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ABSTRACT

Previous work in Dr. John Steeves' laboratory has described a transient, myelin-
specific, galactocerebroside (GalC) antibody-mediated, complement-dependent protocol
that suppresses the onset of myelination in embryonic birds, and focally demyelinates the
central nervous system (CNS) of adult birds and rodents after intraspinal infusion. After
spinal injury, this procedure has been observed to facilitate axonal regeneration, often
with accompanying recovery of behavior. In order to identify the relative necessity of
different complement proteins in this protocol, I assessed the effects of infusions of
GalC-antibody and human serum deficient for a particular complement protein (i.e. C3,
C4, C5, or Factor B was immunoadsorbed prior to infusion) on spinal myelin. Spinal
treated tissue was evaluated ultrastructurally using a transmission electron microscope.
Upon removal of the C3 protein, common to both the classical and alternative
complement pathways, or the C4 protein, a classical pathway protein, normal myelin was
observed (i.e. no demyelination). Using serum deficient in Factor B, an alternative
pathway protein, demyelination was still observed; in addition, large numbers of
macrophages containing myelin debris were present in these regions. These results
suggest that the classical serum complement pathway has a fundamental role in this
immunological demyelination protocol. Upon removal of C5, a Membrane Attack
Complex (MAC) protein, substantial demyelination was again observed, once more
accompanied by macrophages, suggesting that some of the demyelination may be
occurring  through macrophage-mediated events involving complement-derived

anaphylatoxins and membrane receptors. Taken together, these findings suggest that the

classical pathway of complement activation and anti-GalC IgG antibody are sufficient,




iii
and thus the alternative pathway and the MAC are not necessary, for focal demyelination

of the adult rat spinal cord, and that this demyelination occurs in a macrophage-

dependent manner.
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CHAPTER 1

INTRODUCTION




1.1) Myelin in the CNS

The adult mammalian central nervous system (CNS) is restricted in its ability to
support the regeneration of injured axons. Damage to adult CNS axons leads to
degeneration of the severed axons after aborted attempts at regeneration (Bjorklund et al.,
1971; Ramon Y Cajal, 1928), and a subsequent slower degeneration of the surrounding
myelin (Waller, 1850). However, these neurons have been shown to possess the intrinsic
capacity to regenerate if certain conditions exist. CNS axons will regrow if allowed to
project through a permissive environment, such as a peripheral nerve graft (Cheng et al.,
1996; David and Aguayo, 1981; Richardson et al., 1980; Tello, 1911), but with very
limited regrowth back into the CNS environment.. CNS axonal growth can also be
increased by means of Schwann cell_ injections or implants (Li and Raisman, 1994; Paino
et al., 1994; Xu et al., 1995), olfactory ensheathing cell transplants (Li et al., 1997,
Ramon-Cueto et al., 2000), and fetal graft transplants (Bregman et al., 1989) into adult
CNS lesions. These findings suggest that the CNS environment itself may possess
properties inhibitory for axonal growth.

It has been suggested fhat' one of the principal barriers to CNS axonal
regeneration is the presence of inhibitory growth molecules. Collapsin (Luo et al., 1993)
and other members of the sefnaphorin family (Kolodkin etal., 1993) have been shown to
induce growth cone collapse. Tenascin is a secreted extracéllular matrix (ECM)
component that is expressed in the region of the glial scar after injury (Laywell et al.,
1992) and has accounted for both promotion and inhibition of neurite outgrowth,
depending on the isoform expressed (Ajemian et al., 1994; Fruttiger et al., 1995; Gotz et

al., 1996; McKeon et al., 1991). Janusin/J1-160 is a tenascin-related molecule produced



3

by oligodendrocytes (Pesheva et él., 1989) that repulses growth cones (Taylor et al.,
1993). In addition, chondroitin‘ sulfate and keratan sulfate proteoglycans are ECM
proteins that are localized within the glial scar (Dow et al., 1994; Levine, 1994; McKeon
et al., 1991) as well as sites of axonal boundaries in the developing CNS (Pindzola et al.,
1993) and have inhibitory effects on growth cones in vitro (McKeon et al., 1991; Oohira
et al., 1991; Snow et al., 1990). Most of these inhibit_ory molecules are associated with
the glial scar that forms after spinal cord injury.

CNS myelin has also been shown to havé strong inhibitory activity for axonal
growth. Myelin is a highly-organized multilamellar structure that surrounds neuronal
axons, and is formed by the plasma membrane of oligodendrocytes in the CNS and
Schwann cells in the peripheral nervous system (PNS) (for review see Morell et al.,
1994). This specialized membrane acts to facilitate the conduction of action potentials by
providing axonal insulation and clusfering sodium channels into the nodes of Ranvier,
. evolutionary developments which were crucial to the formation o.f the complex nervous
systems seen in vertebrates. The importance of myelin in the normal functioning of the
CNS is demonstrated in the deficits produced in the many disease states associated with
the loss or alteration of normal myelin, such as multiple sclerosis (MS), Pelizaeus-
Merzbacher disease, and Charcot-Marie-Tooth disease. Myelination within_ the CNS
usually occurs after the developing axons have made connections with their targets
(Jhaveri et al., 1992; Schreyer and Jones, 1982). Therefore, one further possible role of

myelin could be to stabilize these connections by inhibiting further growth of axons

(Kapfhammer and Schwab, 1994).




Myelin consists of a number of proteins and lipids that are integrated specifically
into a very stable and uniform structure (for review of myelin structure see Quarles et al.,
1997). Proteolipid protein (PLP) (50% of the total protein of isolated myelin) and PO
(60%) are the major integrél myelin membrane proteins of the CNS and PNS,
respectively. Both CNS aﬁd PNS myelinvcontain myelin basic protein (MBP) (35%
CNS, 10% PNS) and P2 (<1%) which associate with the cytoplasmic sides of the layered
membranes. PLP and MBP are thought to stabilize the intraperiod and major dense lines
of compact CNS myelin, respectively.

Other proteins associated .with CNS myelin include myelin-associated
glycoprotein (MAG) (1%), myelin-oligodendrocyte glycoprotein (MOG) (0.1%), and
oligodendrocyte-myelin glycoprotein (Omgp), which may be involved in recognition,
adhesion, and cellular signalling. The enzyme 2°, 3’-cyclic nucleotide 3’-
phosphodiesterase (CNP) (5%) associates with myelin (Trapp et al., 1988), and may have
cytoskeletal functions and act in the formation and maintenance of myelin.

Approximately 70% of the dry weight of myelin is lipid, with the galactolipid,
galactocerebroside (GalC), and its sulfated derivative, sulfatide, encompassing about one-
third of the lipid mass (Norton and Cammer, 1984). These galactolipids occupy the
extracellular face of the membrane. Several in vitro studies have suggested that these
galactolipids transduce developmental signals (Bansal and Pfeiffer, 1989), facilitate
protein trafficking (Brown and Rose, 1992; Kramer et al., 1997; Simons and Ikonen,
1997), and stabilize membranes (Koshy and Boggs, 1996; Koynova and Caffrey, 1995).

In addition, mice lacking the ability to synthesize GalC or sulfatide form dysfunctional

and unstable myelin (Bosio et al.,, 1996; Coetzee et al., 1996), suggesting that the




galactolipids, together with the myelin proteins, contribute significantly to the functional
and structural properties of myelin. Examination of the structure and functioh of these
various myelin components has helped elucidate the functions of the myelin membrane
itself.

Several examples in nature indicate that the presence of CNS myelin may inhibit
the growth of CNS axons after injury. Lesioned fiber tracts in the spinal cord of
invertebrates and lower vertebrates demonstrate significant regeneration. Lampreys show
extensive regeneration and full behavioral recovery within a few months after complete
spinal cord transection at both larval and adult stages (Cohen et al., 1988; Davis and
McClellan, 1994a; Davis and McClellan, 1994b; Lurie et al., 1994; Lurie and Selzer,
1991). There is also a high degree of anatomical regeneration of descending neurons and
functional recovery following the transection of goldfish spinal cord (Bernstein, 1967,
Grant and Keating, 1986; Sharma et al., 1993). Salamanders recover swimming function
and show regeneration of axons following complete spinal cord transection (Clarke et al.,
1988; Davis et al., 1990; Davis et al., 1989). In contrast, frogs only exhibit spinal cord
regeneration at the larval stage, but not as adults (Beattié et al., 1990; Forehand and Farel,
1982). It is important to note that significant differencesvexist between the myelin and
oligodendrocytes of lower vertebrates compared to those of higher vertebrates, possibly
facilitating the regeneration observed in lower vertebrates.

The CNS of lower vertebrates lacks either myelin itself or some of myelin's
functional coﬁponenfs. For example, lampreys lack compact myelin at all stages of

development. Several of the major myelin cdmponents of fish and premetamorphic

amphibians are different than those of higher vertebrates (Waehneldt et al., 1986), and
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myelin from fish has lowér levels of growth inhibitory proteins and is less inhibitory than
myelin from rat spinal cord, (Bastmeyer et al., 1991; Sivron et al., I 994). In frogs,
inhibitory myelin antigens are only expresbsed after metamorphosis (Lang et al., 1995).
Furthermore, femovél of myeliﬁ debris by macrophages is much slower in higher
vertebrates compared to léwer invertebrates, so injured axons of iligher vertebrates may
be exposed to material inhibitory to axonal growth for a longer period of time (Dowding
et al.,, 1991; Perry et al., 1993; Perry et al., 1987). It has been suggested that the
differences between lower and higher vertebrate myelin could be the basis for the loss of
axonal regenerative ability in the CNS of higher animals.

In higher vertebrates, the loss of the ability to regenerate lesioned axons is age-
dependent. Newborn hamsters demonstrate extensive éorticospinal fiber growth around
lesion sites (Kalil and Reh, 1982), and some functional improvefnent is demonstrated
(Reh and Kalil, 1982), although it is not réstored to normal levels (Keifer and Kalil,
1991). Similar results were found in newborn kittens (Tolbert and Der, 1987) and in
newborn rats (Schreyer and Jones, 1983), in which it was found that the number of axons
growing down the spinal cord after lesion decreased with increasing postnatal age (Bates
and Stelzner, 1993). In contrast, adulvt cats (Bregman et al., 1995), hamsters (Keifer and
Kalil, 1991), and rats (Schnell and Schwab, 1993), show no extension of axons beyond
the lesioned corticospinal tract. This transition may be due in part fo the appearance of
- myelin, an early-postnatal event in mammals.

Studies have been done to determine the transitional developmental stage at
which spinal cord régeneration changes from a permissivé to a restrictive state and how it

may relate to the presence of myelin in some of the higher vertebrates described above.




In the spinal cord of chick embryo, myelin forms on E13. Complete spinal cord
transections done prior to E13 led to growth of fibers across the lesion site and functional
recovery (Hasan et al., 1993; Shimizu et al., 1990). However, coincident with the onset
of myelination, transections on or after E13 resulted in a decrease in both fiber growth
across the lesion and in functional recovery. Similar results were found in experiments
with early postnatal opossum (Treherne et al., 1992; Varga et al., 1995a; Xu and Martin,
1989; Xu and Martin, 1991) and fetal rat CNS (Saunders et al., 1992), in which extensive
growth of axons was observed in these animals, .but not in adults. As in the chick, the
end of the permissive period for spinal cord repair in opossum and rat correlates with the
start of myelin formation in these animals.

It has long been recognized that adult mammalian CNS myelin is inhibitory for
axonal regeneration, whereas PNS myelin is not (Berry, 1982). Recently, however,
axonal growth inhibitory properties have been attributed to specific myelin-associated
moleculeé. Initial studies showed that oligodendrocytes and CNS myelin are
nonpermissive substrates for neurite growth in vitro. One inhibitory component present
in the CNS, but not PNS, is recognized by the monoclonal antibody IN-1 (Caroni and
Schwab, 1988b; Caroni and Schwab, 19880),- which was raised against two protein
fractions of myelin that strongly inhibit axonal growth. These protein fractions were
initially known as NI-35/250, but have recently been renamed Nogo (Chen et al., 2000).
This antibody neutralized the nonpefrnissive substrate properties of the CNS white matter
in vitro (Caroni et al., 1988a; Caroni and Schwab, 19885; Caroni and Schwab, 1988c;

Crutcher, 1989; Savio and Schwab, 1990; Schwab and Caroni, 1988). In vivo application

of IN-1 in the rat spinal cord facilitates the regeneration of a variety of lesioned fiber




tracts in rats, including the corticospinal tract (Bregrﬁan et él., 1995; Schnell and Schwab,
1990; Schnell and Schwab, 1993), the optic nerve (Weibel et al., 1994), and the
cholinergic septohippocampal pathway (Cadelli and - Schwab, 1991). Nogo-related
activity is found in CNS myelin of other higher verteﬁrates such as opossum (Varga et
al., 1995b), bovine (Spillmann et al., 1998), and human (Spillmann et al., 1997), but not
in ﬁsh (Caroni and Schwab, 1988c; Wanner et al., 1995), possibly explaining the
regenerative capacity of fish axons as alluded to above.

A neurite growth‘ inhibitory effect has also been attributed to the myelin-associated
glycoprotein (MAG), present in both. CNS and PNS myelin. Using neuroblastoma cells,
McKerracher et al (1994) found a major peak of inhibitory activity corresponding to
MAG, and the immunodepletién of MAG removed the neurite growth inhibition.
Mﬁkhopadhay et al (1994) demonstratbed that MAG strongly inhibits neurite outgrowth
from both developing cerebellar and dorsal root ganglion neurons in vitro, and this
inhibition is revérse_d upon application of anti-MAG antibody. In contrast to these
findings, MAG has also been shown to promote neurite outgrowth of newborn dorsal root
ganglia (DRG) cells (Mukhopadhyay et al., 1994) and to promote adhesion of
oligodendrocytes and neurons (Poltorak et al., 1987), thereby leading to the classification
of MAG as a bifunctional molecule.

Further study of the inhibitory effects of myelin and its particular components to
axoflél regeneration will most likely lead to the discovery of other proteins with

inhibitory activity, making the selective targeting of the individual components in

attempts to remove the inhibition ineffective.




1.2) Demyelination

Since it is evident that several myelin-associated molecules such as Nogo and MAG
demonstrate significant inhibitory activity to neuronal regeneration, it may be
advantageous to develop and utilize techniques that will focally and transiently remove
whole myelin, rather than one of the several independent molecules, in any attempts to
facilitate significant axonal regeneration. Several such experimental demyelination
protocols have been used in the past.

One approach to remove myelin from the spinal cord is X-ray irradiation, which
interferes with mitosis, thus killing all actively dividing cells, including oligodendrocytes,
but not the postmitotic neurons (Blakemore, 1977). When applied to the adult rat spinal
cord, glia are targeted, resulting' in the demyelination of the adult spinal cord through
oligodendrocyte death. Subsequent remyelination of the cord occurs by invading.
Schwann cells (Sims et al., 1985).

Viruses such as Theiler’s murine encephalomyelitis virus (TMEV) and Epstein-Barr
virus are also known to trigger demyelination (Dal Canto and Lipton, 1980). However,
these models are known to result in oligodendrocyte death and extensive inflammation,
| which may cause axonal degeneration (Dal Canto and Lipton, 1980). Viral infection is
also very unpredictable at lesion sites and could cause host death. Furthermore, TMEV
infection is quite prolonged (~ 8 months) and remyelination is predominantly due to
Schwann cells (Dal Canto and Lipton, 1980).

Démyelination can also be achieved through the administration of drugs such as

lysolecithin (Blakemore, 1978), cuprizone (Ludwin, 1978), ethidium bromide (Graca and

Blakemore, 1986; Yajima and Suzuki, 1979), 6-aminonicotinamide (Blakemore, 1975),
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and diptheria toxin (Eames et al., 1977). Unfortunately, variable results and unwanted
side effects can accompany demyelination induced by such drugs. For example,
lysolecithin is known to attack all membranous: cells, has adverse effects on astrocytes,
has relatively long-term effects (6 monthé), and remyelination following treatment is
often accomplished by Schwann cells. Cuprizone induces nonfocal demyelination and
promotes the proliferation of astrocytes'characterized by swollen processes and watery
cytoplasm (Ludwin, 1978). Ethidium bromide causes slow demyelinatioh and is highly
variable in the amount of demyelination induced (Graca and Blakemore, 1986; Yajima
and Suzuki, 1979). Diptheria toxin-induced demyelihation is‘ accompanied by extensive
scarring and Wallerian-type degeneration of nerve fibers (Eames et al., 1977).

Experimental allergic encephalomyelitis (EAE), a possible experimental model for
multiple sclerosis (MS), is also useful in inducing primary demyelihation. However it is
difficult to control focally, triggers an immune response in which the pathology varies,
causes the proliferation of astrocytes, and causes some axonal degeneration (Raine and
Bornstein, 1970a; Raine and Bornstein, 1970b).

Phototargeted ablation of oligodendrocytes has been quite successful in causing focal
demyelination of the spinal dorsal columns of mice (Vanderluit et al., 2000).
Unfortunately, this technique is limited to a transgenic mouse model expressing f-
galactosidase from a cell spéciﬁc promoter, and could not be. used for clinical studies of
regeneration.

There are several genetic mutant mouse models, such as jimpy, rumpshaker,

trembler, and zitter, that show abnormal myelin development and significant

hypomyelination (for review see Lunn et al., 1995). However, these mutants are marred
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by complications such as | unstable oligoden'drocyte " populations, abnormal
oligodendrocytes and astrocytes, excessive glial cell death, and poor viability of animals
(< 2 weeks). Due to'these various complications, these models are unsuitable for studies
of CNS injury and repair. |

In order to study the effects of niyelin removal on axonal regeneration, an effective
technique that does not have complications like those-described in the models above
should be used. The technique of utilizing antibody and guinea pig complement in the
study of experimental demyelination has evolved substantially in recent years.
Characterization of galaétocerebroside has demonstrated that GalC stains specifically for
oligodendroglia, and that GalC is located abpndantly within the oligodendrocyte lipid
membrane (Benjamins et al., 1987). Upon application of antibody tb inhibit GalC
functibn, dramatic structural changes are induced in the oligodendroglia membrane, such
as contraction of membrane sheets and the reorganization of the underlying cytoskeleton
(Dyer and Benjamins, 1988). Furthermore, application of this antibody has also been
shown to cause an influx of calcium in oligodendrocytes, leading to the suggestion that
this influx may be m'e’diating- the cytoskeletal changes (Dyer and Behjamins, 1990).
These .observations were the basis for the hypothesis that GalC could bé a good target for
antibody-mediated attack of myelin and oligodendrocytes in attempts to induce
demyelination.

In vitro studies have shown that anti-GalC antibody application inhibits myelin
formation very specifically in a complement-dependent manner in rat spinal cord cultures

(Bornstein and Raine, 1970), and in neonatal rat cerebellum cultures (Dorfman et al.,

1979). Furthermore, Ranscht et al (1982) have used a monoclonal ahtibody against GalC
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to prevent the appearance of peripheral myelin sheaths in cultures of rat sensory neurons
and Schwann cells. These findings confirmed the belief that anti-GalC antibody
application could be effective for myelin suppression.

Several in vivo studies .involving direct application of anti-GalC serum to CNS
myelin have also resulted in demyelination. Sergott et al (1984) showed that anti-GalC
antiserum causes raﬁidly’ progressive, complement-dependent focal demyelination when
injected into the guinea pig. optie nerve',. resulting from primary damage to
oligodendrocytes. Carroll et al (1984) used microinjection of GalC antiserum into the
optic nerve to induce primary demyelination by 2 days, followed by oligodendrocyte
remyelination by 10 days. Mastaglia et al (1989) used micro-injection of anti-GalC
serum into the spinal cord dorsal columns of rats to induce primary demyelination with a
marked depletion of oligodendrocytes. These findings further supported the theory that
anti-GalC antibody and complement applieatien could induce substantial demyelination
by demonstrating that these reagents are effective in vivo. |

Based on these findings, previous work in the Steeves laborafory has focused on the
development and utilization of a itransient, immunological, myelin-specific, GalC
antibody-mediated, complement-dependent technique that selectively targets myelin for
destruction in an attempt to remove some of the axonal growth inhibition activity
associated with CNS myelin (Dyer et al., 1998; Keirstead et al., 1995; Keirstead et al.,
1992; Keirstead et al.,» 1998a; Keirstead et al.,, 1997). As mentioned, the onset of
myelination in the developing chick spinal cord usually begins around embryonic day 13

of the 21 day developmental period. The embryonic chick has a permissive period of

repair prior to E13, which is coincident to the beginning of the myelination of fibre tracts.
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A single injection of serum complement proteins and anti-GalC antibodies into the
thoracic spinal cord of an E9-E12 chick émbryo resulted in a delay in the onset of spinal
cord myelination until E17, whicﬁ extended the normal permissiv.e period for axonal
regeneration and functional recovery to later stages of developrhent (Keirstead et al.,
1992; Keirstead et al., 1997). Thoracic cord transections as late as E15 resulted in
complete neuroanatomical repair and functional recovery in these animals. In the mature
spinal cord of posthatchling chicks, the same immunological protocol transiéntly
démyelinates énd disrupts compact myelin, thereby facilitating some axonal regeneration
of axotomized aQian brainstem-spinal neurons, albeit at a reduced level of repair when
compared to the injured developing spinal cord (Keirstead et al., 1995). The compacted
form of myellin.subsequently re-lappears after the immunological protocol is discontinued
(Keirstead et al., 1995; Steeves et al., 1994). More recent work in the adult rat spinal
cord indicates that a similar immunological treatment after a thoracic cord lesion also
facilitates anatorhical regrowth of axonal projections from speciﬁc brainstem-spinal
nuclei (Dyer et al., 1998) as well as ascending dofsal column neurons (Keirstéad et al.,
19985). These studies indicate that this GalC antibody and complement-mediated
immunological protocol is effective in transiently removing CNS myelin from both the
developing and adult spinal cord of different species, and can facilitafe some functional

axonal regeneration in these cases.

1.3) The Complement Cascade
1.3a) Introduction

The complement system is a major effector pathway of the humoral immune
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sysfem. It is involved in the control of inflammation, the activation of phagocytes, and
the lytic attack on cell membranes (feviewed in Law and Reid, 1989). The ability of
complement to trigger a powerful, multifaceted response against foreign microbial
invasion is critical for host defense against infeciion. Complement consists of a complex
collection of approximately 17 plasma soluble proteins, many of which are zymogens
(i.e. inactive pro-enzymes that require proeteolytic cleavage to become active). These
molecules are primari]y derived from hepatocytes (Alper et al., 1969), whiqh secrete the
proteins directly into the blood supply. As the CNS is isolated from the systemic
circulation by the Blood-Brain-Barrier (BBB), and most of ;these compiem'ent proteins are
too large to cross the intact BBB, ther¢ are also extrahepatic sites of complement
biosynthesis, such as astrocytes and microglia. Astrocytes are able to synthesize the
entire repertoire of complement proteins, whereas miéroglia can only produce a limited
number (Clq, C4, C3) (Morgan aﬁd Gasque, 1997). Activation of complement can occur
along two possible pathways, thev classical and altemati\}e pathways, both of which result

in the formation of the membrane attack complex (MAC).

1.3b) The Classical Pathway |

Activation of the classiceﬂ complemént pathway is initiated by complement-fixing
antibodies (Figure 1). (A brief overview of classical pathway activation follows. For a
more detailed review, sée Devine; 1991; Tomlinson, 1993). Typically; the binding of two
IgG antibodies to specific cell surface antigens (e.g. GalC), init.iates' the classical
pathway. The first component of the classical pathway is Cl, a calcium-dependent

complex of the three proteins Clq, Clr, and Cls. Each Cl molecule consists of two
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subunits each of le and Cls, and six Clq subunits. The Clq molecule has six globular
heads joined to a common stem. Each of these heads can bind to one Fc region of an
antibody, and the binding of two or more of these heads at the same time will activate the
Clq molecule. Clq can be bound by either IgM or IgG antibodies. However, in the case
of 1gG, the binding energy required for activation can only be achieved when two IgG
molecules are bbund within 40 nm of each other (Burton, 1990). Bécause of this
structural requirement for binding, these antibodies are not capable of activating
complement in solution. The binding of Clq then activates>the aésociated Clr, which
becomes én active enzyme that cleaves the proenzyme Cls, generating a seﬁne protease
that initiates the classical complement cascade.

The activated Cls protease then acts on the next two components of the pathway,
C4 and C2. First, the C4 molecule is cleaved to generate a small C4a fragment, which
acts as a weak anaphylatoxin (a molecule that triggers a local inflammatory response),
and a larger C4b fragment (Figure 1A), which binds covaleﬁ_tly to the surface of the
pathogen through a highiy active thioester bond that is exposed upon cleavage (Chan et
al., 1984). This allows the C4b molecule to bind to molecules in the immediate vicinity of
it site of activation, such as a foreign pathogen. If C4b is not bound quickly, the exposed
thioester bond will be cleaved by hydrolysis and C4b will be ifreversibly inactivated.
This process allows complement activation to occur on foreign pathogens but prevents it
from affecting host-cell surfaces.

Once anchored to the membrane, C4b binds C2, which is then cleaved by.Cls
(Figure IB) to produce larger fragment C2a, a serine protease which remains bound to

C4b on the pathogen surface, and smaller fragment C2b, a precursor for a vasoactive
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Figure 1. The classical- pathway of complement activatio‘n generzites' a C3
convertase that (ieposité large numbers of .C3i) moleéules on thé target surface. The
steps in the reaction _vare. outlined here and explained in more detail in the text. (A)
Activated Cls cleaves C4 to C4a and C4b, which binds to the target surface. (B) C4b |
then binds C2, which is cleaved ‘by Cls, to C2a and C2b, forming the. C3 convertase
C4b,_2a._ (C) C4b,2a cleaves C3 to C3a and C3b, which bjnds tothé target surface or to
the convertase itself, forming the C5 coriveﬁase C4b,2a,3b. This cqnvertase_initiates the
formation of the lytic MAC, which inserts»v:into-t_he target membrane, causing cell lysis
and vdeath. ‘(D) One C4b,25'r'noleculé c'an.cleave .many rﬁoleculés of C.3rto,C3b, which

then bind to the target surface. C3b opsonization is important for phagocytic ingestion of

the target by macrophages. (Adapted frofn Janeway'J r. and Travers, 1997).
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molecule. C2 is susceptible to cleavage by Cls only when bound by C4b, thereby
confining it to the p;dthogen surface. The C4b2a complex, the central enzyme of the
cascade, remains on the surface as the C3 convertase of the classical pathway, cleaving
C3 to C3a, which is an anaphylatoxin, and to C3b (Figure 1C), which either remains
bound to C4b2a to form a CS convertase or is depdsited on the cell membrane through a
reactive thioester bond that is expos¢d upon cleavage (Figure 1D).

C3 is the most abundant of the complement proteins in plasma (Erdei et al.,
1991). The absence of C3 and‘ thé components of the classical complement pathway C3
convertase seriously impairs immune homeéstasis and may lead to immune disease. This
has been shown in cases of genetic deficiencies for comblement factors C1, C2, C3, and
C4 describéd in humans, guinea—pigs, and dogs (Burger et al.,‘ 1986; Rother, 1988), and in
animals made C3 deficient by the use of cobra vénom factor (Pepys, 1974). Effects of
complement cascade activation include the deposition of large amounts of C3b on the
pathogen surface in order to facilitate the destruction of the pathogen by macrophages.
(The coating of a foreign particle with antibody: or complement for ingestion by
phagocytes is called opsonization.) In addition, .C3b also activates the alternative
pathway of the complement cascade. (These two phenomena will be discussed in more
detail below). A third irﬁpo_rtant function of C3b is that it binds to C4b of the C3
convertase, forming a 3-protein C5 convertase, C4b2a3b.

This C5 convertase, C4b2a3b, binds C5 by 3b and makes it susceptible to
cleavage by the serine peréase activity of C2a. The products of this cleavage are C5b,

which goes on to begin the formation of the lytic membrane attack complex (MAC), and

C5a, an anaphylatoxin (Figure 3A). This is followed by a series of reactions that leads to
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the insertion of the MAC, which ultimately causes cell lysis and death via pore formation,
as described below.

In the immunological, complement-dependent, anti—‘GalC antibody-mediated
demyelination protocol, the GalC antibody would bind to antigen GalC on the myelin -
surface, thereby directing the classical pathway of complement activation to target the
myelin membrane. C1 would fhen bind the Fc region of the antibody, with subsequent
activation of the rest of the complement cascade. C3b may be deposited on the myelin
surface in amounts sufficient to promote the stripping and phagocytosis of the myelin by

invading or resident phagocytic cells.

1 .30) The Alternative PathWay

The alternative pathway uses similar C3 and C5 convertase formation and
activation in its action. (A brief overview of alternative pathwey activation follows. For a
more detailed review, see Devine, 1991; Tomlinson, 1993). The initiation molecule for
the alternative pathway is C3b, which has multiple mechanisms of activation. First, it can
be made by the cleavage of C3 that occurs in the classical pathway, in which case the
subsequent activafion and cofnpletion of the alternative pathway complements the effects
of the classical pathway. Second, C3b can be activated in response to cell membrane-
foreign antigen contact, with the spontaneous cleavage of the C3 component of
complement to generate the active C3b molecule. This molecule then becomes surface
bound, where it can initiate the compietion of the alternative pathway. Third, there can

also be a continuous hydrolysis of C3 in the extracellular fluid, resulting in soluble C3b.

In these latter two scenarios, the alternative pathway becomes activated in an antibody-
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Figure 2. The alternative 'pathwayv of complement activation can amplify the

classical pathway by depositing more C3b, or act on its own by ispontaneous

cleavage of C3 in the absence of specific antibody. - The steps in the reactipn are -

outlined ‘here and explained in more detail in the text. (A) C3 is cleaved spontaneously or
byn the c;lassicalvpathway and C3b is'deposit.evd on the target surface. V(B)' C3b binds Facfor
B. (C) Bound Factor B is‘ cleavéd by ‘Facto'r.Dbinto‘Ba and Bb, forming the C3 coﬁvertase
C3B,Bb. (D) One AC3b,Bb molecule can cleaVe many r_noleéules of C3 to C3b, which then
bind to the target surface, or to the forivertase itself to form the C5 convertase
C3b,Bb,3b. This convertase initiates the "fomiatio_n of the 1ytic MAC, which inserts into
the target membrane, cauéing cell lysis and 'death. .C3b opsonization isl important for

phagocytic »iri_gestioh‘ of the target By macro'phag'es.' (Adapted from Janeway Jr. and

Travers, 1997).
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independent manner. In all cases, the altemati\}e pafhway begins with the deposition of
C3b on the membrane surface (Figure 2A). Membrane-bound C3b then binds Factor B in
a magnesium-dependent manner (Figure 2B), and Factor B is in turn cleaved by the
plasma protease Factor D to produce a C3 convertase C3bBb, and releases a small
fragment, Ba (Figure 2C). As in the classicél pathway, the C3 convertase of the
alternative pathway can cleave many molecules of C3 to generate even more active C3b
on the pathogen surface (Figure 2D). It should be noted that C3b is structurally and
functionally homologous to C4b, the first fragment to bind to the pathogen surface in the
classical pathway, and factor B is homologous to C2. Binding of another C3b to C3bBb
forms the alternative C5 convertase, C3bBb3b. This C5 convertase can cleave C5 into
C5b, which initiates the generation of the membrane-attack complex (MAC), and C5a, a
potent mediator of inﬂamfnation (Figure 3A). This is followed by a series of reactions
that leads to the insertion of the MAC, which ultimately causes cell lysis and death via
pore forrriation, as described below.

In the immunological, c.omplement-dependentv, anti-GalC IgG antibody-mediated
demyelination protocol, C3b may be deposited on the myelin membranes through any of
the aforementioned scenarios, such as claésicai pathway a.ctivation, spontaneous cleavage
in response to a foreign cell type, or continuous spontaneous hydrolysis. The subsequent
activation of the alternative pathway through to MAC iﬁsertion would follow. Since the
activation of fhe alternative pathway can be independent of antibody, C3b deposition
could be occurring on other, untargeted cell types such as astrocytes, microglia, or

neurons. ‘Thus, it would be advantageous to exclude the alternative pathway from the

infusion cocktail of this protocol in order to prevent any uncontrolled, nonspecific
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damage that may be occurring upon its delivery to the spinal cord.

1.3d) The Membrane-Attack Complex

Both the classical and alternative pathways have a common ending, the lytic
MAC pathway (Figure 3); (A brief overview of MAC activaﬁon follows. For a more
detailed review, see Bhakdi and Tranum-Jensen, 1991; Shin and Carney, 1988). Unlike
the classical and alternative branches of the cascade, MAC formation is nonenzymatic,
but relies on the hydrophilic-amphiphilic transitions of the terminal complement proteins.
The common initiél MAC component is the soluble C5b, which can be formed by the C5
coﬁvertases C4b2va3b and C3bBb3b of the classical and alternative pathways,
respectively ‘(Figure 3A). One molecule of C5b then binds one molecule of C6, inducing
the expression of a binding site for C7 (Figure 3B). This reaction leads to a
conformational change in the constituent molecules, with the exposure of a hydrophobic
site on C7. The hydrophobic domain of C7 inserts into the lipid bilayer (Figure 3B),
resulting in exposure of a binding sité for C8 on C5b. Subsequently, one molecule of C8
binds to the membrane associated C5b67 complex at C5b, and inserts into the membrane
through a subsequent exposure of a hydrophobic site similar to that described for C7
insertion (Figure 3C). Finélly, C8 induces the polymerization of 10 to 16 extracellular C9
molecules to complete pore formation and membrane penetration (Figures 3C and 3D),
allowing free passage of solute and water ac;ross the lipid bilayer through its hydrophilic
internal channel. This results in a loss of cellular homeostasis, and gives potentially toxic
extracellulér molecules (é.g. Ca2+) access to the cytoplasm of the target membrane (e.g.

myelin). Insertion of the MAC in sufficient amounts leads to membrane lysis and death
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'Figu.re 3. Complemeht component C5 is activated by CS cvonverta'ses'.of the classical
 and altefnative pathWays,- a‘nd theh proceeds'to allow for the assembly of the
membrane attack complex to generate a pore in the lipid bilayer membrahe. The
“steps in thé reaction are outlinéd here a_nd -explainéd iﬁ more detail in the text. (A) C5
binds- to C3b'of the'CS. ébnyertases C4b,2a,3b and C3b,BB,3b of the classidal and

| altérﬁative béthways,. respecﬁvely, forming_CSb and CS_a. (B) C5b }bi.nds C6, which
allows i't‘bind. C7, and the CSb,6.,7 .Cbmple'x attéches to 'thbe‘ target membrane Vié C7. (C)
C8'.b.inds to the complex and iﬁsex;ts into fhe target fne’rﬁbrane, allowing C9 to do the

. same. (D) Several molecules of C9 biﬁd to form a pore in the membrane, allowing free

passage of solutes across membrane. This leads to cell lyéis and death of the targeted

cell. (Adapted from Janeway Jr. and ‘Travers, 1997).
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of the targeted cell.

| In the immunological, complement-dependent, anti-GalC antibody-mediated
demyelination protocol, the MAC may be inserted into the target rﬁyelin membrane via
either the classical or alternative pathways of complement activation, resulting in rupture

of the myelin membrane, and subsequent demyelination of the surrounded axon.

1.3e) Inﬂammation and Anaphylaxis

The anaphylatoxins C3a, C4a, and C5a are cleavage products of the complement
cascade that are known to act as proinflammatory mediators (for reviews of
anaphylatoxins, see Frank and Fries, 1991; Gerard and Gerard, 1994; Tomlinson, 1993).
C4a is similar to C3a in structurevbut has a lower affinity for its receptors, making it the
weakest anaphylatoxin of the three. C3a induces smooth muscle contraction, enhances
vascular pérmeability, causes the release of vasoactive substénces such as histamine
through its actions on basophils, and is chemotactic for many cells, including phagocytes
(Hartmann et al., 1997; Schaber et al., 1994; Tomlinson, 1993). Recéptors for C3a are
involved in initiating its inflammatory effects, and are found on a variety of cells,
including macrophages, monoéytes, mast cells, eosinophils, neutrophils, and basophils
(Erdei et al., 1991).

C5a by far has the strongest activity of the three anaphylatoxins, being shown to
be 200-fold stronger than C3a and 3000-fold stronger than C_4d in causingv inflammatory
reactions through histamine release and smooth muscle responses (Hugli et al., 1981).
Perhaps more imporfantly, CSa is strongly chemotactic for many cells including

mononuclear phagocytes, basophils, eosinophils, and neutrophils (Cui cf al., 1994; Nolte
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et al., 1996), increases neutrophil adhesiveness ahd aggregation (Schulman et al., 1988;
Swerlick et al., 1988), and is knowh to increase phagocytic ability and increase the
expression of comp.lement receptors CR1 and CR3 on macrophage surfaces (Gerard and
Gerard, 1994). CS5a has high affinity for its‘ phagocytic cell surface receptors, and as
such, C5a’s effects are apparent at relatively low concentrations (Huey and Hugli, 1985).
Furthermore, the inflammatory response of astrocytes and microglia may be mediated by
chemotaxis and cell activation by C5a (Armstrong et al., 1990; Yao et al., 1990).

In the immunological,. complement-dependent, anti-GalC antibody-mediated
demyelination protocol, anaphylatoxins C3a, C4a, and C5a, may be acting to promote
local inflammation at the infusion site, theréby attracting phagocytic cells to thé region

and facilitating the removal of myelin.

1.4) Complement and the Nervous System

Recently, complement has been implicated in various pathologies of the nervous
system. Complement components are thought to play a ‘role in demyelinating diseases of
both the CNS and PNS, such és MS and Guillain-Barré syndrome (GBS), respectively.
Multiple sclerosis is characterized by progressive loss of the myelin sheath from axons
within the CNS, with consequeht neural conductioﬂ deficits. It is now widely believed
that MS is an autoimmune disease of the nervous system driven by infiltrating T cells
specific for antigens on CNS myelin, with myelin loss being attributed to the activity of
infiltrating macrophages.(Prineas and Wright,_ 1978). Soluble complement activation
complexes have Been detected in the cerebrospinal fluid (CSF) of MS patients, and MAC

deposits were found in the brains of MS patients, particularly associated with the edges of
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active plaqhes (Compston et al., 1989; Mollnes et al., 1987; Yam et al., 1980). These
findings suggest that complement may be contributing to }the development of the
symptoms observed in MS patients.

‘Evidence for complement acﬁvation in MS has also emerged from studies using
the animal model of MS, EAE. In EAE animals, decomplementation with cobra venom
factor markedly inhibited disease symptoms (Linington et al., 1989). In an antibody-
dependent form of EAE, decomplementation with cobra venom factor or inhibition of
complement with soluble complement 'receptor 1 inhibited demyelination and helped
prevent disease (Piddlesden et al., 1994). These studies indicate that complement may be
a key factor in creating MS-like symptoms in these animals.

In the PNS; clinical neuropathologies such as GBS and Miller-Fisher syndrome
are characterized by extensive demyelination and inflammation. GBS patients have
myelin antibodies which can activate complement (Koski, 1990; Koski et al., 1986), and
complement activation products including C3a, C5a, and the MAC have been found in
the CSF, plasma, and peripheral nerves of patients (Hartung et al., 1987, Hays et al.,
1988; Koski et al., 1987). This suggests that the complement cascade may contribute to
PNS demyelinating pathologies as well. |

Some neurodegenerative diseases in which neuronal loss without demyélination
or inflammation is the primary characteristic also involve complement activation.
Alzheimer’s disease (AD) is characterized by senile plaques and neurofibrillary tangles
caused by the accumulation of abnormal protein fibrils (Hafdy and Allsop, 1991). These

protein accumulations stained strongly for components of the classical complement

system (Eikelenboom et al., 1989; Eikelenboom and Stam, 1982; McGeer et al., 1989).
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The nature of activation is unclear, and may involve only early complement proteins (Cl,
C4, C3) (Veerhuis et al., 1995) or the complete cascade including the MAC (McGeer and
McGeer, 1992). Similar results were found for Pick’s disease, another degenerative
disease characterized by the buildup of dense amorphous bodies (Singhrao et al., 1996;
Yasuhara et al., 1994). These findings .suggest thét the complement cascade may be
involved in other neurodegenerative diseases that normally are not characterized by
demyelination. |

Thus, further elucidation of the role of complement and its various cofnponents in
- demyelination may be valuable for understanding the underlying mechanisms of

pathologies involving complement-mediated demyelination or neural degeneration.

1.5) Complement In Host Defense and Disease: The Independent Activity of
Complement Pathways

‘Tl.lere are several examples in host defense and disease .states involving
complement activation that suggest the classical and alternative pathways can act
independently.of one another, or that only one pathway is sufﬁcieht for effective action,
and that these pathways can sometirﬁes act without MAC insertion and lysis.

In many cases, the classical pathwéy of complement activation acts independently
of the alternative pathway. In Guamanian parkinsonian dementia.and in AD, diseases
charaéterized sirﬁilarly by the appearance of néuroﬁbrillary tangles in cortical and
subcortical areas (Braak et al.; 1999), extracellular tangles were intensely stained with
antibodies for classical péthway proteins C1, C4, and C3, buf not alternative pathway

proteins (Schwab et al., 1996). Studies of complement-dependent phagocytic attack of
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Legionella pneumophila by human polymorphonucleocytesi (PMN) and macrophages
using antibodyi and sera deficient in C2, C3, or C5 showed that neutralization occurred
via opsonfzation, which was dgpendént on antibody-mediated activation of the classical
pathway, with no detection of alternative pathway or MAC activation (Verbrugh et al.,
1985). Borrelia burgdorgeri is resistant tb the bactericidal action of complement in the
absence of specific antibody‘or C2, suggesting that cell killing is occurring through the
classical pathway (Kochi et al., 1993). These findings suggest that the alternative
pathway is not always required or sufﬁcient for the complement cascade to exert its
effects.

The alternative pathway has also beeh shown to activate independently of the
classical pathway. In defense against the enterococci Bacterium, the éltemative pathway
of complement activation Was éufﬁcient for neutrophil-mediated killing of bacteria, since
antibody was not required and C4-deficient serum exhibited similar bactericidal activity
to normal hﬁman serum (Harvey et al., 1992). In studies on defense against malaria-
causing Plasmodium gallinaceum, lysis was mediated by the alternative pathway,
independent of classical pathway activation (Touray et al., 1994). Studies of the lysis of
horse red blood cells by chickén complement demonstrated independence from antibody
for lysis, dependence on magnesium but. not calcium for lysis to occur, lack of
consumption of C1 when lysis was bbsérved, and the inability of a C1 inactivator to
prevent lysis, all indicating that lysis is caused Ey alternative pathway activation
independent of the classicél pathway :'(Ohta gt al., 1984). Host defense killing of

Tritrichomonas foetus by antibody and complement was abolished by depletion of factor

B by heat treatment, demonstrating the necessity of the alternative pathway to this
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process (Aydintug et al., 1990). These studies indicate that the classical pathway is not
always necessary or sufficient for complement-mediated cell killing to occur.

In some cases, either the classical or alternative pathway or both can act without
the inéertion of the lyﬁc MAC. Studies of Hemophilus influenza, which is susceptible to
complemeht lysis, indicate that host defense is far more dependent on the opsonization
properties of C3 than on the lytic capacity of the complement cascade (Noel et al., 1988).
In rabbits with anti-glomerular basement membrane glomerulonephritis, MAC proteins
are not necessary for the full expression of injufy in the presence of im‘mune cells, even
though complement activation contributes to the injury (Tipping et al., 1989). In studies
examining the effects of complement on antibody-mediated EAE demyelination,
depletion of C3 and C5 had no effecf on the clinical severity of the disease, suggesting
that the demyelinatioh observed is acting independent of the MAC, and the major role of
the complement cascade in thils case appears to be the generation of pro-inflammatory
factors that enhance the inflammatory response and cause an antibody-dependent cell-
mediated cytotoxic response (Piddlesden et al., 1991). Normal human serum is highly
cytotoxic for amastigotes of Leishmania major, which causes Oriental sore (Kubba et al.,
1987). This cytotoxicity is mediated by the alternative complement pathway, but was
shown ‘to Be independent of MAC formation in experiments using human sera genetically
deficient in C5, C6, C7, C8, or C9 (Hoover et al., 1985). These findings suggest that the
complément cascade can so;netimes é_ct'indepen_dently from the MAC.

The above ‘_examples demonstrate that the entire complement cascade is not

necessary for all complement-mediated processes to occur effectively.
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1.6) Hypothesis and Experimental Plan

Based on this information; ‘I.hypothesized that the entire complement cascade is
not réquired for complement-mediatéd, GaiC antibody-depehdent demyelination within
the adult rat spinal cord, and that removing certain components such as the alternative
pathway proteins would still reéult in substantial demyelination. To test this hypothesis, I
have investigated the contributions of the classical and alternative pathways in the
complement cascade, and also of the particular complement proteins themselves (C3, C4,
Factor B, and CS5), to the focal CNS demyelination observed in response to the
immunologicél demyelination protocol deyeloped in Dr. John Steeves' laboratory
(Keirstead et al.,, 1992). By infusing serum specifically deficient for each of these
proteins fogether with anﬁ-GalC antibody, 1 have rendered either the classical,
alternative, or MAC pathways inactive. Through' examination of axonal-myelin
ultrastructure, I was then able .to determine whether of not the complete complement
cascade directly caused the observed myelin changes. Furthermore, 1 was able to assess
the roles of the classical, alternative, or MAC pathways of complement activation in
demyelination. This wori( may add a valuable demyelination protocol to clinical and

research science, and could help elucidate the role of complement in demyelinating

neuropathologies and immune-mediated phenomena.
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CHAPTER 2

MATERIALS AND‘METHODS
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2.1) Choice of Depleted Sera

vHuman complement sera were obtained from Sigma Inc (St. Louis, MO). Deficient
sera were prepared and verified by Sigma Inc using affinity chromatography, a highly
sensitive hemolytic assay, and Ouchterlony microimmunodiffusion (Kolb et al., 1979).
All full .or deficient human complement sera were infused into the intact spinal cord
- along with a complement-fixing IgG antibody to GalC (see below). Sera deficient for a
specific protein were selected on the basis of their potential interruption of ‘specific
pathways within the complement cascade (Figure 4). C4-deficient serum (Sigma # C-
0913) (n=4 animals) was used to test the role of the ‘cl_assical pathway, Factor B-deficient
serum (Sigma # C-0535) (n=4) to test the role of the alternative pathway, C3-deficient
serum (Sigma # C-8788) (n¥4) to tesvt.the importance of the convefgent point of the two
pathways in the complement cascade With the membrane attack complex, as well as the
possible role of macrophage chemotaxis, and finally, C5-deficient serum (Sigma # C-
1163) (n=2), to examine the necessity of the MAC to demyelination. N.ormal (i.e. intact)
human serum (Sigma # C-9473) (n%4) was used as a positive control. Otﬁer control
animals received an infusion of the polyclonal IgG anti-GalC alone (n=4), or received no

treatment (n=2).

2.2) Antibody Production
Polyclonal rabbit IgG antibody to GalC was provided by Dr. Claire Huguenot of

CORD at UBC according to a protocol described by Ranscht et al (1982). Briefly, adult

New Zealand rabbits (6) were immunized subcutaneously with 500 pL Incomplete

Freund’s Adjuvant, 300ug of Keyhole Limpet Haemocyanin (KLH), and 150 pg of GalC
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I and II, in a total volume of 1 mL. Booster injections were given twice at 3 week
intervals. After asseésm’ent of an antibody response, a further booster injection, without
KLH, was given-3 months aftef the initial injection. On§: month later a total bleed was
performed. After clotting, pr‘otei‘n was precipitated with ammonium sulphate, and dialysis
peﬁoﬁned ‘against binding" buffer for Protein A/G purification. Samples were then
purified to the IgG fractién oﬁ a Protein A/G column (Calbiochem IP10) according to the
manufacturer’s instructions. Samples were pufiﬁed for anti-GalC IgG fractions on an
affinity column conjugated with GalC. After elution, sampl.es were diluted to 0.5 mg/mL

for storage.

2.3) Transient Immunolo'gical Myelin Disrﬁptioh

Adult male rats (Sprégue-Dawley, i0-12 weeks old), approximately 220 g in weight,
were anaesthetized with intrapeﬁtbhéal injections of Ketamine/Xylazine (60 mg/kg, 7.5
mg/kg respectivély). A dorsal incisioﬁ was pe;formed and lidocaine was injected into the
musculature surrounding ‘the dorsal éspect of the spinal column. After a limited
dorsolateral laminectomy, an intraspinal cannula was impléﬁted at T10 (n=22 total) and
connected to an Alzet osmbtic mini-pump (Modei 2002; Alza Corp, Palo Alto, CA.) to
subsequently deliver a chtinuous intréspinall infuéion (@ 0.5 pl/hr, for 7d) of one of the
various complement sera (33% v/v; see ébove) anng with ‘é c.omplemen't-ﬁxing IgG
antibody td galaétocerebroside (0-25 mg/mL), diluted in sterile 20 mM PBS. Each
cannula was held in place by means of dental acrylic applied to the vertebral bone and to

a stainless-steel screw inserted at T1l. The osmotic pump was then placed in a

subcutaneous cavity. Muscle layers were then sutured over the dental acrylic, and the
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superficial tissue and skin closed. | Surgical procedures were performed by Dr. Jason
Dyer of CORD at UBC. All surgical procedures and subsequent animal care protocols

were in accordance with Canadian and UBC Animal Care Committee guidelines.

2.4) Electron Microscopy

Tissue for ultrastructural analysis was obtained from 10-12 week old adult male
Sprague-Dawley rats sacriﬁced at 7-days post-implantation of the mini-osmotic pumps.
Animals were lethally anaesthetized with. Ketémine/Xylazine ( 120 mg/kg, 15 mg/kg
respectively), and then .perfused intracardially with 200 mL of 0.1 M phospate-buffered
saline (PBS) (pH 7.4) followed by 100 mL of 4% glutaraldehyde in 0.1 M PB (pH 7.3),
and subsequently post-fixed overnight in the same fixative. The infusion site and
surrounding spinal cord was cut into 1lmm transv¢rse blocks and processed to preserve
rostral-caudal séquence. Blocks weré washed in 0.1 M sodium cacodylate buffer (24
hours), post fixed in 2% 0504, dehydraAted, through increasing concentrations of ethanol
(70%, 85%, 95%, 100%, 100%) and propylene oxide, and embedded in Spurrs' resin
according to standard protocols. Tissue blocks from experimental and untreated-control
animals were processed in parallel. Semithin sections (1 pum) were cut from each block,
mounted on Supeffrost slides, staihéd with 2% alkaline Toluidine Blue and examined
under a light microscope.  Semithin sections Were examined for evidence of
de_mybelibnation/inﬁammation in order to determine the ‘regions of tissue to be processed

for ultrastructural examination. For electron microscopic examination, blocks were

trimmed and ultrathin sections (approximately 25 sections per 1 mm transverse block) cut
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at 80-100 nm, mounted on copper grids, stained with 2% uranyl acetate and lead citrate

and viewed under a Zeiss EM 10C electron microscope (at 80 kV).
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Flgure 4. Cartoon of complement cascade that may be 1nvolved in immunological
demyelmatlon, indicating experlmental complement serum—deficlency points. Two
pathways of -activity are poss1ble in the complement cascade: the Classical Pathway
- (molecules C1, C4, and C2 at bottom of diagram), wh1ch is antlbody med1ated, and the
Alternatiye.-Pathway (molecules B and D at top of diagram), _‘which is mediated by the
spontaneous conversion of C3 to C3b. Both pathways converge to form the Membrane
Attack Complex (MAC). ThlS results in the permeab1hzat10n of the cell membrane and
cell lysis. | |

Complernent protelns (C4, Factor B, C3, C5) removed from the human serum
complement used in these expenments are highlighted wlth a yellow circle at their
respect1ve posrtrons in the cascade

Infusmg serum deﬁ01ent in C4 (red) with GalC antrbody should halt the classical
pathway of the complement cascade after the binding of Cl to the GalC ant1b0dy, thereby
renderrng this pathway 1nact1ve. The alternative pathway (including opsonizing -
deposmon fragment C3b) and the MAC (including anaphylatoxm CSa) should st1ll have

the ab111ty to actlvate through to completion.

' _In’fusmg serum deﬁc1ent in Factor B (blue) with GalC antibody should halt the

| alternatiye pathway of . the’ complement_ cascade after initial C3 ,deposition, thereby
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rendering this pathway inactive. The classical pathway (including opsonizing deposition
fragment C3b.and anaphylatoxins Cla and C3a), and the MAC (including anaphylatoxin .
C5a), sﬁould still have the ability to activate through to complefion.

Infusing serum deﬁcient in C3 (black) with GaiC antibody should halt the
classical pathway of the complement cascade after C4b2a deposition and the alternative
pathWay before initiation, thereby rendering both pathways inactive. Only C4b2a and
anaphylatoxin C4a should be active, and no C3 opsonization should take place.

>'Ivnfusing .serum deficient in C5 (green) with GalC antibody should halt the
comple;nent cascade after deposition of the C5 convertases’(C4b2a3b and C3b,Bb,3b)
from both the classical and alternative pathways, théreby preventing MAC assembly.
The classical pathway (including opsonizing deposition fragment C3b and
anaphylatoxins C4a and C3a), and the alfernative pafhway (including C3.b), should still

have the ability to activate through to completion. However, the MAC (including

anaphylatoxin C5a) should be unable to form.
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CHAPTER 3

RESULTS
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Results are based on the ultrastructural analysis of the adult rat spinal cord following
the direct intraspinal infusion of myelin-specific IgG anﬁbody along with human serum
complemeht, either whole complete serum (as a positive control) or serum depleted
through immunoadsorption for a specific ‘complement enzyme (Figure 4). Since the
implantation of an osmotic pump cannula can cause some focal nonspecific damage at
the site of its dorsal lateral cord insertion, all ultrastructural 'assessments of spinal myelin
integrity were made from the adjacent dorsal column fegion, which was quite distinct
from the cannula insertion site. Immunological demyelination does not lend itself easily
to quantification, since reliable quantification nofmally requires counts of myelinated and
demyelinated axons, measurements of lesion areas, assessment of remyelination, and
analyses of axonal damage, spinal cbrd atrophy, astrocytic response, and inflammatory
foci. This is beyond the scope of this study,..andtherefore, all observations remain
descriptive.

Direct intraspinal (T10) infusion over 7 days (0.5 pl/h) with normal 33% human
serum complement along with an IgG polyclonal antibody to GvaIC (0.25 mg/mL) in PBS
resulted in profound demyelination within the dorsal column of all animals, extending to
1 mm on either side of the cannula insertion site (Figure 5B). Axons appeared relatively
normal, and some mature oligodendrocytes were observed to survive within this
demyelination zone. Oligodendrocytes were identified on the basis of their association
with many axons, oval nuclei with typically clumped héterochromatin around the nuclear
envelope, and relatively densely-stained, thin cytoplasm, which distinguishes them from

astrocytes, which are more lucent under electron microscopy (Peters et al., 1976). In

addition, large numbers of macrophages (or activated microglia) containing myelin debris
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were present within the demyelinated spinal tissue. Macrophages were identified on the
basis of their irregular nuclei with heterochromatin typically clumped around the nuclear
envelope, high-density endoplasmic reticulum, finger-like processes, and phagosomes
containing engulfed myelin debris or lipid breakdown products. These
macrophages/microglia contained my_elin'o'_voids and were closely associated with the
naked axons. In additioh, a few blood-borme cells such as neutrophils or other
polymorphonucleocytes were observed to infiltrate the infusioﬁ region (not shown). At
rostral-caudal distances furfher removed frdm the infusion site (> 2 mm), myelin
disruption, as characterized by a delaminated appearance, was observed.

Control infusions of human serum complement alone (Figure 5D) or antibodies to
GalC alone (Figure SC) showed normal myelination comparabl.e to that of untreated
animals (Figure 5A). Minimal myelin disruption was observe& at the infusion site, and
the compact nature of the myelin was Ipreserved.

Upon direct intraspinal infusion of human serum complement deficient in C4, an
enzyme specific for the classical complerhent pathway, along with the IgG anti-GalC in
PBS, normal myelination was observed at and around the infusion site (Figure 6A), and a
normal distribution of spinal neural Qells and brocesses was found throughout all cords
examined. Myelin appeared similar to that observed after control infusions of human
serum complement alone or IgG anti-GalC antibody alone (as shown in Figures 5D and
5C).

Infusion of human serum complement deficient in Factor B, an enzyme specific for

the alternative complement pathway, along with the IgG anti-GalC in PBS resulted in a

demyelinated CNS environment in all animals tested (Figure 6B), similar to that observed
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after infusion of ﬁormal human complement élong with the IgG anti-GalC (as shown in
Figure 5B). Myelination was suppressed up to 1 mm on either side of the infusion site,
and large regions of naked axons were observed, once again associated with activated
macrophages/microglia (Figﬁre 7B). These axons maintained a normal appearance at the
ultrastructural level, characterized by maintained integrity of axonal microtubules and
cellular o.rganelles. Demyelinated axoﬁs were observed 1 mm to either side of the
infusion site, and myelin disruﬁtion a further 2-3 mm rostral and caudal from fhe cannula
insertion point.

Infusion of the IgG anti-GalC énd human complement deficient in C3, a protein
common to both complement pathways, resulted in a distinct lack of any type of
immunological reactivity in the dorsal column of all animals tested (Figure 7A). Axons
and oligédendrocytes appeared Healthy; as did ali the neural cell types. Spinal myelin
retained its compact nature with little, if any, disruption, similar to that obsewed after
control infusions of human serum complement alone or IgG anti-GalC alone (és shown in
Figures 5D and 5C).

Direct intraspinal infusion of IgG anti-GalC and ﬁuman complement deficient in C5,
an early membrane attack complex protein, resulted in substantial demyelination within
the dorsal columns up to 1 mm on Aeither side of the infusion site in all animals tested
(Figure 8), similar to that observed after infusion of normal human complement along
with the .IgG anti-GalC_ (as shown in Figure SB). This zone of induced demyelinati'on

was accbmpanied by the presence of macrophages containing myelin debris. All axons

appeared normal at the ultrastructural level.
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Demyelinated lesions observed upon individual infusion of the various complement
sera (e.g. complete human complement, Factor B-deficient complement, C5-deficient
complement) together with GalC antibody were fairly consistent across all animals tested.
The demyelinated region had a rostral-caudal distance of 1.5-2.0 mm in all cases. At
further distances of 2-3 mm, delamination of myelin was observed. At the light
microscope level, effects were observed throughout the entire dorsolateral quadrant of the
infusion site, sometimes vextending into the more ventral regions of the cord.
Macrophages were much more prevalent at the infusion site, but \&ere also found
associated with naked axons at more distal demyelinated regions. Overall, the
demyelinated axons themselves maintained their integrity, defined by round profiles, with
normal mitochondﬁa and ‘intact neuroﬁlame_nts and microtubules, and minimal
degenerated axon profiles were observed.. However, moderate neurofilament disarray
and microtubule disassembly accompanied by decreases of axonal calibre, all common
traits of demyelinated leSi‘ons (Blakemore, 1984; Blakemore, 1978; Blakemore, 1975;
Blakemore, 1977‘; Blakemore et al., 1977; Dal Canto and Lipton, 1980), were observed in
some populations of demyelinated axons. These were usually found at or near the
infusion site, where inflammatory reactivity and any trauma induced by cannula insertion
would be greatest. Although these features call into question the health of these axons
(Zhu et al., 1999) and their ability to function prbperly, they may also be indicative of a
down-regulated axonal phenotype more conducive to growth (Keirstead et al., 1998a). In
past studies, demyelinated axons have been shown to persist and support both

regeneration (Dyer et al., 1998; Keirstead et al., 1995; Keirstead et al., 1998a; Keirstead

et al., 1999; Keirstead et al., 1997) and remyelination (Blakemore, 1984; Blakemore,
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1978; Blakemore, 1975; Blakemore, 1977; Blakemore et al., 1977; Dal Canto and Lipton,

'1980), which could revert the axons to their original, normal appearance and function.
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Figure 5. The effects of ,comblete human cbmplement' and ’_ahﬁ-GélC IgG antibody
infusion 0n  myelin' ﬁltrastrfucfure .c.ompared to control infusioné of antibody alone
or complement alone. Eléctron phofom_icrographs of transver‘sev §eétions through dorsal
columné of adult rat.thorac‘ic .spina‘l_cord. (A) Control untreated aﬁimals’ shoWihg normal
appearance of myelin. (B) After 7 dayé of continuous. intraspinai infusion of full human
complemeht séruﬁ and anti-.galactoc:erebroside antibody,'lafge regions of demyelinated
axons were visible within .l ‘mrh of the infusion site. Oligodendrocytes (O), appearing
- normal, are observed. .Macroph'ages M) are‘observed ainong regions of healthy naked
axoﬁs. ‘(C, .D) Myelin s.tructure. fél}owing 7-day. infusion of galactocerebroswide IgG

.antibody alone (C) or hum'a_n complefnent; alone (D) within 1 mm of infusion site,

-showing compact nature of myelin with minimal nonspecific damage. Scale bars =1 pm.
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Figﬁre 6. Classical»ahd alternati\;e pafhway cvontrib‘utions'to demyelination. (A)
Electron photoﬁlicfogfaﬁh of 'a‘tra‘nsvervs'e séction thro.ugh’ the-dorsa.l coiufnn of adult rat
thoracic spinal cord following 7-day infusion of galactocerebroside antibody with human
complement deficient in C4, within 1 mm of infusion site.' Thé compaét nature of myelin
.remains, with minimal disruption a.nd no. demye,liﬁation'observed, éimilar to that seen for
control animals. (B) Eléctron photomicrograph éf a transverse section through the dorsal
column of adult rat thoracic‘_spin_al cord following 7-day infusion of galactocerebroside
antibody with human compleincnt deficient iﬁ Féctor B, within 1 mm bf infusion s.ite.
Extensive demyelinétion is obsérved, with 'axoné appearing otherwise heaithy, sirhilar to

that seen for treatment with complete human complement and anti-GalC.IgG antibody.

Occasional axons are seen with disrupted thin myelin sheaths. Scale bars = 1 um.
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Figure 7. C3 and macr(v)vphage‘ contributions to demyelivnation. (A) Electroﬁ
photomicrograph of a transverse secti-on“through the dorsal column of adult rat thoracic
| - spinal cord fdllow.ing 7-day infusion of galactécerebroside' antibody with human
complemént deficient in C3, within 1 mm of infuéion site. Normal myelin is o‘bserved,
with minimal disruption and no demyeliha;cion, similar to that seenﬁfor control animals.
Oligodendrécytes (O) and axons again appear: healthy;, and thére is no evidence of
macrophage activity. (B) EleCtron'photémicrograph of.ell transverse sectidn through the
dorsal column. of adult rat thoracic spinal cord} following 7-day infusion of
galactoéerebroside antibody With human complement deficient in Féctor B, within 1 mm
of ’infusion' site, as in Figure 6B. Naked demyelinéted axon.s -afe associated with

macrophages (M), which contain lysosomes containing myelin breakdown products

(arrowheads) or myelin debris (arrow). Scale bars = lllim. |
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Figuré,& The effects of C5 deficient sel;um apd anti-GalC IgG infusion on myelin.
Electron photomicrograph of a tfansverse section through the dorsal coiumn of adult rat
thoracic spinal cord followi.ng 7-day infﬁsioﬁ of Hgalactocerebl‘)roside antibody with human
’ comblefnent deﬁcieﬁt in C5, within 1 mm of infusion sité. Extensive demyelinétion is
observed, with axons appea_ring other§vise healthy, similar to that seen for treatment with
full human complemeht and. GalC éntibody. Again, nakéd demyelinated axons are

associated with macrophages (M), which contain myé'lin ovoids or myelin debris

(arrows). Scale bars = 1 pm.
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 CHAPTER 4

DISCUSSION
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The presence of CNS myelin has.been shown to be inhibitory to axonal regeneration,
and some myelin-associated inhibitory molecules, such as myelin-associated glycoprotein
(MAG) (McKerracher et al., 1994; Mukhopadhyay et al., 1994) and Nogo (or NI35/250)
(Carqni ‘and Schwab, i988c), have been identified. Because of this, a technique that
causes a transient removal of these proteins, or myelin itself, in a specific manner could
prove to be valuable in the facilitation of axonal regeneration.

Complement and myelin-specific antibody have been used to induce demyelination
in the past. Antibody-directed complement fixation has been shown to alter the ionic
balance of many different cells in vitro (Mayer, .1972). Previous in vitro experiments
using inactivated peritoneal macrophages showed that myélin phagocytosis occurred
readily in the presence of specific anti-GalC antibodies, but not when complement alone
was added (Scolding and Comps.ton, 1991). When serum cdmplement and myelin-
specific antibodies were applied to purified oligodendrocyte cultures, myelin suppression
was observed (Dubois-Dalcq et al, 1970). In vivo, anti-GalC mediated, serum
complement-dependent myelin disruption in the guinea pig optic nerve occurred within
1-2 hours of treatment (Sergott et al., 1984). These studies suggest that GalC-mediated
complement attack of the myelin sheath may be an effecti{/e way of removing myelin.

Previous work from Dr. John Steeves’ laboratory has used a transient,
immunological, myelin-specific, - GélC antibody-mediated, complement-dependent
protocol to suppress or remove myelin in order to promote the regrowth of severed CNS
axons. This protocol was successful in suppressing the onset of myelination of the

developing avian spinal cord (Keirstead et al., 1992; Keirstead et al., 1997),

demyelinating/disrupting myelin of the mature avian cord (Keirstead et al., 1995), and
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demyelinating the myelin of the adult rat cord (Dyer et al., 1998; Keirstead et al., 1998a),
thereby facilitating significant anatomical regeneration of injured axons with
accompanying functional recovery in these animals (Keirstead et al., 1995). Further
examination of the mechanism of demyelination in these cases is necessary to determine
which of the infused immunological reagents are essential for demyelination.

In the present study, I have examined the 'mécha‘nisms Qf the immunological
demyelination induced by the protocol developed in the Steeves laboratory in greater
detail by analyzing the specific proteins and pathways involved in the complement
cascade‘. It might prove beneﬁcial‘ to remove unnecessary proteins from the infusion
protocol to prevent unwanted side effects caused by these proteins from occurring, and to
allow for the development and refinement of this technique for clinical purposes. I have
observed that the entire complement cascade is not required for significant demyelination
to occur within the adult rat spinal cord.

In previous studies, guinea pig complemént and an IgG anti-GalC antibddy were
utilized to induce transient myelin suppression/demyelination (Dyer et al., 1998;
Keirstead et al., 1995; Keirstead et al., 1992; Keirstead et al., 1998b; Keirstead et al.,
1997). Control infusions (anti-GalC antibody alone, complement alone, vehicle alone)
did not cause any demyelination of the spinal cord in these cases, indicating that both
serum Cofnplement and a myelin-specific, complement-ﬁ}(ingantibody are essential for
this immunological CNS demyelination to occur. In consideration of the time course of
demyelination, it was observed that disruption of the myelin sheath occurs within one day

of the onset of intraspinal infusion of guinea pig complement and IgG anti-GalC

(unpublished observations). After 3d post infusion, macrophages were observed within
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the infused spinal tissue, and within 7d post infusion, significant demyelination of a large
region oif axons was observed. This demyelination extended up to 2 mm on either side of
the insertion site for the infusion caﬁnula, beyond which myelin diéruption (delamination)
was observed. The definite beginningé of remyelination were apparent within 14d. These
findings suggested that 7d Would be an appropriate time point for studies of the
complement proteins that may be contributing to this demyelination, since considerable
demyélination is évident by this time, remyelination has not yet begun, and macrophage
infiltration and myelin clearance is well under way.

In vivo stud»ies have shown that many oligodendrocytes survive the anti-GalC-
mediated, serum compiement—dependent demyelination caused by the utilization of this
protocol (Keirstead et al., 1998b). This may be because GalC is found in greater
concentration on the surface of myelin membranes than on oligodendrocyte‘cell bodies
(Ranscht et al., 1982). The abundance of vGalC on the myelin membrane makes it an ideal
target for this immunological protocoi, since the binding of the two IgG molecules
necessary to initiate the complement cascade requires a high concentration of antigen
(Law and Reid, 1989). Recent evidénce suggests that after. the immunological infusion is
terminated, remyelination begins within two weeks (Keirstead et al., 1998b), and the new
myelin originates primarily from differentiating oligodendrocyte progenitors or
precur'sbrs, although invading Schwann cells and surviving mature oligodendrocytes may
also contribute to the observed remyelination.

In thé study presented here, I have utilized human complement, which is readily
available as deficient sera. Similar_ly, human serum.complement is more applicable to the

development of a clinically relevant neurotrauma reagent than guinea pig complement.
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The use of sera deficient for specific complement énzymes allowed me to dissect the
roles of the classical pathway of complement activation, the alternative pathway, and the
MAC iﬁ the demyelinating process. Seven-day intraspinal infusion of complete human
serum complement along with a myelin-specific IgG anti-GalC antibody resulted in focal
demy>elination within I mm of the infusion site, with myelin disruption extended in both
rostral and caudal direcﬁons to the infusioﬁ site. Regions of naked axons were found
closely associated with macrophages or activated CNS microglia containing myelin
debris. The precise origin of these phagocytic cells is unknown at present, but could be
activated resident CNS microglia and/or invading systemic macrophages entering the
CNS through a compromised blood-brain barrier resulting from the infusi-on of these
vasoactive reagents. bPreliminary work using dichloromethylene diphosphate, an agent
that depletes systemic monocytes and thus inhibits blood-derived macrophages, suggests
that macrophages are the primary mediators of myelin phagocytosis in the
immunologically myelin-suppressed spinal cord, and though microglia may be
contributing to the observed demyelination, they do not compensate for the absence of
macrophages in removing fnyelin (Dyer et al., 1999). The demyelination observed in the
present study was very similar to that described upon guinea pig complement and GalC
anvtib.ody infusion (Dyer et al., 1998), with the exception that the demyelination is limited
to within 1 mm of the infusion éite, rather than the 2 mm rarigé described previously.
This cbuld be édvant_ageous in regeneration studies if a very localized region of

demyelination is desired to minimize deleterious effects of unnecessarily demyelinated

regions of the spinal cord.
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Negative control infusions of complete (or normal) human complement alone or
antibody alone had limited effect on myelin with no demyelination evident, indicating
that lboth serum-eomplement and the GalC antibody are essential for this immunological
CNS demyelinatien to occur. Furthermore, the lack of demyelinétion when the anti-GalC
antibody alone Was injected - also suggests that the animal's endogenous serum
complement is unable to compensatel for the missing exogenously supplied sera.

Infusing serum deficient for C4, a protein positioned early in the classical pathway of .
the complement cascade, together with GalC antibody should halt the classical pathway
of the complement cascade after binding of C1 to GalC antibody, thereby rendering this
pathway inactive. The alternative pathway (including opsonizing deposition fragment
C3b), and the MAC (including anaphylatoxin CS5a), should still have the ability to
activate through to completion. Infusion of GalC antibody and sera deficient for C4
resulted:in normal myelination, (i.e., no demyelination) with minimal myelin.disruption.
Occasional aberrations in the myelin may be due to deposition of antibody and C1, which
should still be occurring. The 1ack of demyelinatien indicates tnat C4 and, by extension,
the classical pathway of cornplement activation, are essential to the demyelination
protocol. The protein(s) in the pathway that is directly responsible for the demyelination
remains to be determined, as C4 or any protein downstream from it could be responsible.
Furthermore, these findings suggest that the alternative pathway of complement
activation does not have the capacity to induce demyelination on its own in the absence
of the classical pathway, and thus, is not a necessary component of the infusion. The lack

of an immunological response when C4 is deleted from the corhposition also extends the

observation that the animal’s endogenous serum complement is unable to compensate for
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an exogenoﬁsly supplied sera that is deficient for the actiyation of the classical pathway.
This lack of compensation may be at least partially due to cross-species incompatibility,
since human and rat comblement proteins in. general, and human C2 and rat C4
specifically, have been reported to be incompatible (von Zabern, 1988). Both a
compromised blood-brain barrier resulting from the experimental procedure, and
activated macrophages and microglia (Morgan and Gasque, 1997), could be sources of
endogenous complement in this situation. Although contributions from endogenous
complement cannot be.completely ruled out, these findings suggest that the infused
complement is needed for at least the initiation of the demyelination process, since
demyelination was not observed in control groups and some experimental groups (C3-
deﬁcieﬁf, C4-deficient).

Infusing serum deficient for C3 with GalC antibody should halt the classical pathway
of the complement cascade aftér C4b2a deposition, and the alternative pathway before
initiation, thereby rendering both pathways inactive. Only C4b2a and anaphylatoxin C4a
should be activated, and no C3 opsonization will take place. Infusion of GalC antibody
and sera deficient for C3 resulfed in normal myelination, with minimal_rﬁyelin disruption.
Occasional aberrations in the myelin may be due to deposition of GalC antibody and the
continuation of the classical pathway through to C4b2a -deposition on the myelin
membrane, which should still be occurring. Determining C3’s importance to this
demyelination protocol is‘critical due to its role in the pathway. This protein is common
to both the classical and altemative complement pathways and becomes activated at the

point where the pathways converge. C3 is the most abundant complement component in

plasma, and the complemént cascade becomes dramatically amplified through increasing
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C3b deposition, which in turn will trigger further activation of the alternative pathway
(Erdei et al., 1991). In addition to its role as the protein connecting the classical and
altemative pathways to the MAC portion of the pathway, C3b is a major ‘ligand for
complement receptors on phagocytic cells, as are its inactive derivatives such as C3bi and
C3dg (Erdei et al., 1991). The lack of demyelination (i.e., preservation of normal myelin)
when C3-deficient sera and GalC antibody were used indicates that C3 is essential to the
immunological demyelinaﬁng procedure, as would be expected if the ;:orriplement
cascade is required. Since the opsénization of the target membrane by C3b is necessary
for the phagocytosis 6f myelin by microglia/macrophages (Erdei et al., 1991), these
findings support the suggestion that microg}ia/macrophages are involved in the transient
immunplogical demyelination procedure.

Infusing serum déﬁc_ient for F acfor B with GalC antibody should halt the alternative
pathway of complement cascade after initial C3 deposition, thereby réndering this
pathway inactive. bHowéver, the classical pathway (including opsonizing deposition
fragment C3b and anaphylatoxins C4a and C3a), and the MAC (including anaphylatoxin
C5a), should still have tﬁe ability to activate through to éompletion. Infusioﬁ of Factor B-
deficient sera along wit_h GalC antibody to restrict the contribution of .the alternative
pathway resulted in profound demyelination, similar to that observed in animals treated
with complete human serum complement and GalC antibodyQ The observed
demyelination was accompanied by the invasion of macrophages, which contained
myelin ovbids and were closely associated with the naked axons. This suggests that the

classical pathway of complement activation is sufficient for demyelination to occur.

Combined with observations of C4 deficient experiments described above, these findings
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also support the suggestion that Factor B and, by extension, the alternative pathway, have
limited, if any, ability to trigger the observed demyelination in the absence of the
classical pathway, and vare therefore not necessary components of the infusion. This
independence of classical pathway activation has been observed in other conditions. For
example, the classical pathway. is thought to act independently in disease states such as
AD, in which there is distinct activation of the classical but not the alternative pathway
(McGeer et al., 1989‘),‘ althoﬁgh the cause of activation is unknown. In the present study,
however, the élternative pathway may still be contributing to the demyelination observed
upon whole human complement and IgG anti-GalC infusion by complementing the
activity of the classical pathway} Reliable quantification of these results could provide
insights into whether this is occurring by allowing comparisons of extent and/or rate of
demyelination with and without the alternative pathway. Furthermore, immunolabelling
of alterﬁative pathway proteins to test for their association with myelin could also be
done to examine alternative pathway contributions to demyelination in this case.

Theée findings are of particular significance with regards to this demyelination
protocol because the alternative‘ pathway is known to act as a first line of defense against
pathogens in the absence of spe‘ciﬁc antibody (Janeway Jr. and Travers, 1997). In short,
C3 is spontaneously cleaved by hydrolysis to produce C3b, which may bind covalently to
surrounding cells, initiate the complement cascade, and cause rionspeciﬁc, vuntargeted
damage to their environment. A study of nonspeciﬁc damage to cells in the infusion
region was beyond the scope of the work presented here, and hence, untargeted damage
was not directly observed. However, as the alternative pathway does not appear to be

crucial for demyelination to occur upon administration of the reagents in this
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immunological protocol,‘reﬁnements of the cofnposition, omitting altérnative pathway
proteins, Would in future limif pofential side effects caused by nonspecific damage that
might result from activation of this pathway.

Infusing sera deficient for C5 with GalC antibody as the infusion cocktail should halt
the complement cascade after deposition of the C5 convertases (C4b2a3b and C3bBb3b)
from both pathways, thereby preventing MAC assembly. The classical pathway
(including opsonizing' deposition fragment C3b and anaphylatoxins C4a and C3a), and
the alternative pathway (inciuding C3b), should still have the ability to activate through
to cbmpletion. However, the MAC (and anaphylatoxin C5a) should be unable to form. In
order to determine if the demyelination observed previously is caused by MAC insertion
and myelin membrané lysis, I used serum deficient for C5, an early MAC protein, and
infused it intraspinally with GalC antibody. Extensive demyelination was observed, once
again ac;:ompanied by macrophagés éontaining myelin debris. These results suggest that
. the MAC is not necessé_xry for the demyelination induced by this immunological protocol.
Complement activity independent of MAC insertion has been obsérvéd in other
demyelinating neuropathologies‘.. For example, in rats with EAE, antibodies to myelin
(MBP) penetrate into the CNS to produce demyelinated MS-like lesions in a
complement-dependent manner (Liniﬁgton et al., 1989; Pabst et al., 1971). However, the
contributions of fhe MAC to the demyelination process are unclear. Antibody-mediated
EAE demyelination has been shown to include membrane deposition of C9, a late MAC

protein, on the target membrane (Linington et al., 1989). However, in vivo complement

depletion studies suggest that the MAC is not essential to the pathogenesis of




66

demyelination in EAE (Piddlesden et a.l., 1991). Thesé findings are similar to the results
obtained in the present stﬁdy. |

Observations in these C5-deﬁciéncy expérimeﬁts suggest‘that a mechanism other
than membrane lysis Vié MAC insertion must contribute to the demyelination proceé_s. In
some étudies of complement céscade activity, the significance of the membréne-attack
proteins and membrane lysis is debatable, and their contribution may in fact be quite
limited. Therefore, onevmust consider the opsonization and inflammation activity of the
earlier componeﬁts of tﬁe cascade as potentially important contributors to any cellular
activity involving the complémént cascade. Such activity cogld explain the results
obtained in the work presented here.-

One possible explanation for the observed findings is that the myelin is directly
stripped and engulfe(i by invading or resident phagocytic cells. Phagocytosis is a process
that invplves the recognition and binding of a target to the surface of a phagocytic cell,
followed by the target’s ingestion by the phagocyte. Complement’s importance in the
phagocytic process,‘and thus, in the clearance of microorganisms in host defense, has
been clearly demonstrated in many in vivo animal studies and by the identification of
individuals lacking the capability to cleave C3 ‘(Brown et al., 1983). Fuﬂheﬁnore, studies
have indicated that host defense is generally more ‘dependent on stbn_ization and
phagocytosis than on the lytic capacity of the plasma (Noel et al., 1988). In a'lll animals in
which demyelination was observed in this study, naked axons were found associated with
macrophages. Us_ing the macrophage inhibitor dichloromethylene diphosphate with
compl¢te guinea-pig corﬁplement and anti-GalC IgG has been '_ shown to prevent

demyelination of the adult rat spinal cord (Dyer et al.,. 1999), suggesting that
8
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macrophages are indeed essential for_ the demyelination observed in theseAexperiments.
Furthermore, in the. pres_eﬁt study, blood-borne cells such as neutrophils and PMN:s,
which act in inflammation énd phagocytosis, were found to infiltrate the infusion area.
Both PMNs and monocytes are present in the bloodstream, but are relatively ineffective
at clearance 'thefe, and become much more effective at phagocytic ingestion once they
enter the tissues (Frank and Fries, v199i). In 'the present study, phagécytes such as
invading blood-borne macrophages, neutrophils, PMNs, and fesident microglia could be
responsible for the observed demyelination.

Microorganisms are stonized by being coated with complement components that
are recognized by specific receptors on phagocytic cells. The target then becomes
immobilized at the phagocytic cell surface by this ligand-receptor interaction, thereby
aiding the phagocytic process (Brown et él., 1983; Horwitz, 1982). Opsonization of
pathogens is a major function of C3b and its proteolytic and inactive derivati\./es, C3bi
and C3dg. C4b, the functional homolog of C3b, is also an opsonin, but its role is minor
due to the relatively low amounts generated compared to C3b (Ross and Medof, 1985).
In the immunological, complement-dependent, anti-GalC IgG antibody-mediated
demyelination protocol described here, C3b may be deposited on the myelin surface
through the activation of the classical pathway of th;e complement cascade, thereby
preparing the myelin for targefed attack by infiltrating rﬁacrophages. This co_lild be tested
using complement receptor antibodies, C3b antibodies, or soluble C3b receptors to
prevent demyelination-speéiﬁc activation of the complement receptors on the surface of

phagocytic cells.

Receptors for the Clq and the C3 degradation fragments C3b, C3bi, and C3dg have
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been described on various céll types. The principal receptof for C3b (and C4b) is CRI.
These receptors are prominent on phagocytic cells including macrophageé and PMNs, as
well as B cells (Erdei et al, 1991‘). It has been shown in vitro that macrophage
phagocytosis of myelin is mediated by CR3 (Bruck and Friede, 1990). Other signals,
such as the simultaneous presence ‘of IgG molecules on a target surface that engage
phagocyte Fc receptors, heip initiate the phagoéytic process vvia CR1. A further
contribution to activation can be made by binding of the phagocyte to ECM-associated
proteins‘ such as fibronectin, laminin, and type I collagen (Gﬁfﬁn and Griffin, 1980;
Newman and Tucci, 1990; Wright and Griffin, 1985). In addition, C3b is subject to
regulatory mechanisms that cleave C3b into inactive derivati{IeS such as C3bi and C3dg,
which remain attached to the pathogen and act as obsonins for the binding of receptors
CR2, CR3, and CR4 on phagocytic cel] surfaces.

Most complement receptors of re..sting cells are mobile in the cell mernbréne. During
the phagocytic process, the cells become active and the complérhent receptors become
attached to the cytoskeleton, thereby losing their motility, and become capable of
mediating ingestion (Janeway Jr. and Travers, 1997). The receptor CR1 is of this type
and is normally part of an intracellular pool that cycles to the (.:ell surface. In neutrophils
and monocytes, however, CR3 has béen shown to be relatively immoBile (Brown et al.,
1988). The complement receptors have a low affinity for their ligands, and multiple
interactions are usually required for strong adhereﬁce of the target cell td the phagocyte
(Frani( and Fries, 1991). These multiple interactions could be provided by large amounts

of C3b deposited on the surface via the classical pathway, which in turn could be

enhanced by the high concentration of target GalC on the >myelin membrane. In vivo
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complement activation, and the addition of proinflammatory peptides derived from
complement proteins (C3a, C4a, C5a) or a variety of cytokines in vitro have been shown
to upregulate the complement r.eceptor number and state of activation for phagocytosis
(Unkeless and Wright, 1988). Therefore, the activation of early comble_ment components
in the vicinity of the target myelin could have effects on macrophage surface receptors,
further enhancing the. phagocytosis of myelin. This cduld be tested using soluble
anaphylatoxin receptors or antibodies to macfophage surface receptors to inhibit the
proposed interaction. As mentioned, reliable quantification of demyelination would ease
the interpretation of any 'results obtained.

The anaphylatoxins C3a, C4a,vand C5a are releaéed as cleavage products during
activation of the classical pathway of the cbmplement cascade and may act to intensify
the inflammatory response and further contribute to the demyelination process (Erdei et
al.,, 1991). C3a, C4a, and CS5a increase vascular perméability, have a chemottractive
effect on macrophages and other phagocytic cells, increase phagocytic ability of these
cells, and, as mentionéd, increase the expression of complement receptors CR1 and CR3
on macrophage surfaces (Frank and Fries, 1991). In addition, C3a, C4a, and C5a can
elicit macrophages to synthesize or secrete other inflammatory médiators such as
interleukin-1 (IL-1) .(Schindler et al., 1990) and interleukin-6 (IL-6) (Morgan et al.,
1992). The anaphylathins may act to attract macrophages to the region of IgG GalC
antibody deposition in tﬁe demyelination protocol described here. The macrophages
coulci then act to facilitate the removal of myelin, which has been opsonized by early

~complement cascade proteins. This would be similar to events postulated to, underlie

EAE, in which macrophage-mediated antibody-dependent responses are shown to occur
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(Brosnan et al., 1981; Huitinga et val.,, 1990). In the C5 déﬁciency experiments presented
here, in which substantial demyelination was observed in the absence of CS,
anaphylatoxin C5a was not present, but C3a and C4a could still be acting to trigger local
inflammation that could aid the demyelinatién process. In future experiments that utilize
this protocol, the infﬁsed reagents could be modified to include cleavage Iﬁroduct CSa in
order to increase this inflammatory response. Inflammation requires the immigration of
phagocytgs,_ and complement-induced phenomena (described abbve) clearly enhance this
process (Carlos and Harlan, 1990) aﬁd could contribute to the demyelination described in
this work.

Activated microgiia/macrophages can act both by phagocytosis through direct
conta.ct. to disrupt and strip myelin, as. in EAE (Lampert and Kies, 1967), and early MS
lesions (Prineas and Wright, 1978), and by .releasing potentially_cytotoxié substanées
such as proteolytic or lipolytic enzymes (Adams and Hémilton, 1984), free oxygen
radicals (Colton and Gilbert, 1987), and inflammatory cytokinés such as IL-1 (Giulian et
al., 1986), and tumour necrosis factor (TNF) (Matthews, 198'1v). Cytokines such as TNFa
and IL-1 are thought to elicit’ a cor’npiex inflammatory response and have been shown to
facilitate myelin destrucﬁpn (Selmaj and Raine, 1988). In addition., when receptors for
C3b and C3bi on macrophages are engaged, IL-1 synthesis is again increased (Bacle et
al., 1990; Couturier et al;, 1990). TNFa is also believed to éct in other demyelinating
lesions such as those found in EAE (Kuroda and Shimamoto, 1991) andv.li\/IS (Sharief and
Hentges, 1991), but its exact contrib#tion is unclear. Once the demyelination observed

has been triggered by the infused reagents, mononuclear phagocytes may contribute

further to the inflammation process through the production of complement components,
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including C1-CS5, Factor B and D, which they have been observed to produce (Bentley et
al., 1978; Whaley, 1980). It is possible that the initial contact between microglia and
oligodendrocytes requires complement-receptor‘ binding? but the ultimate fate of the
oligodendroéyte/myelin may then be governed by the local release of cytokines (Zajicek
et al.,, 1992). This couid be tested by using antibodies to block the biﬁding of the
complement fragment C3b to its receptor, thereby preventing the initial contact between
microglia and oligodehdrbcytes.and testing the demyelination potential of fhe cytokines
alone. |

The activation of o.the‘r receptors on macrophage surfaces may also contribute to
the defnyelinatioﬁ observed. Fc receptors may be acting to bind anﬁbody once
macrophages are recruited to the region on a larger scale, but not prior to this, since
infuéion of _antibody alone in our current and previous control experiments had no effect
on myelin structurev (Dyer et al., 19b98; Keirstéad et al., 1995; Keirstead et al., 1992;
Keirsfead et al., 1997). Macrophages bind to antibody-coated sheaths via Fc receptors,
which will then activate phagocytic. responses (Goldenberg et al., 1989). However,
studies have shown that when decomplemented anti-CNS sera are applied to explant
cultures, myelin swélling is observed, but demyelination does not occur even though the
myelin is éoated with antibody (Johnson et al., 1979). This suggests that complement is a
determining .factor for macrobhage activation, and Fc. receptors alone are rather
ineffeétive at inducing démyelination. (Glynn and Linington, 1989). In addition, studies
have shown that corriplement is necessary for maximal myelin phagocytosis by cultured

macrophages, even though Fc receptors may be involved in the demyelinating process

(DeJong and Smith, 1997). Although Fc r_eceptofs _could be contributing to the
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demyelir'la‘tionv observed upbn GalC antibody and complement sera infusion, their role
appears to.be minor, and requires both complement and antibody.

The events postulated above could all occﬁr in the absence of the MAC. In the
experimental paradigm presenfed here, though,. the MAC may still contribute to
demyelination upon whole"c’omplement and antibody infusion, especially in regions
where macfophage infiltration is not as apparent. The involvefnent of the MAC in this
case could Be further te-sted using immunolabelling of MAC components, particularly
pore-férming C9, td test for their association with myelin. Even when present in sublytic
amounts, the MAC could be contributing to demyelination by causing the release of
secondary mediators of in.ﬂammation such as prostaglandins, leukotrienes, and
thromboxane (Daniels et al.; 1990; Shin and Carney, 1988). Neverthéless, since the
MAC does not appear to be essential for substantial demyelination to occﬁr, in the future
it would be interesting to infuse co‘mplement deficient in MAC proteins together with
GalC antibody to study the effect on regeneration.

In addition to possible contributions to . demyelination, .the presence of
macrophages at lesion sites may be beneficial for axonal regeneration. Studies in lower
vertebrates in which CNS axons retain their regenerative ability have shown vigorous
phagoéytic responses to nerve injury (Dowding et al., 1991; Goodbrand and Gaze, 1991).
In nonneuronal tissue, macrophages seem to play an important role in tissue repair after
injury (Leibovich and Ross, 1975). However, in the injured CNS, inflammation seems to
have a dual nature. It is desfructive immediately after injury by contributing to secondary

degeneration, but can make many growth-promoting contributions once this damage has

been controlled (Hirschberg et al., 1994). Macrophage invasion of damaged white-matter
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sites is slower and less extensive in the CNS than in the growth-permissive PNS (Perry et

al., 1987). In addition, the macrophages are less efficient at clearing myelin debris in the

CNS than ivn the PNS (George and Griffin, 1994), allowing potentially inhibitory debris

to remain for a longer period of time within the CNS. However, the nonpermissive nature

of the CNS white matter can be modified in medium conditioned with activated

macrophages in vitro (David et al., 1990). These ﬁndings taken together suggest that

activated macrophages are needed at an early stage after injury to promote the healing of
the tissue, but late arrival of macrophages may be harmful and could adversely affect the
repair process (Schwartz et al., 1999). The importance of the prompt arrival of
macrophages to injury regiéns for effective repair is further supported by experiments

using blood macrophages prg—incubatéd in PNS or CNS tissue and then transferred to the

site of spinal cord injuries‘ in rats. These experiments demonstrated that PNS—activated

macrophages are more beneficial for axonal regrowth than CNS-activated macrophages

(Lazarov-Spiegler et al.; 1996), and the regrowth observed with PNS-activated

macrophages ié correlated with the efﬁcient clearance of myelin from the treated axons

and the abundant distribution of the macrophages (Lazarov-Spiegler et al., 1998).

Furthermore, macr‘ophage’ phagbcytic activity is inhibited upon exposure to the CNS in

vitro (Zeev-Brann et al., 1 998). Therefore, it might prove advantageous to attract

macropﬁages. to a spinal cord‘injury site at the appropriate time for the treatment of spinal
injury. |

Macrophages are not the only immune celis that may be beneficial to
regeneration. T cells from the adaptive immune response have been shown to accumulate

in larger numbers in the injured PNS than in the CNS (Moaler_n et al., 1999), which has a’
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propensity for eliminating T cells that is not present in the PNS or in other non-neuronal
tissues (Gold et al., 1997). Furthermore, autoimmune T cells specific for MBP have been
shown to protect CNS neurons from secondary degeneration aftér axonal injury (Moalem
et al., 1999). Therefore, in addition to macrophages, other immune system cells have
been shown to be beneficial to sites of spinal injury.

It has -also been suggested that macrophages may promote remyelination.
Macrophages have been observed to stimulate myelin formation in vitro (Hamilton and
Rome, 1994; Loughlin et al., 1997), and inﬂammation-l‘las been shown to be important
for remyelination to occur (Graca and Blakemore, 1986). Macrophages have also been
shown to express a variety of growth factors and cytokines, including platelet-derived
growth factor, epidermal growth factor, transforming gfowth factor beta, insulin-like
growth factor, and nerve growth factor, that have been implicated in such proi:esses as
regulation of oligodendrocyte pifoliferation and survival, myeiination, and remyelination
(Diemel et al., i998). VTher'efore, the presence of macrophag’es at demyelinated regions of
the spinval cord could facilitate the remyelination of these axons.

The findings outlined above suggest that activated macrophages and T cells have
the ability to prombte CNS healing‘ and regeneration, similar to their repair activity in
other organs and tissueé, and that the failure of the CNS to regenerate may be partially
due to its inability to initieite an appropriate inflammatory response. Perhaps the
immunological dem&elhiation protocol described here recruits macrophages and other
immune-related cells to spinal cord injury sites at a more opportune time or rate to clear
debris,. imd these macrophages then help facilitate the successful regeneration and

remyelination observed in past studies.
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In summary, experiments presented here suggest the entire complement cascade is
" not required for the complement-mediated, GalC antibody-dependent demyelination of
the adult Arat spinal cord. By infuslng serum deficient for one of a group of specific
proteins in the complement cascade (C3, C4, Factor B, or .CS_) together with IgG anti-
GalC antibody, I rendered either the classical, alternative, or MAC pathways inactive.
Through> examination of axonal-myelin ultrastructure, I was then able to determine
whether or not the complete complement cascade directly caused the observed myelin
changes. I found that upon removal of alternative pathway activity through Factor B
deﬁclency or of MAC activity through C5 deficiency from the infused cocktail,
substantial demyelin_ation still occurred. This suggests that the classical pathway alone is
sufﬁcient to trigger demyelination when infused with anti-GalC antibody. This
demyelination could be occurring through C3b opsonizettion of target myelin via the
classical pathway followed by mactophage infiltration and phagocytosis of myelin, all
being promoted by local inflammation induced by complement cleavage products C3a
and CA4a. Further experiments are needed to verify thie mechanism. As the alternative
pathwﬁy and the MA_C do not appear. to be crucial for demyelination to occur,
refinements of the composition omitting the alternative pathway and MAC proteins could
be used to induce demyelination, and would limit potential side effects caused by
nonspecific damage that might result from activation of these pathways. Future
regeneration experiments.could utilize a refined version of the original infusion protocol

modified to include only classical pathway proteins C1, C4, C2, and C3, (and possibly C5

to take advantage of the inflammation-inducing abilities of C5a) and IgG anti-GalC, to
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achieve substantial f§ca1 vdemyelinaﬁon of the adult rat spinal cord, thereby removing
inhibitory effectsi of CNS myélin on axonal growth.

The work presented here may prove to be valuable in several areas. First, it adds
an important tool to research and clinical science. By determining which of the
compléméht proteins are necessary fér demyelination to occur, nonessential proteins can
be exclﬁded from the infusion cbcktail in future regeneration experiments and clinical
testing, thereby limiting any nonspecific damage that these unnecessary proteins may be
causing. The result could be an effective, refined demyelination protocol that has been
shown to promote axonal regeneration. Second, this technique. can be expanded for use
as an effective refined biotechnological protocol for gen‘eral‘ attack of any cell type with
an external antigen to which there exists an antibody. Third, the results obtained support
the methodology used for elucidating the rolés of the Varioﬁs complement components
that may be involved in other corhplement- or immune-mediéted phenémeria. Finally,

the results obtained here could help clarify some of the underlying mechanisms of

immune-mediated demyelinating pathologies.
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