without blocker
(control), with o-CTX (N block), with diltiazem (L block), and with w-agatoxin IVA (PQ
block). Error bars represent SEMs (* p < 0.05). Scale bar = 2 mm.
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In this context, it is important to emphasize that the half-life of the used N-type
blocker is 4.61 + 0.59 h (Bowersox, 1997). In order to look for an enhancement
induced by Mn** after degradation of ®-conotoxin GVIA in the same animals and
thereby assure the specificity of the effect, we performed two additional
measurements at later time points, 24 h and 48 h after the initial application. MRI
performed at 24 h and 48 h after initial application exhibited Mn?*- induced signal
enhancement even in ONs of animals presented with suppressed Mn?**- induced
enhancement 10 min after injection of the N-type blocker. Quantitative analyses
revealed a prominent increase in the normalized SI ratio of the ON, both at 24 h (1.35
+ 0.04; n=5) and 48 h after Mn?* application (1.14 £ 0.09; n=5) (Fig. 3e, f), which
was not significantly different from the untreated animals (1.42 + 0.11 at 24 h, n=5;
1.41 £0.12 at 48 h; n=3).

Furthermore, after 48 hours we observed a spreading of the enhancement along the
ON. This spreading progressed up to a certain level and then started decreasing, which
is probably due to a combination of axonal transport of Mn** and on-going Mn**
wash-out. These observations are in consistency with previous findings concerning

the axonal transport of Mn>* ions (Watanabe, 2001; Pautler, 1998).

4.4. N-type VDCC expression is up-regulated in optic neuritis and
correlates with demyelination pattern

Because blockade of N-type VDCCs reduced Mn** uptake into the inflamed ON, N-
type VDCC expression was investigated in more detail. Immunohistochemistry for
aip, the pore-forming subunit of N-type VDCCs, at the light microscopic level,
revealed a significant difference in both the degree and the pattern of N-type VDCC
expression between healthy and inflamed ONs. In healthy, myelinated ONs, a modest
degree of o, immunoreactivity was detected, and quantified as the number of o;p-
positive sites per ON (30.8 + 0.9; n=8) (Fig.4.4b, h). However, a highly significant
up-regulation of expression was seen in MOG-immunized ONs (82.7 £ 5.0; n=10)
compared to the ONs of healthy, sham-immunized rats (p < 0.0001) (Fig.4.4 d, f and
Fig.4.5a). Furthermore, a highly significant positive correlation between the number
of a;p-positive sites per ON and the percentage of demyelination was detected by

myelin-specific histopathological staining (r = 0.81, p < 0.0001; n = 30) (Fig.4.5b). A
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highly significant negative correlation was observed between the number of o;p-
positive sites per ON and the percentage of axonal survival (r = -0.66, p = 0.0002; n =
26) (Fig.4.5c) counted after Bielschowsky silver impregnation of axons. In parallel
with the oyp staining of serial ON sections, we stained spinal cord sections from
healthy rats which served as positive controls (Fig.4.4g) and showed previously
described staining pattern of pronounced staining in regions of high synaptic density

(Kornek, 2001).
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Fig.4.4: Expression of N-type VDCCs in rat optic nerves during optic neuritis,
compared to myelin-specific histopathological staining (LFB)
(a) LFB staining of a healthy optic nerve, showing complete myelination (blue area). (b)
Same optic nerve as shown in (a) stained for ag, the pore-forming subunit of N-type VDCCs.
(c) and (e) LFB stainings of optic nerves from rats with MOG-induced optic neuritis. The two
representative examples show different degrees and patterns of demyelination (purple
areas). (d) and (f) Adjacent serial sections of the optic nerves shown in (c) and (d) stained for
oyg- Note the up-regulation of a5 in the demyelinated areas. (g) Cross-section of the healthy
rat spinal cord, showing intense a4g- immunoreactivity in regions of high synaptic density.
Spinal cord sections were used as positive controls to assure the efficacy of the o,s-staining.

Scale bars = 100 um
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(b) Correlation between the numbers of a4g -positive sites per optic nerve and the
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(c) Correlation between the numbers of ag-positive sites per optic nerve and the
percentage of axonal survival (r = -0.66, p = 0.0002; n = 26).

Fig.4.5: Quantitative analysis of a,g immunoreactivity and comparison to axonal

survival and demyelination
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4.5. N-type VDCC expression correlates with immunoreactivity for g-
amyloid precursor protein

A previous study performed in rat EAE revealed a comparable staining pattern for o,
and P-amyloid precursor protein (B-APP), an early marker of disturbed axonal
transport, in brain and spinal cord tissue of the animals (Kornek, 2001). We
investigated the relationship between a5 and B-APP expression during optic neuritis.
Fluorescence microscopy revealed a co-localization of a;p and B-APP, as shown in
Figure 4.6. These results indicate that N-type VDCCs are expressed on degenerating
ON axon fibers. However, some immunoreactivity was also detected on astrocytes

(Fig. 4.7), as has been previously reported by Kornek and colleagues (Kornek, 2001).

Fig.4.6: Fluorescent microscopy co-labeling for axonal marker (3-APP) and
N-type VDCC (0yg)

(a) Immunoreactivity for B-APP and b) og (c) merged fluorescence microscopy image.

The arrow points out to the area of overlaying immunoreactivity. Scale bar = 20 um
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Fig.4.7: Fluorescent microscopy co-labeling for astrocytic marker (GFAP) and
N-type VDCCs (04g)

(a, d) GFAP immunoreactivity (b, €) ayg immunoreactivity (c, f) merged fluorescence

microscopy image. The arrow points out to the area of overlaying immunoreactivity. (a-

c) scale bar = 100 um, (d-f) scale bar = 20 um

4.6. Expression of N-type VDCCs in optic neuritis does not correlate with
CNPase reactivity

A possible explanation for the correlation between N-type VDCC expression and the
pattern of demyelination, may be an up-regulation of N-type VDCCs in
oligodendrocytes. This could lead to an increased Ca* influx, resulting in
oligodendrocyte apoptosis and disruption of the myelin sheath. However, no co-
localization was seen using double immunohistochemistry for CNPase, a marker of
oligodendrocytes, and o, the pore-forming subunit of N-type VDCCs, at the
fluorescent microscopy level (Fig. 4.8). Therefore, we conclude that oligodendrocytes

in the ON do not express N-type VDCC s.
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Fig.4.8: Fluorescent microscopy co-labeling for oligodendrocytic marker
(CNPase) and N-type VDCC (o)

(a,d) CNPase immunoreactivity (b, e) oyg immunoreactivity (c, f) Expression of CNPase

does not correlate with expression of a4g as seen in the merged images. (a-c) scale

bar = 100 um, (d-f) scale bar = 20 um
4.7. w-conotoxin GVIA suppresses Ca®* influx into the inflamed ON

In order to investigate whether m-conotoxin GVIA not only suppresses Mn”* but also
Ca®" influx within the inflamed ON, we performed in vivo Ca®* imaging in rats 15
days after immunization with MOG. Measurements of fluorescence signal intensity
changes revealed an increased influx of Ca®* into the ONs in rats with optic neuritis
(166.6 = 20.3; n=10) in comparison to healthy ONs in sham-immunized control
animals (115.2 + 3.4; n=6; p = 0.042) (Fig. 4.9a,b). This observation supports the
hypothesis of an increased Ca®* influx under inflammatory conditions and white

matter injuries (Stys, 1992; Kornek, 2001).
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Fig.4.9: In vivo calcium imaging of the rat optic nerve following KCl-induced
depolarization.
Pictures were taken every 5 seconds during a 5 min period from the time point of KClI
application onwards. Each picture in the sequence represents the same part of the
optic nerve. A thread (as indicated by the green arrowheads) was placed around the
ON to serve as a marker ensuring the imaging of the same region. The whole
sequence of images shows changes of the fluorescence signal in the 5 s intervals. The
numbers indicate chronological sequence. The black arrowheads indicate start and
maximum of the calcium influx seen as the increase in fluorescence intensity. (a)
Sequential fluorescence microscope images, showing changes in calcium influx into
the healthy optic nerve without application of any blocker. (b) Inflamed optic nerve,
without blocker application, showing prominent increase in calcium-sensitive
fluorescence intensity after depolarization. (c) Inflamed optic nerve treated topically
with ®-conotoxin GVIA. Note the clear reduction in calcium-sensitive fluorescence

intensity after application of KCl when compared to (b).

After o-conotoxin GVIA was topically applied to the inflamed ONs, the

depolarization-induced influx of Ca®* was significantly inhibited (103.1 + 1.3; n = 7)
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in comparison to the control of MOG-immunized ONs (153.2 £ 17.0; n=13; p =
0.0004) (Fig. 4.10b). Treatment of healthy rats with the N-type VDCC blocker
decreased the Ca** signal to a smaller extent (104.8 + 8.9; n=4) which was not
significantly different to healthy ONs after topical application of normal saline (127.1
+ 8.4; n=8; p = 0.07, not significant) (Fig.4.10a). During these experiments, ®-
conotoxin GVIA was applied topically in a dose of 3 pg per ON, a dose proven to be
efficient in suppressing N-type VDCC-mediated neuropathic pain in rats (Xiao,
1995).

a b
200- 200- Jod

= 2
@ @ T
§ 150- § 150-
£ ! =
8 (<5}
2 100~ Q 100+
[<}] [<+]
@ @
L 50- 2 50-
o o
= S
T T

C c v

N
N & Y
‘(\0 6{\' Pond '<\.
& S
S
<@

Fig.4.10: Quantification of calcium-sensitive fluorescence intensity changes
(a) in healthy rat optic nerves with and without application of w-conotoxin GVIA. (b)
from rats suffering from optic neuritis with and without application of w-conotoxin GVIA.
Application of the N-type VDCC blocker led to a highly significant reduction of
fluorescence intensity. Error bars represent SEMs. ***, p < 0.001, n = 13.

4.8. Application of w-conotoxin GVIA reduces axonal degeneration in
MOG-induced optic neuritis

After we demonstrated that N-type VDCCs are up-regulated in degenerating ON axon

fibers and are responsible for an increased Ca”" influx into the axon, we addressed the
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question of whether these phenomena play a functional role in the process of
neurodegeneration. Therefore, ®-conotoxin GVIA was continuously applied via
osmotic mini-pumps to the cerebrospinal fluid of rats following MOG-immunization,
and the extent of neurodegeneration was subsequently assessed by histopathology. In
this context, two different treatment paradigms were compared: In the first two groups
(termed “PRE”), delivery of w-conotoxin GVIA or vehicle was started 2 days prior to
immunization. In these groups, infusion of drug or vehicle solution was continued
until day 21 after immunization, corresponding to a time point 1 week after disease
manifestation. In the next 2 groups (termed “LATE”), delivery of w-conotoxin GVIA
or vehicle was started on the day of EAE onset and was continued for 1 week until
day 8 of the disease. During these experiments, m-conotoxin GVIA was delivered at a
concentration of 1.5 pmol/h with a pump rate of 0.25 ul/h. This protocol was chosen
due to results obtained from a preliminary dose-finding trial (data not shown) and
according to published data describing chronic intrathecal and intracerebroventricular
applications of conopeptides (Malmberg, 1995; Spampinato, 1994). All animals
survived until the end of the experiment without showing obvious side effects related
to o-conotoxin GVIA application, except for initial tremors shortly after the start of
infusion. However, this effect was transient and diminished after a few days.

In the “PRE” treatment group the percentage of surviving axons within the ONs was
significantly increased (®m-conotoxin GVIA treated, 90.4 + 3.7, n=8; vehicle-treated,
47.2 £ 8.2, n=5; p = 0.0016) (Fig. 4.11c, f and Fig. 4.12c). In the “LATE” treatment
group, a trend towards increased axonal survival was seen following treatment with
o-conotoxin GVIA, however, this difference was not statistically significant (-
conotoxin GVIA treated , 86.1 £+ 6.7, n=8; vehicle-treated, 60.3 + 6.3, n=5; p = 0.06,
not significant) (Fig. 4.11i, I, and Fig. 4.12 d). As far as demyelination is concerned a
significant reduction was observed in both groups which received w-conotoxin GVIA
when compared to the respective vehicle-treated control groups (o-conotoxin GVIA
PRE treatment, 35.9 + 8.7, n=8; vehicle PRE treatment, 94.2 + 5.8, n=5; p = 0.0031)
(Fig. 4.11a, d and Fig. 4.12¢); w-conotoxin GVIA LATE treatment, 31.0 + 13.7, n=8;
vehicle LATE treatment, 94.5 + 3.2, n=5; p = 0.0062) (Fig. 4.11g,j and Fig. 4.12f). In
contrast, inflammatory infiltration within the ONs was not influenced by application
of w-conotoxin GVIA (Fig. 4.12g, h). Furthermore, there was no effect of -

conotoxin GVIA on the survival of RGCs (data not shown).



Fig. 4.11: Effects of continuous intracerebroventricular application of ®-

conotoxin GVIA on MOG-induced optic neuritis.
Application of vehicle (a,b, c, g,h,i) or m-conotoxin GVIA (d,e,f,j,k,l) was either started
two days prior to immunization (a,b,c,d,e,f) or given from the day of disease onset
onwards (g,h,i,j,k,l) and was continued over three weeks. (a,d,g,j): LFB staining
showing the extent of demyelination (purple areas). Blue areas indicate intact myelin.
Note the decreased amount of demyelination in both optic nerves treated with -
conotoxin GVIA (d, j)- (c, f,i,l): Bielschowsky silver impregnation indicating the extent of
axonal degeneration. Axons are marked by white arrowheads, green arrowheads show
infiltrating macrophages. Note the low numbers of surviving axons in parallel with high
numbers of macrophages in both vehicle-treated optic nerves (c, i). After treatment with
w-conotoxin GVIA, axonal survival was improved, especially when treatment was
started prior to immunization (f).

52
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Fig.4.12: Quantitative analyses of histological and immunohistochemical data
after o-conotoxin GVIA treatment of MOG-induced optic neuritis

(a, b) Quantification of oyg-positive sites per optic nerve after PRE treatment (a), or
LATE treatment (b) with w-conotoxin GVIA or vehicle. (c, d), Axonal survival in the PRE
(c), and the LATE (d) treatment groups. The number of surviving axons, labelled as “%
of axonal survival’, is expressed as percentage of the average number of axons in the
healthy optic nerve. (e, f), Extent of demyelination after application of w-conotoxin GVIA
or vehicle according to the PRE (e) or LATE (f) treatment protocol. Demyelination is
given as percentage with respect to the whole optic nerve cross-section. (g, h)
Numbers of ED1-positive cells per optic nerve in the PRE (g) and the LATE treatment
groups (h).

Error bars represent SEMs, **, p < 0.01

After quantitative analysis of o — immunoreactivity, we have observed a very
significant reduction in the number of ;g — positive sites per optic nerve in both the
PRE and LATE treatment groups. For the PRE w-conotoxin GVIA treated group, the
average number of 05 — positive sites per optic nerve was 56.2 + 3.6, n =8 while for
the vehicle treated group the average value was 89.6 £5.0, n = 5, p= 0.002 (Fig. 4.12

a). For the LATE treatment, the values in the w-conotoxin GVIA treated group were
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33.30 £ 2.8, n = 5 and in the vehicle treated 75.8 £7.9, n = §, p = 0.002, (Fig. 4.12 b).
The values are given as mean with SEM.

We also tested if ®-conotoxin GVIA treatment affected the clinical outcome of EAE.
In the pre-treatment group, the onset of disease was significantly delayed in the
treated group (15.8 £ 0.9; n = 4) in comparison to the control group (11.5 £0.5;n=4;
p = 0.029). In this case, for the clinical outcome, n signifies number of animals, not

optic nerves.
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Fig. 4.13: Score giving the severity of general neurological symptoms
rat groups treated with w-conotoxin GVIA or vehicle according to the PRE (a) or LATE
(b) treatment protocol. Error bars represent SEMs,*, p < 0.05

The cumulative score was significantly reduced in the ®-conotoxin GVIA treated
group (5.1 = 1.5; n = 4) in comparison to vehicle-treated control group (10.0 = 0.7; n
=4; p =0.029) (Fig.4.13a). In the late treatment group, however, the onset was not
significantly delayed, 12.8 + 0.8 in the w-conotoxin GVIA treated group, (n = 4), in
comparison to the vehicle-treated group (14.5 + 1.0; n = 4; not significant). The late
treatment did not improve neurological outcome in the w-conotoxin GVIA treated
group (7.9 = 3.6; n = 4) compared to the vehicle-treated control group (15.0 £3.0; n =
4; not significant) (Fig. 4.13b).
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5 Discussion

5.1. Detection of N-type VDCC expression pattern in MOG-induced optic
neuritis

This is the first study to show that an increased Ca® influx via N-type VDCCs is
functionally relevant to axonal degeneration in experimental autoimmune optic
neuritis. Our results, obtained by different imaging techniques, such as Mn?*-
enhanced MRI and in vivo Ca™ imaging, as well as by immunohistochemistry and
histopathology, suggest that N-type VDCCs are up-regulated in the inflamed optic
nerve. Furthermore, we demonstrate that the expression pattern of this channel
correlates with the pattern of demyelination and the distribution of B-APP positive
axons. Our histological data are consistent with previous findings from Kornek and
colleagues who observed an ectopic distribution of a;p, the pore-forming subunit of
N-type VDCCs, in demyelinated axons, both in MS and EAE (Kornek 2001).
However, these investigations were performed on brain and spinal cord tissue with no
particular focus on the ON. Given that VDCCs undergo alternative splicing and have
tissue-specific expression (Snutch, 1991), changes in channel distribution within the
spinal cord and brain are not necessarily relevant for the inflamed ON.

Our current study gives a clear indication that not only N-type VDCCs are up-
regulated in axons under pathophysiological conditions; we also show that they can be
found in ON axons of healthy animals as well. In general, axonal expression of N-
type VDCC:s is still a matter of debate.

One of the reasons for these existing uncertainties is the fact that ON axons are too
small in diameter (0.77 mm is the mean diameter of the rat optic nerve) to allow
voltage or patch-clamp studies (Oozeer, 2006). However, it is possible to investigate
action potential characteristics by means of extracellular recordings which can be
coupled with pharmacological explorations (Lev-Ram and Grinvald, 1986; Fern,
1995; Brown, 2000). Other techniques used to detect VDCC expression in the rat
optic nerve include confocal fluorescence imaging of intracellular calcium (Sun and

Chiu, 1999; Stys, 2000), immunological stainings for light, fluorescent, confocal and
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electron microscopy, as well as simulations of axonal excitability (Brown, 2003;
Oozeer, 2006). However, the methodology we have used for in vivo calcium imaging
in combination with application of VDCC antagonists has been described only
recently by Lingor and colleagues (manuscript in press).

Reconciliation with previous data

The above mentioned study performed by Sun and Chiu (Sun, 1999) focused on the
fast calcium transient and examined its regulation in CNS white matter using the
neonatal [postnatal day 2 (P2-P7)] rat optic nerve as a model system. This study
addressed the following questions: Does the fast calcium transient originate from
axons or glia and what are the axonal VDCC types that mediate this fast calcium
transient? By devising dye-loading methods to label either glia or axons selectively,
they showed that the fast activity-dependent calcium transients originate from axons,
thus confirming the results of several previous studies (Lev-Ram and Grinvald, 1986).
By further combining specific VDCC blockers with the confocal-imaging technique,
they established that N-type VDCCs mediate most of the calcium transient with a
smaller contribution possibly arising from R- and/or T-type calcium channels and/or
reverse Na'/Ca™ exchange. P/Q- and L-type calcium channels do not seem to
contribute to the calcium transient (Sun, 1999). Our results are consistent with these
findings. Nevertheless, the possibility of differential VDCC expression during
development should be taken into consideration. Sun and Chiu examined the neonatal
rat optic nerve, while we used adult rat optic nerves in our experiments. However,
currently there are no data available about age-dependent VDCC expression in the rat
optic nerve. Therefore, at this point, we can conclude that N-type VDCCs are the most
prominently expressed VDCC type in the rat optic nerve.

Fern and colleagues (Fern, 1995) demonstrated the presence of pharmacologically
distinct VDCCs in CNS white matter (adult rat optic nerve), one sensitive to organic
L-type VDCC blockers and the other sensitive to ®-conotoxin GVIA, a specific
blocker of N-type VDCCs. They also claim to have detected a species of VDCCs,
sensitive to ®-conotoxin MVIIC (a blocker of both N- and P/Q-type VDCCs) (Fern,
1995). Their results show that L-type and N-type VDCCs are involved in the
development of anoxic injury in CNS white matter, since the application of the
blockers of these VDCC types resulted in postanoxic CAP recovery. They claim that
the third type of VDCCs, (most likely P/Q-type), influences action-potential
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conduction in normoxic CNS axons (which is not the case for L- and N- type VDCCs)
but does not play a role in anoxic injury.

Another interesting result from this study is the observation that N-type VDCC
blockers did not have any protective effect against the development of anoxic injury
when applied alone, possibly indicating a low density of N-type VDCCs compared
with L-type channels (Fern, 1995). They speculate further that a number of conditions
must be reached in the CNS white matter before Ca®* can exert toxic influences. Thus,
anoxic injury of the white matter depends on an influx of Na® through non-
inactivating Na* channels (Stys, 1992, 1993), an influx of Ca® through N-type and L-
type VDCCs, and membrane depolarization following K* efflux (Stys, 1992).
Elevated intracellular Na* and Ca®* levels together with membrane depolarization
tend to reversely activate the Na*/Ca** exchanger. This suggests that Ca** influx via
VDCCs may be an initial event required for further toxic influx of Ca®* via the
Na*/Ca®" exchanger (Fern, 1995).

Our data confirm the assumption of a low density of N-type VDCCs in the rat optic
nerve under normal physiological conditions. Using immunohistochemistry, we have
detected very scarce N-type VDCC expression in healthy ONs. Furthermore, we could
not detect any effect of an N-type VDCC blocker applied to the healthy nerve by in
vivo calcium imaging. In contrast, there was a strong effect of this blocker after
application on the demyelinated nerve.

Our hypothesis of an up-regulated N-type VDCC expression under autoimmune
inflammatory conditions which would lead to increased Ca®* influx could be
reconciled with the scenario of an initial Ca®* influx via VDCCs under anoxic
conditions, as suggested by Fern and colleagues.

There is an increasing number of studies presenting data for converging mechanisms
of anoxic/ischaemic injury of central white matter and the mechanisms of tissue
damage that occur in MS (Stys, 2005). We believe that our results give an additional

indication which further points in this direction.

5.2. Establishing functionality of the ectopically expressed N-type
VDCCs

We have extended our above described histological studies on channel expression by

investigating their function. We have used in vivo calcium imaging coupled to topical
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application of ®-conotoxin GVIA, a specific blocker of N-type VDCCs, showing an
increased Ca® influx via N-type VDCCs into the ON under autoimmune
inflammatory conditions. In addition, we pharmacologically inhibited the abnormally
— expressed channels, demonstrating a causal relationship between their function on
the one hand and axonal degeneration on the other. The results of these experiments,
acquired by the use of various techniques, indicate that the newly inserted N-type
VDCCs are functional.

Passafaro and colleagues found that most of the neuronal cells contain a large
intracellular pool of N-type VDCCs. These intracellular channels are present in the
membrane of secretory granules and can be recruited to the cell surface (Passafaro,
1996). They further showed that the cells loaded with Fura-2 (a calcium sensitive dye)
in which the channel translocation occurred, had a stronger response to depolarizing
stimuli, suggesting that the newly inserted channels are functional (Passafaro, 1996).
This correlates to our hypothesis of an increased Ca”* influx via the newly inserted N-
type VDCCs, which are recruited from an intracellular pool. We further extend this
scenario to explain the robust increase of N-type VDCC expression observed in

MOG-induced optic neuritis (for further details, see section 5.5).

5.3. Therapeutic value of w-conotoxin GVIA, advantages and negative
side-effects

In a broader disease context, neuroprotective effects of N-type VDCC antagonists
have been previously described using models of ischaemia, traumatic brain injury,
and experimental neuropathic pain syndromes (Valentino, 1993; Bowersox, 1996;
Burns, 1999). However, to date no studies have investigated the effects of N-type
VDCC antagonists on neuronal or axonal damage under autoimmune inflammatory
conditions. Many of the studies which showed neuroprotective effects of N-type
VDCC antagonists in disease models other than MS have used ®-conotoxin MVIIA
(SNX-111) (Bowersox, 1996; Burns, 1999), a close structural analogue of -
conotoxin GVIA. m-conotoxin GVIA, used in our study, has a greater selectivity for
N-type VDCCs than ®-conotoxin MVIIA (Nielsen, 2000). However, the slow
dissociation of ®-conotoxin GVIA from its receptor means that it is not an ideal

candidate for clinical trials due to the difficulty in controlling its local concentration
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(Kristipati, 1994). Therefore, ®-conotoxin MVIIA, which targets the same type of
VDCCs and elicits similar biological effects appears to be more suitable for
therapeutic implementation (Miljanich, 1995). Despite this limitation, the greater
selectivity of m-conotoxin GVIA made it the more suitable inhibitor for determining
the principle of action of N-type VDCCs in our study.

In the MRI experiments, ®-conotoxin GVIA was applied intravenously. The most
frequently reported side effect of this route of application is temporary hypotension
(Bowersox, 1992). However, during the MRI measurements, a single bolus
application of the drug was well tolerated in all animals. In order to reduce the risk of
side effects impairing the autonomic nervous system or cardiovascular functions
during the period of continuous application, ®m-conotoxin GVIA was infused via an
intracerebroventricular catheter. Several studies have shown that this application
route induces only small attenuations of the autonomic nervous system (Norton,
1999), except for the occurrence of a persistent tremor (Jackson, 1996). In our
experimental paradigm, this effect turned out to be dose-dependent and was observed

only transiently at the beginning of the infusion period.

5.4. Effects of intracerebroventricular continuous infusion of w-

conotoxin GVIA on MOG-induced optic neuritis

In our study, continuous application of ®-conotoxin GVIA led to a very significant
decrease in demyelination and increased axonal survival when therapy was started
two days prior to immunization. However, although a trend towards an increase in the
number of surviving axons was observed upon administration of ®-conotoxin GVIA
from the day of disease onset, this did not prove to be significant. This is in
agreement with our earlier neuroprotection studies, in which application of
erythropoietin, for example, exerted beneficial effects on neuronal survival only if the
treatment was given according to a prophylactic paradigm (Séttler, 2004; Diem,
2005). This is explained by special characteristics of our animal model, in which first
signs of neurodegeneration are detected prior to the onset of clinical symptoms
(Hobom, 2004). At the time of acute disease manifestation, axonal damage within the
ON had progressed (Meyer, 2001) such that therapeutic interventions targeting early

pathophysiological events such as Ca®* influx, are too late. Transferring this to the
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human disease, in which the starting point of autoimmunity cannot be determined,
neuroprotective therapies must therefore begin early and cover all subclinical periods
of the disease. The application of ®-conotoxin GVIA in our present study not only
protected axons which up-regulate N-type VDCCs, but also significantly reduced
demyelination within the ON. In order to investigate whether this is a primary
phenomenon resulting from a blockade of N-type VDCCs possibly expressed on
oligodendrocytes, we performed co-stainings of N-type VDCCs and CNPase. As an
oligodendroglial expression of the channels could not be detected by these
experiments, this effect might be secondary to axon protection. However, there might
be an additional indirect effect via the influence of ®w-conotoxin GVIA on glutamate
release. It has been suggested that m-conotoxin GVIA has a protective effect against
focal ischemia through the inhibition of glutamate release from presynaptic sites
(Takizawa, 1995). Given that glutamate excitotoxicity appears to be an important
mechanism in autoimmune demyelination (Pitt, 2003), we hypothesize that the
underlying mechanism of decreased demyelination after m-conotoxin GVIA treatment
entails a reduction of glutamate excitotoxicity on oligodendrocytes.

Inflammatory infiltration appears not to be affected by -conotoxin GVIA as
indicated by comparable numbers of ED1-positive cells in the ONs of verum- and
vehicle-treated animal groups. Furthermore, there was no effect of ®-conotoxin
GVIA on RGC survival. This might be explained by a differential expression of
VDCCs in the somata and axons of these neurons. Previous studies which
investigated the effect of sciatic nerve injury on somatic expression of VDCCs in rat
dorsal root ganglion neurons showed a reduced expression of N-type VDCCs after
axotomy (Baccei and Kocsis, 2000). Alternatively, the selective axon protection by
o-conotoxin GVIA that we observed, could be caused by an independent
pathophysiology of neuronal and axonal damage in our model. This hypothesis is
supported by earlier observations showing that a proportion of RGCs die due to
electrophysiological dysfunction during the induction phase of MOG-induced optic
neuritis, independent of morphologically detectable ON axon fiber damage (Hobom,

2004).
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5.5. Hypothetical mechanism of N-type VDCC up-regulation in MOG-
induced optic neuritis

Explaining the mechanisms underlying the observed N-type VDCC up-regulation in
demyelinated axons, we propose a hypothetical scenario which is supported by
previous studies from groups who investigated metabolism and trafficking of N-type
VDCCs (Sher, 1998). In these studies, a large intraneuronal pool of recruitable N-
type VDCCs was observed (Passafaro, 1996), which had normal function after
insertion into the axonal membrane. In our model of optic neuritis we detected a co-
localization of o and B-APP. This suggests that disturbances of axonal transport
could lead to an accumulation of vesicles containing N-type VDCCs within
demyelinating axons and their insertion to the membrane. Until this point, the
scenario is very similar to the one proposed by Kornek and colleagues (2001).
However, considering observations made by Cavalie and colleagues (Cavalie, 1994)
who detected an enhancement of calcium currents in PC12 cells after co —
transfection with c-fos and c-jun, an additional mechanism could be taken into
account: The expression of high-voltage activated calcium channels might be induced
by immediate early genes probably at the level of transcription. This is supported by
the detection of a strong immunoreactivity for c-jun in the cytoplasm of neurons
located in subacute cerebral plaques of MS patients (Martin, 1996). In this study, the
authors showed that this selective neuronal c-jun expression is a consistent reaction to
demyelination and axonal damage. Therefore, we postulate that in parallel with the
insertion of accumulated vesicles containing N-type VDCCs into the axonal
membrane, immediate early genes induce new synthesis of N-type VDCCs in neurons
under autoimmune inflammatory conditions. In earlier studies, we have reported
increased c-jun immunoreactivity in 70% of RGCs after surgical transection of the
optic nerve, which might further support the plausibility of this hypothesis (Hiill and
Béhr, 1994).

Newly synthesized N-type VDCCs would firstly undergo a physiological sequence of
events including passing from the site of synthesis through the endoplasmatic
reticulum and the Golgi apparatus where they are packed into vesicles (Alberts,
1994). From here, they would normally be carried by fast axonal transport along

microtubular tracks to the synaptic membrane. However, we believe that at this point
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the above described mechanism starts which finally results in an insertion of the
newly synthesized N-type VDCCs into the axonal membrane along the whole length
of the axon and not only presynaptically located as it is under normal conditions. The
insertion of both, the already existing and the newly synthesized N-type VDCCs,
could be an explanation for the robust increase of channel expression which we
observed in our current study. Additionally, Ca®* influx via inserted channels from
the pre-existing intracellular pool may affect even more intensively demyelination
and axonal damage. This, in turn, might influence new synthesis of N-type VDCCs as
described, creating a sort of positive feedback loop. It is beyond the scope of our
current study to investigate what causes initial demyelination and disturbances of
axonal transport but we mention here several observations from other groups which
might clarify these issues in the context of our study. There is a number of reports
about elevation of nitric oxide in multiple sclerosis (Redford, 1997) due to activation
of inducible nitric oxide synthase (iNOS) in response to inflammatory stimuli
occurring in MS and EAE. Many cell types including macrophages, microglia,
neutrophils, express iINOS (Willenborg, 1999). Stagi and colleagues examined
specifically the effect of microglial NO on axonal transport (Stagi, 2005). They
describe that activated microglia and their inflammatory product NO induce a
breakdown of the anterogradely directed axonal synaptic vesicle precursor transport
via stimulation of c-jun-NH,-terminal kinase (JNK). They specifically showed that
this holds true for the transport of synaptophysin and synaptotagmin, proteins which
are part of the synaptic machinery and are being transported anterogradely via axonal
transport. Another study by Leveque and colleagues presents data about an isolated
complex in which N-type VDCCs are associated with synaptotagmin, calcium-
binding protein of synaptic vesicles and syntaxin, a plasma membrane protein
(Leveque, 1994). Taking into account that the vesicle precursors whose transport was
obstructed by microglial NO as reported by Stagi and colleagues, contained
synaptotagmin, it is not unlikely that also N-type VDCCs are localized in the same or
similar vesicles. There is no study which investigated this particular matter up to date.
One might speculate that under inflammatory conditions in EAE, activated microglia
produce NO which induces a breakdown of axonal transport which then leads to
accumulation of vesicles with precursors of various proteins, such as N-type VDCCs,

B-APP or synaptic proteins.
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6 Conclusions

In our study, we have addressed the subject of voltage-dependent calcium channel
(VDCC) expression in the rat optic nerve during MOG-induced optic neuritis. We
have focused on VDCC expression since this is a very important pathway of entry of
calcium ions (Ca*") into neurons under pathologic conditions (Stys, 2005). Our results
indicate that the N-type is the major VDCC type expressed in optic nerve (ON) axon
fibers in autoimmune inflammation.

Given that we have used a broad range of techniques, our data can be evaluated in
different aspects.

We have combined manganese-enhanced MRI with pharmacological blocking of
VDCCs in order to establish which type of VDCCs mediate manganese (Mn**) influx
into the optic nerve. In this context, Mn?*, an MRI contrast agent, was used as an
analog for Ca™, given that these two bivalent cations both enter neurons via VDCCs.
Our results indicate that N-type VDCCs are the main gateways for Mn?* entry into
the ON. This observation may be of particular importance for the further
implementation of manganese as an experimental MRI contrast agent.

Thus, one implication of the study affects the methodology of manganese-enhanced
MRI and might promote the use of this contrast agent for the visualization of
pathological CNS changes in models of autoimmune inflammation.

On the other hand, our data further elucidate the, up to date, unclear matter of VDCC
expression in the rodent ON. Using immunohistochemistry for o5, the pore-forming
subunit of N-type VDCCs, we have detected a scarce expression of these channels in
healthy optic nerves and an up-regulated expression which correlates to the pattern of
demyelination in MOG-immunized optic nerves.

We have also confirmed an ectopic axonal expression of N-type VDCCs by in vivo
calcium imaging in combination with a topically applied type-specific VDCC
blocker, namely w-conotoxin GVIA. Given that only axons were labeled after
intravitreal application of the calcium-sensitive dye, increased Ca®* influx detected in
MOG-immunized ONs could have originated only from the axons. These results,
taken together with our histopathological data, give strong indication of an ectopic

axonal expression of N-type VDCCs in MOG-induced optic neuritis. Furthermore,
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these results also show the potency of conopeptides as pharmacological tools in the
context of in vivo calcium imaging.

Another aspect to be taken into account may be the therapeutic value of N-type
VDCC inhibitors. We have shown an amelioration of MOG-induced optic neuritis
after continuous application of ®@-conotoxin GVIA. In this context, we have observed
a very significant decrease in demyelination together with a very significant increased
of axonal survival when therapy was started two days prior to immunization.
Furthermore, we have detected a significant reduction of the number of o;p-positive
sites per optic nerve in the m-conotoxin GVIA treated groups, following both, the
early and the late treatment paradigm. This obsevation might indicate an
improvement of the axonal transport in the treated animals (detailed explanation in
5.5.). However, there was no effect of m-conotoxin GVIA on the survival of retinal
ganglion cells (RGCs), the neurons whose axons form the ON, as determined by
counting the numbers of fluorogold-labeled cells in the retina.

Further investigations might be directed to the testing of combination therapies, which
exert differential protective effects. For example, our group has previously shown that
systemic application of erythropoietin (Epo) significantly increased survival and
function of RGCs in MOG-induced optic neuritis (Séttler, 2004). Therefore, it is
worth of examining the combined treatment of MOG-induced optic neuritis using Epo
and o-conotoxin GVIA. Another candidate for combined therapy with ®-conotoxin
GVIA might be the Tat-Bcl-X;, the fusion protein of Bcl-Xi, an anti-apoptotic
member of the Bcl-2 family, and Tat, the protein transduction domain of the HIV-
transactivator of transcription. The transduction of Tat-Bcl-X; in MOG-induced optic
neuritis led to significant rescue of RGCs (Diem, 2005).

Our results suggest that VDCC antagonists may be beneficial in the therapy of
autoimmune optic neuritis and possibly could be included in the treatment strategies
for multiple sclerosis and perhaps other neurodegenerative demyelinating disorders.
Possible combined therapies comprising VDCC antagonists and other known
protective agents should be investigated.

However, the most important question to be addressed in the future is how to
synthesize tailored m-conotoxins which would retain the efficacy and specificity of

the native conopeptides but would have fewer adverse side-effects.
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There is no doubt that the human mind is fundamentally incapable of solving these
formidable problems (the origin of life, nature of matter, origin of movement, and
appearance of consciousness). Our brain is an organ of action that is directed toward
practical tasks; it does not appear to have been built for discovering the ultimate
causes of things, but rather for determining their immediate causes and invariant
relationships. And whereas this may appear to be very little, it is in fact a great deal.
Having been granted the immense advantage of participating in the unfolding of our
world, and of modifying it to life’s advantage, we may proceed quite nicely without
knowing the essence of things.
Advice for a young investigator

Santiago Ramén y Cajal
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