INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be

from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced

form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI

A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
313/761-4700  800/521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Selective Vulnerability and Mechanism of
Degeneration in a Mouse Model of Amyotrophic
Lateral Sclerosis

by

Brett M. Morrison

A dissertation submitted to the Graduate Faculty in Biomedical
Sciences in partial fulfillment of the requirements for the degree
of Doctor of Philosophy, The City University of New York

1998

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 9830742

UMI Microform 9830742
Copyright 1998, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This manuscript has been read and accepted for the Graduate Faculty in
Biomedical Sciences in satisfaction of the dissertation requirement for the
degree of Doctor of Philosophy

“43< 6 T — Py
Date Mariann Blum, Ph.D.
Chair of Examining Committee

4 ( 127 } 49 W\
Date Terrx A/Krulwich, Ph.D.
Executive Officer

John H. Morrison, Ph.D.
George W. Huntley, Ph.D.
Robert A. Lazzarini, Ph.D.

John Q. Trojanowski, M.D., Ph.D.

Supervisory Committee

The City University of New York

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

Selective Vulnerability and Mechanism of Degeneration in a
Mouse Model of Amyotrophic Lateral Sclerosis
by
Brett M. Morrison

Advisor: John H. Morrison, Ph.D.

Transgenic mice with a mutation in the superoxide dismutase (SOD-1) gene, cor-
responding to a mutation observed in familial amyotrophic lateral sclerosis (ALS), display
progressive loss of motor function and provide a valuable model of ALS. Several mech-
anisms of degeneration have been proposed, including alterations of neurofilament and
increased intracellular calcium related to excitotoxicity. We hypothesize that a neuro-
chemical profile exists that renders specific subpopulations of neurons vulnerable to these
degenerative mechanisms, and that this vulnerability profile will shed light on these mech-
anisms.

SOD-1 transgenic mice develop loss of motor neurons and interneurons, somatic
accumulations of neurofilament, and astrocytosis in the spinal cord coincident with the
onset of symptoms. The neuron loss is less than 50% in endstage SOD-1 transgenic mice,
and we were interested in whether specific proteins localize preferentially to vulnerable or
non-vulnerable neurons. Two proteins hypothesized to play a role in the pathogenesis of
ALS are calbindin and neurofilament. We found that calbindin-immunoreactive neurons
do not degenerate in SOD-1 transgenic mice, suggesting that elevated intracellular calci-
um, perhaps secondary to excitotoxicity, may be a component of the mechanism of ALS

degeneration. In contrast to calbindin, neurofilament is present within a vulnerable pop-
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ulation of neurons, and the magnitude of both motor neuron and interneuron loss is pre-
dicted by the percentage of these neuronal populations that contain neurofilament. These
results suggest that the neurochemical profile (i.e., presence of neurofilament and absence
of calbindin) of a neuron is a more dominant determinant of vulnerability than connectiv-
ity.

The absence of GluR2 from AMPA receptors on motor neurons may contribute to
their excitotoxic degeneration, as AMPA receptors that lack GluR2 are calcium-perme-
able. We determined, however, that there is no correlation between vulnerability and the
presence or absence of GIluR2 in the spinal cord. In addition, we also found that the cel-
lular and synaptic distribution of GIuR2 is unaltered in SOD-1 transgenic mice.
Therefore, GluR2 does not appear to be a determinant of cellular vulnerability, nor does
the disruption of GluR2 appear to be a component of the mechanism of degeneration in

this model of ALS.
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Chapter One

Introduction
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ALS is a common neurologic disease with an annual incidence rate of approxi-
mately I in 100,000 (Adams et al., 1997). There are both sporadic and familial forms of
the disease, with familial ALS accounting for approximately 5% of cases. The symptoms
and pathology of patients with the familial form of ALS are identical to those of patients
with the sporadic form, which suggests that the mechanisms of neurodegeneration for spo-
radic and familial ALS share common components. The early symptoms of ALS are mus-
cle atrophy, weakness, and fasciculations. The disease progresses over an average of five
years, leading to paralysis and premature death (Tandan, 1994; Adams et al., 1997).
Pathologically, ALS is characterized by extensive loss of spinal, brainstem, and cortical
motor neurons, corticospinal tract degeneration, somatic and axonal inclusions of aberrant
neurofilament proteins, reactive astrocytosis, and atrophy of ventral roots (Hirano et al.,
1967, Hirano, 1991; Leigh and Swash, 1991). The genetic linkage of mutations in the
Cu2t/zn?+ superoxide dismutase (SOD-1) gene with the development of familial ALS
revealed the first factor causally related to the disease (Rosen et al., 1993), and provided
investigators with a starting point for hypotheses about the mechanisms of degeneration

in ALS.

SOD-1 and SOD-1 Transgenic Mice

SOD-1 is a protein which is highly expressed in virtually all cells of the body, and
is present within the cytoplasm of both neuronal and non-neuronal cells in the central ner-
vous system (Pardo et al., 1995). The main enzymatic function of SOD-1 is the clearance
of superoxide radical through the following chemical reaction:

202°' +2Ht > H,05 + 0Oy
The reaction is catalyzed by the Cu2* in the active site of the protein (Fridovich, 1974).

Superoxide radical is a reactive intermediate formed from the reduction of O, and must
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be cleared to prevent it from oxidizing proteins or peroxidizing lipids (Halliwell et al.,
1992; Olanow and Arendash, 1994). A change in the enzymatic function of SOD-1 could
therefore have devastating effects on the cellular environment.

Following the genetic linkage of mutations in the SOD-1 gene with the develop-
ment of familial ALS (Rosen et al., 1993), alterations in the enzymatic function of SOD-
1 were hypothesized to be involved in the pathogenesis of ALS. Since the initial report
of mutant SOD-1, approximately 50 mutations of the SOD-1 gene, most of which result
in the substitution of one amino acid, have been found in patients with familial ALS; and
together, these mutations account for approximately 20% of all familial ALS cases
(Siddique and Deng, 1996). The mutant forms of SOD-1 have several properties that dif-
fer from wild-type SOD-1. Many, but not all, mutations have reduced SOD-1 enzymatic
activity (Borchelt et al., 1994; Nishida et al., 1994; Tsuda et al., 1994; Fujii et al., 1995),
and all examined SOD-1 mutants are less stable than wild-type SOD-1, with half-lives
ranging from 25 to 66% of the wild-type SOD-1 half-life (Borchelt et al., 1994). The
combination of reduced specific activity and reduced SOD-1 protein, due to reduced half-
life, likely explains the consistently lower SOD-1 enzymatic activity in red blood cells
from ALS patients with mutations in SOD-1 (Deng et al., 1993). Interestingly, however,
the SOD-1 mutants are not totally inactive. Many SOD-1 mutants retain full specific
activity, including the G37R (Borchelt et al., 1994) and G85R (Fujii et al., 1995) SOD-1
mutants, and yet still cause disease in both humans and transgenic mice. In addition, vir-
tually all SOD-1 mutants can rescue yeast lacking SOD-1 and return them to a wild-type
phenotype (Nishida et al., 1994; Rabizadeh et al., 1995). The altered function of mutant
SOD-1 is obviously complex; and to investigate these mutations in vivo, transgenic mice
have been engineered that express several of the mutant forms of SOD-1 implicated in
human ALS (Gurney et al., 1994; Ripps et al., 1995; Wong et al., 1995; Bruijn et al.,
1997b).

Three transgenic mice that have mutations in the human SOD-1 gene [i.e., G37R
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(Wong et al., 1995), G93A (Gurney et al., 1994), and G85R (Bruijn et al., 1997b) substi-
tutions] and one with a mutation in the mouse gene, G86R (Ripps et al., 1995), have been
produced to date. All of the SOD-1 transgenic mice are normal at birth, but begin to
develop motor dysfunction at 3 to 9 months of age, which progresses rapidly from limb
weakness to total paralysis and premature death. The age of onset of these symptoms
appears to correlate with the level of mutant SOD-1 expressed, as high expressors have an
earlier onset of symptoms than low expressors (Wong et al., 1995; Bruijn et al., 1997b;
Dal Canto and Gurney, 1997). Pathologically, all SOD-1 transgenic mice have spinal
motor neuron degeneration and alterations in cytoskeletal components. Particular SOD-1
transgenic mice have other important pathologic changes, and a detailed comparison of
the behavioral and pathologic alterations in the SOD-1 transgenic mice is presented in
chapter five.

In order to minimize the anatomical differences between mouse and human, and
study a system that clearly demonstrated pathologic degeneration in SOD-1 transgenic
mice, we have focused our research on determining the factors that contribute to the selec-
tive vulnerability and mechanisms of degeneration of spinal cord neurons. The mecha-
nism of degeneration initiated by mutated SOD-1 is unknown, but clues may be provided
both by mechanisms of ALS degeneration that were proposed before the linkage of mutant
SOD-1 with familial ALS and by biochemical investigations of the mutant forms of SOD-
l. These mechanisms include the disruption of neurofilament, excitotoxicity, and

unshielding of the copper ion in mutant SOD-1.

Disruption of Neurofilament

Neurofilaments are a class of neuron-specific intermediate filaments, whose major

function appears to be to provide support and structure for axons (Shaw, 1991).

Neurofilaments can be composed of the three neurofilament protein (NFP) subunits, as
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well as o-internexin, peripherin, and nestin (Lee and Cleveland, 1996). The NFP sub-
units are named for their relative molecular weights: light (NFP-L), medium (NFP-M),
and heavy (NFP-H), and these subunits appear to assemble as heteropolymers of NFP-L
and either NFP-M or -H to form neurofilaments (Lee et al., 1993). In contrast, a-internex-
in can assemble into homopolymers. The assembly characteristics of peripherin and
nestin have not been adequately investigated. Each NFP subunit, as well as o-internexin,
peripherin, and nestin subunits, is composed of three domains: an amino-terminus head,
a central rod, and a carboxy-terminus tail. The central rod domain appears to be the site
at which subunits interact to form mature 10 nm neurofibrils. The tail domain is also an
important modulator of NFP function, as the tail domains of NFP-M and NFP-H subunits
contain multiple Lys-Ser-Pro (KSP) repeats that are sites of phosphorylation by serine /
threonine kinases (Lee et al., 1988; Miyasaka et al., 1993; Shetty et al., 1993). These tail
domains appear to project radially from the mature neurofibril, modulating both the spac-
ing between adjacent neurofibrils and the interactions with other proteins (Miyasaka et al.,
1993). Phosphorylation of the tail domains of NFP-M and NFP-H appears to cause
greater spacing, while dephosphorylation leads to tighter packing (Matus, 1988; Nixon
and Sihag, 1991). NFP is expressed in its nonphosphorylated form, which is found pri-
marily in somata and proximal dendrites (Sternberger and Sternberger, 1983; Lee et al.,
1987), and becomes phosphorylated as it is transported into the axon. Phosphorylated
NFP is therefore found primarily in the axon of healthy neurons (Sternberger and
Sternberger, 1983; Lee et al., 1987; Dahl et al., 1988; Matus, 1988). The role of NFP in
neuronal physiology has been investigated by studying animals that are naturally deficient
in NFP [i.e., quiverer quail (Yamasaki et al., 1992; Ohara et al., 1993)]. Reduced expres-
sion of all NFP subunits, as occurs in the quiverer quail mutant, leads to a reduction in
the caliber of neuronal axons. This atrophy of axons reduces the velocity of electrical
transduction down the axon, adversely affecting neurotransmission (Sakaguchi et al.,

1993). In addition, motor neuron axons in the rat spinal cord with less NFP have smaller
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axon diameters and axotomy caused a reduction in both the quantity of NFP and the diam-
eter of axons (Hoffman et al., 1984; Hoffman et al., 1985; Hoffman et al., 1987). These
results provide further support for the hypothesized role of NFP in determining axon
diameter. Rather than stemming from its role in normal physiology, however, much of the
interest in NFP has arisen because of alterations of NFP found in neurodegenerative dis-
orders.

From the earliest silver stains (Switzer, 1993), NFP has been implicated in neu-
rodegenerative diseases, including Alzheimer’s disease, Pick’s disease, Parkinson’s dis-
ease, and especially ALS (Leigh et al., 1989; Griffin et al., 1991; Trojanowski et al., 1993).
The pathologic changes of these diseases all involve the accumulation of NFP as inclu-
sions in the somata, dendrites, or axons, although the specific regional distribution and
appearance of these inclusions differ. These inclusions can take the form of neurofibril-
lary tangles in Alzheimer’s disease (Vickers et al., 1992; Trojanowski et al., 1993; Hof and
Morrison, 1994), Lewy bodies in Parkinson’s disease (Trojanowski et al., 1993), or Pick
bodies in Pick’s disease (Perry et al., 1987a; Ulrich et al., 1987). Specifically, the NFP
pathology of ALS is characterized by accumulations of phosphorylated NFP in somata
and by spheroids, which are large axonal swellings that contain NFP (Manetto et al., 1988;
Munoz et al., 1988; Mizusawa et al., 1989; Troost et al., 1992). As discussed previously,
phosphorylated NFP is present primarily in the axons of healthy neurons. Therefore, the
accumulation of phosphorylated NFP in somata suggests a disruption in the processing
and/or transport of NFP in ALS patients. Moreover, in studies of the neocortex of patients
with Alzheimer’s disease (Hof et al., 1990) and the retina in a primate model of glaucoma
(Vickers et al., 1995b), neurons containing high amounts of somatic nonphosphorylated
NFP were found to have increased vulnerability compared to neurons that were not
immunoreactive for nonphosphorylated NFP. These studies suggest that disruption of
NFP is a unifying feature of several neurodegenerative diseases, and may play an impor-

tant role in the mechanism of degeneration of several different neuron populations.
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The most direct evidence that alterations in NFP can cause pathologic changes and
degeneration in neurons comes from transgenic mice with alterations in genes encoding
NFP. Transgenic mice that overexpress mouse NFP-L (Xu et al., 1993) or human NFP-H
(Coté et al., 1993), as well as transgenic mice that express a mutant form of NFP-L (Lee
et al., 1994), display motor neuron pathology, and are excellent models of ALS. Several
other NFP transgenic mice have CNS pathology, but do not accurately model ALS
because motor neurons do not preferentially degenerate (Eyer and Peterson, 1994; Vickers
et al., 1994; Vickers et al., 1995a; Tu et al., 1997). Of the three NFP mutations that induce
motor neuron dysfunction in transgenic mice, two are caused by an increase in a NFP sub-
unit {i.e., mouse NFP-L (Xu et al., 1993) and human NFP-H (Co6té et al., 1993)], and one
by a mutation in NFP-L that was designed to disrupt the assembly of NFP fibrils (Lee et
al., 1994). All of these genetic alterations of NFP lead to hypoactive mice with severe
muscle atrophy and intracellular inclusions composed of the modified NFP subunit and
other NFP subunits. The severity of pathology and the mechanisms by which these alter-
ations in NFP lead to motor dysfunction may be quite dissimilar, however. In both of the
mice with overexpression of NFP, the stoichiometry between NFP subunits is altered,
either increasing or decreasing the ratio of NFP-L to NFP-H. This altered stoichiometry
is likely the cause of NFP inclusions, since somatic and axonal NFP inclusions are also
caused by the overexpressing mouse NFP-H (Marszalek et ai., 1996) or by increasing the
ratio of NFP-H to NFP-L in a cell culture of dorsal root ganglion neurons (Straube-West
et al., 1996). Reduced rates of axonal transport may be responsible for the NFP inclu-
sions, as Collard et al. (1995) found reduced rates of axonal transport in mice overex-
pressing the human NFP-H gene. Pathologic accumulations of NFP appears to be the NFP
alteration that is least toxic to motor neurons, however, since transgenic mice that over-
express mouse NFP-H display NFP accumulations without any other signs of motor neu-
ron dysfunction (Marszalek et al., 1996). In contrast, transgenic mice overexpressing

mouse NFP-L and human NFP-H display a moderate level of motor neuron dysfunction
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(Coté et al., 1993; Xu et al., 1993).

Mouse NFP-L and human NFP-H overexpressor transgenic mice also have NFP
inclusions, which are likely caused by the alteration in subunit stoichiometry; but in addi-
tion, they show behavioral deficits in motor function, muscle atrophy, and motor axon
degeneration. The additional toxicity in these transgenic mice may not be caused by the
same mechanism as the inclusions. In the case of transgenic mice overexpressing human
NFP-H, some property of the human NFP-H, perhaps the increased number of KSP phos-
phorylation sites, is likely the cause of the increased toxicity in these mice as compared to
mice overexpressing mouse NFP-H. The increased phosphorylation state of human NFP-
H may lead to abnormal binding of human NFP-H to transport machinery or abnormal
spacing of NFP in mouse axons. The mechanism by which overexpression of mouse NFP-
L leads to increased toxicity as compared to overexpressed mouse NFP-H is unclear. One
possible explanation is that NFP-L forms the core of the NFP fibril, and alterations in this
subunit may be particularly damaging to the organization of NFP within neurons.

The most neurotoxic alteration in NFP that has been modeled in transgenic mice
1s the assembly disrupting mutation of NFP-L (Lee et al., 1994). This is the only NFP
transgenic that has loss of motor neurons and reactive astrocytosis. These mutations in
NEP-L cause NFP inclusions without disturbing the stoichiometry of the NFP subunits, as
all subunits show reduced expression. Rather than altering the ratio of the three NFP sub-
units, these mutations may alter the ratio of free NFP subunits to subunits associated with
a neurofibril. The exact mechanism by which this mutation in NFP-L leads to motor neu-
ron damage is unknown, but investigating this mechanism should be a priority because of
the similarity in pathologic profiles between this transgenic mouse and patients with ALS.

These results in transgenic mice suggest that NFP alterations may be mechanisti-
cally involved in the motor neuron degeneration of at least a subset of ALS patients, per-
haps through disruption of axonal transport, and not merely a hallmark of its pathology.

This is also supported by the report of point mutations and deletions in the carboxy-ter-
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minus of the NFP-H gene in some patients with sporadic ALS (Figlewicz et al., 1994).
Other investigators looking for these disruptions have been unsuccessful (Rooke et al.,
1996; Vechio et al., 1996), but if true, these mutations provide a direct link between alter-
ations in NFP and ALS. We hypothesize that disruptions of NFP are a component of the
pathology in SOD-1 transgenic mice. I[n addition, if NFP is an important component of
the mechanism of degeneration in SOD-1 transgenic mice, then neurons that contain

detectable levels of NFP should be preferentially vulnerable to degeneration.

Excitotoxicity

Excitotoxicity has been implicated as a mechanism of degeneration in numerous
neurodegenerative disorders (Meldrum and Garthwaite, 1990). In general, excitotoxicity
appears to result from over-activation of glutamate receptors, including both NMDA
(Choi et al., 1988) and non-NMDA (Weiss and Choi, 1991) receptors, in response to glu-
tamate or other excitatory amino acids. This over-activation results in an influx of sodi-
um initially, which causes cell swelling, and then calcium, which appears to be necessary
for neurodegeneration (Choi, 1987). Increased intracellular calcium activates many of the
cell’s degradative enzymes, including phospholipases that break down cell membranes,
proteases that break down cytoskeletal and membrane proteins, and endonucleases that
cleave chromatin into fragments, any of which could be responsible for excitotoxic degen-
eration [See (Orrenius et al., 1992) for review]. Observations of increased glutamate lev-
els in plasma (Plaitakis and Caroscio, 1987) and cerebrospinal fluid (Rothstein et al.,
1989), and decreased glutamate in the spinal cord parenchyma (Perry et al., 1987b;
Plaitakis et al., 1988) of patients with ALS provided the first indication that alterations in
glutamate transmission and metabolism may be mechanistically involved in ALS neu-
rodegeneration. The mechanism for these shifts in the distribution of glutamate appears

to involve changes in glutamate transporters, which are critical for removing excess glu-
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tamate from excitatory synapses. ALS patients have a decrease in both glutamate trans-
porter activity and the amount of a specific glial glutamate transporter, GLT-1, in affected
areas of the nervous system like motor cortex and the spinal cord, but not in unaffected
areas like the hippocampus and caudate nucleus (Rothstein et al., 1992; Rothstein et al.,
1995). Reducing glutamate transporter activity, either by pharmacological antagonists
(Rothstein et al., 1993) or anti-sense oligonucleotides (Rothstein et al., 1996), in a spinal
cord slice preparation or in vivo leads to elevated extracellular glutamate and selective
degeneration of spinal motor neurons. This modification of glutamate transporters could
account for the observed alterations in glutamate metabolism reported in ALS patients.
Whether or not a particular neuron degenerates following increased synaptic glu-
tamate may depend upon several factors including the potential for binding or sequester-
ing free intracellular calcium, and also the specific glutamate receptors present in excita-
tory synapses. Cytoplasmic calcium is reduced by transport out of the cell, sequestration
within cell organelles including the endoplasmic reticulum, mitochondria, and nucleus, or
binding to cytoplasmic proteins (see Carafoli, 1987, and Blaustein, 1988 for reviews). We
investigate the third of these mechanisms for reducing free calcium in the cytoplasm, the
binding of calcium to cytoplasmic proteins. While many proteins can bind calcium to
some extent, the EF-hand family of calcium-binding proteins appears to play the most sig-
nificant role in buffering calcium in neurons (see Baimbridge et al., 1992 for review). The
EF family of calcium-binding proteins can be divided into two large groups, “trigger” and
“buffer” proteins. Although they may have some buffering capacities, the major function
of trigger calcium-binding proteins is the initiation of other cellular events, including mus-
cle contraction, cell signalling and second messenger cascades. This group of calcium-
binding proteins include calmodulin, troponin-C, myosin light chain, and S-100. For the
purpose of buffering calcium, the buffer proteins, which include calbindin (CB), calretinin
(CR), and parvalbumin (PV), would appear to be more important. Based on their capac-

ity to buffer calcium (Lledo et al., 1992; Chard et al., 1993) and unique distribution in the
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nervous system (Hendry et al., 1989; Antal et al., 1990; Celio, 1990; Résibois and Rogers,
1992; Ren and Ruda, 1994), these proteins have been implicated in the specific cellular
patterns of vulnerability to excitotoxic events. For the most part, CB, CR, and PV define
separate populations of neurons, frequently interneurons, and are usually colocalized with
gamma-aminobutyric acid (GABA) (Hendry et al., 1989). In neocortex, for example, CB
localizes primarily to double bouquet cells, CR to bipolar cells, and PV to basket and
chandelier cells (Andressen et al., 1993). All of these morphologically-defined cells are
GABAergic interneurons, and in the vast majority of cases, these calcium-binding pro-
teins do not colocalize with each other. In respect to buffering capacity, calcium-binding
proteins have been shown to attenuate elevated intracellular Ca2t (Lledo et al., 1992;
Chard et al., 1993) and protect cells against toxicity resulting from elevated Ca?* induced
by glutamate receptor agonists, calcium ionophores, or serum from ALS patients in neu-
ronal cultures (Mattson et al., 1991; Lukas and Jones, 1994; Ho et al., 1996). The ability
to reduce intracellular calcium has been shown to result not only from their capacity to
buffer intracellular Ca2*, but also from their ability to reduce calcium flux through volt-
age-dependent calcium channels (Lledo et al., 1992). Because calcium-binding proteins
appear to define neuron populations that are resistant to neurodegeneration in both AD
(Ferrer et al., 1991; Hof et al., 1991; Hof and Morrison, 1991; Fonseca et al., 1993; Hof
et al., 1993; Fonseca and Soriano, 1995) and ALS (Alexianu et al., 1994), we hypothesize
that, as is the case for neocortical neurons in AD, the selective distribution of calcium-
binding proteins in the ventral horn of the spinal cord will be an important correlate of
resistance to degeneration in SOD-1 transgenic mice.

In addition to the presence or absence of calcium-binding proteins, specific neu-
rons in the spinal cord may be selectively vulnerable to excitotoxicity and ALS degener-
ation due to their unique combination of glutamate receptors. Glutamate receptors fall
into two general categories: ionotropic and metabatropic. Ionotropic GluRs have been

divided into three pharmacologically defined and functionally distinct classes: o.-amino-
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3-hydroxy-5-methyl-4-isoxazole propionic acid/low-affinity kainate (AMPA), high-affin-
ity kainate (kainate), and N-methyl-D-aspartate (NMDA) receptors. Recent studies have
implicated AMPA and/or kainate receptors, but not NMDA receptors, in the excitotoxic
mechanism of degeneration in ALS. First, neurodegeneration following inhibition of glu-
tamate transporters is attenuated by antagonists to non-NMDA glutamate receptors, but
not by antagonists to NMDA receptors (Rothstein et al., 1993). Second, motor neurons in
vivo (Ikonomidou et al., 1996) and in vitro (Carriedo et al., 1996) are preferentially vul-
nerable to kainate toxicity, which would activate both AMPA and kainate receptors, but
not NMDA toxicity. Non-NMDA glutamate receptors appear to be pentamers, composed
of some combination of GluR1-4 for AMPA receptors and GluR5-7 and KA-1 and -2 for
kainate receptors (Hollmann et al., 1989; Boulter et al., 1990; Keinanen et al., 1990; Brose
etal., 1994). Certain subunit transcripts are subject to RNA editing, a mechanism which
strongly influences properties such as CaZt permeability and rectification characteristics,
with GluR2 almost completely edited to the arginine codon at the Q/R site (Sommer et al.,
1991; Puchalski et al., 1994). When present in the AMPA receptor, edited GluR2 domi-
nates the Ca* permeability and current-voltage characteristics, and as such, AMPA
receptors that contain GluR2 do not flux Ca?* (Geiger et al., 1995).

Given the importance of Ca2* flux in the excitotoxic mechanism of neurodegen-
eration, many investigators have proposed that motor neurons are selectively vulnerable
to excitotoxicity, and perhaps also in ALS, due to a lack of GluR2. Support for this
hypothesis comes almost exclusively from spinal cord culture experiments. In response
to kainate administration, in vitro motor neurons appear to be permeable to cobalt, a
reflection of Ca2+ flux, and undergo degeneration (Carriedo et al., 1996). In addition, a
recently presented abstract concluded that in vitro motor neurons lack GluR2 immunore-
activity (Bar-Peled et al., 1997). These in vitro studies contradict a number of studies that
have demonstrated that motor neurons in situ contain GluR2 mRNA (Sato et al., 1993;

Tolle et al., 1993; Jakowec et al., 1995a; Jakowec et al., 1995b; Tolle et al., 1995; Temkin
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et al.,, 1997). The recent development of a GluR2-specific monoclonal antibody allows a
definitive answer as to the presence or absence of GluR2 from motor neurons. We hypoth-
esize that the distribution of GluR2 in the mouse spinal cord may correlate with the neu-
rons that are resistant to degeneration in SOD-1 transgenic mice, and that there may by an
alteration in the distribution or intensity of GluR2 immunoreactivity in SOD-1 transgenic

mice.

Unshielding of Copper Ion

The biochemical disturbance resulting from the presence of the mutant SOD-1
protein is unknown. Initially, it was presumed that the mutations observed in ALS dam-
aged cells by reduced clearance and subsequent accumulation of superoxide radical (Deng
et al.,, 1993). However, as discussed previously, this does not appear to be the case.
Rather, the mutated protein appears to have acquired a novel function, termed a gain-of-
function mutation. Although the exact nature of this novel function is unknown, the loca-
tions of the mutations in SOD-1 suggest that unshielding of the copper ion may be
involved (Deng et al., 1993; Wiedau-Pazos et al., 1996). Increased access of substrates to
the copper would lead to increased catalysis of several reactions including oxidation of
proteins by hydrogen peroxide and nitration of tyrosines by peroxynitrite (Beckman et al.,
1993).

In the presence of hydrogen peroxide, wild-type SOD-1 catalyzes the formation of
hydroxyl radical and the subsequent oxidation of proteins (Yim et al., 1990). This was
determined in vitro by measuring the oxidation of 5,5’-dimethyl-1-pyrroline N-oxide
(DMPO) and N-rert-butyl-o—phenylnitrone (PBN) by electron paramagnetic resonance.
DMPO and PBN are spin traps, and the formation of DMPO-OH and PBN-OH in the pres-
ence of hydrogen peroxide and SOD-1 suggests that free hydroxyl radical can be pro-

duced by this reaction. The rate of this reaction with wild-type SOD-1 is quite slow, like-
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ly due to the low affinity of wild-type SOD-1 for hydrogen peroxide. In contrast to wild-
type SOD-1, mutant forms of SOD-1 (i.e., G93A and A4V) have a greater affinity for
hydrogen peroxide and catalyze the formation of DMPO-OH to a greater extent than wild-
type SOD-1 (Wiedau-Pazos et al., 1996; Yim et al., 1996). Although the baseline perox-
idase activity of wild-type SOD-1 is unaffected by copper chelation, the increased perox-
idase activity of mutant SOD-1 is markedly attenuated by these chelators, suggesting that
the copper ion in mutant SOD-1 is more exposed than in wild-type SOD-1. The spin trap
DMPO is obviously not the intracellular target of this increased peroxidase activity. The
actual target has not been determined, though the neurotransmitter glutamate has been
shown to be altered by this reaction (Yim et al., 1996). Due to the importance of gluta-
mate in the excitotoxic mechanism of degeneration, this putative alteration is extremely
important and may provide an explanation for the similarities between the degeneration
induced by mutations in SOD-1 and excitotoxic agents.

The second gain-of-function that has been demonstrated for mutant SOD-1 is
increased nitration of tyrosines by peroxynitrite. Peroxynitrite (ONOO™), which is a
potent oxidant, is produced from nitric oxide ('NO) and superoxide (O?_") radicals, and
breaks down into hydroxyl radical and 'NOZ (Beckman et al., 1992), which can nitrate
phenols like tyrosine molecules in a reaction catalyzed by SOD-1 (Ischiropoulos et al.,
1992; van der Vliet et al., 1995). Therefore, the degree to which certain proteins are nitrat-
ed is important as an indicator of both peroxynitrite breakdown and potential targets of
this breakdown. Free nitrotyrosines can be measured by mass spectroscopy, while nitroty-
rosines incorporated into proteins are evaluated by an antibody against nitrotyrosine.
Utilizing these techniques, increased free nitrotyrosines have been reported in the spinal
cord of ALS patients (Beal et al., 1997), G93A SOD-1 transgenic mice (Ferrante et al.,
1997), and G37R SOD-1 transgenic mice (Bruijn et al., 1997a). In addition, increased
immunoreactivity for nitrotyrosines have been observed in ALS patients (Abe et al., 1995;

Beal et al., 1997) and G93A mice (Ferrante et al., 1997), but not in G37R SOD-1 trans-
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genic mice (Bruijn et al., 1997a). At this time, however, no specific proteins have been
demonstrated to have increased nitration of tyrosines in either ALS patients or SOD-1
transgenic mice. These in vivo results are supported by indirect in vitro evidence that
mutant SOD-1 catalyzes the nitration of tyrosines to a greater extent than wild-type SOD-
I (Crow et al., 1997a). In this study, mutant SOD-1 is found to have reduced affinity for
zinc, and therefore mutant forms of SOD-1 are more likely to lack zinc in the presence of
zinc chelators. SOD-1 that lacks zinc catalyzes peroxynitrite-mediated tyrosine nitration
to a greater extent than SOD-1 that contains a divalent cation in the zinc site. These inves-
tigators never directly demonstrate that mutant SOD-1 has an altered capacity for cat-
alyzing the nitration of tyrosines, but only suggest this indirectly. Taken together, how-
ever, these studies suggest that mutant SOD-1 catalyzes the nitration of tyrosines in the
presence of peroxynitrite to a greater extent than wild-type SOD-1, and this gain-of-func-
tion may be an important component of neurodegeneration in SOD-1 transgenic mice and
ALS. If there is increased nitration of tyrosines, it is critical to determine which proteins
accumulate nitrotyrosines and whether this alteration affects their function. Proteins that
are particularly long-lived, like NFP and other components of the cytoskeleton (Shaw,
1991), may be particularly prone to accumulating nitrotyrosines over time. In fact, Crow
et al. (1997b) has demonstrated that SOD-1 in the presence of peroxynitrite catalyzes the
nitration of tyrosines on NFP-L, and that this nitration disrupts the assembly of NFP fib-
rils. Given the previously described importance of NFP in the pathology and perhaps the
mechanism of ALS degeneration, these proteins are especially interesting targets for

investigation.
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Chapter Two

A Quantitative Immunocytochemical Analysis of the
Spinal Cord in G86R Superoxide Dismutase Transgenic
Mice: Neurochemical Correlates of Selective
Vulnerability

Reprinted with permission from John Wiley and Sons

Morrison, B.M., J.W. Gordon, M.E. Ripps, and J.H. Morrison (1996) Quantitative
immunocytochemical analysis of the spinal cord in G86R superoxide dismutase trans-

genic mice: neurochemical correlates of selective vulnerability. J. Comp. Neurol.
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Abstract

Transgenic mice with a G86R mutation in the mouse SOD-1 gene, corresponding
to a mutation observed in familial ALS, display progressive loss of motor function and
provide a valuable model of ALS. The pathology in the spinal cords of these mice was
evaluated to determine whether there are chemically-identified populations of neurons
that are either highly vulnerable or resistant to degeneration. Qualitatively, there were
phosphorylated NFP-immunoreactive inclusions and a pronounced loss of motor neurons
in the ventral horn of the spinal cord, without the presence of vacuoles, which have been
reported in other SOD-1 transgenic mice. Neuron counts from SOD-! and control spinal
cords revealed that the percentage loss of NFP-, choline acetyltransferase (ChAT)-, and
CR-immunoreactive neurons was greater than the percentage loss of total neurons, sug-
gesting that these neuronal groups are particularly vulnerable in SOD-1 transgenic mice.
In contrast, CB-containing neurons did not degenerate significantly, and represent a pro-
tected population of neurons. Quantitative double-labeling experiments suggested that the
vulnerability of ChAT- and CR-immunoreactive neurons is primarily due to the presence
of NFP within a subset of these neurons, which degenerated preferentially to ChAT- and
CR-immunoreactive neurons that did not colocalize with NFP. Our findings suggest that
NFP, which has been demonstrated previously to be mechanistically involved in motor
neuron degeneration, may also be important in the mechanism of degeneration that is ini-

tiated by the SOD-1 mutation.
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Introduction

ALS is a neurologic disease characterized by progressive upper and lower motor
neuron degeneration frequently resulting in death within five years of onset (Leigh and
Ray-Chaudhuri, 1994; Tandan, 1994). The genetic linkage of point mutations in the SOD-
I gene with familial ALS provided the first biochemical factor causally related to the dis-
ease (Rosen et al., 1993). Transgenic mice with SOD-1 mutations, corresponding to those
observed in familial ALS (Gurney et al., 1994; Ripps et al., 1995; Wong et al., 1995), dis-
play a marked loss of motor neurons in the spinal cord and brainstem, argyrophilic dys-
trophic neurites, and progressive loss of motor function resulting in paralysis and prema-
ture death, consistent with reported findings in ALS patients (Hirano et al., 1967; Hirano,
1991; Leigh and Swash, 1991). The phenotypic and pathologic alterations observed in
these mice occur despite normal or increased levels of SOD-1 enzymatic activity (Gurney
et al., 1994; Ripps et al., 1995; Wong et al., 1995), suggesting that the mutations induce a
novel function, not possessed by the wild-type protein. The mechanism of degeneration
initiated by mutated SOD-1 is unknown, but clues may be provided by other proposed
mechanisms of ALS neurodegeneration.

Two other mechanistic links to neurodegeneration that may be relevant to ALS
involve NFP (Leigh et al., 1989; Griffin et al., 1991; Brady, 1993) and intracellular calci-
um (Krieger et al., [994). NFP is an intermediate filament that consists of three subunits,
heavy (H), medium (M), and light (L), and is important for maintaining axonal diameter
and transport (Hoffman and Lasek, 1975; Hoffman et al., 1984; Trojanowski et al., 1986;
Shaw, 1991). NFP is not present within all neurons (Fisher and Boycott, 1974; Sharp et
al., 1982), and antibodies to NFP immunocytochemically label distinct neuronal popula-
tions (Campbell and Morrison, 1989; Vickers and Costa, 1992; Hof and Morrison, 1995),

some of which are highly vulnerable to neurodegeneration (Morrison et al., 1987; Hof et
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al., 1990). NFP exists in both phosphorylated and nonphosphorylated forms that have dif-
ferential distributions within neurons, with phosphorylated NFP primarily present within
axons and nonphosphorylated NFP present in somata and dendrites (Sternberger and
Sternberger, 1983; Lee et al., 1987; Dahl et al., 1988; Matus, 1988). Although accumula-
tion of phosphorylated NFP in somatic and axonal inclusions is a pathologic hallmark of
ALS (Manetto et al., 1988; Munoz et al., 1988; Mizusawa et al., 1989; Troost et al., 1992)
and has been observed in SOD-1 transgenic mice (Wong et al., 1995; Tu et al., 1996), the
most direct evidence that NFP is mechanistically involved in motor neuron degeneration
comes from transgenic mice (Coté et al., 1993; Xu et al., 1993; Lee et al., 1994) and ALS
patients (Figlewicz et al., 1994) with NFP mutations. Another proposed mechanism of
degeneration in ALS is increased intracellular calcium secondary to autoimmune antibod-
ies against voltage-dependent calcium channels (Smith et al., 1992; Appel et al., 1993;
Kimura et al., 1994; Smith et al., 1994) or the over-activation of glutamatergic transmis-
sion (Rothstein et al., 1990; Plaitakis, 1991; Weiss and Choi, 1991; Rothstein et al., 1993).
CR and CB are two of the calcium-binding proteins that buffer intracellular calcium
(Mattson et al., 1991; Lledo et al., 1992; Chard et al., 1993; Lukas and Jones, 1994), and
therefore may modulate intracellular calcium levels. CR and CB are present in only a sub-
set of neurons (Hendry et al., 1989; Antal et al., 1990; Celio, 1990; Resibois and Rogers,
1992; Andressen et al., 1993; Ren and Ruda, 1994), which, in contrast to NFP-containing
neurons, are resistant to neurodegeneration (Hof et al., 1993; Alexianu et al., 1994).
Evidence for the SOD-1, NFP, and calcium hypotheses of neurodegeneration have been
obtained in separate model systems. In ALS patients, each of these mechanisms may exist
separately in distinct populations of ALS patients, or they may interact as individual com-
ponents of a general mechanism of degeneration in ALS.

The cellular pattern of degeneration in ALS exhibits a striking degree of selectiv-
ity in respect to the neuron classes affected. SOD-1 is fairly ubiquitous and unlikely to

account directly for the selective vulnerability (Pardo et al., 1995), however, if the NFP
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and calcium-related mechanisms of degeneration are relevant in SOD-1 transgenic mice,
it would be reflected in the neuronal populations vulnerable to the SOD-1 mutation. We
investigated this possibility by quantifying the cell loss of neurons immunoreactive for
NFP, CR, CB, and ChAT, a selective marker in the spinal cord for motor neurons. In addi-
tion, quantitative colocalization studies were performed to determine which characteris-
tics were dominant in conferring vulnerability or protection in neurons that were

immunoreactive for more than one marker.

Materials and Methods

Animals and tissue processing. Transgenic mice with a G86R mutation of the mouse
SOD-1 gene and control FVB littermates, described previously (Ripps et al., 1995), were
used in this study. SOD-1 transgenic mice and age-matched controls were sacrificed when
the transgenic mice displayed almost total paralysis of both forelimbs and hindlimbs, at
92 to 118 days. Mice were deeply anesthetized with an equal mixture of ketamine (100
mg/ml) and xylazine (20 mg/ml), and then perfused transcardially with cold 1%
paraformaldehyde in 0.1 M phosphate buffered saline (PBS), pH 7.2, for | minute fol-
lowed by cold 4% paraformaldehyde in PBS for 10 minutes. The spinal cords were rapid-
ly removed, blocked coronally, and post-fixed in 4% paraformaldehyde in PBS for 6
hours. Blocks were cryoprotected in 30% sucrose for 24 hours, and sectioned on a cryo-

stat at 40 pm.

Immunocytochemistry and histochemistry. Parallel series of sections were collected for
immunocytochemistry and Nissl staining (cresyl violet). Tissue sections for single label
immunocytochemistry were incubated overnight at 4°C in one of the following: 1) mon-
oclonal antibody (mouse [gG) to nonphosphorylated epitopes on NFP-H (SMI-32,
Sternberger Monoclonals, Baltimore, MD) diluted to 1:10,000 in 0.01 M PBS, pH 7.2,
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containing 0.3% Triton-X 100 and 0.5 mg/ml bovine serum albumin (diluent); 2) mono-
clonal antibody (mouse IgG) to phosphorylated epitopes on NFP-M and NFP-H (SMI-31,
Sternberger Monoclonals) diluted to 1:10,000 in diluent; 3) polyclonal antibody (goat
[gG) to ChAT diluted to 1:200 in diluent (Chemicon, Temecula, CA); 4) polyclonal anti-
body (rabbit IgG) to CR diluted to 1:2500 in diluent (SWant, Bellinzona, Switzerland); 5)
polyclonal antibody (rabbit IgG) to CB diluted to 1:3500 in diluent (SWant). The sections
were then processed by the avidin-biotin-peroxidase method with Vectastain ABC Kkits
(Vector Laboratories, Burlingame, CA) and 3,3’-diaminobenzidine.

Sections for double label immunocytochemistry were incubated overnight at 4°C
in one of the following: 1) mouse monoclonal SMI-32 (1:5000) and goat polyclonal anti-
ChAT (1:100); 2) mouse monoclonal SMI-32 (1:5000) and rabbit polyclonal anti-CR
(1:2500); 3) mouse monoclonal SMI-32 (1:5000) and rabbit polyclonal anti-CB (1:2500);
4) goat polyclonal anti-ChAT (1:50) and rabbit polyclonal anti-CR (1:2000); 5) goat poly-
clonal anti-ChAT (1:50) and rabbit polyclonal anti-CB (1:2500). The sections double-
labeled with SMI-32 and anti-ChAT were washed following the primary antibody incuba-
tion, incubated for 2 hours in 1:200 FITC-conjugated horse anti-mouse IgG (Vector
Laboratories) and 1:200 biotinylated rabbit anti-goat [gG (Vector Laboratories), washed,
and then incubated for | hour in 1:200 Texas Red streptavidin (Amersham, Arlington
Heights, IL). The sections incubated in SMI-32 and anti-CR or anti-CB were washed after
primary incubation, incubated for 2 hours in 1:200 FITC-conjugated horse anti-mouse
[gG and 1:300 biotinylated goat anti-rabbit IgG (Vector Laboratories), washed, and then
incubated for | hour in Texas Red streptavidin. The sections incubated in anti-ChAT and
anti-CR or anti-CB were washed following the primary incubation, incubated for 1 hour
in 1:200 biotinylated horse anti-goat IgG (Vector Laboratories), washed, incubated for 1
hour in 1:200 FITC-conjugated goat anti-rabbit IgG, washed, and then incubated for 1
hour in Texas Red streptavidin. The species specificity of the secondary antibodies was

verified by omitting one or both of the primary antibodies.
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Stereology. The total number of Nissl-stained, nonphosphorylated NFP-immunoreactive,
ChAT-immunoreactive, CR-immunoreactive, or CB-immunoreactive neurons were count-
ed bilaterally in the ventral horn of both the cervical (C5—C7) and lumbar (L1—L3)
spinal cord enlargements from four control and four SOD-1 mutant transgenic mice using
the optical fractionator (West et al., 1991). Throughout the experiment, the investigator
was blinded to transgene status. The number of phosphorylated NFP-immunoreactive
neurons was not determined because there was little, if any, staining of cell bodies with
SMI-31. For this analysis, a Zeiss Axiophot photomicroscope with a Zeiss Plan-Neofluar
63x oil objective and a CCD camera was used to generate digitized images that were col-
lected and analyzed on a Macintosh 840AV computer using custom-made data analysis
software [NeuroZoom; developed in collaboration with the Scripps Research Institute, La
Jolla, CA (Young et al., 1995; Bloom et al., 1997)]. The technique used for counting neu-
rons in this study, the optical fractionator, provides an unbiased estimate of cell number,
and it relies on random, systematic sampling from a known fraction of a structure’s total
volume (Bjugn, 1993; West, 1993). The mathematical formula that determines total cell
number is as follows:
N = X0 x I/ssf x I/asf x t/h

where 20" is the total number of neurons counted, ssfis the section sampling fraction, asf
is the areal sampling fraction, ¢ is the thickness, and 4 is the height of disector. The for-
mula consists of three sampling fractions multiplied by the number of neurons counted in
the sampled volume. The first fraction, //ssf, is the total number of sections in the spinal
cord enlargements divided by the number of sections analyzed, which was a 1:40 series
for the Nissl-stained sections and a 1:20 series for the immunocytochemically stained sec-
tions. The extent of the spinal cord enlargements was determined visually by comparing
Nissl-stained sections from each animal with the mouse atlas of Sidman et al. (1971). The

second fraction, //asf, is the area of the x,y step divided by the area of the counting frame,
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i.e., the percentage of each section’s surface area that is sampled. For this study, the per-
centage of the area sampled was 27.54%. On each section, the area ventral to the most
dorsal extent of the central canal, including laminae VII, VI, IX, and X, was designated
ventral horn. A counting frame was positioned in a random position in the ventral horn
and then moved systematically, with the aid of NeuroZoom, in the x and y directions
across the ventral horn, sampling a given percentage of the area. The number of cells that
were completely contained within this counting frame, or that crossed one of the two arbi-
trarily-defined accepted sides of the frame, were counted. The third fraction, #/A, is the
total thickness of the section divided by the depth counted. Because the stains did not pen-
etrate through the entire depth of the section, cells were only counted in the portion of the
section where staining was visible, and this depth was divided by the total thickness of the
section, measureable by visualizing staining on both surfaces.

To avoid double counting neurons with unusual shapes, Nissl-stained, ChAT-
immunoreactive, and NFP-immunoreactive cells were only counted when their nuclei
were visualized, which only occurred in one focal plane. The nuclei of CR- and CB-
immunoreactive cells were not as easily distinguished. Fortunately, these immunoreactive
cells were not densely packed in the ventral horn of the spinal cord, and therefore, careful
examination of each cell prior to counting was sufficient to avoid repeatedly counting the
same neuron. In addition, neurons were differentiated from non-neuronal cells, including
glia, in the Nissl stain by the exclusion of cells that did not have a clearly defined nucle-
us, cytoplasm, and a prominent nucleolus. These criteria have been used for neuron
counts in the spinal cord by other investigators (Bjugn, 1993; Bjugn and Gundersen,
1993b), and although some small neurons may be excluded, these criteria should reliably

exclude all non-neuronal cells.

Quantification of double-labeling. For each double-labeling combination, a 1:40 series

from both cervical and lumbar enlargements from the same animals used in the optical
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fractionator technique was immunostained, as described above, and analyzed on a Zeiss
Axiophot fluorescent microscope using a Zeiss Plan-Neofluar 40x objective. The per-
centage of double-labeling was determined by examining each immunofluorescent cell in
the ventral horn with filters that allow either FITC wavelengths or Texas Red wave-
lengths, but not both, to pass, and counting single-labeled versus double-labeled cells.
While the quantitative analysis was carried out on the Zeiss Axiophot, high resolution
qualitative analysis and photomicrographs of fluorescent double-labeled sections were
made on a Zeiss laser scanning confocal microscope 410 with a Zeiss Plan-Neofluar 63x
oil objective. The z-axis resolution of the confocal microscope allowed for a more defin-
itive differentiation between cytoplasmic colocalization and superimposition of indepen-
dently labeled profiles. The photomicrographs were obtained by optimizing the contrast
and brightness settings on the confocal microscope for each fluorescent signal, scanning
the images with the two line average function, and then overlaying and pseudo-coloring
the images from each double-labeling pair. The confocal images were imported into

Adobe Photoshop 3.0, where they were sized and labeled.

Statistical analysis The total number of cells for each histological or immunocytochemi-
cal stain in control and SOD-1 transgenic mice were compared with a two-sided Student’s
t test. The percentage colocalization of ChAT, CR, and CB immunoreactivity with non-
phosphorylated NFP and ChAT immunoreactivity in control and SOD-1 transgenic spinal

cords were also compared with a two-sided Student’s 7 test.
Results
Qualitative observations. As compared to controls, the ventral horn of the cervical and

lumbar enlargements of SOD-1 transgenic mice exhibited an apparent decrease in the

number of Nissl-stained neurons, while the dorsal horn appeared to be unaffected (Fig. 2-
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Figure 2-1. Nissl-stained sections from the lumbar spinal cord enlargement of control (A and B)
and SOD-1 transgenic (C and D) mice. Neuron density in the ventral horn of the SOD-1 trans-
genic mouse (C) is reduced compared to the control mouse (A). In contrast, the dorsal horn of
the SOD-1 transgenic mouse appears to be unaffected. B and D are higher power photomicro-
graphs of the ventral horn in control and SOD-1 transgenic mice, respectively. The reduction in
cell number in the SOD-1 transgenic mouse is clearly evident at this magnification, and a mor-
phologically abnormal cell (arrow) that is likely undergoing degeneration is present as well. Scale
bars: A and C, 400 pm; B and D, 100 pm.

[A-D). In addition to neuron loss. both enlargements of the SOD-1 transgenic spinal cord
exhibited morphologically abnormal cells that appeared to be undergoing degeneration
(Fig. 2-1D). We did not observe vacuolization in the spinal cord of endstage SOD-1 trans-
genic mice. or in mice at earlier time points. such as 30 and 60 day old mice (data not
shown).

Immunoreactivity for nonphosphorylated NFP in cervical and lumbar spinal cord
enlargements of control mice was present not only in many of the somata and processes
of the large motor neurons in the ventrolateral horn (Fig. 2-2A. arrows), but also in the

soma of neurons positioned more medially (Fig. 2-2A, arrowheads). There was little non-
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Figure 2-2. Photomicrographs of immuno-
reactivity to nonphosphorylated and phos-
phorylated NFP in the ventrolateral horn of
the spinal cord of control and SOD-1 trans-
genic mice. A and B illustrate nonphos-
phorylated NFP immuno-reactivity in the
cervical spinal cord enlargement of control
(A) and SOD-1 transgenic (B) mice. [n the
control mouse, both large neurons in lami-
na IX, presumably motor neurons (arrow),
and small- to medium-size neurons in lam-
ina VIl and VIll, presumably interneurons
(arrowheads), are immunoreactive for non-
nphosphorylated NFP-immunoreactive neu-
rons and neuropil in the SOD-1 transgenic mouse. C - E illustrate phosphorylated NFP
immunoreactivity in the lumbar spinal cord enlargement of control (C) and SOD-1 trans-
genic (D and E) mice. The neuropil of the control spinal cord (C) was immunoreactive with-
out staining of the somata (arrows). The neuropil of the SOD-1 transgenic mouse (D) was
also immunoreactive to phosphorylated NFP and many of the somata were unstained
(arrow), however, occasional somata were heavily immunoreactive to phosphorylated NFP
(D and E, arrowheads). Scale bars: A-D, 100 ym; E, 30 pym.

phosphorylated NFP immunoreactivity in the dorsal horn. I[n SOD-I transgenic mice.
there was a decrease in nonphosphorylated NFP immunoreactivity in the ventral horn grey

matter, due to decreased somatic and dendritic staining (Fig. 2-2B). No nonphosphory-
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Figure 2-3. ChAT immunoreactivity in the ven-
trolateral horn of the lumbar spinal cord
enlargement of control (A) and SOD-1 trans-
genic (B) mice. ChAT-immunoreactive neu-
rons are present primarily in the ventrolateral
horn of both control and SOD-1 transgenic
mice. The number of ChAT-immunoreactive
neurons in the SOD-1 transgenic mouse is
markedly reduced, as compared to the control

mouse. Scale bars: 100 pm.

lated NFP inclusion bodies were observed
in either the somata or axons of SOD-1
transgenic mice.

[Immunocytochemistry for phospho-
rylated NFP in the cervical and lumbar
spinal cord enlargements revealed a very
different pattern (Fig. 2-2C-E). The neu-
ropil in the grey matter of control mice was
immunoreactive for phosphorylated NFP.
without labeling of the cell bodies (Fig. 2-
2C). In SOD-! transgenic mice, the neu-
ropil in the grey matter was also
immunoreactive for phosphorylated NFP
(Fig. 2-2D.E). In contrast to controls.
however, occasional cell bodies located in
the ventral and intermediate zones of the
spinal cord were intensely immunoreactive
for phosphorylated NFP .

The antibody to ChAT. which labels

cholinergic neurons. appeared to be specif-

ic for motor neurons in the ventral horn. and it stained both cell bodies and proximal den-

drites in the spinal cord of control mice (Fig. 2-3A). The majority of the stained neurons

were in the ventrolateral motor neuron groups. and the distribution pattern was similar to

that revealed by retrograde labeling of spinal motor neurons (McHanwell and Biscoe.

1981: Nicolopoulos-Stournaras and [les. 1983). In the spinal cord of SOD-1 transgenic

mice. there was a marked reduction in the number of ChAT-immunoreactive neurons (Fig.

2-3B).
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Figure 2-4. Photomicrographs of calcium-bind-
ing protein immunoreactivity in the ventrolateral
horn of the cervical spinal cord enlargement of
control and SOD-1 transgenic mice. A and B
illustrate CR immunoreactivity in control (A) and
SOD-1 transgenic (B) mice. Note the reduction
in CR-immunoreactive neurons in the SOD-1
transgenic mouse, as compared to the control
mouse. C - E illustrate CB immunoreactivity in
control (C) and SOD-1 transgenic (D and E)
mice. Eis a high power photomicrograph taken
at the magnification used for the cell counting
procedure (See Methods). Scale bars: A-D,
100 ym; E, 30 pm.

Based on their distribution in the ventral horn of the spinal cord. the antibodies to
the calcium-binding proteins. CR and CB, appeared to stain interneurons (Fig. 2-4A-E).
There was little immunoreactivity for these proteins in the ventrolateral motor neuron

pools, with most of the CR- or CB-immunoreactive neurons located just medial and dor-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

28



sal to the motor neuron pools. Although it is possible that some of the CR- and CB-
immunoreactive neurons are the cells of origin for the ascending spinal pathways, such as
the spinothalamic tract, anatomic evidence suggests that spinothalamic neurons are not a
major component of the CR- and CB-immunoreactive neurons that we counted in the ven-
tral horn of the spinal cord because very few spinothalamic neurons are located in the ven-
tral or intermediate zones, and the majority of spinothalamic neurons located in these
zones are present in rostral cervical regions (C1—C4) (Granum, 1986; Burstein et al.,
1990). Although both CR and CB immunoreactivity were present primarily in interneu-
rons, many of the immunoreactive cells were quite large. There appeared to be a reduc-
tion in CR-immunoreactive neurons in SOD-1 transgenic mice (Fig. 2-4A,B), but qualita-
tive assessments of changes in CB-immunoreactive neurons were difficult because these
cells were less numerous and more widely dispersed than the other immunoreactive cell

populations (Fig. 2-4C-E).

Cell counts. The optical fractionator provided an unbiased estimate of neuron number in
the cervical and lumbar enlargements of the spinal cord. Although there was a slightly
greater percentage loss of neurons in the cervical than in the lumbar enlargement, the pat-
terns of cell loss were identical in both regions, and all statistical analyses were performed
on the sum of the cell counts in the cervical and lumbar enlargements (Fig. 2-5). There
was a significant reduction in Nissl-stained (p < 0.05), nonphosphorylated NFP-
immunoreactive (p < 0.05), ChAT-immunoreactive (p < 0.01), and CR-immunoreactive (p
< 0.01) neurons in the SOD-1 transgenics, as compared to controls . There was no sig-
nificant reduction in the number of CB-immunoreactive cells (p = 0.22). The percent
change (number of cells in SOD - number of cells in control / number of cells in control)
was calculated for each population of labeled cells. There was a greater percent decline
in the number of neurons immunoreactive for nonphosphorylated NFP (-50.7%), ChAT (-

43.6%), and CR (-40.0%) than for Nissl-stained neurons (-35.2%), which labeled the total
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Figure 2-5. Histogram of the number of Nissl- and immunocytochemically-stained neurons in the
cervical and lumbar enlargements of control and SOD-1 trangenic mice. The hatched bars rep-
resent the cervical enlargement, and the solid bars the lumbar enlargement. The number of neu-
rons in the cervical and lumbar enlargement were summed, and the mean number of summed
neurons for control (n = 4) and SOD-1 transgenic (n = 4) mice are represented in this histogram.
The error bars represent the S.E.M. for the summed neuronal counts. For each stain, the percent
change in the number of neurons is given for the mean of the summed neurons (See Results). In
addition, a two-sided Student's t test was used to compare the summed values of control and
SOD-1 transgenic mice (%, p < 0.05; **, p < 0.01).

neuronal population present within the ventral horn, suggesting that these immunocyto-
chemically-defined neurons have a greater probability of degenerating, and thus are more

vulnerable, than the total neuronal population.

Double-labeling. The described immunoreactive neuronal populations are not mutually
exclusive, and therefore the contribution to vulnerability or resistance of a given molecule
may be misinterpreted or masked by its colocalization with another relevant marker. To
investigate the colocalization of immunoreactivity in these cell groups, a series of sections

from control and SOD-1 transgenic mice were double-labeled for several possible combi-
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Figure 2-6. Confocal photomicrographs of immunofluorescent double-labeling in the ventral horn
of the spinat cord of control mice. For all panels, the arrows refer to double-labeled neurons and
the arrowheads to single-labeled neurons. A-C, Double-labeled with nonphosphorylated NFP (in
green) and ChAT (A), CR (B), or CB (C), all in red. D and E, Double-labeled with ChAT (in red)
and CR (D) or CB (E), both in green. The combination of red and green in double-labeled cells
appears yellow. F, Schematic for prediction of cell loss and prediction table. In a given immuno-
cytochemically-defined neuronal population, we observed a specific cell loss, using the optical
fractionator, in SOD-1 transgenic mice (1). In this neuronal population, a specific number of neu-
rons are double-labeled for NFP, determined by the total number of neurons in this population mul-
tiplied by the percentage double-labeling with NFP (2). Given that the loss of NFP-containing neu-
rons is known, through the cell counting procedures, the number of neurons in this neuronal pop-
ulation that are double-labeled for NFP can be used to predict the cell loss in these neurons (3),
and this predicted value compared to the actual cell loss. Scale bars: 25 pm.

nations of immunoreactivity (Fig. 2-6A-E). In control mice. ChAT-. CR-. and CB-
immunoreactive cells colocalized with nonphosphorylated NFP to differing degrees
(Table 2-1). ChAT-immunoreactive cells showed the greatest degree of colocalization
with nonphosphorylated NFP (85.7%: 898/1048), CR-immunoreactive cells a slightly

smaller degree of colocalization with NFP (73.8%: 589/798). and CB-immunoreactive
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Table 2-1. Percentage colocalization with NFP and ChAT
Immuno-

fluorescence Control SOD-1

ChAT / NFP 85.7+2.5% 71.3+£29%

CR / NFP 73.8 £2.1% 30.2 +4.4%

CB / NFP 39.5+7.0% 39.4 +2.0%

CR / ChAT 2.8+0.4% 37+ 1.3%

CB / ChAT 0.3+0.4% 03 +£0.3%

Data are mean percentage of ChAT-, CR-, and CB-immunoreactive
neurons that are double-labeled with nonphosphorylated NFP, and
mean percentage of CR- and CB-immunoreactive neurons double-
labeled with ChAT = S.EM. (n = 4).

cells had the smallest degree of colocalization with NFP (39.5%; [51/382). The degree of
colocalization of these three markers with nonphosphorylated NFP correlated with their
cell loss. ChAT-immunoreactive cells showed the greatest percentage of double-labeling
with nonphosphorylated NFP, and their mean cell number was reduced 44% in SOD-1
transgenic mice (See Fig. 2-5). CR-immunoreactive cells had the next greatest percent-
age of double-labeling with nonphosphorylated NFP, and they had a 40% decline in SOD-
| transgenic mice. CB-immunoreactive cells had the lowest percentage of double-label-
ing with nonphosphorylated NFP, and an insignificant decline in SOD-1 transgenic mice.

The percentage of ChAT- and CR-immunoreactive neurons that were double-
labeled with nonphosphorylated NFP was significantly lower in the spinal cord of SOD-
L transgenics (71.3%; 476/668 and 30.2%; 208/688, respectively) than in controls (85.7%
and 73.8%, respectively). If ChAT- and CR-immunoreactive neurons are degenerating
independently of their colocalization with nonphosphorylated NFP, then we would expect

the percentage double-labeling with nonphosphorylated NFP to be the same in SOD-1
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transgenics as in controls. This was not the case, and the reduction in double-labeling with
nonphosphorylated NFP in SOD-1 transgenics as compared to controls suggests that non-
phosphorylated NFP is preferentially present within the ChAT- and CR-immunoreactive
neurons that degenerate. In contrast, CB was colocalized with nonphosphorylated NFP
(39.4%; 117/297) in SOD-1 transgenic mice to the same degree as in control animals
(39.5%), suggesting that CB-immunoreactive neurons which are also immunoreactive for
nonphosphorylated NFP do not preferentially degenerate.

In addition to the colocalization of CR- and CB-immunoreactive neurons with
nonphosphorylated NFP, the percentage of CR- and CB-immunoreactive cells that colo-
calized with ChAT immunoreactivity was also determined (Table 2-1). CR- and CB-
immunoreactive cells were for the most part not colocalized with ChAT immunoreactivi-
ty in control (2.8%; 22/784 and 0.3%; 1/310, respectively) or SOD-1 transgenic mice
(3.7%; 25/660 and 0.3%; 1/339, respectively). The small percentage of CR- and CB-
immunoreactive neurons that are double-labeled with ChAT immunoreactivity, less that
4%, is likely within the experimental error of the procedure, supporting the qualitative
observation that CR and CB immunoreactivity defines interneuron, not motor neuron,

populations.

Predictions of cell loss. Analysis of the cell counts and double-labeling percentages sug-
gests that, with the exception of CB-immunoreactive neurons, immunoreactivity to non-
phosphorylated NFP may be a marker for the vulnerable population of neurons. If it is
true that the increased vulnerability of ChAT- and CR-immunoreactive cells is due pri-
marily to the presence of nonphosphorylated NFP within these cells, then we should be
able to predict the cell loss in these neuronal populations based upon the estimated num-
ber of these cells that contain nonphosphorylated NFP in controls and the percent decline
of NFP-immunoreactive cells in SOD-1 transgenic mice as compared to controls (Fig. 2-

6F). The results of this analysis are shown in Table 2-2. The actual loss of both ChAT-
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Table 2-2. Prediction of neuron loss based on immunoreactivity to non-phosphorylated
NFP

Number of Percent of Number of

immuno- neurons neurons Predicted loss

reactive double- double- (51% loss

neurons in labeled for labeled for of NFP  Actual loss

controls NFP NFP neurons) (control - SOD-1)
NFP 38,980 100 38,980 19,880 19,880 (0.0% difference)
ChAT 19,233 85.7 16,483 8,406 8,390 (0.2% difference)
CR 26,658 73.8 19,674 10,033 10,655 (5.8% difference)
CB 8,274 39.5 3,268 1,667 927 (44.4% difference)

Based on the number of NFP-, ChAT-, CR-, or CB-immunoreactive neurons in control mice and the per-
centage of these neurons that are double-labeled with nonphosphorylated NFP. the number of NFP-, ChAT-
, CR-, or CB-immunoreactive neurons that are also immunoreactive for nonphosphorylated NFP was esti-
mated (See Table 2-1). The percent change for nonphosphorylated NFP was 51% (See Figure 2-5).
Therefore, if the NFP-, ChAT-. CR-. or CB-immunoreactive neurons that are double-labeled for nonphos-
phorylated NFP-immunoreactive degenerate at this same percentage, then we would predict the loss of the
NFP-, ChAT-, CR-, or CB-immunoreactive neurons to be 51% of the number of double-labeled neurons
from each immunostained group. This is the predicted loss, and it is compared to the actual loss of neurons
for each immunostained group (determined by subtracting the number of neurons in the SOD-! transgenic
mice from the number of neurons in the control mice). The percent difference is calculated by dividing the
difference between the predicted and actual losses by the predicted loss. The NFP-immunoreactive group
is provided as an example of the extreme case where all of the neurons are immunoreactive for NFP.

and CR-immunoreactive neurons was accurately predicted by their degree of colocaliza-
tion with nonphosphorylated NFP. In contrast, the actual loss of CB-immunoreactive neu-
rons was not predicted by this group’s colocalization. In fact, a greater loss of this popu-

lation of cells was predicted than actually occurred, suggesting that CB immunoreactivi-

ty may define a protected neuronal population.

Discussion

The Nissl- and immunocytochemically-stained neuron counts suggest that non-
phosphorylated NFP, ChAT, and CR are markers for neurons that have greater vulnerabil-
ity than the total neuronal population in the ventral horn of the spinal cord, while CB-

immunoreactive neurons have reduced vulnerability. The colocalization studies demon-
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strated that the immunostained neuronal groups are not mutually exclusive, and that the
dominant marker of neuronal vulnerability is the presence of nonphosphorylated NFP,
regardless of whether the neuron is also ChAT- or CR-immunoreactive. This conclusion
is supported by the prediction table, where the actual loss of both ChAT- and CR-
immunoreactive neurons was accurately predicted by their percent double-labeling with
nonphosphorylated NFP in controls. CB-immunoreactive neurons are the exception,
appearing to be protected whether or not they also contain nonphosphorylated NFP.

In contrast to what has been reported in at least two other SOD-1 transgenic strains
of mice (Dal Canto and Gurney, 1994; Wong et al., 1995), we did not observe vacuoliza-
tion in SOD-1 transgenic mice of any age. There are numerous differences between our
mice and the mice produced by other investigators (e.g., different mutation, insertion of
mouse versus human SOD-1 gene, different levels of SOD-1 enzymatic activity). Any of
these factors could be responsible for the lack of vacuoles in our mice. In contrast to vac-
uoles, the pathology in our mice is similar to other SOD-1 transgenic mice (Dal Canto and
Gurney, 1994; Wong et al., 1995) in respect to astrogliosis. We observed astrogliosis,
using immunocytochemistry for glial fibrillary acidic protein, in fully symptomatic SOD-
| transgenic mice (see Chapter 3 and Morrison et al., 1998). Until the timecourse of this
pathology is characterized in presymptomatic mice, it is difficult to determine whether
astrogliosis is contributing to the mechanism of neurodegeneration or is involved secon-
darily in the phagocytosis of debris from neurons that have already degenerated.

Nonphosphorylated NFP accumulations were not observed in the cervical and
lumbar spinal cord enlargements of SOD-1 transgenic mice, even though an antibody to
nonphosphorylated NFP labeled a highly vulnerable population of neurons. In contrast,
an antibody to phosphorylated NFP labeled pathologic accumulations in the cell body of
neurons in SOD-1 transgenic mice, which may be the light microscopic equivalent of the
10 nm filament inclusions reported in EM studies of other SOD-1 transgenic mice (Dal

Canto and Gurney, 1994; Wong et al., 1995). Similar accumulations of phosphorylated
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NFP have been observed in autopsy material from ALS patients (Manetto et al., 1988;
Munoz et al., 1988; Mizusawa et al., 1989; Troost et al., 1992). These inclusions are either
abnormal accumulations of phosphorylated NFP or abnormal phosphorylation of the non-
phosphorylated NFP normally present in the cell body. If the latter is true, this may
account for some of the nonphosphorylated NFP-immunoreactive cell loss in SOD-1
transgenic mice. These inclusions are seen in very few cells, however, and would account
for little of the nonphosphorylated NFP-immunoreactive cell loss. Phosphorylated NFP
inclusions are another link between SOD-1 transgenic mice and ALS, and may provide a
marker for the alterations in NFP that contribute to the vulnerability of NFP-immunore-
active neurons in SOD-1 transgenic mice.

Although not previously demonstrated in SOD-1 transgenic mice or in patients
with ALS, the heightened vulnerability of nonphosphorylated NFP-immunoreactive neu-
rons is not completely unexpected. Vulnerability of a cortical population of neurons that
were immunoreactive for the same epitope of nonphosphorylated NFP was demonstrated
quantitatively in Alzheimer’s disease brains (Hof et al., 1990). In addition, alterations in
the pattern of NFP immunoreactivity were observed in our SOD-1 transgenic mice and in
autopsy material from ALS patients (Manetto et al., 1988; Munoz et al., 1988; Mizusawa
et al., 1989). The strongest evidence that NFP is involved in the mechanism of motor neu-
ron degeneration comes from genetic alterations of NFP. Transgenic mice that overex-
pressed NFP-L or NFP-H (Coté et al., 1993; Xu et al., 1993) or expressed mutated NFP-
L (Lee et al., 1994) exhibited motor neuron pathology. In addition, mutations in the NFP-
H gene have been reported in a few cases of sporadic ALS (Figlewicz et al., 1994). These
data suggest that NFP may represent more than a marker for degenerating neurons in our
SOD-1 transgenic mice, and may be critically involved in the mechanism of motor neu-
ron degeneration, as seen in ALS. It is particularly interesting that we find NFP-contain-
ing neurons to be highly vulnerable in SOD-1 transgenic mice, because it suggests that

disruptions of NFP may be a common feature of ALS neurodegeneration, whether initiat-
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ed by mutations in SOD-1 or more directly by manipulations of the NFP genes.

Of further importance, our results suggest that CB-immunoreactive neurons are
protected against neurodegeneration, even when also immunoreactive for nonphosphory-
lated NFP. CB-immunoreactive neurons are not double-labeled with ChAT, and therefore
represent primarily a population of ventral horn interneurons. Investigators have con-
cluded that CB and other calcium-binding proteins play a role in protecting neurons from
degeneration in ALS based upon the presence of calcium-binding protein-immunoreactive
neurons in brainstem and spinal motor nuclei that are less vulnerable to degeneration in
ALS, such as the oculomotor, trochlear, abducens, and Onuf’s nuclei (Alexianu et al.,
1994). These investigators did not actually count the number of CB-immunoreactive neu-
rons, and therefore provide only indirect evidence for the localization of CB in resistant
neurons. Utilizing unbiased stereologic methods, we have counted the number of CB-
immunoreactive neurons in control and SOD-1 transgenic mice and directly demonstrat-
ed that there is no significant decrease in the number of these neurons in SOD-1 transgenic
mice. While our results demonstrate conclusively that CB-containing cells do not degen-
erate significantly, and as such, one could postulate that CB is protecting cells by binding
and buffering the levels of intracellular calcium (Mattson et al., 1991; Lledo et al., 1992;
Chard et al., 1993), such interpretations should be made cautiously at this point. A possi-
ble confounding factor is that CB-immunoreactive neurons may have reduced expression
of the SOD-1 transgene or properties unrelated to the presence of CB, which render them
resistant to the transgene product. Interestingly, CR, another calcium-binding protein,
does not appear to be a marker for protected neurons. Little is known about differences
in the buffering capacities of CB and CR, however, differential protective effects of mem-
bers of the calcium-binding protein family have been observed in models of excitotoxic
degeneration (Mockel and Fischer, 1994) and in neurodegenerative diseases (Ferrer et al.,
1993). In addition, these two populations of neurons may differ in other attributes rele-

vant to the flux of calcium, such as their respective glutamate receptor profiles. Thus,
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while the reduced vulnerability of CB-immunoreactive neurons in this study suggests that
increased intracellular calcium, which has been proposed as a separate mechanism of ALS
neurodegeneration, may play a role in the mechanism of neurodegeneration resulting from
mutations in SOD-1, the relative resistance of these neurons may also reflect additional
attributes, beyond the presence of CB, that have yet to be elucidated.

Correlations between connectivity and biochemical phenotype can also be drawn
from these data, and these may be crucial to the further clarification of the essential deter-
minants of vulnerability. As previously mentioned, ChAT is a marker for cholinergic neu-
rons, which in the ventral horn of the spinal cord are motor neurons. In contrast, double-
labeling experiments demonstrate that CR- and CB-immunoreactive cells in the ventral
horn do not colocalize with ChAT, and are, by exclusion, interneurons. Their immunocy-
tochemical profile is consistent with their location in lamina VII and VIII, dorsal and
medial to the ventrolateral motor neuron pools. There is some evidence that CB-
immunoreactive cells in the ventral horn of primates are Renshaw cells (Arvidsson et al.,
1992), which are a source of recurrent inhibition on motor neurons. Nonphosphorylated
NFP is present in both motor neurons and interneurons, and highly colocalized with both
ChAT and CR. Thus, the defining features in respect to connectivity of the nonphospho-
rylated NFP-immunoreactive neurons are still unclear, and NFP-immunoreactive neurons
likely represent a heterogeneous population of neurons in the ventral horn. Further inves-
tigation aimed at anatomically subdividing this chemically-identified neuronal population
is needed to extend the demonstrated linkage between biochemical phenotype and vul-
nerability to precise correlations with connectivity.

Another important implication of these results is that motor neurons, defined by
ChAT immunoreactivity, and at least one population of interneurons, defined by CR
immunoreactivity, are equally vulnerable to degeneration in this mouse model of ALS.
Degeneration of interneurons has been observed in ALS, although inconsistently reported

and presumed to be a late-occurring, secondary event to motor neuron degeneration

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

38



(Oyanagi et al., 1989; Hirano, 1991; Terao et al., 1994). The cell counts and quantitative
double-labeling of CR-containing neurons, which defines a population of interneurons,
provides an explanation for the observed loss of interneurons in the spinal cord of ALS
patients. Our results suggest that interneurons are vulnerable in ALS because many of
them contain NFP. Reports that motor neuron loss is more severe than interneuron loss,
which were based on qualitative rather than quantitative analyses, prompted the search for
motor neuron-specific characteristics leading to their selective vulnerability. Our study
suggests that NFP immunoreactivity is a better predictor of vulnerability than the connec-
tivity of a particular neuron (e.g., motor neuron or interneuron), and that the driving force
behind the severe loss of motor neurons in these mice, and perhaps in ALS itself, is the
high percentage of motor neurons that are NFP-immunoreactive (85% in these mice).
The mechanism of neurodegeneration in these transgenic mice presumably
involves biochemical disturbances resulting from the presence of the mutant SOD-1 pro-
tein. Although these transgenic mice have normal SOD-1 enzymatic activity (Ripps et al.,
1995), they still develop motor dysfunction. In fact, other SOD-1 transgenic mice have
motor neuron pathology and increased total SOD-1 enzymatic activity (Gurney et al.,
1994; Wong et al., 1995), and SOD-1 knockout mice have no clinical or pathological signs
of neurodegeneration despite the absence of SOD-1 protein (Hoffman et al., 1995). The
decrease in SOD-1 enzymatic activity in familial ALS is therefore unlikely to be respon-
sible for the neurodegeneration. Rather, the mutated protein appears to have acquired a
novel function, termed a gain-of-function mutation. Although the nature of this novel
function is currently unknown, investigators have proposed increased nitration of
tyrosines by peroxynitrite (Ischiropoulos et al., 1992; Beckman et al., 1993; Beckman and
Crow, 1993) or increased oxidative reactions of hydrogen peroxide (Wiedau-Pazos et al.,
1996), either of which may alter the function or regulation of cellular proteins, as poten-
tial mechanisms. The role of intracellular calcium in this mechanism is unclear; howev-

er, increased intracellular calcium has been shown to accelerate the production of nitric
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oxide and superoxide (Dawson et al., 1991; Coyle and Puttfarcken, 1993; Lafon-Cazal et
al., 1993), free radicals that are precursors to both peroxynitrite (Beckman and Crow,
1993) and hydrogen peroxide (Fridovich, 1974). The role of NFP in this mechanism has
also not been determined, although it may be involved either directly, through the oxida-
tion or nitration of NFP, or indirectly, through the oxidation or nitration of proteins that
normally regulate the production, phosphorylation, transport, or function of NFP subunits.

In conclusion, detailed quantitative analyses of the SOD-1 transgenic mouse
model of ALS suggest the following: 1) Even though the initial genetic event is a muta-
tion of SOD-1 rather than a direct effect on one of the NFP genes, a high somatodendrit-
ic level of nonphosphorylated NFP is a strong determinant of vulnerability; 2) CB-con-
taining neurons in the ventral horn of SOD-1 transgenic mice are protected, whereas CR-
containing neurons appear to have significant vulnerability; 3) The vulnerability of NFP-
immunoreactive neurons and the resistance of CB-immunoreactive neurons to degenera-
tion suggest that NFP and intracellular calcium, which have been linked to separate mech-
anisms of degeneration in ALS, may also contribute to the mechanism of degeneration ini-
tiated by SOD-1 mutations; 4) Even though lower motor neuron degeneration leads
directly to the phenotypic alterations in SOD-1 transgenic mice, the neurochemical char-
acteristics of motor neurons (e.g. presence of neurofilament and absence of calbindin)
appear to be a more dominant determinant of vulnerability to degeneration than connec-

tivity.
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Chapter Three

Time Course of Neuropathology in the Spinal Cord of
G86R Superoxide Dismutase Transgenic Mice

Reprinted with permission from John Wiley and Sons

Morrison, B.M., W.G. Janssen, J.W. Gordon, and J.H. Morrison (1998) Time course of
neuropathology in the spinal cord of G86R superoxide dismutase transgenic mice. J.
Comp. Neurol. 39/:64-77
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Abstract

Transgenic mice with a G86R mutation in the mouse SOD-1 gene, which corre-
sponds to a mutation observed in familial ALS, display progressive motor dysfunction
leading to paralysis and premature death. In endstage SOD-I transgenic mice, there is
marked loss of spinal motor neurons and interneurons, accumulation of phosphorylated
NFP inclusions, and reactive astrocytosis. The present study details the time course and
ultrastructural appearance of these pathologic changes and correlates the timing of these
events with the behavioral symptoms. There is no significant reduction in the number of
total neurons, motor neurons, or interneurons in the ventral spinal cord of presymptomatic
mice, as compared to age-matched control mice. In contrast, there is a significant reduc-
tion in the number of total neurons (-23.5%), motor neurons (-28.9%), and interneurons (-
23.5%) in symptomatic SOD-1 transgenic mice. This neuron loss correlates temporally
with the onset of reactive astrocytosis and the appearance of phosphorylated NFP inclu-
sions. The identical timing of motor neuron and interneuron degeneration in this model
of ALS strongly suggests that degeneration in the spinal cord of patients with ALS is not
specifically directed at motor neurons, but rather more generally at several populations of
neurons in the spinal cord. [n addition, the late onset and rapid progression of neuron loss
suggest that a toxic property is accumulating while the SOD-1 transgenic mice are
presymptomatic, and that this toxic property must reach a threshold level before the onset

of neuronal degeneration.
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Introduction

ALS is a neurologic disease characterized by progressive muscle weakness and
atrophy that leads to paralysis and eventually death (Tandan, 1994; Adams et al., 1997).
Pathologically, there is extensive loss of motor neurons within the spinal cord, brainstem,
and motor cortex, corticospinal tract degeneration, somatic and axonal inclusion bodies,
reactive astrocytosis, and atrophy of ventral roots (Hirano et al., 1967; Hirano, 1991;
Leigh and Swash, 1991). There are both sporadic and familial forms of the disease, with
familial ALS accounting for approximately 5% of all ALS cases. Clinically and patho-
logically, the two forms of ALS are virtually identical, suggesting that there are common
mechanisms of neurodegeneration (Adams et al., 1997).

The genetic linkage of mutations in the SOD-1 gene with the development of
familial ALS revealed the first factor causally related to the disease (Rosen et al., 1993).
Since this report, over 45 mutations of the SOD-1 gene, most of these resulting in the sub-
stitution of one amino acid, have been found in patients with familial ALS, and together
these mutations account for approximately 20% of all familial ALS cases. Many of the
mutant forms of SOD-1 have shorter half-lives and reduced capacity for the enzymatic
clearance of superoxide radical than the wild-type enzyme (Borchelt et al., 1994; Tsuda et
al., 1994; Fujii et al., 1995). This reduction in function does not, by itself, account for the
motor system degeneration in patients with familial ALS, however, since transgenic mice
that express mutant forms of SOD-1 develop symptoms and pathologies that mimic those
found in ALS patients, without a reduction in the enzymatic clearance of superoxide rad-
ical (Gurney et al., 1994; Ripps et al., 1995; Wong et al., 1995; Bruijn et al., 1997b). In
addition, SOD-1 knockout mice do not develop motor neuron degeneration and motor sys-
tem dysfunction despite the complete absence of SOD-1 enzymatic activity (Reaume et

al., 1996). These findings in mice strongly suggest that the mutant forms of SOD-1 are
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leading to cell death not through a reduction in SOD-1 clearance of superoxide radical,
but rather by acquiring a function that wild-type SOD-1 does not possess, or possesses to
a small degree.

The exact nature of this gain of function is unknown; however, the locations of the
point mutations in the SOD-1 protein suggest that unshielding of the CuZt may be
involved (Deng et al., 1993; Wiedau-Pazos et al., 1996). Increased access of substrates to
the Cu?* in mutant SOD-1 would lead to catalysis of several chemical reactions, includ-
ing nitration of tyrosines by peroxynitrite (Beckman et al., 1993) and oxidation of proteins
by hydrogen peroxide. Mutant forms of SOD-1 have been demonstrated to catalyze the
latter reaction to a greater degree than wild-type SOD-1 (Wiedau-Pazos et al., 1996; Yim
et al., 1996). However, these altered properties of the mutant enzyme have not yet been
causally-linked to neuronal damage in ALS.

The SOD-I transgenic mice provide an in vivo system for the investigation of
these putative mechanisms of neurodegeneration (Tu et al., 1997). Based on research that
implicated the calcium-binding protein, CB (Alexianu et al., 1994; Ho et al., 1996), and
the cytoskeletal protein, NFP (Manetto et al., 1988; Coté et al., 1993; Xu et al., 1993; Lee
et al., 1994), as influences in the mechanism of ALS neurodegeneration, we investigated
the vulnerability of neurons containing these proteins. Using quantitative neuroanatomic
techniques, we determined that CB defined a population of neurons in the spinal cord that
were protected against the mutant protein and that nonphosphorylated NFP was a marker
for the vulnerable neurons in the spinal cord, suggesting that NFP and increased intracel-
lular calcium play a role in the mechanism of neuronal degeneration in SOD-1 transgenic
mice (Morrison et al., 1996).

In the present study, we investigate the time course of neurodegeneration in the
G86R mutant SOD-1 transgenic mouse. The transgenic mice are behaviorally normal

until approximately 100 days of age when the mice develop weakness in one or several

limbs that progresses over several days to total paralysis and death (Ripps et al., 1995).
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At end-stage, the transgenic mice have extensive loss of both motor neurons and interneu-
rons in the ventral horn of the spinal cord, cytoplasmic accumulations of phosphorylated
NFP, and astrocytosis (Morrison et al., 1996). These pathologies are consistent with those
observed in other mutant SOD-1 transgenic mice (Dal Canto and Gurney, 1995; Wong et
al., 1995; Tuetal., 1996; Bruijn et al., 1997b), as well as patients with ALS (Hirano, 1991;
Leigh and Swash, 1991). In patients with ALS, it is obviously difficult to accurately
determine the time course of these events. Based on autopsy specimens from patients with
varying stages of disease, however, it has been suggested that motor neuron loss is the pri-
mary event and that interneuron loss and astrocytosis occur secondarily (Oyanagi et al.,
1989; Terao et al., 1994). Utilizing the SOD-1 transgenic mouse model of ALS, we direct-
ly addressed these questions of chronology by quantifying the cell loss of both interneu-
rons and motor neurons in transgenic mice at different stages of behavioral impairment.
In addition, we correlated the timing of this cell loss with the appearance of cytoplasmic

inclusions, astrocytosis, and behavioral deficits.

Materials and Methods

Animals and tissue processing. Transgenic mice with a G86R mutation of the mouse
SOD-1 gene and control FVB littermates, described previously (Ripps et al., 1995), were
used in this study. SOD-1 transgenic mice and age-matched controls were sacrificed at
approximately 30 (mean = 31.5), 80 (mean = 80.6), and 100 (mean = 100.7) days of age.
The final time point was determined by the onset of limb paralysis. Mice were deeply
anesthetized with 0.1 ml equal mixture of ketamine (100 mg/ml) and xylazine (20 mg/ml)
injected intraperitoneally, and then perfused transcardially with cold 1% paraformalde-
hyde in 0.1 M phosphate buffered saline (PBS), pH 7.2, for I minute followed by cold 4%
paraformaldehyde in 0.1 M PBS for 10 minutes. The spinal cords were rapidly removed,
blocked coronally, and post-fixed in 4% paraformaldehyde in 0.1 M PBS for 6 hours.
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Blocks were cryoprotected in 25% sucrose in 0.01 M PBS, pH 7.2, for 24 hours, and sec-
tioned on a cryostat at 40 pm. All protocols were conducted within NIH guidelines for
animal research and were approved by the Institutional Animal Care and Use Committee

(IACUC).

Immunocytochemistry and histochemistry for light microscopy. Parallel series of sections
were collected for immunocytochemistry and Nissl staining (cresyl violet). Tissue sec-
tions for single label immunocytochemistry were incubated overnight at 4°C in one of the
following: 1) monoclonal antibody (mouse IgG) to phosphorylated epitopes on medium
and heavy chain NFP (SMI-31, Sternberger Monoclonals, Baltimore, MD) diluted to
1:10,000 in 0.01 M PBS containing 0.3% Triton-X 100 and 0.5 mg/ml bovine serum albu-
min (diluent); 2) polyclonal antibody (goat IgG) to ChAT diluted to 1:200 in diluent
(Chemicon, Temecula, CA); 3) polyclonal antibody (rabbit [gG) to CR diluted to 1:2500
in diluent (SWant, Bellinzona, Switzerland); 4) polyclonal antibody (rabbit [gG) to glial
fibrillary acidic protein (GFAP) diluted to 1:50 in diluent (Biomeda, Foster City, CA).
The sections were then processed by the avidin-biotin-peroxidase method with Vectastain

ABC kits (Vector Laboratories, Burlingame, CA) and 3,3’-diaminobenzidine.

Pre-embedded immuno-electron microscopy. Two symptomatic SOD-1 transgenic mice
and two age-matched control littermates were deeply anesthetized with 0.1 ml equal mix-
ture of ketamine (100 mg/ml) and xylazine (20 mg/ml) injected intraperitoneally, and then
perfused transcardially with cold 1% paraformaldehyde in 0.1 M PBS for | minute fol-
lowed by cold 4% paraformaldehyde and 0.125% glutaraldehyde in 0.1 M PBS for 10
minutes. Cervical and lumbar enlargements of the spinal cords were immediately
removed and post-fixed in 4% paraformaldehyde in 0.1 M PBS for six hours. Blocks were
sectioned on a vibratome series 1000 (TPI Inc., St. Louis, MO) at 50 pm. Sections were

incubated overnight at 4 °C in a monoclonal antibody to phosphorylated epitopes on medi-
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um and heavy chain NFP (SMI-31), which was diluted to 1:40,000 in 0.01 M PBS. The
sections were then processed by the avidin-biotin method with Vectastain ABC Kkits
(Vector Laboratories), post-fixed in 1.5% glutaraldehyde in 0.01 M PBS, and incubated in
0.05% 3,3’-diaminobenzidine containing 0.03% hydrogen peroxide in 0.01 M PBS for 2-
4 minutes. The sections were en bloc stained with 1% urany! acetate, fixed in 1.0% osmi-
um tetroxide in 0.01 M PBS for | hour, dehydrated with graded concentrations of ethanol,
dehydrated in propylene oxide, and embedded in Epon resin. Each section was wafer-
embedded in resin between two strips of ACLAR plastic (Ted Pella, Redding, CA), flat-
tened between glass microscope slides, and polymerized at 52 °C. The ventrolateral
region of the spinal cord was cut from the wafers and mounted onto blank resin-embed-
ded capsules with cyanoacrylate glue (Electron Microscopy Sciences, Fort Washington,
PA). Semithin sections (2 um) were collected onto unsubbed glass slides, coverslipped
with glycerol:water (3:1) and viewed under a light microscope to identify cells with a
pathologic accumulation of SMI-31 immunoreactivity within their somata. Sections con-
taining these cells were repeatedly washed and re-embedded in Epon resin by inverting a
Beem capsule over the section, filling the capsule with resin, and polymerizing overnight.
Sections were removed from glass slides by immmersion in LN2. Thin sections were cut
on an Ultracut E ultramicrotome (Reichert-Jung, Austria), collected on 200-mesh uncoat-
ed copper grids treated with Quick-Coat (EMS, Fort Washington, PA), and examined with

a Zeiss CH-10 electron microscope at 60 kV.

Stereology. The total number of Nissl-stained, ChAT-immunoreactive, or CR-immunore-
active neurons were counted bilaterally in the ventral horn of both the cervical (C5 — C7)
and lumbar (L.1 — L3) spinal cord enlargements from five age-matched control and SOD-
| mutant transgenic mice in each age group using the optical fractionator (West et al.,
1991). Throughout the experiment, the investigator was blinded to transgene status. For

this analysis, a Zeiss Axiophot photomicroscope with a Zeiss Plan-Apochromat 63x oil
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objective and a CCD camera was used to generate digitized images that were collected
and analyzed on a Macintosh 840AV computer using custom-made data analysis software
[NeuroZoom; developed in collaboration with the Scripps Research Institute, La Jolla,
CA (Bloom et al., 1997)]. The technique used for counting neurons in this study, the opti-
cal fractionator, provides an unbiased estimate of cell number. It does not depend upon
the determination of a volume of reference and a density, but rather relies on random, sys-
tematic sampling from a known fraction of a structure’s total volume, and neuron num-
ber is estimated by extrapolating from this known fraction (West et al.. 1991; Bjugn, 1993;
West, 1993). The mathematical formula for estimating total cell number is as follows:
N =X0 x I/ssfx l/asf x t/h

where Y Q" is the total number of neurons counted, ssfis the section sampling fraction, asf
is the areal sampling fraction, ¢ is the thickness, and £ is the height of dissector. The for-
mula consists of three sampling fractions multiplied by the number of neurons counted in
the sampled volume. The first fraction, //ssf, is the total number of sections in the spinal
cord enlargements divided by the number of sections analyzed, which was a 1:40 series
for the Nissl-stained sections and a 1:20 series for the immunocytochemically stained sec-
tions. The extent of the spinal cord enlargements was determined visually by comparing
Nissl-stained sections from each animal with the mouse atlas of Sidman er al. (1971). The
second fraction, //asf, is the area of the x,y step divided by the area of the counting frame,
i.e., the percentage of each section’s surface area that is sampled. The percentage sam-
pled was 16.56% for Nissl-stained sections and 29.42% for immunocytochemically-
labeled sections. On each section, the area ventral to the most dorsal extent of the cen-
tral canal, including laminae VII, VIII, IX, and X, was designated ventral horn. A count-
ing frame was positioned in a random position in the ventral horn and then moved sys-
tematically, with the aid of NeuroZoom, in the x and y directions across the ventral horn,
sampling a given percentage of the area. The number of cells that were completely con-

tained within this counting frame, or that crossed one of the two arbitrarily-defined accept-
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ed sides of the frame, were counted. The third fraction, /A, is the total thickness of the
section divided by the depth counted. Because the stains did not penetrate through the
entire depth of the section, cells were only counted in the portion of the section where
staining was visible, and this depth was divided by the total thickness of the section, mea-
surable by visualizing staining on both surfaces.

To avoid double counting neurons with unusual shapes, Nissl-stained and ChAT-
immunoreactive cells were only counted when their nuclei were optimally visualized,
which only occurred in one focal plane. The nuclei of CR-immunoreactive neurons were
not as easily distinguished. Fortunately, these immunoreactive cells were not densely
packed in the ventral horn of the spinal cord, and therefore, careful examination of each
cell prior to counting was sufficient to avoid repeatedly counting the same neuron. In
addition, neurons were differentiated from non-neuronal cells, including glia, in the Nissl
stain by the exclusion of cells that did not have a clearly defined nucleus, cytoplasm, and
a prominent nucleolus. These criteria have been used for neuron counts in the spinal cord
by other investigators (Bjugn, 1993; Bjugn and Gundersen, 1993b), and although some
small neurons may be excluded, these criteria should reliably exclude all non-neuronal

cells.

Figure Preparation Photomicrographs were taken on a Zeiss Axiophot microscope or a
Zeiss CH-10 electron microscope, developed, printed, and scanned with an AGFA Arcus
I scanner. The scanned images were imported into Adobe Photoshop where they were

sized, labeled, and optimized for contrast and brightness.

Statistical analysis The total number of cells for each histological or immunocytochemi-
cal stain in control and SOD-1 transgenic mice of each age group were compared with a

two-sided Student’s ¢ test.
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Figure 3-1. Nissl-stained sections from the cervical spinal cord enlargement of controi (A, C, E)
and SOD-1 transgenic (B, D, F) mice of 30 (A, B), 80 (C, D), and 100 (E, F) days of age. There
is no apparent reduction in the density of Nissl-stained neurons in 30 or 80 day old SOD-1 trans-
genic mice (B, D), as compared to age matched control mice (A, C). In contrast, there is a reduced
density of Nissl-stained neurons in 100 day old SOD-1 transgenic mice (F), as compared to 100
day old control mice (E). The directional arrows point towards the ventral (V) and lateral (L)
aspects of the spinal cord. Scale bars: 100 pm.

Results

Qualitative observations of light microscopy Compared to 100 day old control mice, there

was an apparent reduction in the number of Nissl-stained neurons in the ventral homn of
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Figure 3-2. ChAT immunoreactivity in the cervical spinal cord enlargement of control (A, C, E) and
SOD-1 transgenic (B, D, F) mice of 30 (A, B), 80 (C, D), and 100 (E, F) days of age. ChAT
immunoreactivity defines motor neurons in the ventrolateral horn of the spinal cord. There is no
difference in the density of ChAT-immunoreactive neurons in 30 or 80 day old SOD-1 transgenic
mice (B, D), as compared to age matched control mice (A, C). In contrast, there is a reduced den-
sity of ChAT-immunoreactive neurons in 100 day old SOD-1 transgenic mice (F), as compared to
100 day old control mice (E). The directional arrows point towards the ventral (V) and lateral (L)
aspects of the spinal cord. Scale bars: 100 pym.

the cervical and lumbar spinal cord enlargements from 100 day old SOD-1 transgenic
mice (Fig. 3-1E.F). In contrast. there was no apparent reduction in the number of Nissl-
stained neurons for either the 30 or 80 day old SOD-1 transgenic mice as compared to age-
matched control mice (Fig. 3-1A-D). In contrast to several other SOD-I transgenic mice

(Dal Canto and Gurney. 1995: Wong et al.. 1995). large vacuoles were not observed in
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Figure 3-3. CR immunoreactivity in the cervical spinal cord enlargement of control (A, C, E) and
SQOD-1 transgenic (B, D, F) mice of 30 (A, B), 80 (C, D), and 100 (E, F) days of age. CR-
immunoreactive neurons are located just dorsal and medial to the position of the spinal motor neu-
rons, consistent with a role as spinal interneurons. The low density of CR-immunoreactive neu-
rons in the ventral spinal cord make qualitative determinations of cell loss difficult. There is some
indication, however, that CR-immunoreactive neurons are reduced in the 100 day old SOD-1
transgenic mice (F), as compared to all control mice and 30 or 80 day old SOD-1 transgenic mice
(A-E). The directional arrows point towards the ventral (V) and lateral (L) aspects of the spinal
cord. Scale bars: 100 pm.

spinal cord neurons of G86R SOD-1 transgenic mice at any age.
In order to label the motor neurons in the spinal cord specifically. sections were
immunostained for ChAT (Fig. 3-2). Labeling was restricted to large neurons present in

lamina IX of the spinal cord. and the pattern of ChAT immunoreactivity was similar to that

observed by retrograde labeling of motor neurons through peripheral nerves. In the spinal
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Figure 3-4. GFAP immunoreactivity in the cervical spinal cord enlargement of control (A, C, E)
and SOD-1 transgenic (B, D, F) mice of 30 (A, B), 80 (C, D), and 100 (E, F) days of age. In con-
trol and 30 or 80 day old SOD-1 transgenic mice, fibrous astrocytes in the white matter are most
strongly immunoreactive for GFAP (arrowheads), with only a few lightly immunoreactive proto-
plasmic astrocytes in the gray matter (arrows). In contrast to the pattern in these mice, GFAP
immunoreactivity in 100 day old SOD-1 transgenic mice strongly labels protoplasmic astrocytes
(F, arrows), and there is an apparent increase in the intensity of GFAP-immunoreactivity in the
fibrous astrocytes, as well (F, arrowhead). This is the pattern of reactive astrocytosis. The direc-
tional arrows point towards the ventral (V) and lateral (L) aspects of the spinal cord. Scale bars:
100 pm.

cord of 100 day old SOD-1 transgenic mice. there was an apparent reduction in the num-
ber of ChAT-immunoreactive neurons as compared to the spinal cord of 100 day old con-
trol mice (Fig. 3-2E.F). while 30 or 80 day old SOD-1 transgenic mice showed no appar-

ent reduction in the number of ChAT-immunoreactive neurons compared to age-matched
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control mice (Fig. 3-2A-D).

The cellular vulnerability of interneurons in the spinal cord was investigated by
immunostaining sections for CR. Double-labeling experiments have demonstrated that
CR does not colocalize with ChAT-immunoreactivity in the spinal cord (Morrison et al.,
1996). In addition, CR-immunoreactive neurons in the ventral portion of the spinal cord
were present primarily in lamina VII and VIII (Fig. 3-3). Based on their location dorsal
and medial to the motor neuron cell groups and their lack of immunoreactivity for ChAT,
these neurons appear to be a population of spinal interneurons. Qualitative assessments
of CR-immunoreactive neuron loss in the SOD-1 transgenic mice were difficult to make
based on the low density of these neurons in the ventral horn of the spinal cord. Therefore,
although there was some indication that the number of CR-immunoreactive neurons in the
ventral horn of spinal cords from 100 day old SOD-I transgenic mice was reduced as
compared to age-matched controls (Fig. 3-3E,F), a definitive answer to this question
required quantitative techniques.

In addition to investigating neuron loss, we were also interested in the age of onset
of astrocytosis and phosphorylated NFP inclusions in the spinal cord. These pathologic
alterations had been observed in endstage SOD-1 transgenic mice (Morrison et al., 1996).
In control mice of all ages and 30 or 80 day old SOD-1 transgenic mice, GFAP-immunore-
activity was primarily present within fibrous astrocytes in the white matter of the spinal
cord (Fig. 3-4A-E, arrowheads), with only a few GFAP-immunoreactive protoplasmic
astrocytes in the gray matter (Figs. 34A-E, arrows, and 3-6A). In contrast to the pattern
of immunoreactivity in these mice, there were numerous darkly stained GFAP-immunore-
active protoplasmic astrocytes in the spinal cord of 100 day old SOD-1 transgenic mice
(Figs. 3-4F, arrow, and 3-6B). This astrocytic response was present in the ventral and
intermediate zones of the spinal cord, but was absent from the dorsal horn. I[n addition,
there was an increase in GFAP-immunoreactivity within fibrous astrocytes in the white

matter of the spinal cord (Fig. 3-4F, arrowhead).
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Figure 3-5. Phosphorylated NFP immunoreactivity in the lumbar spinal cord enlargement of con-
trol (A, C, E) and SOD-1 transgenic (B, D, F) mice of 30 (A, B), 80 (C, D), and 100 (E, F) days of
age. In control and 30 or 80 day old SOD-1 transgenic mice, immunoreactivity for phosphorylat-
ed NFP is present within the neuropil of the spinal cord without labeling somata (arrows). In 100
day old SOD-1 transgenic mice, somata intensely labeled with phosphorylated NFP immunoreac-
tivity are found quite frequently in the ventrolateral horn of the spinal cord (F, arrowhead). The
directional arrows point towards the ventral (V) and lateral (L) aspects of the spinal cord. Scale
bars: 100 ym.

The age of onset of phosphorylated NFP inclusions was identical to reactive astro-
cytosis. Phosphorylated NFP in control mice of all ages and 30 or 80 day old SOD-I
transgenic mice was present within the neuropil of the spinal cord. but was absent from

somata (Figs. 3-5A-E and 3-6C. arrows). In contrast. numerous somata in the spinal cord

of 100 day old SOD-1 transgenic mice were strongly immunoreactive for phosphorylated
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Figure 3-6. High power photomicrographs of GFAP (A, B) and phosphorylated NFP (C, D)
immunoreactivity in the ventral horn of the spinal cord from 100 day old control (A, C) and SOD-
1 transgenic (B, D) mice. At this magnification, the increased number of GFAP-immunoreactive
protoplasmic astrocytes in the 100 day old SOD-1 transgenic mice (B), as compared to control
mice (A), is clearly evident. in addition, the lack of immunoreactivity for phosphorylated NFP in
the neuronal somata of control mice (C; arrows) and the striking appearance of the phosphorylat-
ed NFP inclusions in 100 day old SOD-1 transgenic mice (D) is also quite apparent. Scale bars:
20 pm.

NFP (Figs. 3-5F. arrowhead. and 3-6D).

Pre-embedded immuno-electron microscopy. In order to investigate the ultrastructural
appearance of the accumulations of phosphorylated NFP in ventral horn neurons observed
by light microscopy (Figs. 3-5F and 3-6D). spinal cord sections stained for phosphorylat-
ed NFP were processed for electron microscopy. As was observed in light microscopic
analysis of these immunocytochemically-stained sections. occasional somata in the ven-
tral horn of symptomatic SOD-1 transgenic mice were immunoreactive for phosphorylat-
ed NFP (Fig. 3-7A-E), while most somata in symptomatic SOD-1 transgenic mice and ali
somata in presymptomatic or control mice were non-immunoreactive. The pathological-

ly immunoreactive somata were densely packed with both heavily immunoreactive fila-
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Figure 3-7. Pre-embedded immuno-electron microscopy of phosphorylated neurofilament (NFP)-
immunoreactive somata in the spinal cord of SOD-1 transgenic mice (A-E). (A) Lower magnifica-
tion of neuron whose cytoplasm (indicated by °) is filled with filaments that are strongly immunore-
active for phosphorylated NFP, as well as some intermediate filaments that are less immunoreac-
tive. Interestingly, there are large aggregates of chromatin (arrows) along the periphery of the
nucleus (N). (B) Lower magnification of neuron whose cytoplasm aiso contains filaments
immunoreactive for phosphorylated NFP (indicated by *). The nucleus of this neuron has an irreg-
ular shape, and yet does not exhibit dramatic chromatin clumping at its periphery, and appears to
have an intact nuclear membrane (arrows) and nucleolus (Nc). (C) Higher magnification of neu-
ron with accumulations of cytoplasmic filaments. Phosphorylated NFP-immunoreactive filaments
are densely packed in the cytoplasm of this neuron (indicated by *), and oriented both longitudi-
nally and cross-sectionally. The chromatin is clumped at the periphery of the nucleus (N). In addi-
tion, mitochondria (m), some exhibiting abnormal morphology, are embedded in the NFP-rich cyto-
plasm. (D} Higher magnification of NFP array in the soma of a neuron. Bundles of lightly- or non-
immunoreactive filaments (indicated by *) are interwoven with phosphorylated NFP-immunoreac-
tive filaments (arrows). (E) In addition to containing pathologic accumulations of phosphorylated
NFP bundles in the cytoplasm (indicated by ), this neuron has microvacuoles (arrows) at the bor-
der of its nucleus (N). In addition, the nucleus also has chromatin aggregates at its periphery.
Scale bars: A,B, 3.5 ym; C-E, 0.7 pm.
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Figure 3-8. Histograms of the mean number of
Nissl-stained, ChAT-immunoreactive, and CR-
immunoreactive neurons in the cervical and fum-
bar enlargements of control and SOD-1 trans-
genic mice at 30, 80, and 100 days of age. For
each significant change in neuron number, the
percentage change (number of cells in SOD-1
transgenic mice - number of cells in contro! mice
/ number of cells in control) is given. The error
bars represent the S.EM. (n=5). *, P <0.05; **,
P < 0.01.

ments (Fig. 3-7D, arrows) and lightly
immunoreactive or non-immunoreactive
filaments (Fig. 3-7D, asterisk). The
bundles of filaments were oriented both
longitudinally and cross-sectionally. In
addition to the abnormal phosphoryla-
tion and density of NFP in these neu-
rons, the nuclei frequently were mis-
shapen (Fig. 3-7B) and had chromatin
aggregates at their periphery (Fig. 3-
7A,C,E). The mitochondria had a
swollen appearance (Fig. 3-7C,E), and
several microvacuoles were found bor-
dering the nucleus (Fig. 3-7E). These
characteristics were not observed in
neighboring neurons whose cytoplasm
was not filled with aberrantly phospho-

rylated NFP.

Cell counts The number of Nissl-
stained, ChAT-immunoreactive, and
CR-immunoreactive neurons in the ven-
tral portion of the cervical and lumbar
spinal cord enlargements from both con-
trol and SOD-1 transgenic mice at 30,
80, and 100 days of age were counted

using the optical fractionator (Fig. 3-7).
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There was a significant reduction in the number of Nissl-stained (P < 0.01), ChAT-
immunoreactive (P <0.01), and CR-immunoreactive (P < 0.05) neurons in the 100 day old
SOD-1 transgenic mice, as compared to 100 day old control mice. In contrast, there was
no significant reduction of any of these populations of neurons in SOD-1 transgenic mice

at earlier time points.

Discussion

The first significant loss of both motor neurons and interneurons occurred in early
symptomatic (i.e., 100 day old) SOD-1 transgenic mice. The neuron loss correlated tem-
porally with astrocytosis and the appearance of phosphorylated NFP inclusions within the
ventral horn of the spinal cord. The early symptomatic mice had motor deficits in one
limb. Over the next ten days, the motor dysfunction progressed to total paralysis and
death. Over this same time period, the percentage cell loss of Nissl-stained neurons
increased from 23.5% to 35%, the percentage cell loss of motor neurons increased from
28.9% to 44%, and the loss of CR-immunoreactive interneurons increased from 23.2% to
40% (Morrison et al., 1996). Over a ten day period, this represents a very rapid loss of
neurons in the spinal cord, following several months during which there was no signifi-

cant cell loss.

Methodologic considerations

The cell counts in this paper are presented as comparisons between control and
SOD-1 transgenic mice at each time point (30, 80, and 100 days of age). Comparisons
were made only within age groups, because of an apparent increase in the number of neu-
rons in both control and SOD-1 transgenic mice as they age. We believe that this increase
reflects an inaccuracy in defining the cervical and lumbar enlargements in juvenile mice

by internal morphologic landmarks, rather than hyperplasia of spinal cord neurons. The
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landmarks that we employed were initially established for adult mice by comparing Nissl-
stained sections to the mouse atlas of Sidman et al. (1971) and proved to be reliable for
this age. When applied to younger mice, however, these landmarks appear to have defined
a smaller segment of spinal cord. For example, the cervical enlargement was defined by
the photographs of C5 — C7 in the mouse atlas. In juvenile mice, these same morpho-
logic characteristics do not occur as definitively at the rostral and caudal ends of C5 and
C7, respectively, but rather across a transition region at the rostral and caudal portions of
the enlargement, probably because of postnatal changes in the shape of the enlargement
(Sakla, 1969). As the neurons hypertrophy, with increases in the size of their somata and
their dendritic arbor, the enlargements increase in both cross-sectional area and length,
likely altering the internal morphologic landmarks that we used to define the beginning
and end of the spinal cord enlargements. Due to our conservative delineation of the ros-
tral and caudal endpoints, these changes led to a consistent 5 - 10% underestimation of the
enlargement length in young mice as compared to adults. We are therefore confident that
the increase in neuron number as the mice age is a result of a systematic difficulty in defin-
ing the boundaries of the spinal cord enlargements in young mice with the same precision
as in adult mice. Since the present experimental design did not take into account such age-
related changes in cytoarchitectonic characteristics, comparisons across time are not as
valuable as direct comparisons between the two groups at the same age. Based on these
direct comparisons, we have concluded that no significant reduction of neurons occurs in
SOD-1 transgenic mice prior to the onset of symptoms. Because the increase in neuron
number in control mice is mirrored by an equivalent increase in SOD-1 transgenic mice,

these same-age comparisons appear to be valid and our conclusions justified.

Ultrastructure of aberrant neurofilament accumulations
Electron microscopy has demonstrated that the somatic inclusions are composed

of dense NFP bundles, some immunoreactive for phosphorylated NFP and some not, that
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course throughout the cytoplasm. Interestingly, the ultrastructural appearance of the accu-
mulations in these SOD-1 transgenic mice is more similar to the interwoven pattern of
NFP bundles in axonal spheroids, than the dispersed NFP in the somata of motor neurons
of ALS patients (Hirano et al., 1984), despite the fact that we observe these NFP accu-
mulations within neuronal somata in our SOD-1 transgenic mice. The neurofilamentous
accumulations are also similar to the ultrastructural appearance of intermediate filaments
within motor neurons of transgenic mice overexpressing (Coté et al., 1993; Xu et al.,
1993), or expressing altered (Lee et al., 1994), NFP. Cytoplasmic NFP inclusions have
only been reported in one other line of SOD-1 transgenic mice, the low expressor of the
G93A SOD-1 mutant (Dal Canto and Gurney, 1997). In these mice, dense bundles of
intermediate filaments were also observed in the somata of motor neurons. Neurons with
pathologic alterations in NFP also manifest both nuclear changes (i.e., irregular shape and
chromatin clumping), as well as cytoplasmic alterations (abnormal mitochondria and
microvacuoles), suggesting that these neurons are undergoing degeneration. Adjacent
neurons whose cytoplasm did not contain these bundles of NFP did not show these signs
of degeneration. The observation of microvacuoles is extremely interesting, as light
microscopic analysis of spinal cord sections from G86R SOD-1 transgenic mice failed to
detect these pathologic structures. Perhaps the SOD-1 transgenic mice in this study are
developing vacuoles, but the progression of this pathology is retarded compared to the
G37R and G93A mice, which both have numerous large vacuoles in presymptomatic
mice. The similarity of pathologic specimens from ALS patients and NFP transgenic mice
with the SOD-1 transgenic mice further supports the hypothesis that there are common

components to their mechanisms of degeneration.

Comparison to other SOD-1 transgenic mice
In addition to the G86R SOD-I1 transgenic mice, the time course of neuronal

degeneration and other reflections of neuropathology have also been investigated in SOD-
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1 transgenic mice with different point mutations in the SOD-1 gene, specifically G93A
(Chiu et al., 1995; Tu et al., 1996), G37R (Wong et al., 1995), and G85R, which is the
human counterpart to our mouse SOD-1 mutation (Bruijn et al., 1997b). All of these
transgenic mice have a mutated form of the human SOD-1 gene, as opposed to the mice
used in this study which have a mutation in the mouse SOD-1 gene. Despite the differ-
ences in the genetics of the mice, the pathology and time course of pathology is remark-
ably similar. First, all SOD-1 transgenic mice fail to show motor neuron loss prior to
onset of symptoms, and the motor neuron loss at endstage for all mice is approximately
50%. Quantification of motor neuron loss in the other transgenic mice was not made
using unbiased counting techniques, and most of the studies looked at ventral root axons
as a reflection of motor neuron cell loss, and yet, the results of these studies are highly
consistent with our own. Second, in the transgenic lines that show NFP pathology (i.e.,
G93A, G37R, and G86R), this pathology does not occur until the onset of symptoms. In
contrast to neuron loss and NFP pathology, the timing of astrocytosis appears to be less
consistent. The G37R and G85R transgenic mice display reactive astrocytosis in
presymptomatic mice, while G93A and G86R mice do not display astrocytosis prior to the
onset of sympioms. Finally, the presence of vacuoles within neuropil and neuronal soma-
ta is also quite dissimilar, with the G37R and G93A mice showing vacuolation presymp-
tomatically, the G86R mice showing microvacuoles that are only observed in electron
microscopic photographs from symptomatic mice, and the G85R mice not displaying vac-
uoles at any time point. At this point, we do not understand why the different SOD-1
mutations give slightly different pathologic presentations in transgenic mice. The inser-
tion of mutant genes from different species (e.g., mouse and human) should not be over-
looked as one possible reason, however, since transgenic mice overexpressing wild-type
human SOD-1 exhibit vacuolation of motor neurons (Dal Canto and Gurney, 1995) and
abnormalities in the neuromuscular junction of the hypoglossus muscle (Avraham et al.,

1988). Interestingly, despite the many differences, the mice have in common that they do
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not have any motor neuron loss or NFP pathology prior to the onset of symptoms.

Selective vulnerability of both motor neurons and interneurons

A particularly interesting finding from this study is the identical age of onset for
loss of interneurons as for motor neurons. Published autopsy results from humans with
ALS have suggested that although spinal interneurons degenerate, this degeneration like-
ly occurs secondary to the loss of spinal motor neurons (Hirano, 1991). This conclusion
has been based on qualitative estimations of cell loss and morphometric analyses of cell
size in patients with severe versus moderate ALS symptoms (Oyanagi et al., 1989; Terao
et al., 1994). The heterogeneity of ALS patients, in regards to progression of symptoms
and neuropathology, makes these studies, which were based on only a few cases, very dif-
ficult to interpret. In addition, qualitative studies comparing motor neuron and interneu-
ron loss with standard histologic preparations are problematic because we have found that
significant degeneration of interneurons is more difficult to detect than similar reductions
in motor neurons. This is due to the small size of spinal interneurons, as compared to
motor neurons, and the lack of clustering into groups, as occurs with the pools of motor
neurons. The morphometric studies appear more reliable, but it is difficult to separate
motor neuron and interneuron populations based on size characteristics in a neurodegen-
erative disorder. Using morphometric analyses, investigators have observed that there is
a reduction in both large- and medium-sized spinal cord neurons in severely affected
patients, while more moderately affected patients show only a loss of large spinal cord
neurons (Oyanagi et al., 1989; Terao et al., 1994). If the degenerating motor neurons were
shrinking prior to dying, than this would elevate the number of medium-sized neurons and
mask a potential reduction in these neurons, which are presumed to be spinal interneurons.
The lack of any study in human ALS that accurately quantified both the loss of interneu-
rons and the motor neurons, makes our study of the SOD-1 transgenic model of ALS par-

ticularly interesting. We had previously observed that a population of interneurons in the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

63



spinal cord of endstage SOD-1 transgenic mice have approximately the same percentage
loss as spinal motor neurons (Morrison et al., 1996). We now expand this result to show
that temporally the onset of degeneration for these two populations of neurons is the same.
These results in the SOD-1 transgenic mouse strongly suggest that the degeneration in the
spinal cord of ALS patients is not specifically directed towards motor neurons and
involves other neurons as well. Therefore, the search for motor neuron-specific charac-
teristics that lead to the selective vulnerability in ALS may be misguided and a search for
broader characteristics of vulnerable neurons in the spinal cord (i.e., their biochemical

phenotype) would be more appropriate.

Implications of late degeneration

Why is the degeneration so late and the cell loss so catastrophic? The mutant
SOD-1 protein is present since birth, and yet, we find no sign of neuronal damage until
the onset of symptoms at 100 days of age. What could account for this delay in neuronal
damage? Two general theories could explain the delay and the rapid cell loss. First, per-
haps there is an accumulation of toxicity that must reach a threshold level before the neu-
rons are destroyed. One potential toxic process could be the accumulation of proteins
damaged by free radicals or oxidants. Mutant SOD-1 is better able to oxidize proteins in
the presence of hydrogen peroxide than is wild type SOD-1 (Wiedau-Pazos et al., 1996;
Yimetal., 1996). In addition, it has been proposed that mutant SOD-1 will better catalyze
the nitration of tyrosines in the presence of peroxynitrite than the wild type enzyme
(Beckman et al., 1993). Supporting this hypothesis, increased levels of free 3-nitrotyro-
sine have been reported in G37R SOD-1 transgenic mice, as compared to control mice
(Bruijn et al., 1997a). Either of these reactions, or another reaction catalyzed by the
unshielded Cu?* within the mutant SOD-1, would damage cellular components and this
damage could accumulate over time until a level is reached at which the neuron is no

longer able to function. Another possible toxic process may be the accumulation of an
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excitotoxic environment around the neurons. In ALS patients (Rothstein et al., 1995) and
the G85R SOD-I transgenic mice (Bruijn et al., 1997b), investigators have observed a
decrease in the glial glutamate transporter, GLT-1. Glutamate transporters are the prima-
ry mechanism by which glutamate is removed from the synapse and reducing these trans-
porters would lead to an increase in synaptic glutamate, greater stimulation of glutamate
receptors, and excitotoxicity in the postsynaptic neuron (Rothstein, 1995). Perhaps dam-
age to the glutamate transporter is accumulating over the first 100 days and the subsequent
elevation in extracellular glutamate levels overwhelms the compensatory mechanisms of
the neurons, which leads to degeneration.

In addition to the accumulation of toxicity, a second explanation for the delay in
neuronal pathology is that there is a change in the protective mechanisms within neurons
with age. Perhaps the neurons in the SOD-1 transgenic mice are constantly stressed com-
pared to neurons in control mice, but they are able to compensate for this stress while the
animal is young, but less efficiently as the animal ages. To this point, there is no evidence
that this is the case in the SOD-1 transgenic mice. In fact, the different ages of onset and
duration of symptoms for the different SOD-1 transgenic mice, and even for high and low
expressors with the same mutation, suggest that the increased vulnerability is unlikely due
to neuronal aging.

Clearly, the final goal of our research into the pathogenesis of neuronal death in
the SOD-1 transgenic mice is the discovery of an effective treatment for the disease.
Although no treatment was developed or tested in this study, the results suggest that an
effective therapy might be possible, if sensitive enough functional assays were used to
reveal the earliest signs of pathology. The neuron loss is both late and precipitous in the
SOD-1 transgenic mice. If the time course of neuron loss in ALS is the same as in SOD-
| transgenic mice, then the onset of early clinical symptoms likely occurs with very little
neuron loss. Therefore, if a therapy can be devised to protect the remaining neurons in

patients with ALS, and the disease can be diagnosed early enough, then the patient will
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survive with sufficient neurons intact and a full recovery can reasonably be expected.
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Chapter Four

Light and Electron Microscopic Distribution of the
AMPA Receptor Subunit, GluR2, in the Spinal Cord of
Control and G86R Mutant Superoxide Dismutase
Transgenic Mice

Reprinted with permission from John Wiley and Sons
Morrison, B.M., W.G.M. Janssen, J.W. Gordon, and J.H. Morrison (1998) Light and elec-

tron microscopic distribution of the AMPA receptor subunit, GIluR2, in the spinal cord of

control and G86R superoxide dismutase transgenic mice. J. Comp. Neurol. 395:523-534

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

Excitotoxicity has been hypothesized to contribute to the neurodegeneration in
ALS. The pattern of selective vulnerability in the spinal cord of ALS patients, mutant
SOD-1 transgenic mice, and mice treated with excitotoxins is similar, supporting a role for
excitotoxicity in the mechanism of ALS degeneration. The distribution of AMPA recep-
tors with different calcium permeabilities has been proposed as an explanation for this dif-
ferential vulnerability. GluR2 appears to be dominant for determining the calcium per-
meability of AMPA receptors, and thus their potential for contributing to excitotoxicity. In
the present study, we investigate the cellular and ultrastructural distribution of GIuR2-
immunoreactivity in the spinal cord of control and G86R SOD-1 transgenic mice. GluR2
immunoreactivity is equally present within vulnerable neurons (i.e., motor neurons and
CR-immunoreactive neurons) as well as non-vulnerable neurons (i.e., CB-immunoreac-
tive neurons and dorsal horn neurons). In addition, post-embedding immuno-electron
microscopy reveals that GluR?2 is preseat in synapses of dorsal and ventral horn neurons,
and that the percentage of labeled synapses and number of immunogold particles per
synapse does not vary between these spinal cord regions. Comparing control mice to
SOD-1 transgenic mice, the distribution and intensity of GluR2-immunoreactivity, both at
the light and electron microscopic levels, does not appear to be altered. The results of this
study suggest that the cellular and synaptic distribution of GIuR2 is not a determinant of

the selective vulnerability observed in SOD-1 transgenic mice or ALS patients.
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Introduction

ALS is a neurologic disease characterized by progressive muscle weakness that
results from degeneration of both upper and lower motor neurons (Hirano et al., 1967;
Hirano, 1991; Tandan, 1994; Adams et al., 1997). There are both sporadic and familiai
forms of the disease, with familial ALS accounting for approximately 5% of all ALS
cases. Clinically and pathologically, the two forms of ALS are virtually identical sug-
gesting common mechanisms of neurodegeneration (Adams et al., 1997). The genetic
linkage of mutations in the SOD-1 gene with the development of familial ALS revealed
the first factor causally related to the disease (Rosen et al., 1993), and the development of
transgenic mice expressing these mutant forms of SOD-1 have provided a valuable ani-
mal model of the disease (Gurney et al., 1994; Ripps et al., 1995; Wong et al., 1995; Bruijn
et al.,, 1997b). Interestingly, these mice develop symptoms and pathology that mimic
those found in ALS patient without a reduction in the enzymatic clearance of superoxide
radical. In addition, SOD-1 knockout mice do not develop motor system degeneration
despite a complete absence of SOD-1 enzymatic activity (Reaume et al., 1996). These
findings strongly suggest that the mutant forms of SOD-1 are not leading to cell death
through a reduction in the SOD-1 clearance of superoxide radical, but rather by acquiring
a function which wild-type SOD-1 either does not possess or possesses to a small degree.
Although there is some evidence that mutant SOD-1 may catalyze the nitration of
tyrosines by peroxynitrite (Beckman et al., 1993; Beal et al., 1997; Bruijn et al., 1997a;
Crow et al., 1997a; Ferrante et al., 1997) and the oxidation of proteins by hydrogen per-
oxide (Wiedau-Pazos et al., 1996; Yim et al., 1996), the critical gain-of-function of the
mutant SOD-1, and therefore the mechanism of neurodegeneration in SOD-1 transgenic
mice and ALS patients, is currently unknown.

One mechanism that has been proposed to account for ALS neurodegeneration is
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excitotoxicity. Excitotoxicity, which results from the overactivation of glutamate recep-
tors, could theoretically be caused by several events: elevated synaptic glutamate,
increased number of glutamate receptors, heightened sensitivity of glutamate receptors to
agonists, greater activation of intracellular signaling pathway following receptor activa-
tion, reduced inhibitory drive on neurons, or diminished effectiveness of an inhibitory
mediator of glutamate receptor function. Regardless of the initiating event, a key media-
tor of excitotoxicity appears to be the concentration of free intracellular Ca2t (Choi,
1987: Meldrum and Garthwaite, 1990; Tymianski et al., 1993). Increased intracellular
Ca2* can activate a number of phospholipases, proteases, and endonucleases that could
be responsible for the cellular toxicity and death (Orrenius et al., 1992).

In the pathogenesis of ALS, excitotoxicity appears to be secondary to increased
synaptic glutamate. ALS patients have elevated levels of plasma and cerebrospinal fluid
glutamate and reduced parenchymal glutamate, suggesting an alteration in the metabolism
and processing of glutamate (Perry et al., 1987b; Plaitakis and Caroscio, 1987; Plaitakis
et al., 1988; Rothstein et al., 1990). In addition, ALS patients have a decrease in both glu-
tamate transporter activity and the amount of a specific glial glutamate transporter, GLT-
1, in affected areas of the nervous system such as motor cortex and the spinal cord, but
not in unaffected areas such as the hippocampus and caudate (Rothstein et al., 1992;
Rothstein et al., 1995). Two other glutamate transporters, EAACI and GLAST, were
moderately reduced and unaffected, respectively. In contrast to the reduction of GLT-1
protein in the nervous system, there is no reduction in the level of mRNA for any of the
glutamate transporters, suggesting that the alteration is post-transcriptional (Bristol and
Rothstein, 1996). In addition, reducing glutamate transporter activity, either by pharma-
cological antagonists (Rothstein et al., 1993) or antisense oligonucleotides (Rothstein et
al., 1996), in a spinal cord slice preparation or in vivo leads to elevated extracellular glu-
tamate and selective degeneration of spinal motor neurons. This modification of gluta-

mate transporters could account for the observed alterations in glutamate metabolism.
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The mechanism leading to altered glutamate transporter activity in ALS is currently
unknown. However, free radicals, which may be increased in familial ALS patients with
mutations in the SOD-1 gene, alter glutamate transporter activity (Pogun et al., 1994;
Volterra et al., 1994), and may be one mechanism by which transporter activity is reduced
in ALS patients.

Whether or not a particular neuron degenerates following increased synaptic glu-
tamate may depend upon several factors including the potential for binding or sequester-
ing free intracellular calcium, and also the specific glutamate receptors present in excita-
tory synapses. Calcium-binding proteins provide one mechanism by which free intracel-
lular calcium is reduced within neurons (Mattson et al., 1991; Lledo et al., 1992; Chard et
al., 1993; Lukas and Jones, 1994). Spinal motor neurons are remarkable for their lack of
CB, CR, and PV (Garcia-Segura et al., 1984; Antal et al., 1990; Ince et al., 1993; Alexianu
et al., 1994; Ren and Ruda, 1994; Morrison et al., 1996), and thus may have a reduced
capacity for buffering calcium loads and an increased vulnerability to excitotoxicity. In
contrast to calcium-binding proteins, the distribution of glutamate receptor subunits in the
spinal cord and their potential link to patterns of selective vulnerability have not been ade-
quately studied.

Glutamate receptors fall into two general categories, ionotropic and metabotropic
[for reviews see (Nakanishi, 1992; Seeburg, 1993; Hollmann and Heinemann, 1994)].
The ionotropic receptors, which flux Na* and sometimes CaZt following ligand-binding,
are divided into three groups: NMDA, AMPA, and kainate. Excitotoxicity was original-
ly attributed primarily to NMDA receptors (Choi, 1987), as these receptors are permeable
to Ca2t+ when ligand-binding and depolarization are coupled (Hollmann and Heinemann,
1994), but recent studies have implicated AMPA and/or kainate receptors in excitotoxici-
ty, particularly with respect to potential excitotoxic mechanisms in ALS. First, neurode-
generation following inhibition of glutamate transporters is attenuated by antagonists to

non-NMDA glutamate receptors, but not by antagonists to NMDA receptors (Rothstein et
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al., 1993). Second, NMDA infused into the spinal cord leads primarily to degeneration in
the dorsal horns of the spinal cord, while infusion of kainate, which would activate AMPA
and kainate receptors, leads to selective degeneration in the ventral horns (Ikonomidou et
al., 1996). Third, motor neurons are selectively vulnerable to kainate exposure in mixed
spinal cord cultures (Carriedo et al., 1996). Non-NMDA glutamate receptors appear to be
pentamers, composed of some combination of GluR |-4 for AMPA receptors and GluRS-
7 and KA-1 and -2 for kainate receptors (Hollmann et al., 1989; Boulter et al., 1990;
Keinanen et al., 1990; Brose et al., 1994). Certain subunit transcripts are subject to RNA
editing, a mechanism which strongly influences properties such as Ca?* permeability and
rectification characteristics, with GluR2 almost completely edited to the arginine codon at
the Q/R site (Sommer et al., 1991: Puchalski et al., 1994). When present in the AMPA
receptor, edited GluR2 dominates the Ca2+ permeability and current-voltage characteris-
tics, and as such, AMPA receptors that contain GluR2 are not permeable to Ca2+ (Geiger
et al., 1995).

Given the importance of Ca2* flux in the excitotoxic mechanism of neurodegen-
eration, it is critical to determine the specific populations of neurons that contain GluR2.
All neurons in the spinal cord and motor cortex, areas that have reduced glutamate trans-
porter activity, do not degenerate in ALS (Hirano, 1991; Leigh and Ray-Chaudhuri, 1994).
In the G86R SOD-1 transgenic mouse, several populations of neurons in the ventral horn
of the spinal cord degenerate [i.e., ChAT-immunoreactive motor neurons and CR-
immunoreactive interneurons], while adjacent neurons (i.e., CB-immunoreactive
interneurons) do not (Morrison et al., 1996; Morrison et al., 1998). One possible cause
of differential vulnerability in this and other animal models of ALS, as well as in human
ALS, is the selective distribution of GluR2. If the Ca* permeability of AMPA receptors
is a determinant of selective vulnerability in ALS, then neurons that contain GluR2 should
be less vulnerable than neurons that do not contain GluR2.

GluR2 mRNA is found in both dorsal and ventral horn neurons in the rat spinal
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cord (Sato et al., 1993; Tolle et al., 1993; Jakowec et al., 1995b; Tolle et al., 1995). In the
human spinal cord, both dorsal and ventral horn neurons, including motor neurons, also
appear to contain GluR2 mRNA (Tomiyama et al., 1996; Virgo et al., 1996), with the
exception of one study that reported motor neurons to be lacking GluR2 mRNA (Williams
et al., 1997). The one published study that looked at the distribution of GluR2 protein in
the spinal cord, using a polyclonal antibody, found that motor neurons in the rat were
lightly immunoreactive for GluR2 when examined by light microscopy, but lacked
immunoreactivity in pre-embedded immuno-electron microscopy (Petralia et al., 1997).
This inconsistency prevents any definitive conclusions about the localization of GluR2
protein in the spinal cord. In the present study, we investigated the distribution of GluR2
in the spinal cord of mice, using a previously characterized monoclonal antibody
(Vissavajjhala et al., 1996), by both confocal microscopy and post-embedding immuno-
electron microscopy. In addition to the cellular and synaptic distribution of this protein in
control mice, we investigated whether the specific populations of neurons immunoreac-
tive for GluR2 correlated with the neurons that were demonstrated previously to be resis-
tant to degeneration in G86R SOD-1 transgenic mice (Ripps et al., 1995; Morrison et al.,
1996; Morrison et al., 1998), and whether the pattern of GluR2 immunoreactivity was

altered in G86R SOD-1 transgenic mice.

Materials and Methods

Animals and tissue processing. Transgenic mice with a G86R mutation of the mouse
SOD-1 gene and control FVB litter mates, described previously (Ripps et al., 1995), were
used in this study. SOD-1 transgenic mice and age-matched controls intended for light
microscopic analyses were sacrificed at presymptomatic [means = 72.7 (n=3) and 71.0
(n=3) days old, respectively] and symptomatic [means = 114.0 (n=4) and 113.8 (n=4) days

old, respectively] ages. These mice were deeply anesthetized with 0.1 ml of an equal mix-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

73



ture of ketamine (100 mg/ml) and xylazine (20 mg/ml) injected intraperitoneally, and then
perfused transcardially with cold 1% paraformaldehyde in 0.1 M phosphate buffered
saline (PBS), pH 7.2, for | minute followed by cold 4% paraformaldehyde/ 0.025% glu-
taraldehyde in 0.1 M PBS for 10 minutes. In addition to control and SOD-1 transgenic
mice, one rat was perfused transcardially, after being given a lethal dose of chloral
hydrate, with cold 1% paraformaldehyde in 0.1 M phosphate buffered saline (PBS), pH
7.2, for 1 minute followed by cold 4% paraformaldehyde in 0.1 M PBS for 10 minutes.
The spinal cords of all animals were rapidly removed, blocked coronally, post-fixed in 4%
paraformaldehyde in 0.1 M PBS for 6 hours, and cut on a vibratome at a thickness of 50
um. Mice intended for electron microscopy were perfused transcardially with cold 1%
paraformaldehyde in 0.1 M PBS for | minute followed by cold 1% paraformaldehyde/
2.5% glutaraldehyde/ 0.1% picric acid in 0.1 M PBS for 10 minutes. The spinal cords
were removed, blocked, post-fixed for 2 hours in a 1% paraformaldehyde/ 2.5% glu-
taraldehyde/ 0.1% picric acid solution, and cut on a vibratome at a thickness of 50 pm.
All protocols were conducted within NIH guidelines for animal research and were

approved by the Institutional Animal Care and Use Committee (IACUC).

Immunofluorescence for light microscopy. Sections for single-label immunofluorescence
were incubated at 4 °C overnight in a monoclonal antibody to GluR2 [Chemicon,
Temecula, CA; for antibody characterization see (Vissavajjhala et al., 1996)] diluted to
3.36 ug/ml in 0.01 M PBS, pH 7.2, containing 0.5% BSA and 2% normal horse serum
(diluent). The sections were then washed in 0.01 M PBS, incubated in diluent containing
1:400 biotinylated horse anti-mouse IgG (Vector laboratories, Burlingame, CA) for 1
hour, washed, and incubated for 1 hour in diluent containing 1:200 FITC Avidin D (Vector
laboratories). In a series of control spinal cord sections, GluR2 immunoreactivity was
blocked by pre-incubation of the primary antibody with a 100 fold molar excess of GluR2

fusion protein prior to the overnight incubation in primary antibody. The primary anti-
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body and fusion protein were incubated on a nutator overnight at 4 °C, centrifuged for 10
minutes, and then incubated with spinal cord sections.

Sections for double-label immunofluorescence were incubated at 4 °C overnight in
diluent that contained the monoclonal antibody to GluR2 (3.36 pg/ml) as well as a poly-
clonal antibody to ChAT (Chemicon; 1:50), CR (SWant, Bellinzona, Switzerland;
1:2000), or CB (SWant; 1:2000). The sections were washed in 0.01 M PBS, incubated in
diluent containing 1:400 biotinylated horse anti-mouse IgG and either 1:200 texas red rab-
bit anti-goat IgG (for ChAT antibody) or 1:200 texas red horse anti-rabbit IgG (for CR or
CB antibodies) for 2 hours, washed, and incubated for | hour in diluent containing 1:200
FITC Avidin D. The species specificity of the secondary antibodies was verified by omit-

ting one or both of the primary antibodies.

Quantification of double-labeled immunofluorescence. For each double-labeling combi-
nation, a 1:40 series from the cervical enlargement was immunostained, as described
above, and analyzed on a Zeiss Axiophot fluorescent microscope using a Plan-Neofluar
40x objective. The percentage of double-labeling was determined by examining each
immunofluorescent cell in the ventral portion of the spinal cord with filters that allowed
either FITC wavelengths or Texas Red wavelengths, but not both, to pass and then count-
ing single-labeled vs. double-labeled cells. While the quantitative analysis was carried out
on the Zeiss Axiophot, high resolution qualitative analysis and photomicrographs of fluo-
rescent double-labeled sections were made on a Zeiss laser scanning confocal microscope
410. The z-axis resolution of the confocal microscope allowed for a more definitive dif-
ferentiation between cytoplasmic colocalization and superimposition of independently

labeled profiles.

Post-embedding immuno-electron microscopy. Sections were processed by a technique

modified from Phend et al. (1992, 1995). Briefly, the sections were treated sequentiaily
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with 1% tannic acid/maleate buffer (MB), 0.1% CaCl,/MB, 1% uranyl acetate (UA)/MB,
and 0.5% platinum chloride/MB. Sections were then dehydrated through a graded ethanol
series up to 70% ethanol, treated with 1% para-phenylenediamine, 1% UA/70% ethanol,
dehydrated to 100% ethanol, treated with propylene oxide and infiltrated with Epon-Spurr
(4:6) resin. Sections were placed between strips of ACLAR plastic film and polymerized
at 50 °C for 36 hours. Regions from the dorsal and ventral horns were cut out and glued
onto plastic blocks. Thin sections were collected on 300 mesh uncoated nickle grids.
Grids were treated with 10% sodium meta-periodate/TBS, pH 7.6, followed by treatment
with 1% sodium borohydride/dH,0. Grids were preincubated in TBS, pH 7.6, contain-
ing 10% normal goat serum (NGS), 0.5% BSA, 0.1% gelatin and 0.01% NP-10, and then
incubated at 40 °C overnight in primary antibody (monoclonal GluR2 antibody at 2.25
ug/ml) in TBS, pH 7.6, containing 1% NGS, 0.5% BSA, 0.1% gelatin and 0.01% NP-10.
The grids were washed in TBS, pH 8.2, and then incubated for | hour in secondary anti-
body [1:40 goat anti-mouse [gG (H&L) conjugated to 10 nm gold particles] in TBS, pH
8.2, containing 0.1% NGS, 0.5% BSA, and 0.1% gelatin. The grids were then washed,
stained with lead citrate and UA, and examined at 60 kV on a Zeiss CH-10 electron micro-

scope.

Quantification of electron microscopy. Grids from dorsal and ventral horns of the spinal
cord of control and SOD-1 transgenic mice, which had been processed for GluR2 post-
embedding immunoelectron microscopy, were analyzed on a Zeiss CH-10 electron micro-
scope at 60 kV. For each area (i.e., dorsal or ventral horn), GluR2 immunoreactivity on
one randomly chosen mesh from each of three grids was quantified. For each morpho-
logically-recognized synapse in this mesh, the presence or absence of immunogold parti-
cles was determined; and if present, the number of gold particles was recorded. From
these data, the percentage of GluR2 immunoreactive synapses and the average number of

gold particles per labeled synapse was determined for the dorsal and ventral horns of con-
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Figure 4-1. GluR2 immunofluorescence in the cervical spinal cord enlargement of control (A), pre-
symptomatic (B), and symptomatic (C) SOD-1 transgenic mice. Neurons in both the dorsal horn
(DH) and ventral horn (VH) appear to be immunoreactive for GiuR2. In the ventral horn, several
large motor neurons are strongly immunoreactive for GluR2 in all three groups of mice. Notice
that there is little immunoreactivity in the white matter of the spinai cord. In D - G, GluR2
immunoreactive neurons from the dorsal (D,E) and ventral (F,G) horns of control (D,F) and symp-
tomatic SOD-1 transgenic (E,G) mice are photographed at a higher magnification. Scale bar: A-
C,200pym; Dand E, 10 ym; Fand G, 40 pm.

trol and SOD-1 transgenic mice.

Figure Preparation. Photomicrographs taken on the Zeiss CH-10 electron microscope
were developed. scanned with an AGFA Arcus [I scanner. and then imported into Adobe
Photoshop. Photomicrographs taken on the Zeiss laser scanning confocal microscope 410

were directly imported into Adobe Photoshop. In Adobe Photoshop. the images were

sized. labeled. and optimized for contrast and brightness.
Results
Single-label immunofiuorescence. GluR2 immunoreactivity was present within all lami-

nae of the mouse spinal cord (Fig. 4-1A). In dorsal (Fig. 4-1D) and ventral horns (Fig. 4-

IF). both somata and neuropil were immunoreactive, although somata appeared to be
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Figure 4-2. Blocking of GIuR2
immunofiuorescence. As compared to
a spinal cord section immunostained
by the normal procedure (A), pre-incu-
bating the GiuR2 antibody with GluR2
fusion protein (B) or omitting the
GIuR2 antibody (C) completely attenu-
ate GluR2 immunofluorescence.
Scale bar: 200 pym.

more intensely labeled. Within the ventral hom.
large neurons that were likely to be motor neu-
rons. as well as smaller neurons. were clearly
immunoreactive for GluR2 (Fig. 4-1A.F). In
contrast to the numerous immunoreactive struc-
tures in the gray matter. there appeared to be an
almost complete absence of immunoreactivity in
the white matter of the spinal cord.

[n addition to the distribution of GIuR2
immunoreactivity in control mice. we were inter-
ested in whether this distribution was altered in
SOD-1 transgenic mice. To this end. spinal cord
sections from presymptomatic and symptomatic
SOD-1 transgenic mice were processed for
GluR2 immunofluorescence. GluR2 immunore-
activity in presymptomatic SOD-I transgenic
mice did not appear to be different. in either dis-
tribution or intensity, than GluR2 immunoreac-
tivity in control mice (Fig. 4-1B). In the spinal
cord of symptomatic SOD-1 transgenic mice. as
compared to control mice, there was an apparent
reduction in the density of GluR2-immunoreac-
tive neurons and neuropil within the ventral horn
(Fig. 4-1C.G). but not the dorsal horn (Fig. 4-
IC.E) that corresponded to the previously
described neuron loss in the spinal cord of these

mice (Morrison et al., 1996; Morrison et al..
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Figure 4-3. GluR2 immunofluorescence
in the cervical spinal cord enlargement
of a rat. Immunoreactivity for GIuR2 is
clearly evident in both the dorsal (A) and
ventral (B) horns of the spinal cord. The
pattern of immunoreactivity is very simi-
lar to the mouse spinal cord, and the
motor neurons are strongly immunore-
active for GluR2. Scale bar: 200 pym.

1998). Within the surviving neurons. there
was no apparent alteration in the intensity of

GluR2 immunoreactivity.

Evaluation of antibodv specificitv. The
GluR2-specific antibody utilized in these
experiments was characterized previously
(Vissavajjhala et al., 1996). The GluR2 anti-
body was shown to be specific for GluR2 in
radioimmunoassays. Western blots of trans-
fected cells and hippocampal homogenates.
and immunocytochemistry of transfected cells.
rat hippocampus. and rat neocortex. Because
the present experiment was done in mouse
spinal cord. we completed two additional con-
trols for the specificity of the antibody bind-
ing. First. pre-incubation of the antibody with
GluR2 fusion protein completely blocked the
immunofluorescence for GIuR2 in the mouse
spinal cord (Fig. 4-2B). as compared to a sec-

tion that was incubated in non-blocked GIuR2

antibody (Fig. 4-2A). Sections immunostained with the blocked GluR2 antibody (Fig. 4-

2B) were identical to sections that were not incubated with any GluR2 antibody (Fig. 4-

2C). Second. to investigate whether the antibody has differential specificity in the mouse

as compared to the rat, which was the species in which the antibody specificity was orig-

inally tested (Vissavajjhala et al.. 1996), the distribution of GluR2 immunoreactivity in the

spinal cord of a rat was investigated. The pattern of immunoreactivity was identical to
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Figure 4-4. Double-labeling of GluR2 with ChAT
(A), CR (B), and CB (C). In all three panels, GluR2
immunofluorescence is in green, while ChAT, CR,
and CB are in red. Neurons immunoreactive only
for GIuR2 (arrowheads), as well as double-labeled
neurons (arrows), are evident in each photomicro-
graph. It is apparent in these photomicrographs
that there are no single-labeled ChAT-, CR-, or CB-
immunoreactive neurons, but rather these neuronal
populations are all double labeled with GluR2.
Scale bars: A, 40 pm; B and C, 20 pm.

that observed in the mouse. Neurons and neu-
ropil in both the dorsal (Fig. 4-3A) and ventral
homms (Fig. 4-3B) were immunoreactive for
GluR2. Taken together. these experiments indi-
cate that the GluR2 immunoreactivity in mouse
spinal cord is as specific as the GluR2

immunoreactivity previously described in rat

hippocampus and neocortex.

Double-labeling immunofluorescence. In order
to investigate the specific populations of spinal
cord neurons that are immunoreactive for
GluR2, we double-labeled sections for GluR2
and either ChAT. CR. or CB (Fig. 4-4). ChAT-
immunoreactive neurons in the ventral portion
of the spinal cord are motor neurons. while both

CR-immunoreactive and CB-immunoreactive

neurons are spinal interneurons (Morrison et al..
[996). These neuronal populations are differentially vulnerable in G86R SOD-1 trans-

genic mice. ChAT- and CR-immunoreactive neurons degenerate, while CB-immunoreac-
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Table 4-1. Percentage colocalization of GluR2- tive neurons are not vulner-
immunoreactivity within neurons immunoreactive for

ChAT, CR, and CB in the ventral spinal cord of control able and do not degenerate

and SOD-1 transgenic mice (Morrison et al., 1996;
Control SOD-1 transgenic Morrison et al., 1998).
atively. i d
ChAT 100 % (401/401) 100 % (32/432) ~ Qualitadively, it appeare
that almost 100% of these

CR 97.7 % (861/881) 99.4% (927/933)
neuronal populations were

CB 99.3 % (282/284) 97.2 % (280/288)

immunoreactive for GluR2

(Fig. 4-4). The percentage
co-localization of GluR2 with these markers for distinct neuronal populations in the spinal
cord was quantified (Table 4-1), and the results from both control and SOD-1 transgenic
mice support our qualitative observation. In respect to these three neuronal populations
in the ventral portion of the mouse spinal cord, GIuR2 appears to be ubiquitously

expressed.

Post-embedding immunoelectron microscopy. GluR2 fluorescence is present within vir-
tually all neurons of the mouse spinal cord. Most of this immunoreactivity appears to be
a cytoplasmic or synthetic pool of GluR2, not the pool of GluR?2 localized to the synapse.
Since the function of GluR2 as a component of the AMPA receptor occurs at the synapse,
and synapses can only be resolved by electron microscopy, mouse spinal cord sections
were processed for post-embedding GIuR2 immunoelectron microscopy. GIluR2
immunoreactivity, as labeled by 10 nm gold particles, was clearly present in numerous
synapses within both the dorsal and ventral horns of the spinal cord (Fig. 4-5). In addi-
tion to being present in control mice (Fig. 4-5A,B), GluR2 was also clearly localized to
synapses of the dorsal and ventral horn in presymptomatic (Fig. 4-5C,D) and symptomatic
(Fig. 4-5E,F) SOD-1 transgenic mice. Within the ventral horn of the spinal cord in both

control and SOD-1 transgenic mice, many GluR2-immunoreactive synapses had the mor-
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Figure 4-5. Post-embedding immunoelectron microscopy for GluR2. GluR2-immunoreactive
synapses (indicated by arrows) are evident in both the dorsal (A,C,E) and ventral (B,D,F) horns of
control (A,B), pre-symptomatic SOD-1 transgenic (C,D), and symptomatic SOD-1 transgenic (E,F)
mice. The immunogold particles clearly cluster within synapses in these photomicrographs. Post-
synaptic elements are indicated by asterisks, and the post-synaptic elements of uniabeled synaps-
es are indicated by asterisks without arrows in A and C. Scale bar: 0.4 pm.
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Table 4-2. Quantification of post-embedding electron microscopy for GluR2

Number of gold
particles per labeled
Region of Percentage of synapse
Animal spinal cord  synapses labeled (mean + S.EM.)

Control 1 dorsal hom  38.6 % (157/407) 2.05%+ 0.10
ventral horn  35.6 % (160/450) 239+ 0.13

Control 2 dorsal hom  29.3 % (132/450) 230+ 0.12
ventral horn 249 % (112/450) 2.58 = 0.19

SOD-1 dorsal horn  27.1 % (122/450) 241+ 0.15
pre-symptoms ventral horn 35.1 % (123/350) 285+ 0.14
SOD-1 dorsal horn  29.7 % (104 /350) 2.21 £ 0.16
symptomatic ventral horn 33.5 % (134/400) 2.58 £ 0.15

phologic characteristics of a symmetric synapse (i.e., lack of a clearly defined post-synap-
tic density). Contrary to what has been described in the cerebral cortex (Hendrickson et
al., 1981; Hendry et al., 1983; DeFelipe et al., 1988; Peters and Harriman, 1992), this sug-
gests that a subset of excitatory synapses in the ventral horn of the spinal cord are sym-
metric. This alteration in morphology from the conventional asymmetric excitatory
synapse is intriguing, and suggests that the post-synaptic receptor complex of these
synapses may differ biochemically and functionally from the asymmetric AMPA-mediat-
ed synapses in the dorsal horn of the spinal cord or other regions of the central nervous
system.

In addition to our qualitative observations, we quantified the percentage of GluR2-
labeled synapses and the number of gold particles in dorsal and ventral horns of control
and SOD-1 transgenic mice. The percentage of labeled synapses was not different
between the dorsal and ventral horns, nor was it altered in SOD-1 transgenic mice (Table

4-2). In addition, the mean number of gold particles per labeled synapse was similar for

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

83



all spinal cord regions in control and SOD-1 transgenic mice. Therefore, there is no quan-
titative difference in the synaptic localization of GluR2 between dorsal and ventral horns

of control mice, or between these regions in control and SOD-! transgenic mice.
Discussion

In the present study, we have investigated the distribution of the AMPA receptor
subunit, GluR2, in the spinal cord. GluR2 is present within both dorsal and ventral horn
neurons. Within the ventral horn, almost 100% of ChAT-immunoreactive motor neurons,
CR-immunoreactive interneurons, and CB-immunoreactive interneurons were immunola-
beled for GluR2. Because light microscopy of GluR2 primarily labeled the presumed syn-
thetic pool of this protein, post-embedding immunoelectron microscopy for GluR2 was
utilized to localize this AMPA receptor subunit to the synapse. GluR2 was present in
numerous synapses in both the dorsal and ventral horns. Quantifying the percentage of
labeled synapses and the number of immunogold particles per labeled synapse demon-
strated that there was no apparent difference between the density and distribution of
GluR2 within the synapses of the ventral horn versus the dorsal horn. These normative
data in the spinal cord strongly suggest that the presence or absence of GluR2 is not a
determinant of the selective vulnerability of specific spinal cord neurons, since vulnerable
neurons (i.e., motor neurons and CR-immunoreactive neurons) as well as non-vulnerable
neurons (i.e., CB-immunoreactive neurons and dorsal horn neurons) in SOD-1 transgenic
mice (Morrison et al., 1996; Morrison et al., 1998) are strongly immunoreactive for GluR2
and have numerous GluR2-immunoreactive synapses. These results obviously do not rule
out the possibility that AMPA receptors which do not contain GluR2, and thus flux Ca2t,
may coexist with GluR2-containing receptors in the synapses of vulnerable neurons.
However, the hypothesis that vulnerable neurons in the spinal cord lack GluR2 and

GluR2-containing synapses, whereas resistant neurons contain GluR2, does not appear to
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be validated by our findings. In addition to being relevant to SOD-1 transgenic mice,
these data are relevant to any model of motor neuron degeneration where AMPA receptor-
mediated excitotoxicity is a potential mechanism of neuronal degeneration.

In addition to investigating the distribution of GIluR?2 in the spinal cord of control
mice, we evaluated whether there was any alteration in the distribution or expression of
GluR?2 in the spinal cord of G86R SOD-! transgenic mice, as has been reported in mod-
els of transient forebrain ischemia (Pellegrini-Giampietro et al., 1992; Gorter et al., 1997)
and cerebellar degeneration (Margulies et al., 1993). With the exception of the reduced
density of neurons in the ventral horn of symptomatic SOD-1 transgenic mice, GluR2
immunoreactivity was unaltered in SOD-1 transgenic mice. Both dorsal and ventral horn
neurons in transgenic mice were immunoreactive for GluR2, and the intensity of this
immunoreactivity was not markedly different from control mice. The percentage double-
labeling of ChAT-, CR-, and CB-immunoreactive neurons with GluR2 in SOD-1 trans-
genic mice was unaltered from control mice. In addition, GIuR2 was present in approxi-
mately the same percentage of synapses, and with the same mean number of immunogold
particles, in the dorsal and ventral horns of SOD-1 transgenic mice as in control mice.
These results demonstrate that the distribution of GIuR2, even at the synaptic level, is

unaltered in G86R SOD-1 transgenic mice.

Motor neurons and glutamate receptors

Our immunocytochemical results expand the available information on the gluta-
mate receptor profile of motor neurons. Previous studies have demonstrated that motor
neurons in rodent spinal cord contain GluR2 mRNA (Sato et al., 1993; Tolle et al., 1993;
Jakowec et al., 1995b; Tolle et al., 1995; Temkin et al., 1997), and our study extends these
findings to GluR2 protein. In addition to GIuR2, in situ hybridization studies have
demonstrated the presence of mRNA for AMPA receptor subunits GluR1, GluR3 and
GluR4 in motor neurons (Sato et al., 1993; Tolle et al., 1993; Jakowec et al., 1995b; Tolle
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et al.,, 1995; Tomiyama et al., 1996; Virgo et al., 1996), and immunocytochemistry has
demonstrated immunoreactivity for GluR1l, GluR2/3, and GluR4 in motor neurons
(Martin et al., 1993; Tachibana et al., 1994; Bonnot et al., 1996; Williams et al., 1996). In
addition to these AMPA receptor subunits, motor neurons also contain NMDA and kainate
receptor subunits, as demonstrated by in situ hybridization (Furuyama et al., 1993; Luque
et al., 1994) and immunocytochemistry (Petralia et al., 1994a; Petralia et al., 1994b;
Bonnot et al., 1996). Therefore, motor neurons in siru appear to have NMDA, kainate and
AMPA receptors, with multiple subunits represented in each class of glutamate receptor.
For the most part, the glutamate receptor subunits expressed by motor neurons do not
appear to differ from other spinal cord neurons. The one consistent difference between
motor neurons and other spinal cord neurons appears to be a relative lack of GluR1. This
deficit, which is apparent in adult mice, appears to develop postnatally in rodents
(Jakowec et al., 1995a; Jakowec et al., 1995b), and has been described by both in situ
hybridization (Furuyama et al., 1993; Sato et al., 1993; Tolle et al., 1993) and immunocy-
tochemistry (Tachibana et al., 1994; Williams et al., 1996). It is unclear whether a gluta-
mate receptor which lacks GluR 1 would be functionally distinct from one that contained
this subunit, however this property of glutamate receptors should be investigated because
it is the only reported difference between the glutamate receptor subunits expressed in
motor neurons versus those expressed in other spinal cord neurons, and therefore, may

contribute to the selective vulnerability of motor neurons.

Motor neurons and calcium permeability

Motor neurons, which are preferentially vulnerable to kainate-induced toxicity in
vivo (Ikonomidou et al., 1996 and in vitro (Carriedo et al., 1995), selectively take up
cobalt in the presence of kainate, suggesting the presence of Ca2+-permeable
AMPA/kainate receptors (Carriedo et al., 1996). If GluR?2 is present within spinal motor

neurons than how do we explain the observed Ca2+-penneability? The most obvious
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explanation is that the cobalt uptake study was conducted in spinal cord cultures, while
our study and others that have investigated the distribution of glutamate receptor subunits
have been conducted in siru. Perhaps embryonic-derived motor neuron cultures do not
develop glutamate receptors in an identical manner to motor neurons that develop to matu-
rity in situ. This has been demonstrated in primary cultures obtained from neocortex, hip-
pocampus, and cerebellum (Schmitt et al., 1996; Paschen et al., 1997). In these studies,
the percentage of Q/R edited GIuRS and GluR6 mRNA, as well as the amount of total
GluR5 mRNA, is altered in embryonic and cultured neurons as compared to adult neu-
rons.

In addition to this putative difference between cultured and in sitt neurons, our
results cannot exclude the possibility that a population of GluR2-negative AMPA recep-
tors may exist on motor neurons and be responsible for the kainate-induced neurotoxicity
and cobalt permeability. This could be achieved by an increase in a non-GluR2 AMPA
receptor subunit relative to GluR2, for the stoichiometry between AMPA receptor sub-
units, rather than the total amount of GIuR?2, is likely the dominant determinant of Ca2t
permeability for a population of AMPA receptors. A few neurons and glia have been
shown to totally lack GluR2, however most neurons, including motor neurons, contain
some level of GIluR2. The relative amount of GluR2 versus other AMPA receptor subunits
appears to be critical for determining the Ca2t permeability of AMPA receptors within a
given neuron (Geiger et al., 1995). Although a large differential between GluR2 and other
AMPA subunits cannot be excluded, the relative amount of GluR2 mRNA in motor neu-
rons does not appear to be markedly less than non-GluR2 AMPA subunits (Furuyama et
al., 1993; Sato et al., 1993; Tolle et al., 1993). As such, GluR2-lacking AMPA receptors
in motor neurons appear to be unlikely as a driving force for their vulnerability.

A second putative mechanism for Ca2+-permeable AMPA receptors in motor neu-
rons is that while GluR2 is present, it may not be edited at the Q/R site. The incorpora-

tion of unedited GluR2 into an AMPA receptor results in a receptor that is permeable to
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Cat (Burnashev et al., 1992; Burnashev et al., 1995), and therefore could provide an
explanation for Caz‘*‘-permeable AMPA receptors that appear to contain GluR2. Neither
the GluR2-specific antibody used in this study nor the riboprobes used in the in siru
hybridization studies are capable of discriminating between edited and non-edited forms.
Utilizing RT-PCR, only the edited form of GluR2 mRNA has been detected in the rodent
brain as a whole (Sommer et al., 1991) or in specific neurons (Jonas et al., 1994; Geiger
et al., 1995), but until recently, the spinal cord and motor neurons had not been directly
investigated. However, a recently published study found that all of the GluR2 mRNA in
avian motor neuron cultures was RNA edited at the Q/R site (Temkin et al., 1997).
Although it is possible that rodent and primate motor neurons differ from chick motor
neurons, and the RNA editing of GluR2 in mammalian motor neurons should be investi-
gated, it is unlikely that motor neurons contain unedited GluR2.

[f the Ca2+-permeability is not due to the AMPA receptor subunits present within
motor neurons, then the most obvious explanation for the cobalt flux observed by
Carriedo et al. (1996) is that the pertinent receptors are kainate receptors. This possiblity

2+ permeable

cannot be excluded by these investigators, and as such, they refer to Ca
AMPA/Kkainate receptors. RT-PCR studies have determined that mRNA for the kainate
receptor subunits GluR5-7 and KA-1 and -2 are present within cultured motor neurons
from the rat spinal cord (Temkin et al., 1997). Similar to the role of GIuR2 in AMPA
receptors, GluR6 can be RNA edited from Q to R, producing a subunit that inhibits CaZ+
influx when present in the kainate receptor (Burnashev et al., 1995). Unlike the almost
complete editing of GluR2, only 75% of GluR6 was edited in the rat brain (Sommer et al.,
1991). At this point, the degree to which GIuR6 is edited in motor neurons has not been
determined, and therefore, unedited GluR6 may exist in kainate receptors of motor neu-
rons and provide a mechanism for the observed cobalt flux. The selective loss of motor

neurons following intrathecal kainate, but not intrathecal AMPA, also suggests that

kainate receptors may be the true mediators of selective vulnerability to kainate toxicity.
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Kainate activates both AMPA and kainate receptors, while AMPA preferentially activates
AMPA receptors (Hollmann and Heinemann, 1994). Therefore, if AMPA receptors on
motor neurons mediate the selective vulnerability of these neurons, then one would expect
AMPA to induce a similar pattern of cell death as kainate. Instead, AMPA induces marked
loss of dorsal horn neurons, likely mediated through Caz'*'-permeable AMPA receptors on
a subset of these neurons (Kyrozis et al., 1995; Gu et al., 1996), with little or no degener-
ation of motor neurons (Kwak and Nakamura, 1995). The selectivity of motor neuron
degeneration following kainate, but not AMPA, suggests that motor neurons have Ca’t-
permeable kainate receptors, not AMPA, and that these receptors mediate the selective
vulnerability.

Regardless of whether the critical receptor is kainate or AMPA or whether the
GluR2 is RNA edited at the Q/R site, the inclusion or exclusion of specific subunits may
not be the only determinant of Ca?t permeability. Other components of receptor com-
plexes, like the associated post-synaptic density proteins or intracellular signaling mech-
anisms, may also modulate the ionic properties of non-NMDA glutamate receptors. An
appreciation for the critical role played by these glutamate receptor-associated or -binding

proteins is just now beginning to emerge (Maas et al., 1997).

Putative roles for GluR2 in ALS neurodegeneration

Our finding that GluR2 immunoreactivity is unaltered in G86R SOD-1 transgenic
mice does not rule out a potential role for GluR2 in the pathogenesis of ALS. Although
GluR2 is present in the neurons and synapses of vulnerable neurons, our anatomical study
does not give a reflection of GluR2 function. For example, GluR2 may be post-transia-
tionally modified in ALS patients, or even in the SOD-1 transgenic mice that we analyzed.
If this modification does not effect the antigenicity or distribution of GluR2 then we
would be unable to detect this alteration. AMPA receptor subunits can be post-transla-

tionally modified by normal or abnormal cellular enzymes. These modifications include
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phosphorylation, glycosylation, nitration or oxidation, and can drastically alter receptor
function (Hollmann and Heinemann, 1994; Levitan, 1994). An intriguing hypothesis is
that mutations in SOD-1 cause degeneration by post-translationally modifying specific
proteins important in glutamate transmission, including glutamate transporters, glutamate
receptors, or intracellular components of glutamate signaling. The results of this study
can neither confirm or exclude this hypothesis, however it is of interest as a mechanism

for integrating the SOD-1 and glutamate hypotheses of ALS neurodegeneration.
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Chapter Five

Summary and Conclusions
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In the previous four chapters, we have provided the background and rationale for
the experiments conducted, the methodology and results for these experiments, and any
relevant conclusions indicated by these results. All of the experiments in this thesis were
conducted in G86R SOD-1 transgenic mice and littermate controls. These mice have been
a valuable resource, providing insights into the pathogenesis of ALS degeneration and
bringing us closer to developing a rational and effective therapy for the disease. In this
final chapter, we will summarize the important points from the earlier chapters, compare
our results with those of others who are investigating SOD-1 transgenic mice, attempt to
integrate the numerous studies of the mechanism of degeneration into a logical frame-

work, and provide a possible mechanism to explain these studies.

Summary of Results

As we began the study of the GB6R SOD-1 transgenic mouse, the only previous
study of these mice had demonstrated the following: the mutant SOD-1 gene was
expressed in these transgenic mice, the mice had normal levels of SOD-1 enzymatic activ-
ity, the mice developed a gait disturbance that progressed to total paralysis and death at
approximately 100 days of age, and there was some loss of Nissl-stained cells and the
appearance of argyrophilic degeneration in the spinal cord and brainstem (Ripps et al.,
1995). With this background, we began to investigate the mechanism of degeneration in

these mice.

Chapter two
In this study, we investigated the selective vulnerability of specific neurochemi-
cally-defined neuronal populations in the spinal cord of SOD-1 transgenic mice. Based

on the symptomatology of the mice, we presumed that motor neurons would degenerate,
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but we were interested in how the loss of motor neurons compared to cell loss of other
neuronal populations in the spinal cord. [n addition, all motor neurons and other neuron
populations in the spinal cord did not completely degenerate, and we were interested in
whether specific proteins correlated with either the neurons that were vulnerable or resis-
tant to degeneration. Using unbiased stereologic counts of immunocytochemically-
labeled neurons, we determined that both motor neurons and CR-immunoreactive spinal
interneurons showed significant cell loss in endstage SOD-1 transgenic mice. This was
extremely important, because our study is the only one to conclusively demonstrate the
loss of spinal interneurons in SOD-1 transgenic mice or in ALS itself, and this finding has
important ramifications for putative mechanisms of ALS degeneration. In contrast to CR-
immunoreactive interneurons, CB immunoreactivity defined a population of interneurons
that were not vulnerable to degeneration, suggesting that CB may protect neurons from
degeneration by interacting with some component of the degeneration mechanism. Of the
neuronal populations that degenerated (i.e., motor neurons and CR-immunoreactive
interneurons), there was less than 50% loss of neurons. Therefore, is there some protein
that confers vulnerability or protectiveness to neurons in these populations? CB would
obviously be a candidate for reducing the vulnerability of a given neuron, but the lack of
double-labeling of CB with either CR-immunoreactive interneurons or motor neurons
rules out an involvement in these neuronal populations. We chose to investigate whether
NFP played a role in the degeneration of neurons in these populations.

NFP has been causally linked to motor neuron degeneration by transgenic mice
that overexpress or express mutant forms of NFP genes (C6té et al., 1993; Xu et al., 1993;
Lee et al., 1994). In addition, pathologic accumulation of NFP in the somata and proxi-
mal dendrites of spinal cord neurons is a predominant pathology in both ALS patients
(Manetto et al., 1988; Munoz et al., 1988; Mizusawa et al., 1989; Troost et al., 1992) and
SOD-1 transgenic mice (Wong et al., 1995; Morrison et al., 1996; Tu et al., 1996;

Morrison et al., 1998). The percentage loss of NFP-immunoreactive neurons in the spinal
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cord of SOD-1 transgenic mice was 51%. The higher percentage loss of this neuronal
population than motor neurons or CR-immunoreactive neurons suggests that an individ-
ual neuron in this population has a greater probability for degeneration. Of the neuronal
populations in the spinal cord that we investigated, the NFP-immunoreactive neurons
were the most vulnerable. NFP-immunoreactive neurons are not a separate population of
neurons from motor neurons, CR-, and CB-immunoreactive interneurons, however, but
rather a percentage of each of these neuronal populations are composed of NFP-
immunoreactive neurons. We hypothesized that the neurons that contain NFP in these
neuronal populations will preferentially degenerate over those that do not. In order to
investigate this, we first quantified the exact percentage of motor neurons and CR- and
CB-immunoreactive interneurons that were also immunoreactive for NFP. By multiply-
ing this percentage by the total number of neurons in each population, we were able to
estimate the number of motor neurons and CB- and CR-immunoreactive interneurons that
are also immunoreactive for NFP. The same percentage of these NFP-containing neurons
should degenerate as for the population of NFP-containing neurons as a whole.
Therefore, we predicted the loss of motor neurons and CB- and CR-immunoreactive neu-
rons based on their immunoreactivity for NFP. The predicted loss was very close to the
actual loss for motor neurons and CR-immunoreactive neurons, suggesting that NFP is a
key mediator of neuronal vulnerability and likely plays a role in the mechanism of degen-
eration. In contrast, NFP immunoreactivity vastly over-predicted the loss of CB-
immunoreactive neurons, suggesting that CB confers a resistance to vulnerability regard-
less of NFP content and that CB interacts with a component of the mechanism of ALS

degeneration that precedes the contribution of NFP.

Chapter three
In chapter two, we found that both motor neurons and interneurons have degener-

ated in endstage SOD-1 transgenic mice, and that various proteins appear to play a role in
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the selective vulnerability of these neurons. In this chapter, we investigated the time
course of this neuron loss, and correlated the timing of neuron loss with the onset of motor
symptoms and the development of pathologic alterations in NFP and GFAP. G86R SOD-
1 transgenic mice display a disturbance of gait at approximately 100 days old as the first
sign of motor dysfunction. This minor dysfunction progresses rapidly over the next ten
days to total paralysis and death at approximately 110 days old, which is the endstage time
point investigated in chapter two. In this experiment, we investigated the pathology in 30,
80, and 100 day old mice. The 30 and 80 day old mice are presymptomatic, while the 100
day old mice were defined not by their age, but by the first recognition of motor impair-
ment. There was no significant loss of motor neurons or CR-immunoreactive interneu-
rons in 30 or 80 day old mice, while both of these neuronal populations showed signifi-
cant cell loss at the onset of symptoms (i.e., 100 day old). These results further the con-
clusion of chapter two that a subset of interneurons is as vulnerable as motor neurons to
degeneration in the spinal cord of SOD-1 transgenic mice. Not only do both of these pop-
ulations degenerate, but we did not observe any difference in the time of degeneration
onset. In addition to cell loss, we investigated the pathologic somatic accumulation of
phosphorylated NFP and the marked increase in GFAP-immunoreactive astrocytes in
SOD-1 transgenic mice at different time points. Neither of these pathologies were
observed in presymptomatic SOD-1 transgenic mice, while both were prevalent at the
onset of symptoms. These pathologies, therefore, occur simultaneous with both neuronal
cell loss and symptom onset.

Our results from chapter two and three portray an extremely rapid and devastating
neurodegeneration (see Figure 5-1). After laying dormant for over three months, the onset
of neurological symptoms in the mice at approximately 100 days occurs coincident with
a 28.9% loss of motor neurons, a 23.2% loss of CR-immunoreactive interneurons, and the
pathologic alteration of NFP and GFAP. Over the following 10 days, the symptoms of the

mice progress from a gait disturbance to total paralysis, and the neuron loss increases to
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Timecourse of Neuron Loss in SOD-1 Transgenic Mice
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Figure 5-1. Percentage of ChAT-immunoreactive, CR-immunoreactive, and Nissi-stained
neurons over the life span of SOD-1 transgenic mice as compared to age-matched control
mice. A dramatic loss of neurons is obvious after 80 days of age in all of these neuron popu-
lations. The data for this graph is from chapters two and three.

44% in motor neurons and 40% in CR-immunoreactive interneurons. Any putative mech-
anism of degeneration should explain both the delay in onset and the rapid progression of

degeneration in SOD-1 transgenic mice.

Chapter four

The selective vulnerability of NFP-containing neurons described in chapter two
may be a reflection of NFP being directly altered by mutations in SOD-1. Alternatively.
NFP may not be directly affected by mutant SOD-1, but rather. make a subset of neurons
more vulnerable to degeneration by a mechanism that does not involve NFP. One such

mechanism for degeneration in SOD-1 transgenic mice is excitotoxicity. NFP-containing
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neurons have been shown to be selectively vulnerable to kainate toxicity in a cell culture
model, and these vulnerable NFP-containing neurons appear to contain calcium-perme-
able AMPA/kainate receptors (Carriedo et al., 1996). Therefore, a possible explanation
for the selective vulnerability of NFP-immunoreactive neurons in SOD-1 transgenic mice
is that an excitotoxic environment is produced in the spinal cord of these mice and that the
calcium-permeable AMPA/kainate receptors on NFP-containing neurons result in elevat-
ed levels of intracellular calcium and neurodegeneration. One possible cause of calcium-
permeable AMPA/kainate receptors is an AMPA receptor that lacks the GluR2 subunit.
GluR2 dominates the functional characteristics of AMPA receptors, and the absence of
GIuR2 produces an AMPA receptor that is permeable to calcium (Geiger et al., 1995).
Therefore, utilizing the GIluR2-specific antibody developed in our laboratory
(Vissavajjhala et al., 1996), we investigated the cellular and synaptic distribution of
GluR?2 in the spinal cord of control and SOD-1 transgenic mice.

In control mice, GluR2 immunoreactivity appeared to be present in virtually every
neuron in the spinal cord. Immunoreactivity for GluR2 was present in motor neurons in
the ventral horn of the spinal cord, interneurons in the intermediate zone, and neurons in
the dorsal horn. Quantitative double-labeling of GluR2 with ChAT to label motor neurons
and CB and CR to label interneurons demonstrated that almost 100% of these neuronal
populations, which were the same ones investigated in the experiments of chapters two
and three, were immunoreactive for GluR2. The presence of GIluR2 in almost all neurons
in the spinal cord precludes a role of this protein in selective vulnerability. In addition,
the localization of GluR2 to motor neurons and CR-immunoreactive interneurons, neu-
ronal populations that clearly degenerate in our SOD-1 transgenic mice, strongly suggest
that the absence of GluR2 from a particular neuron is not necessary for neuronal vulnera-
bility. Though the cellular localization of GluR2 was not a determinant of vulnerability,
perhaps the synaptic localization of GluR2 would provide an explanation for the increased

vulnerability of ventral horn neurons in SOD-I transgenic mice and models of kainate tox-
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icity. Therefore, we utilized a post-embedding immunogold technique to localize GluR2
to the synapse. GluR2 was synaptically localized in both the vulnerable ventral horn and
the resistant dorsal horn, and the percentage of labeled synapses and number of immuno-
gold particles per labeled synapse did not differ between these regions. These results
demonstrate that neuronal vulnerability is not determined by the presence or absence of
GluR2, but alterations of GluR2 may still be a component of the mechanism of degener-
ation in SOD-1 transgenic mice.

Alterations in the expression, synaptic localization, or integration into AMPA
receptors of GluR2 would produce an excitotoxic environment by increasing the percent-
age of AMPA receptors that flux calcium. To investigate this hypothesis, we compared the
immunoreactivity for GluR2 in SOD-1 transgenic mice to control mice. Using the same
techniques as above, we determined that there was no alteration in the cellular or synap-
tic distribution of GluR2 in SOD-1 transgenic mice. The percentage double-labeling of
GluR2 with ChAT, CR, and CB was unaltered, there was no apparent difference in
immunoreactive intensity, the percentage of GluR2-labeled synapses was identical with
control, and the number of immunogold particles per labeled synapse was unchanged.
These studies obviously cannot rule out that GluR2 may be functionally altered by mutant
SOD-1, but the anatomic distribution of GluR2, even to the resolution of a single synapse,

is clearly unaltered in SOD-1 transgenic mice.

Comparison of SOD-1 Transgenic Mouse Models

Behavioral Deficits

Transgenic mice with four different mutations of SOD-1 have been produced to
date. Three have mutations in the human SOD-1 gene that lead to G37R (Wong et al,,
1995), G93A (Gurney et al., 1994), and G85R (Bruijn et al., 1997b) substitutions in the

SOD-1 protein, while one, which was utilized in this thesis, has a G86R mutation in the
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Table 5-1. Comparison of SOD-1 transgenic mice
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mouse gene that corresponds to a mutation observed in humans at residue 85 (Ripps et al.,
1995). Although these transgenic mice have different mutations in SOD-1, the behavioral
deficits are remarkably similar. All of the SOD-1 transgenic mice are normal at birth, but
begin to show motor dysfunction at 3 to 9 months of age. In the G93A and G37R SOD-
1 transgenic mice, this motor dysfunction begins as a limb tremor which progresses to
limb weakness. The G85R and G86R transgenic mice do not display limb tremor, but
only limb weakness, as their initial symptom. In all mutant SOD-1 mice, the symptoms
progress from limb weakness to total paralysis and premature death. The age of onset of
these symptoms is dependent upon the specific mutation, and appears to correlate with the
level of mutant SOD-1 expressed. High expressors have an earlier onset than low expres-
sors (Wong et al., 1995; Bruijn et al., 1997b; Dal Canto and Gurney, 1997). Although
SOD-I transgenic mice can have very dissimilar ages of onset, which range from 100 to
225 days, the duration from onset of muscle weakness to total paralysis is rapid in all cases

(i.e., 10 - 15 days; see Table 5-1).
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Pathology

The pathology in SOD-1 transgenic mice strongly resembles the pathology in ALS
patients. Investigators have reported loss of motor neurons and interneurons, neurofila-
ment inclusions, astrocytosis, and muscle atrophy in SOD-1 transgenic mice, all of which
have been observed in patients with ALS (Hirano et al., 1967; Hirano, 1991; Leigh and
Swash, 1991). One advantage of an animal model of ALS is that early symptomatic and
presymptomatic mice can be sacrificed and examined to determine the onset of patholo-
gy. A consistent pathology in all SOD-1 transgenic mice, and the one that leads to the
behavioral deficits, is the loss of motor neurons. In all studies of SOD-1 transgenic mice,
the onset of motor neuron loss was found to be coincident with the onset of motor weak-
ness, with the magnitude of the motor neuron loss at endstage being approximately 50%
in the studies that quantified neuron number (Chiu et al., 1995; Wong et al., 1995;
Morrison et al., 1996; Bruijn et al., 1997b). In most SOD-1 transgenic mice (i.e., G86R,
G93A, and G37R), the normal organization of the cytoskeletal protein NFP is disrupted
by abnormally phosphorylated or aberrantly organized NFP that form focal or diffuse
inclusions in the soma or axon (Wong et al., 1995; Morrison et al., 1996: Tu et al., 1996;
Morrison et al., 1998). In all of these transgenic mice, the NFP inclusions are not
observed presymptomatically, but rather appear at the onset of symptoms. Another
pathology that is observed in all SOD-1 transgenic mice and ALS patients is reactive
astrocytosis. In response to neuronal damage, astrocytes replicate, hypertrophy, and
express increased amounts of GFAP (Eddleston and Miicke, 1993; Montgomery, 1994).
In G86R and G93A SOD-1 transgenic mice, the astrocytosis is coincident with symptom
onset and neuron loss, while in the G37R and G85R mice the astrocytosis occurs prior to
the onset of symptoms. Although the SOD-1 transgenic mice have many characteristics
in common, there are still many differences between these models, and these differences

may illuminate dissimilarities in the mechanisms of degeneration.
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The most obvious difference between the pathologies in the different transgenic
mice is the occurrence of vacuoles in the G93A and G37R SOD-1 transgenic mice (Dal
Canto and Gurney, 1994; Wong et al., 1995; Mourelatos et al., 1996), and their absence
from the G86R and G85R transgenic mice [(Morrison et al., 1996; Bruijn et al., 1997b;
Morrison et al., 1998); see Table 5-1]. Given that the alteration of the SOD-1 protein in
the G86R mouse and the G85R human mutations of SOD-1 are identical, the lack of vac-
uoles may be mutation specific. Although this explanation cannot be ruled out, it is more
likely that the vacuoles are due to the large amount of mutant protein present in the G93A
and G37R transgenic mice. The G85R transgenic mice express low amounts of mutant
protein and do not have vacuoles. In addition, a low expressing line of mice with the
G93A mutation has recently been characterized, and these transgenic mice have fewer
vacuoles than the high expressing lines (Dal Canto and Gurney, 1997). If the appearance
of vacuoles is dependent on the level of expression, then this would explain why vacuoles
are not observed in familial ALS patients with mutations in the SOD-1 gene. ALS patients
have only one copy of the mutant gene, and therefore have much lower expression levels
of mutant SOD-1 than do transgenic mice that have multiple copies.

A second dissimilarity between the SOD-1 transgenic mice with different muta-
tions is the timing of astrocytosis. The G86R and G93A transgenic mice display reactive
astrocytosis coincident with the onset of symptoms (Tu et al., 1996; Morrison et al., 1998),
while the G37R and G85R transgenic mice show this pathology presymptomatically
[(Wong et al., 1995; Bruijn et al., 1997b); see Table 5-1]. The difference in onset between
the G85R mice and the G86R mice suggests that this difference is not dependent on the
specific mutation, as these mutations are identical. Interestingly, the G86R and G93A
mice, the two transgenic mice that do not display astrocytosis presymptomatically, devel-
op symptoms more rapidly than the other two mutant mice. Perhaps astrocytosis is not
observed presymptomatically in these mice due to a difficulty observing presymptomatic

changes in mice with such rapid onset of symptoms.
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Investigations into the Mechanism of Degeneration

Since the original description of SOD-1 mutations in familial ALS patients (Rosen
et al., 1993), researchers have committed considerable time and resources to determining
the mechanism of degeneration that results from SOD-1 mutations. This flurry of activi-
ty has produced numerous articles and several important findings, but as yet, there is no
consensus as to the mechanism of degeneration. This is partly due to the complexity of
the mechanism of degeneration, but also perhaps to individual researchers investigating
only one aspect of the degenerative mechanism without attempting to integrate their work
with that of other researchers. In the following section, we will attempt to organize the
completed experiments by placing them into the following framework: gains-of-function,
impairments in cellular function, selective vulnerability, and manipulations that reduce
toxicity. Every study completed to date fits into one of these categories, and the interac-
tions between the results in these categories may provide insight into the mechanism of

degeneration.

Gains-of-function

Investigators have hypothesized that the mutations in SOD-1 produce disease by a
gain, not a loss, of function. In respect to loss of function, researchers are referring to the
classic enzymatic clearance of superoxide radical by SOD-1. The evidence for a gain-of-
function is three-fold. First, mutant forms of SOD-1 exist that do not have a reduced
capacity for the clearance of superoxide radical, and yet produce disease in patients
(Borchelt et al., 1994; Nishida et al., 1994; Tsuda et al., 1994; Fujii et al., 1995). Second,
all SOD-1 transgenic mice have normal to elevated levels of this classic enzymatic reac-
tion, due to wild-type murine SOD-I1, and yet develop symptoms and pathology that

strongly resemble ALS (Gurney et al., 1994; Ripps et al., 1995; Wong et al., 1995; Bruijn
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et al., 1997b). Third, SOD-1 knockout mice, in which there is no contribution of SOD-1
to the clearance of superoxide radical, do not develop motor neuron degeneration or symp-
toms of motor system dysfunction (Reaume et al., 1996). Thus, it is clear that mutant
SOD-1 has gained some property that wild-type SOD-1 either does not possess, or pos-
sesses to a much smaller degree, and this is termed a gain-of-function. Although ruling
out a loss of function was quite easy, determining the critical gain-of-function for causing
disease has proven quite difficult. The reason for this is that the only limits on potential
gains-of-function is the imagination of the investigators. At this point, researchers have
demonstrated three different gains-of-function for mutant SOD-1, but none of these three
have yet been shown to be necessary for neurodegeneration. The three demonstrated
gains-of-function are peroxynitrite-mediated tyrosine nitration, peroxidase reaction, and
abnormal binding to cellular proteins. With the exception of the abnormal binding, these
are enzymatic activities that wild-type SOD-1 possesses to a small degree, which is prob-
ably the reason that they were investigated, and the mutant forms of SOD-1 appear to have
an increased capacity for catalyzing these reactions.

Peroxynitrite (ONOO") is a potent oxidant produced from superoxide radical and
nitric oxide. The breakdown of peroxynitrite into several reactive intermediates is cat-
alyzed by SOD-1 (Beckman et al., 1992; Ischiropoulos et al., 1992; van der Vliet et al.,
1995). Although there are several products of this breakdown, the nitration of tyrosines
appears to be relatively specific for this reaction. Therefore, using nitrotyrosines as a
marker of this reaction, several investigators have investigated whether the mutant forms
of SOD-1 favor the breakdown of peroxynitrite and whether there is an increase in the
amount of nitrotyrosines in SOD-1 transgenic mice and ALS patients. Utilizing mass
spectroscopy, increased free nitrotyrosines (i.e., nitrotyrosines that are not incorporated
into peptides or proteins) have been reported in the spinal cord of ALS patients (Beal et
al., 1997), G93A SOD-1 transgenic mice (Ferrante et al., 1997), and G37R SOD-1 trans-
genic mice (Bruijn et al., 1997a). In addition, ALS patients and G93A SOD-1 transgenic
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mice have increased immunoreactivity for nitrotyrosine in the spinal cord (Abe et al.,
1995; Beal et al., 1997; Ferrante et al., 1997). Although these studies suggest that mutant
SOD-1 may catalyze the breakdown of peroxynitrite and the nitration of tyrosines, only in
vitro biochemical studies can demonstrate this conclusively. Unfortunately, the biochem-
ical evidence is indirect. Mutant SOD-1 has a reduced affinity for zinc, and therefore is
more likely than wild-type SOD-1 to exist in a zinc-lacking state (Crow et al., 1997a).
Removing the zinc from SOD-1 results in an enzyme that catalyzes the peroxynitrite-
mediated tyrosine nitration to a greater extent than SOD-1 that contains zinc, suggesting,
although indirectly, that mutant forms of SOD-1 may nitrate tyrosines to a greater extent
than wild-type SOD-1. If mutant SOD-I favors the nitration of tyrosines, it is important
to determine the specific proteins that are susceptible, as nitration of key tyrosines in pro-
teins could dramatically alter their function. This is obviously the case for tyrosines
involved in phosphorylation, as nitration inhibits the capacity for phosphorylation (Kong
et al.,, 1996), but a charged nitronium ion will affect the function of most proteins by alter-
ing their tertiary structure and disrupting interactions with other subunits or proteins.

As we discovered first hand, determining the specific proteins that have abnormal
nitration of tyrosines is not an easy task. We investigated the light, medium, and heavy
chains of NFP, GFAP, and GIuR2 to determine whether there was increased nitrotyrosines
in SOD-1 transgenic mice. Given the importance of NFP in the pathology and selective
neuronal vulnerability in SOD-1 transgenic mice, NFP subunits were obvious choices for
investigation. I[n addition, tyrosines on the light chain of NFP can be nitrated in the pres-
ence of SOD-1 and peroxynitrite in vitro, and this disrupts assembly into NFP fibrils
(Crow et al., 1997b). In addition to NFP subunits, we also investigated whether there are
nitrotyrosines in GFAP and GluR2. GFAP is an astrocytic cytoskeletal protein that has an
analogous role in astrocytes to that of NFP in neurons (Rutka et al., 1997). Itis also a
long-lived protein, and alterations in GFAP, both proliferation of GFAP-immunoreactive

astrocytes and GFAP inclusions within astrocytes, have been reported in SOD-1 trans-
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genic mice (Wong et al., 1995; Tu et al., 1996; Bruijn et al., 1997b; Morrison et al., 1998).
The final protein investigated was the AMPA subunit, GluR2, which as discussed above
plays an important role in regulating the calcium-permeability of AMPA receptors. If
GluR2 is altered by nitration of key tyrosines, it may alter its function or integration into
the pentameric structure of the AMPA receptor, resulting in an AMPA receptor that has
increased permeability to calcium and perhaps a greater propensity for contributing to
excitotoxicity.

Each of these proteins were immunoprecipitated, and then split into two equal vol-
umes that were run in separate lanes, with one lane being immunoblotted with an antibody
specific for the immunoprecipitated proteins and the second lane immunoblotted with a
nitrotyrosine antibody. This provided an indication of whether the immunoprecipitated
protein was immunoreactive for nitrotyrosine, and if immunoreactive, provided a means
for quantification by forming a ratio of the nitrotyrosine immunoreactivity over the
immunoprecipitated protein immunoreactivity. Through this technique, we were able to
investigate whether there is immunoreactivity for nitrotyrosines in these immunoprecipi-
tated proteins in control mice and whether this immunoreactivity is increased in SOD-1
transgenic mice. In all five of the immunoprecipitated proteins, we were unable to detect
immunoreactivity for nitrotyrosines in the control mice or the SOD-1 transgenic mice. In
fact, even after chemically nitrating tyrosines in these proteins with tetranitromethane
(Riordan et al., 1966; Sokolovsky et al., 1966; Inano and Tamaoki, 1986; Shimokawa et
al., 1990; Takeda et al., 1990), only the nitrotyrosines in GluR2 were immunoreactive with
the available antibodies. Thus, it appears that the available antibodies are unable to rec-
ognize nitrotyrosines in most proteins, severely limiting both their usefulness and the con-
clusions that we could draw from this study. At this point, however, we have no evidence
that tyrosines in NFP, GFAP, or GluR2 are aberrantly nitrated in SOD-1 transgenic mice.

The second gain-of-function proposed for mutant SOD-1 is an increase in the per-

oxidase reaction. Two groups of investigators have demonstrated that in the presence of
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hydrogen peroxide, mutant SOD-1 oxidizes a spin trap to a greater extent than wild-type
SOD-1 (Wiedau-Pazos et al., 1996; Yim et al., 1996). This increased oxidation, but not
the normal baseline activity, is attenuated by chelating the copper in the mutant SOD-1.
This suggests that greater exposure of the copper ion, perhaps secondary to a conforma-
tional change in mutant SOD-1, may contribute to the increase in peroxidase activity.
Similar to nitration of tyrosines, the exact proteins affected by this altered activity are
unknown. However, glutamate has been shown to be altered by this reaction in vitro (Yim
et al., 1996), and provides a putative mechanism by which mutations in SOD-1 may
induce an excitotoxic degeneration.

The final gain-of-function that has been demonstrated for mutations in SOD-1 is
altered binding to lysyl-tRNA synthetase (KARS) and translocon-associated protein delta
(TRAP) (Kunst et al., 1997). Using yeast two-hybridization, and then confirmed by
immunoprecipitation, the G85R mutant SOD-1 bound to these two proteins, while wild-
type SOD-1 did not bind to any proteins. KARS is the enzyme that catalyzes the activa-
tion of the amino acid lysine and the formation of lysyl-tRNA (Freist and Gauss, 1995).
If the abnormal binding of mutant SOD-1 with this enzyme disrupts its function, then one
would expect a disruption in protein synthesis that would be devastating to cellular sur-
vival. The second protein, TRAP, is a protein that participates in the translocation of
newly synthesized proteins into the endoplasmic reticulum (ER) (Hartmann et al., 1993).
The translocation of proteins is obviously important for their accurate localization to the
cell surface, lysosomes, ER or Golgi apparatus, and blocking the sites of transport with
mutant SOD-1 could also be devastating to cellular function. Besides the two proteins
reported to interact with mutant SOD-1, other proteins may bind to mutant SOD-1 in vivo
and lead to aggregation of the SOD-1. These aggregates of SOD-1 have been reported in
both SOD-1 transgenic mice (Bruijn et al., 1997b) and a cell culture model of ALS in
which mutated SOD-! was transfected (Durham et al., 1997; Roy et al., 1997). These

SOD-1 aggregates should be investigated in greater detail to determine the proteins asso-
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ciated with them, as this may provide insight into the mechanism by which these aggre-

gates occur.

Impairments in cellular function

The second level at which the mechanism of degeneration resulting from muta-
tions in SOD-1 have been investigated is the specific impairments in cellular function.
For the most part, these disruptions in cellular function have not been proven, but merely
suggested, by pathologic alterations in SOD-1 transgenic mice or cell lines transfected
with mutant SOD-1. These pathologies include disruptions in the morphology of mito-
chondria, Golgi apparatus, and smooth endoplasmic reticulum (Dal Canto and Gurney,
1994; Dal Canto and Gurney, 1995; Wong et al., 1995; Mourelatos et al., 1996). In addi-
tion, abnormal accumulations of NFP have been reported in ventral horn neuron cell bod-
ies of SOD-1 transgenic mice (Wong et al., 1995; Morrison et al., 1996; Tu et al., 1996;
Morrison et al., 1998) and ALS patients (Hirano et al., 1967; Hirano, 1991; Leigh and
Swash, 1991), and this accumulation is mirrored by an equivalent decrease of NFP in ven-
tral root axons (Zhang et al., 1997). Finally, the glutamate transporter, GLT-1, is reduced
in the spinal cord of SOD-1 transgenic mice (Bruijn et al., 1997b). Most, if not all, of
these pathologies have been reported previously in ALS patients, and although not con-
clusive proof of a disruption in cellular function, in conjunction with direct studies of
functional deficits, they provide strong supporting evidence.

Studies of functional deficits are much more difficult to complete than studies of
pathologies. Perhaps for this reason, only one study directly investigating a functional
deficit in SOD-1 transgenic mice has been published. Zhang et al. (1997) has reported
that SOD-1 transgenic mice have an impairment in both fast and slow axonal transport.
In addition, the transport of NFP was specifically investigated, and all NFP subunits show
reduced transport into ventral root axons in SOD-1 transgenic mice. Although all NFP

subunits are eventually involved, the disruption in NFP-L transport appears to precede the
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deficits in other NFP subunits. In fact, reduced NFP-L transport appears to occur before
the onset of symptoms in these transgenic mice. This study provides an explanation for
the accumulation and inclusions of NFP that have been reported in SOD-1 transgenic mice
and ALS patients (Hirano et al., 1967; Hirano, 1991; Leigh and Swash, 1991; Wong et al.,,
1995; Morrison et al., 1996; Tu et al., 1996; Morrison et al., 1998). In addition, the ini-
tial disruption of NFP-L is particularly interesting. This subunit is critical for the forma-
tion of NFP fibrils (Hirokawa et al., 1984; Lee et al., 1993; Lee and Cleveland, 1996), and
transgenic mice with mutations in the rod domain of NFP-L demonstrate severe motor
neuron pathology and more closely mimic the phenotype and pathology of ALS than
transgenic mice with other alterations in NFP subunits (C6té et al., 1993; Xu et al., 1993;
Lee et al., 1994).

The other direct evidence of a functional deficit caused by the SOD-1 mutation is
in a neuroblastoma cell line that has been transfected with mutant forms of SOD-1 (Carri
etal., 1997). Although these studies are conducted in neuroblastoma cells, which may not
respond the same as spinal cord neurons in vivo, the use of a cell culture system allows a
more detailed observation of cellular function. In this study, the investigators report that
the cell lines transfected with mutant SOD-1 show mitochondrial depolarization and
increased intracellular calcium. Mitochondrial depolarization is an indication of a dys-
functional mitochondria, as depolarized mitochondria do not have the proton motive force
necessary to generate ATP. Reduced production of ATP from mitochondrial oxidative
phosphorylation would have dramatic effects on cellular energy, and could lead to disrup-
tions in many cellular functions. In addition, these results suggest that the disruptions in
mitochondrial morphology reported in SOD-1 transgenic mice may be a marker of mito-
chondrial dysfunction. The increase in intracellular calcium reported in these cell lines
may be secondary to reduced calcium sequestration in depolarized mitochondria or to
reduced activity of ATP-dependent calcium pumps in cellular membranes. Regardless of

the exact mechanism responsible for the mitochondrial depolarization and increased intra-
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cellular calcium, this study demonstrates that these alterations occur in response to muta-

tions in SOD-1 and must be considered in the mechanism of degeneration.

Selective vulnerability

Through some mechanism, the above gains-of-function and functional deficits
interact to produce a specific pattern of neuronal vulnerability. In order to fully explain
the neurodegeneration, a putative mechanism must account for the specificity of the neu-
ron loss. This is particularly true in the case of ALS caused by mutations in SOD-1, since
mutant SOD-1 is expressed in virtually every cell of the body and yet only causes degen-
eration in the spinal cord, a few motor nuclei in the brainstem, and the motor cortex. In
addition to examining the mechanism of degeneration from the beginning (i.e., the
mutants in SOD-1), another approach is to begin at the end, with the determination of the
specific neurons vulnerable to degeneration in SOD-1 transgenic mice. This was the main
focus of my thesis.

Both motor neurons and interneurons degenerate in the spinal cord of G86R SOD-
1 transgenic mice (see Chapters 2 and 3). Interestingly. only half of all motor neurons and
interneurons in the spinal cord have degenerated by endstage in these mice. Are there cer-
tain proteins that are primarily found within the neurons that are vulnerable to degenera-
tion? In addition, are there specific proteins present within the neurons that are resistant
to degeneration? We found that CB-containing neurons, which are a population of spinal
interneurons, do not degenerate in these transgenic mice. The resistance of CB-contain-
ing neurons in SOD-1 transgenic mice suggests that this protein may protect against SOD-
1 toxicity. In contrast to CB, we found that NFP is present within a vulnerable population
of neurons, and that the magnitude of neuron loss in both motor neurons and interneurons
is predicted by the percentage of these neuronal populations that contained nonphospho-
rylated NFP. The presence of nonphosphorylated NFP in the cytoplasm of neurons is

therefore a marker of vulnerable neurons, just as CB is a marker of non-vulnerable neu-
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rons. Although these two proteins do not account for all of the neurons that degenerate in
the spinal cord, the association of vulnerability with the presence of nonphosphorylated
NFP, and of resistance with the presence of CB, suggests that NFP and intracellular calci-
um contribute to the mechanism of degeneration that results from mutant SOD-1 expres-

sion.

Manipulations that reduce toxicity

To this point, we have discussed altered functions of mutant SOD-1, cellular dys-
functions in cells expressing mutant SOD-I, and properties of the specific cells that degen-
erate. The final level of research is manipulations that reduce toxicity. In many instances,
these studies are critical for determining the underlying dysfunctions and mechanisms of
degeneration, and if effective, provide agents for therapy in ALS patients. The manipula-
tions reported thus far have primarily investigated excitotoxic mechanisms, but a few
other potential mechanisms have also been investigated and these will be summarized as
well.

The excitotoxic mechanism of degeneration has been mentioned repeatedly in this
thesis, and several lines of evidence support its contribution to the mechanism of neu-
rodegeneration. Excitotoxicity can be initiated by several events, but the overactivation
of glutamate receptors is a necessary component of the mechanism (Choi, 1987; Meldrum
and Garthwaite, 1990). For this reason, Roy et al. (1997) investigated non-NMDA gluta-
mate receptor antagonists in a primary motor neuron culture that expressed mutant SOD-
1. These motor neuron cultures developed intracellular aggregates of SOD-1 and NFP and
had decreased survival as compared to control cultured motor neurons. In the presence of
glutamate receptor antagonists, both the development of aggregates and the increased neu-
ronal loss was attenuated. Although this study has the drawback of being conducted in a
cell culture system that may or may not be fundamentally different from motor neurons in

vivo, this study does suggest that the overactivation of non-NMDA glutamate receptors
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may play an important role in the neurodegeneration caused by mutations in SOD-1. A
second study investigating the role of excitotoxicity was the treatment of SOD-1 trans-
genic mice with riluzole (Gurney et al., 1996). Riluzole is an agent that decreases the
release, and also perhaps the receptor binding, of glutamate. It has some effectiveness in
sporadic ALS patients (Bensimon et al., 1994). Therefore, it was not surprising that rilu-
zole treatment caused an 11% increase in the total life span of G93A SOD-1 transgenic
mice (Gurney et al., 1996), which is approximately the same improvement as was
observed in ALS patients (Bensimon et al., 1994). The similar improvement in sporadic
ALS patients and SOD-1 transgenic mice suggests that riluzole interacts with a compo-
nent of the mechanism of degeneration that is common to both. Although riluzole clear-
ly reduces glutamate toxicity, it is unclear whether it is effective through its interaction
with glutamate, glutamate receptors, or even perhaps glutamate transporters or mitochon-
dria (Mu et al., 1997). A third agent investigated for its potential attenuation of degener-
ation in SOD-1 transgenic mice is carboxyfullerenes (Dugan et al., 1997). This agent
antagonizes both NMDA and non-NMDA receptors. When infused intraperitoneally, this
compound delayed the onset of symptoms and death in SOD-1 transgenic mice. Taken
together, these studies suggest that reducing glutamate transmission is effective in reduc-
ing the toxicity resultant from SOD-! mutations.

[n addition to these studies in ALS models with mutations in SOD-1, reducing glu-
tamate transmission or components of excitotoxic degeneration appear to be useful for
reducing toxicity in other models of ALS. Based on the finding of reduced glutamate
transporters in ALS patients (Rothstein et al., 1992; Rothstein, 1995), Rothstein et al.
(1993, 1996) produced a model of degeneration by antagonizing glutamate transporters in
a spinal cord slice preparation. This manipulation leads to preferential degeneration of
motor neurons, which is attenuated by antagonists to non-NMDA glutamate receptors.
Thus, providing further evidence that overactivation of non-NMDA glutamate receptors is

an important component of the mechanism of degeneration. The final manipulation that
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was aimed at reducing excitotoxic degeneration in ALS was in a motor neuron culture that
had been treated with ALS serum. Due to the presence of antibodies against voltage-
dependent calcium channels, the serum from ALS patients is toxic to cultured motor neu-
rons (Smith et al., 1994). Transfection of CB, which is not normally expressed in differ-
entiated motor neurons, protects motor neurons against this ALS serum toxicity (Ho et al.,
1996). Given the importance of calcium in the mechanism of excitotoxicity, this result
suggests that CB can reduce this toxicity and provides further evidence that excitotoxici-
ty is a component of the mechanism of ALS degeneration. In light of this cell culture data,
the resistance of CB-containing neurons in SOD-1 transgenic mice to degeneration
appears of even greater importance (see Chapter 2). Taken together these results strong-
ly suggest that increased intracellular calcium, perhaps secondary to excitotoxicity, is a
component of the mechanism of degeneration in ALS.

Manipulations that reduce excitotoxic degeneration are not the only ones that have
been effective in reducing degeneration and prolonging the life span of SOD-1 transgenic
mice. SOD-I transgenic mice mated with NFP-L knockout mice have a 12% delay in
onset of symptoms and a corresponding increase in total life span (Williamson et al.,
1997). These mice also have a reduced number of NEP inclusions, as compared to SOD-
| transgenic mice. This increase in survival is as large as was reported for riluzole and
suggests that alterations in NFP are a component of the mechanism of degeneration in
SOD-1 transgenic mice. In addition to the NFP-L knockout mice, mating SOD-1 trans-
genic mice with a mouse overexpressing Bcl-2 causes a 15% increase in survival and a
19% delay in onset of symptoms (Kostic et al., 1997). Bcl-2 is a membrane protein, local-
ized to the mitochondria, smooth endoplasmic reticulum, and nuclear envelope, that has
been demonstrated to reduce apoptotic cell death (Hale et al., 1996; Herrmann et al., 1996;
Deshmukh and Johnson Jr., 1997; Rowan and Fisher, 1997). The exact mechanism by
which Bcl-2 reduces apoptosis is controversial, but it may involve a stabilization of the

mitochondrial membrane, as Bcl-2 can attenuate the loss of mitochondrial membrane
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potential associated with apoptosis (Shimuzu et al., 1996). Along with the disrupted mor-
phology of mitochondria in SOD-1 transgenic mice and the loss of mitochondrial poten-
tial in a mutant SOD-1 transfected neuroblastoma cell line, this result suggests the
involvement of mitochondria. The final two manipulations that reduce toxicity are treat-
ment with copper chelators (Hottinger et al., 1997) and vitamin E (Gurney et al., 1996).
Copper is the active site metal in SOD-1, and increased exposure to copper has been pro-
posed to account for the gains-of-function, as copper chelators completely attenuate the
increased peroxidation reaction of mutant SOD-1 (Wiedau-Pazos et al., 1996). The effec-
tiveness of copper chelators in SOD-1 transgenic mice may be by reducing this peroxi-
dase reaction or another gain-of-function. Alternatively, copper chelation may reduce tox-
icity by reducing the expression of control and mutant SOD-1 in response to a limited sup-
ply of copper. The mechanism by which vitamin E reduces toxicity is also difficult to
determine. It appears to reduce lipid peroxidation, and this may account for the 14% delay
in symptom onset, but vitamin E can also reduce several other oxygen radical toxicities
and the non-specific nature of this manipulation severely limits any conclusions about

mechanism (Buettner, 1993; van Acker et al., 1993; Kamal-Eldin and Appelqvist, 1996)

Mechanism of Degeneration

In the previous section, we have summarized all that is currently known about the
mechanism of degeneration that results from mutations in SOD-1. Many of these results
suggest their own mechanism, and one could postulate that the mutations in SOD-1 are
affecting glutamate neurotransmission, mitochondria, and NFP through separate mecha-
nisms. However, it is more likely that the mechanisms suggested by these results interact
as components of a single mechanism. [s there one mechanism that can be proposed to
account for all of the published results? Although there are still some gaps, the following

mechanism provides an explanation for most of the published results.
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Figure 5-2

Mechanism of Degeneration
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The mechanism for degeneration (see Figure 5-2) begins with the mutations in
SOD-1. As discussed above, the mutant forms of SOD-1 appear to have acquired a gain-

of-function. At this point, it is unclear which of the presented gains-of-function, or per-
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haps one that has not yet been found, is responsible for beginning the mechanism of
degeneration. This is perhaps the largest gap in the entire mechanism. At the end of this
section, we will discuss potential mechanisms for filling this gap, but they are only con-
jecture, and this part of the mechanism remains the most mysterious.

After the gains-of-function, the proposed mechanism skips to increased activation
of non-NMDA glutamate receptors. Antagonists of non-NMDA glutamate receptors
attenuate the development of NFP aggregates and neurodegeneration in a motor neuron
culture expressing a mutant form of SOD-1 (Durham et al., 1997; Roy et al., 1997), reduce
the degeneration in a spinal cord slice preparation treated with glutamate transporter
antagonists (Rothstein and Kuncl, 1995), and delay the onset of symptoms and death in
SOD-1 transgenic mice (Dugan et al., 1997). In addition, infusion of kainate, which is a
non-NMDA receptor agonist, into the spinal cord produces a similar pathologic profile
and pattern of degeneration as was observed in SOD-1 transgenic mice (Ikonomidou et
al., 1996). In addition to vulnerability of motor neurons, infusing acromelic acid, which
is also a non-NMDA glutamate receptor agonist, produces degeneration of interneurons in
the spinal cord (Kwak and Nakamura, 1995). Thus, the vulnerability of interneurons in
SOD-1 transgenic mice can also be explained by non-NMDA glutamate receptor activa-
tion. Given that overactivation of non-NMDA glutamate receptors appears to be a com-
ponent of the mechanism of degeneration, what is the cause of this overactivation? There
are several possible explanations that have been investigated, and several others that have
not. First, there is evidence that the glial glutamate transporter GLT-1 may be reduced in
SOD-1 transgenic mice (Bruijn et al., 1997b), as it is in sporadic ALS patients (Rothstein
et al., 1995). If this is true, then alterations of glutamate transporters may be the initiat-
ing event for the excitotoxic degeneration, and investigators should search for connections
between mutant forms of SOD-I and GLT-1. The study by Roy et al. (1997), however,
suggests that alterations in the glial glutamate transporter cannot alone account for the

excitotoxic degeneration. In this study, mutant SOD-1 transfected into motor neuron cul-
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tures induced degeneration, and it is difficult to envision a mechanism by which mutated
SOD-1 in neurons disrupts glutamate transporters in glia. In fact, the reduction in GLT-1,
which has only been reported in endstage SOD-1 transgenic mice and ALS patients, may
actually occur secondary to motor neuron degeneration, as GLT-1 is selectively down-reg-
ulated in astrocytes cultured in the absence of neurons (Swanson et al., 1997). A second
explanation for the overactivation of glutamate receptors is that glutamate receptors,
themselves, may be disrupted, leading to receptors that produce a greater response to glu-
tamate binding. Given the importance of calcium flux in the excitotoxic mechanism, we
hypothesized that altered incorporation of GluR?2 into the AMPA glutamate receptor might
contribute to excitotoxicity, but this does not appear to be the case (see Chapter 4). We
did not investigate subunits of kainate receptors, and future research should focus on this
subclass of glutamate receptors as potential contributors to ALS excitotoxicity.

Either through alterations in the glutamate receptor or increased glutamate activa-
tion, the overactive non-NMDA glutamate receptor leads to an increase in intracellular
calcium. Intracellular calcium may be increased directly by activation of calcium-perme-
able non-NMDA receptors, or indirectly by depolarization and subsequent activation of
voltage-dependent calcium channels. Increased intracellular calcium was reported in the
neuroblastoma cell line transfected with mutant SOD-1 (Carri et al., 1997). In addition,
CB-containing spinal neurons were resistant to degeneration in SOD-1 transgenic mice
(see Chapter 2), and motor neurons in culture transfected with CB were protected against
the toxicity of ALS serum (Ho et al., 1996). In addition to being buffered by calcium-
binding proteins like CB, intracellular calcium is reduced by sequestration in mitochon-
dria and endoplasmic reticulum, and transport out of the cell by Nat/Ca* exchangers or
Ca2*-ATPases (Carafoli, 1987). It is important that these mechanisms are functional
because increased intracellular calcium can activate numerous proteases, endonucleases,
kinases, phosphatases, and other enzymes that are damaging to cells when their activity is

not tightly regulated (Krieger et al., 1994). Unfortunately, the mechanisms in place to
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remove calcium are vulnerable to large increases in intracellular calcium. Sequestration
of intracellular calcium in mitochondria, which appears to be the most effective method
for removing cytoplasmic calcium in cortical pyramidal cell cultures (White and
Reynolds, 1995), causes uncoupling of ATP synthesis from respiratory oxidation (Wang et
al., 1994b; Werth and Thayer, 1994). Without active mitochondria, the efficiency of ATP
production is greatly reduced. Reduced ATP results in decreased activity of the CaZ+-
ATPases, which leads directly to increased intracellular calcium, and the Nat/Kt
ATPases, which may cause greater calcium flux indirectly through activated voltage-
dependent calcium channels. This leads to greater elevation of intracellular calcium, fur-
ther reduces mitochondrial function, and initiates a potentially devastating positive feed-
back loop.

Besides lacking the ability to further sequester calcium and reducing energy-
dependent mechanisms for calcium-extrusion, mitochondrial damage and the resultant
energy-deficient state could greatly reduce other cellular functions that require ATP like
axonal transport. Axonal transport, which is dependent on cellular energy, is disrupted in
SOD-1 transgenic mice (Zhang et al., 1997). Although this disruption could be due to the
dysfunction of a protein required for transport, the equal disruption of both fast and slow
axonal transport, which utilize different transport machinery, suggests that the altered
transport may be due to reduced cellular energy. The reduction in axonal transport could
account for both the accumulation of NFP in somata of motor neurons and the reduced
NFP in motor neuron axons that have been observed in SOD-1 transgenic mice (Morrison
et al., 1996; Tu et al., 1996; Zhang et al., 1997; Morrison et al., 1998).

In addition to being altered secondary to axonal transport disruption, NFP can be
abnormally phosphorylated or subject to increased proteolysis directly by mitochondrial
uncoupling or increased intracellular calcium. Treatment of rat pheochromocytoma cells
with a mitochondrial uncoupler leads to both a decrease in ATP levels and an increase in

phosphorylation of the medium and heavy subunits of NFP (Bush et al., 1995). In addi-
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tion, calcium activates an endogenous protease, calpain, that degrades NFP (Glass et al.,
1994; Raabe et al., 1995). Through either of these mechanisms, NFP can be altered direct-
ly, and the observed disruptions of NFP in SOD-1 transgenic mice and motor neuron cell
cultures could be dependent on these mechanisms rather than the decrease in axonal trans-
port. In fact, alterations in NFP may lead to disruptions in axonal transport, rather than
vice versa. Collard et al. (1995) reported a defect in anterograde axonal transport in trans-
genic mice that overexpress human NFP-H. Therefore, whether altered axonal transport
leads to NFP disruption, or NFP disruption causes a reduction in axonal transport is
unclear, and future experiments should be directed at distinguishing between these two
possibilities.

What exactly causes cell death in this mechanism of degeneration? The answer
to this important question is not known. Reductions in axonal transport or the accumula-
tion of NFP could disrupt the delivery of critical factors to axon terminals, causing a
dying-back neuropathy. Alternatively, the increase in intracellular calcium may activate
certain enzymes, such as proteases, endonucleases, kinases, and phosphatases, that lead to
cell death. The true mechanism is probably a combination of these mechanisms, because
a neuron with impaired ATP production, high intracellular calcium, reduced axonal trans-
port, and accumulation of NFP is vulnerable to degeneration from an innumerable num-
ber of mechanisms.

We suggest in this putative mechanism that NFP alteration is secondary to excito-
toxic degeneration. We come to this conclusion because several studies have demonstrat-
ed that NFP is altered following an excitotoxic disruption, while there is no direct evi-
dence that alterations in NFP increase the vulnerability of neurons to excitotoxicity. In the
spinal cord of rodents administered intrathecal kainate, NFP accumulated in axonal
swellings (Ikonomidou et al., 1996) and there was an increase in phosphorylated NFP in
somata of ventral horn neurons (Hugon and Vallat, 1990). In addition, NFP degradation

and alterations in phosphorylation were observed in neurons in other regions of the ner-
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vous system following intraperitoneal injection of kainate (Wang et al.,, 1994a).
Therefore, until NFP alteration can be shown to increase the vulnerability of neurons to
excitotoxicity or alter a component of the excitotoxic mechanism, the changes in NFP
must be presumed to be secondary to the excitotoxic mechanism. This conclusion is con-
sistent with our finding that CB-containing neurons are resistant to degeneration regard-
less of whether or not they contain NFP, as this finding suggests that CB interacts with a
component of the mechanism of degeneration that precedes alterations in NFP (see
Chapter 2).

Our suggestion that the excitotoxic component of the mechanism precedes NFP
disruption should not dissuade researchers from investigating this issue. Although there
is no direct evidence that disruptions of NFP can precipitate an excitotoxic event, several
lines of evidence suggest that NFP may modulate components of the excitotoxic mecha-
nism. First, NFP has been shown to have both high and low affinity binding sites for cal-
cium, and therefore may act to buffer free intracellular calcium levels (Lefebvre and
Mushynski, 1987; Krinks et al., 1988; Lefebvre and Mushynski, 1988; Abercrombie et al.,
1990). In fact, there are sequences in the rod domain of all NFP subunits that are homol-
ogous to the EF-hand sequence of calcium-binding proteins (Lefebvre and Mushynski,
1988). If NFP normally plays a role in buffering intracellular calcium, then the disruption
of NFP in SOD-1 transgenic mice and ALS patients could lead to excitotoxicity by reduc-
ing the capacity of neurons to buffer the intracellular calcium loads that result from glu-
tamate receptor activation. A second mechanism by which disruptions of NFP may cre-
ate an excitotoxic environment is through direct interactions with glutamate receptors.
Glutamate receptor subunits are anchored to the cellular membrane by cytoskeletal com-
ponents, and recently, the interaction of NFP with specific glutamate receptor subunit
splice variants has been demonstrated (Ehlers et al., 1998). The specificity of this inter-
action suggests that disruptions of NFP may lead to a loss of anchoring for some, but not

all, glutamate receptor subunits. This alteration in glutamate receptor subunit composi-
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tion ma)-f dramatically alter glutamate receptor function, as has been demonstrated in vitro,
and may provide a mechanism by which alterations in NFP can induce excitotoxicity in a
neuronal population. At this time, however, these mechanisms are speculation.
Transgenic mice or cell cultures with alterations in NFP should be investigated for their
sensitivity to glutamate toxicity, as they would provide a more definitive answer to this
hypothesized mechanism for inducing excitotoxicity.

The major gap in this proposed mechanism is obviously the one that connects the
mutations in SOD-1 with the increased activity of non-NMDA glutamate receptors. The
simplest mechanism by which the activity of glutamate receptors can be increased is by
elevated levels of synaptic glutamate, either by increased synaptic release of glutamate or
decreased uptake of glutamate from synapses. Thus far, there has been no evidence for
increased synaptic release of glutamate in ALS. In contrast, Rothstein and colleagues
have demonstrated that glutamate transporters are reduced in ALS patients and SOD-1
transgenic mice (Rothstein et al., 1992; Rothstein et al., 1995; Bruijn et al., 1997b).
Interestingly, the activity and protein levels of glutamate transporters are disrupted, while
the mRNA levels are unaltered (Bristol and Rothstein, 1996), suggesting a post-transcrip-
tional mechanism for disrupting glutamate transporters. Any of the proposed gains-of-
function could disrupt glutamate transporters. Increased nitrotyrosines or oxidation could
result in less functional protein and perhaps greater protein degradation, and thus reduced
transporter activity. In fact, peroxynitrite, the substrate necessary for nitrotyrosines,
inhibits glutamate transport in purified or recombinant glutamate transporters (Trotti et al.,
1996). The investigators did not evaluate whether the transporters had increased nitration
of tyrosines, but the finding of reduced activity is quite interesting and suggests that these
transporters should be investigated in depth. In addition to altered enzymatic activity, the
abnormal binding to KARS and TRAP could alter the function of the endoplasmic reticu-
lum or protein synthesis, either of which might disrupt the translation of glutamate trans-

porters.
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In addition to increased extracellular glutamate, a second possibility for increased
non-NMDA glutamate receptor-dependent excitotoxicity is a direct alteration of the glu-
tamate receptor. In the context of the entire mechanism, increased activity of glutamate
receptors is not strictly required, but rather increased permeability to calcium without a
change in activity would be sufficient for this mechanism. The properties of glutamate
receptors, including calcium permeability, are dependent on their receptor subunits
(Hollmann and Heinemann, 1994). The calcium permeability of AMPA receptors is deter-
mined by the presence or absence of RNA edited GluR2, while RNA edited GluR5 and
GluR6 appear to determine the calcium permeability of kainate receptors (Burnashev et
al., 1995; Geiger et al., 1995). The presence of RNA edited GluR2 in the AMPA subunit
prevents calcium flux, and RNA edited GIuR5 and GluR6 appear to have a similar func-
tion in the kainate receptor. GluR2 does not appear to be altered in SOD-1 transgenic
mice, but whether RNA editing of GluR2 was disrupted was not determined (see Chapter
4). The distribution of GIuRS and GluR6 have not been examined in SOD-1 transgenic
mice or ALS patients. Reduced presence of GluRS or GluR6 in the kainate receptor, or
reduced RNA editing of glutamate receptor subunits, would produce glutamate receptors
that respond to normal glutamate activation with abnormally high influx of calcium.
Glutamate receptor subunits or enzymes important in RNA editing could be targets of
oxidative damage by mutations in SOD-1, or be disrupted by the abnormal binding of
mutant SOD-1 to KARS or TRAP.

A third possible mechanism for increasing calcium permeability is an alteration in
the voltage-dependent calcium channel. These channels normally respond to depolariza-
tion, which can be produced by the activation of glutamate or other ligand-dependent ion
channels, with increased permeability to calcium (Hofmann et al., 1994; McCleskey,
1994). The function of these calcium channels can be modified by phosphorylation, and
therefore it would not be surprising if nitration or oxidation of channel subunits alters their

calcium permeability properties. An alteration in these voltage-dependent calcium chan-
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nels such that the channel is permeable to calcium with reduced or no depolarization
would increase intracellular calcium levels and produce excitotoxic degeneration.

The mechanism for degeneration resultant from mutations in SOD-1 is by no
means complete, but compared to our knowledge just a few years ago, great strides have
been made toward understanding the pathogenesis of degeneration. In this chapter, we
have restricted ourselves to the ALS mechanism initiated by mutations in SOD-1. This
obviously would only be pertinent in a small percentage of ALS patients, as the vast
majority of patients do not have mutations in SOD-1. Examining this mechanism, how-
ever, it appears likely that most of the mechanism will apply to sporadic ALS patients, as
well. Sporadic ALS patients also show a reduction in glutamate transporter activity that
could increase synaptic glutamate and produce an excitotoxic degeneration by the mech-
anism described. In addition, alterations in intracellular calcium, either mediated by an
excitotoxic activation of glutamate receptors or by an autoimmune response against volt-
age-dependent calcium channels, are involved in some cases of sporadic ALS. The alter-
ations in NFP, which may be near the endpoint of the proposed mechanism, are also clear-
ly apparent in sporadic ALS as well. Therefore, it appears that the mechanism of degen-
eration detailed in this chapter will be applicable to all ALS patients, despite perhaps dra-

matic differences in the initiating events.
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List of Publications

Peer-reviewed reports:
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immunocytochemical analysis of the spinal cord in G86R superoxide dismutase trans-

genic mice: neurochemical correlates of selective vulnerability. J. Comp. Neurol. 373 (4):
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Morrison, B.M., W.G. Janssen, J.W. Gordon, and J.H. Morrison (1998) Time course of
neuropathology in the spinal cord of G86R superoxide dismutase transgenic mice. J.
Comp. Neurol. 39/ (1): 64-77.

Morrison, B.M., W.G.M. Janssen, J.W. Gordon, and J.H. Morrison (1998) Light and elec-
tron microscopic distribution of the AMPA receptor subunit, GluR2, in the spinal cord of

control and G86R mutant superoxide dismutase transgenic mice. J. Comp. Neurol. 395:
523-534.

Review articles:

Morrison, B.M., J.H. Morrison, and J.W. Gordon (1998) Superoxide dismutase and neu-
rofilament transgenic models of amyotrophic lateral sclerosis. J. Exp. Zoology (in press).

Morrison, B.M., P.R. Hof, and J.H. Morrison (1998) Determinants of neuronal vulnera-
bility in neurodegenerative diseases. Ann. Neurol. (in press).

Abstracts:

Morrison, B.M., J.W. Gordon, P.R. Hof, M.E. Ripps, and J.H. Morrison (1995)
Immunohistochemical characterization of degenerating neurons in the spinal cord of

mutant superoxide dismutase transgenic mice. Society for Neuroscience Abstract 21,
387.14.

Morrison, B.M., J.W. Gordon, and J.H. Morrison (1996) Neurochemical Markers of
Vulnerability and Protection in Mutant Superoxide Dismutase Transgenic Mice. Society
for Neuroscience Abstract 22, 648.6.

Morrison, B.M., J.W. Gordon, W.G. Janssen, and J.H. Morrison (1997) Distribution of the

AMPA Receptor Subunit, GluR2, in the Spinal Cord of Control and Mutant Superoxide
Dismutase Transgenic Mice. Society for Neuroscience Abstract 23, 742.7
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