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Fig. 4 — 1d3 mRNA expression in the brain. Dark field photomicrographs showing 1d3 mRNA expression in coronal sections.
Strong expression was observed in the medial septal nucleus (B), stria meduliaris of the thalamus (C), molecular layer of the
dentate gyrus, external capsule, internal capsule (D), and cingulum (E}. Scale bar, 500 um. Abbreviations are listed in Table 1,

was cbserved in the lateral amygdaloid nucleus dorsolateral id4 mRNA was expressed in the interpeduncular nucleus,
part {LaDL), ventromedial part {LaVM), and medial amygdaloid latera! and rostral subnuclei {IPL, IPR), and dorsal raphe
nucleus posterodorsal part {MePD) {Fig. 5C). In the brainstem, nucleus, dorsal and ventral parts {DRD, DRV) {Fig. 5E}. These

Fig. 5 ~ Expression of Id4 mRNA in the brain. Dark field photomicrographs showing Id4 mRNA expression in coronal sections.
Expression was observed in the caudate putamen (B}, lateral amygdaloid nucleus, dorsolateral and ventromedial part, medial
amygdaloid nucleus, posterodorsal part {C), interpeduncular nucleus, lateral and rosiral subnucleus (D}, and dorsal raphe
nucleus, dorsal and ventral parts (E). Scale bar, 500 pm, Abbreviations are listed in Table 1.
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Table 2~ Summary of 142 and 1d3 expression in the adult

mouse brain

142 1d3
1d2 1d3 Dorsomedial hypothalamic nucleus 4 +
Forebrain Other nuclei & %
Main olfactory bulb Suprachiasmatic huclei At
Mitral ceil layer - + Midbrain
Glomerular layer w4 it Substantia nigra
Granule cel] laye: + + Parg compacta - +
Anterior olfactory nucleus + Pars reticulata Aok +
Septum Pars lateralis - +
Lateral septal nucleus + + Ventra! tegmental arsa - +
Medial septal nucleus - Ews Interpeduncular mucleus +4 4
Triangulor septal nucleus - 4 Medial terminal nucieus of the 444 +
Corpus cailosum 47 w4 accessory optc tract
Stria terminalis . s Red nucleus i+ +
External capsule - ook Superior colliculus +
Internal capsule - a4 Oeulomotor nucleus + 4+
Habenular commissure " Trochlear nucleus + +
Medial habenular nucieus - ; Pons
Cingulum - 5 Pontine nucleus bk +
Cerebral cortex Median raphe nucieus + +
Neo cortex Dorsal raphe nucleus + 4
Layer 1 4P + Peringueductal gray + +
Layer 2 ot 4 Pontine reticular nudeus, oral part + +
Layer 3 e + Lateral lemniscus ot
Layer 4 = B Rogtral periolivary region et +
Layer 5 A s Nucleus of the trapezoid body bt %
Layer 6 oy i Lateral superior olive e +
Amygdaloid complex Periolivary region ER +
Basolatera), anterior part 44 + Motor trigeminal nucleus + +
Lateral Principal sensory trigeminal nucleus kS +
Dorsolateral part EERS 4 Lateral vestibular nucleus +4
Ventromedial part b Cochlenr nuclei At
Ventrolateral part 444 + Medulla
Madial Lateral paragigantocellular nucleus + +
Posterodorsal part b + Rostroventrolateral reticular nucleus + +
Posteroventral past s + Spinal trigeminal nucieus + -
Anterior cortical it + Dorsal motor nucleus of the vagus b +
Posteromedial cortical ERSS + Hypoglossal nucleus + +
intercalated nuclei bt + Cerebelium
Cther subnucled E=N + Purkinge cells b &
Anterior amygdaloid area i + Granuie cell layer - -
Hippocampus Molecular loyer - 4
Subgranular zone 447 + Cerebellar nuclei 4
Subiculum et + T T ) - ‘ -
Molecular layer 48 s :evea ‘ef exprﬁ:zss,l?n‘ pares .hzgh‘fw moderate; + low; - not detected.
Nudeus of the lateral olfactory tract 44 * Positive cells were scattered.
Dorsal endopiriform nucleus FEY +
Bed nucleus of stria terminalis b N results revealed that the members of the Id gene family exhibit
Intraamygdaloid division of the bed ok + s . . i :
suciews of the stiia terminalis dlstlflct expression patterns in the adult mouse brain.
Globus paliidus » - The results of the present study are tabulated (Table 2}.
Caudate putamen 42 g Since the expression levels of Id1 and Id4 were low, we
Subventricular zone-ependymal ragion b i excluded their results from the table. The present work thus
Anterior part of the subventricular zone o + confirmed the previous observations regarding the 1d2 gene
Yemm pallidum +* * expression and further demonstrated that Id2 mRNA is
Thaiamus . distributed more widely throughout the brain. Our study
Ventral anterior nucleus ++ + R . . R
Ventral posteromedial nucleus - a? provides evidence that supports the involvement of Id2 in
Ventral posterolateral nucleus - i neural functions of the adult brain. In addition, the results for
Posterior thalamic nuclear group aa? expression of other Id genes imply that the Id gene products
Geniculate nucieus o + play distinct but overlapping roles in the aduit mouse brain.
Other subnuclei + + Regarding the cell types that express Id2, morphological
Subthalamic nucieus + * examination of the specimens counterstained by Nissl stain-
Hypothalamusg X N
! . ; ing suggests that most of them are neurons. However, we
Paraveniriculay hypothalamic 4 +

nucleus anterior parvicellular part

cannot exclude the possibility that non-neuronal cells also
express 1d2, depending on the brain regions, because the
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present study does not include double labeling with markers
for neurons.

Inn the limbic system, Id2 mRNA was observed in various
regions including the piriform, cingulate and retrosplenial
cortices, septal nucleus, hippocampus, the bed nucleus of the
striz terminalis, and many amygdaloid subnuclel. In the
amygdala, I[d2 mRNA is expressed moderately in LaDL and
LaVM and highly in intercalated cells of the amygdala. The
lateral nucleus is the main input station of the amygdala for
visual and auditory sensory input {Collins and Pare, 1899,
MceDonald, 1898), and intercalated cell masses receive inputs
from the basolateral complex and project to the central
nucleus (Colling and Pare, 1999). Since the amygdala is
associated with emotion and behavioral responses, 1d2 may
play a role in regulating these neural functions.

In: the developing mouse brain, Id2 mRNA expression has e
boundary in the neocortical layer 5, and the boundary
demarcates the transition from the sensory to motor region,
suggesting that Id2 is associated with cortical regionzalization
{Rubenstein et al, 1999). However, in the adult brain, the
boundary is not clear in: our analysis {data not shown). Id2 may
have some function in addition to cortical regionalization. Id2
mRNA was expressed in the cranial nerve nuclei, not only in
the motor nuclei, but also the sensory nuclel. As reported
previously (Andres-Barquin et al, 200C; jen et al,, 1957; Neu-
man et al, 1991; Rubenstein et al,, 1939; Tzeng and de Vellis,
1998), Id2 mRNA was observed in neurons in the cerebral cortex
and caudate putamen. In addition, most cells in the globus
pallidus and pars reticulata of the substantia nigra were
labeled for Id2 mRNA. These observations suggest the involve-
ment of Id2 in motor functions.

The circadian rhythm in mammals has been thought to be
under the control of the pacemaker located in the SCN of the
hypothalamus (Inouye and Shibatz, 1994). As reported previ-
ously {Uada et al., 2002), Id2 mRNA was detected in SCN in our
study. In addition, we found that it was also expressed in the
regions of the paraventricular nucleus (PVN) and stria
terminalis {BNST). Vasopressin conteining pathways from
the SCN serve to affect neuroendocrine and autonomic
neurons in the PVN (Buijs et al., 1998). GABA and glutamate
are important mediators of fast monosynaptic fransmission
from the SCN to defined neurons in the PVN and are
candidates for conveying circadian rhythmicity to PVN
regulation of neuroendocrine and autonomic processes {Her-
mes et al,, 1996). The circadian rhythm of electrical activity in
the bed nucleus of the BNST is in phase with the SCN electrical
activity thythm (Yamazaki et al, 1998). Thus, Id2 may be
involved in the regulation of circadian rhythm. In accordance
with this notion, Id2 expression in the SCN is high during
circadian night {Ueda et 21, 2002).

Itis known that two regions contain neural stem cells in the
adult rodent brain: the subgranular zone {SGZ) of the hippo-
campal dentate gyrus and the subventricular zone (SVZ}
(Altman and Bayer, 1990; Doetsch et al., 1999; Eriksson et al,,
1998; Goldman, 1998; Johansson et al,, 1999). The SGZ is the
source of granule cells in the hippocampus produced during
the juvenile and adult periods (Altman and Bayer, 1930}, and
the anterior part of the subventricular zone (SVZa) is 2 source
of neuronal progenitor cells for the olfactory bulb {(Luskin,
1993). In this study, we found that Id2 mRNA was expressed in

the SVZa. Id2 may be related to the production of neurons in
the olfactory bulb. This notion is consistent with the physio-
logical activity of Id proteins because Id proteins are thoughtto
function to expand and maintain the immature cells.
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Mitochondrial dvsfunction and oxidative damage are implicated in the
pathogenesis of neurodegenerative disease. Mice deficient in the
mitochondrial form of superoxide dismutase (SOD2) die during
embryenic or early postratal development. precluding analysis of a
pathological role for superoxide in adult tisswe. Here, we generated
postnatal motor neuron-specific SOD2 knockouts by crossing mice with
floxed SOD2 affeles to VAChT-Cre transgenic mice in which Cre
expression is restricted to postnatal somatometor neurons. SOD2
immunoreactivity was specifically lost in a subset of somatometor
neurons resulting in enhanced superoxide production. Yel extensive
histological examination revealed no signs of oxidative damage in
apimals up to 1 year after birth. However, disorganization of distal
nerve axons following injury was accelerated in SOD2-deficient motor
neurons. These data demonstrate that postnatal motor neurons are
surprisingly resistant to exidative damage from mitochondrial-derived
superoxide radicals, but that such damage may sensitize axons to
disorganization following nerve injury.

% 2006 Elsevier Inc. All rights reserved.

Kevwords: Motor neurons; Oxidative stress; Mitochondria; Nerve injury:
Condiuonal knockout; SOD2; Amyotrophic lateral sclerosis

Introduction

Oxygen radicals, of which superoxide (0,'7) is the most
abundant, are a natural byproduct of oxygen consumption by the
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respiratory chain in aerobic ATP production. The superoxide
dismutases {SODs) are enzymes that catalyze the conversion of
02" to hydrogen peroxide and thus help prevent the build up of
toxic O," levels. Three SOD isoforms are expressed in mam-
malian cells: copper/zine SOD (SOD1) located in the cytoplasm
{McCord and Fridovich. 1969), manganese SOD (SOD2) located
in the mitochondrial matrix (Weisiger and Fridovich, 1973) and
extracellular SOD (SOD3) (Marklund, 1982; Hjalmarsson et al.,
1987). A small fraction of SOD1 is also reported to reside in the
intermeimbrane space of mitochondria (Okado-Matsumoto and
Fridovich. 2001; Mattiazzi et al., 2002: Qkado-Matsumoto and
Fridovich. 2002).

Oxidative stress has been implicated in various neurodegener-
ative diseases including Parkinson’s disease, Alzheimer’s disease
and amyotrophic lateral sclerosis (ALS). Though it remains unclear
whether oxidative stress is a major cause or merely a consequence of
cellular dysfunction associated with neurodegenerative diseases
(Andersen. 2004), an accumulating body of evidence implicates
impaired mitochondrial energy production and increased mitochon-
drial oxidative damage in early pathological events leading to
neurodegeneration {Beal, 1996). Mitochondria are both 2 major
source of reactive oxygen species (ROS) production as well as a
major target of ROS-induced celtular injury. Thus, mitechondrial
localized superoxide dismutase (SOD2) is thought 1o play an
important role in cellular defense against oxidative damage by ROS.

Loss of SOD2 results in embryonic or early posmatal lethality
that varies with genetic background. SOD2 knockout mice on a
CD-1 background die either in utero or within 24 h after birth from
severe dilated cardiomyopathy (L1 et al.. 1993). Similarly, C57BL/
6 SOD2 knockout mice die at late embryonic or early neonatal
stages from dilated cardiomyopathy (Huang et al.. 2001; Ikegami
et al., 2002). On a mixed C57BL/6 and 129/Sv background, SOD2
mutant mice survive for up to 18 days, develop a milder form of



176 I1 Misawa et al. / Neurobiclogy of Discase 23 12006} 169-177

dilated cardiomyopathy and display a neurological phenctype
{Lehovitz et al.. 1996). In contrast. DBA/2J (D2) SOD2 mutant
mice do not develop cardiomyopathy but instead develop severe
metabolic acidosis and survive an average of 8 days (Tuang ot al.,
2G01). This phenotypic variation suggests that sensifivities to
SOD?2 deficiency are highly dependent on genetic modifiers that
differ across strain and cell type.

Motor necurons are believed to be particularly susceptible to
oxidative damage given the high metabolic requirement to sustain 2
large cell size and long axonal processes. Although motor neurons
in cell culture are vulnerable to cell death mediated via calcium
influx after exposure to glutamate, it is unclear how motor neurons
respond to the overproduction of mitochondrial-derived ROS in
vivo. To circumvent the early lethality of SOD2 knockout mice. we
used a conditional gene deletion approach in which mice with
floxed SOD2 genes (Tkegami et al., 2002) were mated with VAChT-
Cre mice {(Misawa et al., 2003) that express Cre recombinase m
approximately 50% of postnatal somatic metor neurons. Here, we
report that conditional loss of SOD2 i postatai motor neurons
results in elevated mitochondrial oxidative stress that fails to rigger
signs of neurodegeneration under nonpathological conditions. In
contrast, nerve axotoniy revealed accelerated nerve disorganization,
suggesting that adult motor neurons have relative resistance to
mitochondrial-generated superoxide radicals unless stressed.

Materials and methods
Mice

C57BL/6 mice carrying the VAChT-Cre transgene (VACHT-
Cre.Fast and VAChT-Cre.Slow) have been described previously
{Misawa et al., 2003). C57BL/6 mice with floxed SOD2 alleles have
heen described elsewhere (Tkegami et al.. 2002). Localization of the
VAChT-Cre transgene in the VACHT-Cre.Slow mouse line to
chromosome 4 was determined by FISH analysis (data not shown),
and VACHT-Cre.Slow mice were used to direct motor neuron-
specific Cre expression in this study. Homozygous floxed SOD2
mice (fox/ox)} were crossed with VAChT-Cre.Slow heterozygote
animals. The resulting double heterozygote animals (SODZY* .
Cre™1°¥ ") were selected and mated with homozygote floxed SOD2
mice. All animals were genotyped for SOD2 allele {fkegami et al..
2002 ) and the Cre transgene (Misawa et al., 2003 ) using tail DNA as
described previously. Motor performance was analyzed using a
rotarod treadmill {MK-600; Muromachi Kikai, Tokyo, Japan) at 28
rpm. Grip strength was measured using a Grip Strength Meter for
Mouse (Model 57106; Stoelting, Wood Dale, IL). All animal
protocols were approved by the Tokyo Metropolitan Institute for
Neuroscience Institutional Animal Care and Use Committee.

Histological assessment and immunohistochemistry

Mice were anesthetized with sodiuvm pentobarbital and perfused
through the aortic cone with phosphate-buffered saline {PBS).
followed with 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB) at pH 7.4. Brains and spinal cords were removed and
postfixed in the same fixative for 2 h and then immersed in 20%
sucrose in PB ovemnight at 4°C. The tissue was sectioned at 20 um on
a froezing microtome. For paraffin-embedded section, tissues were
transferred to 70% ethanol and embedded in paraffin as described
(Ichikawa etal., 1997). Serial brain or spinal cord sections were cut at

5 um. Sccrions were stained for Nissl substance with cresyl violet or
Fluore-Jade B (Chemicon) according to the manufacturer’s protocol.
For staining of SOD2. SOD1, ChAT. and CHT, paraffin-embedded
sections were fmimumohistochemically processed as describe
clsewhere (Ichikawa et al., 1997) with diaminobenzidine (DAB) as
achromogen followed by poststaining with hematoxylin. Antibodies
used are rabbit polyclonal anti-SOD2 antibody (1:2000; Stressgen
Biotechnologies). rabbit polycional anti-SOD1 antibody (1:2000;
Stressgen Biotechnologies). rabbit polyclonal anti-ChAT (1:10,000;
Ichikawa et al., 1997), and rabbit polyclonal anti-CHT antibody (50
ng/ml; Misawa et al., 2001). To estimate frequencies of Cre-mediated
recombination of the floxed SOD2 alleles. serial paraffin sections
were stained with SOD2 and ChAT as above, and the number of
positive cells was counted. More than 500 cells were analyzed in the
spinal cord ventral hom and 200 cells in each of the brainstem moter
nucleus (from at least 3 mice at respective age). Double labeling for
SOD2 and SMI-32 was performed by immumofluorescence. Sections
were incubated simultaneously with rabbit polyclonal anti-SOD2
antibody (1:500; Stressgen Biotechnologics) and mouse SMi-32
monoclonal antibody to neuwrofilaments (1:1,000; Sternberger
Monoclonals). Texas red-conjugated goat anti-mouse IgG was used
to detect SMI-32-positive cells, and fluorescein isothiocyanate-
conjugated goat anti-rahbit IgG was used to detect SOD2-expressing
cells (1:200; Jackson Immunoresearch Labs).

In situ detection of O;° production

The spatial production of O,°” was mvestigated by in siu
detection of oxidized hydroethidine (HEt; Molecular Probes) as
previously described (Murakami et al.,, 1998). HEt is oxidized to a
red fluorescent dye (ethidinm) in living cells selectively by 0.7, but
not by other reactive oxygen species such as hydrogen peroxide,
hvdroxyl radical, or peroxynitrite (Bindokas et al., 1996). Briefly,
HEt solution (0.2 ml; stock solution of HEt, 100 mg/m! in DMSO.
diluted to 1 mg/ml in PBS) was intravenously injected 30 min before
the animals were sacrificed. The animals were perfused with 4%
paraformaldehyde as described above. Brain and spimal cor
sections (20 um) were cut on a cryvostat and processed for fluorescent
microscopy.

Hypoglossal nerve axotonty

Nine-month-oid mice (SOD2OV%.Crefio™= op SOD2Pes,
Cre™ ™) were anesthetized with an infraperitoneal injection of
ketamine (80 mg/kg) and xylazine (12 mg/kyg). The right hypo-
glossal nerve was exposed under the digastric muscle and transected
with scissors. After 5 weeks, the animals were reancsthetized and
perfused with 4% paraformaldehvde. The brainstem was removed,
S-um serial paraffin-embedded sections were prepared and stained
with cresyl violet as described above. Hypoglossal motor neurons
with distinct clear nuclei 1n every eighth section (total 8 sections per
animal) were counted.

dralysis of Wallerian degeneration

Two davs after unilateral transection of hypoglossal nerves as
described above, mice were sacrificed by over-dose of sodium
pentobarbital, the swollen first 2 mm of the distal nerve was
discarded, the next 2 mm was used for morphological analysis, and a
segment 4—7 mm distal 1o the lesion site was used for Westemn
blotting. For morphological analysis. the nerve segments were fixed
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for 1 day in 2% paraformaldehyde, 2% glutaraldehyde in 50 mM
phosphate buffer, pH 7.4 (PB). Samples were treated in 1% OsO4 in
PB, washed, dehydrated with ethanol and then propylene oxide, and
finally embedded in Quetol 812 epoxy resin (Nisshin EM, Tokyo,
Japan). Semithin cross-scctions (0.5 um) for light microscopy were
stained with toluidine blue.

Electron microscopy
Animals were perfused with 2% glutaraldehyde, 2% parafor-

maldehyde, 5% sucrose in 50 mM phosphate buffer (pH 7.4). The
brain and spinal cord were removed and postfixed in the same

X nuclés | X1 nucleus

Spinal cord =

fixative for 1 d at 4°C. The facial nucleus and spinal cord ventral
hom were cut into 1- to 2-mm square pieces. fixed in 1% osmium
tetroxide for 1 h at 4°C, dehydrated through a graded series of
ethanol solutions and inte propylene oxide, and embedded in Quetol
812 (Nissin EM). Ultra-thin sections were stained with lead citrate
and uranvl acetate and examined with an electron microscope
(H7300; Hitachi, Tokyo. Japan}) at 10.000x magnification.

Analysis of muscle awrophy and denervation

Fresh skeletal muscle biopsies were obtained and frozen by
immersion in isopentane cooled in liguid nitrogen. Sections were

%

Spinal cord

Fig. 1. Loss of SOD2 immunoreactivity in motor neuroas from SOD2P*,Cre™¥"™ mice. (A~G) Paraffin-embedded sections of brair and spinal cerd from
SODRIVIR. €90~ mice at 5 monihs old stained with anti-ChAT antibody (A) or anti-SOD?2 antibody (B-G}. SOD2 immunoreactivity was lost in a subset of
ChAT-positive somatomotor neurons as revealed by serial section through the hypoglossal nuclei (A-C) as well as sections through the oculomotor (D),
abducens (E), facial (F) nuclei, and the ventral horn of the spinal cord {G). Note that SOD2 immunoreactivity was preserved in visceromotor neurons in the
dorsal motor nucleus of the vagus (B} X, dorsal motor nucleus of the vagus; XII, hypoglossal nucleus. The boxed area in B is enlarged in panel C. (H-1)
Paraffin-embedded sections from the ventral hom of the spinal cord were double-stained by immumofluorescence with anti-SOD2 (H) and anti-SMI-32 (I)
antibodies. The merged image is shown in pane! J. SOD2 immunoreactivity was lost in a subset of SMI-32-positive large motor neurons {denoted by asterisks)
but not in SMi-32-negative small-diameter internewrons. (K-N) Mitochondrial production of O,*~ was increased in SODRI¥I Crelo™™= (C_KO) mice
compared with SOD2***:Cre™" (Control) mice in motor neurons in the hypoglossal nucieus (K and L) and ventral homn of the spinal cord (M and N) as
revealed by HE: oxidation. HEt signals were detected in motor neurons as small granular particles in the cytosol, indicating mitochondrial production of G;*
under normal physiological conditions. Scale bars = 100 pm (A; also applies to By, 20 pm (C; 20 pm (D; also applies to E~G); 20 pm (H; also applies 10 1, J);

20 pm (K also applies to L-N).
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cnt at 10 pm and processed for hematoxylin—cosin (H&E) or
Gomeri trichrome staining.

Western blotting

Cytoskeletal protein preservation was determined as described
by Mack et al. {2001). Briefly. axotomized or control (uncut)
hypoglossal nerves (3-mm length} were homogenized in 50 pl 25
mM Tris-HCl (pH 7.5). 2% SDS, 1 mM EDTA, 1x Complete
protease inhibitor cocktail (Roche). Proteins (20 pl each) were
separated using a 5—20% gradient polyacrylamide-SDS gel aund
semi-dry transferred onto a nylon membrane (Immobilon-P;
Millipore). Leoading and transfer were checked by staining with
Ponceau S {Sigma). The membranes were incubated with
monoclonal N52 antibody (Sigma) against neurofilament heavy
chain diluted at 1:3000 in 3% nonfat skim milk/0.1% Tween 20 in
PBS, foliowed by incubation with horseradish peroxidase-conju-
gated anti-mouse IgG (Bio-Rad), and visualized with ECL
Western Blotting Detection Reagent {Amersham Pharmacia

josciences). The same blots were reprobed with monoclonal
antibody {B-tub 2.1 {1:10,000; Sigma) against $-tubulin. In order
to compare SOD2 expression between SODY 0N Cre™™™ ™ and
SOD2"*% Cre ™~ mice. ventral halves of the cervical spinal cord
{5-mmm length) were micro-dissected, homogenized, and processed
for immunoblot analysis as described above with rabbit polyclonal
anti-SOD2 antibody {1:10,000: Stressgen Biotechnologies), rabbit
polyclonal anti-SOD1 antibody (1:10,600; Stressgen Biotechnol-
ogies), and mouse monoclonal anti-actin antibody (1 pg/mk
Chemicon).

Results
Generation of motor neuron-specific SODZ knockout mice

To generate postnatal motor neuwron-specific SOD2 knockout
mice, we crossed mice homozygous for floxed SOD2 alleles
(Tkegami et al,, 2002} with VAChT-Cre.Slow mice in which Cre
expression is restricted in postnatal somatomotor neurons
(Misawa et al, 2003). The VAChT-Cre.Fast linc was not used
in this study because the transgenc integrated on the same
chromosome as SOD2 (chromosome 17). Double heterozygote
animals (SOD2¥*;Cre¥™¥~) were again mated with homozy-
gous floxed SOD2 mice. SOD2'*;Cre™™"™ mice were born at
a Mendclian ratio and survived to adulthood with no gross
defects (data not shown). Furthermore, no signs of motor deficits.
including tremor and paralysis, or muscle weakness were
observed for up to 12 months as revealed by a rotarod test and
grip strength measurements, respectively. Motor neurons in
SOD2I¥9%. Cre®®™"  mice showed nommal cell morphology,
including soma size, and normal immunoreactivity for cholinergic
markers such as choline acetyltransferase {(ChAT; Figs. 1A and
2A~F), vesicular acetylcholine transporter (VAChT) and high-
affinity choline transporter (CHT). In the brain stem and spinal
cord, approximately 50% of ChAT-pesitive motor neurons lost
mitochondrial SOD2 immunoreactivity. suggesting successful
targeting of the SOD2 gene (Figs. 1A~J). The SOD2-negative
motor neurons were observed in various somatomotor nuciei of
the brainstem and spinal cord, but not in visceromotor nucles
such as the dorsal motor nucleus of the vagus. Also double
immunofluorescence for SOD2 and SMI-32 (a marker for motor
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Fig. 2. Detection of SOD2-deficient and ChAT-positive motor neurons in
the spinal cord of SOD2M¥ . Cre™ ™™ mice. Serial paratfin-embedded 5-
jum sections of the humber spinal cord from SOD2'™ ™%, Cre™™ ™ mice at 1
month (A, B), 3 months (C, D), or 6 months (E, F) of age were stained with
anti-SOD2 (A, C, EY or anti-ChAT (B, D, F} antibodies. Arrows indicate
SOD2-negative and ChAT-positive motor neuroas. Scale bar = 50 pm. (G)
Numbers of spinal cord ChAl-positive motor neurons in SOD2iox,
Cre™™™™ and SOD2¥¥™Cre~" mice. Numbers were determined from
every 5th section for a total of 13 sections. Shown are the means from three
mice * standard deviation {n = 3).

neurons) reveals that SOD2 immunoreactivity was lost specifi-
cally in SMI-32-positive motor mewons and not in SMI-32-
negative spinal interneurons (Figs. 1H-J).

Increased production of (0,°7 by mitochondria in SOp2ixtox.
,_siow’- .
Cre mice

To examine the effect of loss of SOD2 on superexide production,
we compared the spatial production of Q2" between SOD2leex,
Cre™™" and SOD2'°¥1°%; Cre™ ™ mice by using HEt, a O," -specific
fluorescent dye (Figs. 1K~N). In the brainstem and spinal cord,
punctate ethidium signals in the cytosol reflecting mitochondrial
production of O."™ were detected in motor neurons with large somas,
suggesting a relatively high mitochondrial respiratory rate in these
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cells under normal physiological conditions. The cytosolic punctate
fluorescence of oxidized HE! was more intense in SOD2
Cre¥™ ™ mice compared to SOD2*WCre™ ™ mice in a subset of
hypoglossal and spinal cord motor newrons. confirming enhanced
production of O~ by mitochondria in SOD2Y™**,Cre™™ ™ mice.
On the other hand, this increase in HEt fluorescence was not
observed in visceral motor neurons such as the dorsal motor nucleus
of the vagus in SOD2™%%,Cre™™" mice (data not shown).

]

Normal neurological and newrochemical profile o
ok T
SCD2o5 P Crd™™™ ™ mice

Despite the loss of SOD2 expression and Increased superoxide
production in motor neurons by 3 months of age (Figs. 2A-F), the
number of ChAT-positive motor neurons in the cranial and lomber
spinal cord was not significantly different between SOD2¥™,
Cre™™™™ and SOD2¥ ™% Cre™ mice at either 5 or © months of
age (Fig. 2G). Neither overt cell loss nor vacuolar changes in
neurons or neuropil were observed as revealed by Nissl-staining of
SOD2-negative motor neurons {Figs. 3A-D). Also analyzed was
neuronal degeneration by Fluoro-Jade B (Schmued et al, 1997}
No Fluoro-Jade B-positive neurons were detected in brain
and spinal cord sections from ecither SOD2™¥N(Cre™™ ™ or
SOD2O% Cre™ mice (not shown).

As frec radicals are a potential source of damage to celiuiar
constituents such as DNA, lipids, and proteins, we evaluated
SOD2 Cref™™™ mice for histochemical signs of oxidative
imjury and stress. Yet SOD2-deficient motor neurons failed to react
with any of the following antibodies: anti-SMI-3] monoclonal
antibodies (Sternberger Monoclonals) to phosphorylated neurofila-
ments which arc shown to be accumulated in nerve cell bodies
under pathological conditions; a monoclonal antibody against 8-
hydroxy-2-deoxyguanosine (8§-OHdG; JAICA, Shizuoka, Japan} to
oxidative DNA damage; a polyclonal anti-malondialdehyde
antibody (MDA, Alpha Diagnostic International, San Antonio,
TX) t lipid peroxidation-related MDA-protein adduct; or a
monoclonal anti-nitrotyrosine antibody (Upstate Cell Signaling,
Lake Placid, NY) to peroxynitrite-mediated protein modification.

A small fraction of SOD1 is reported to reside in the intermem-
brancus space of mitochondria (Okado-Matsumoto and Fridovich,
2001; Mattiazzi etal., 2002; Okado-Matsumoto and Fridovich, 2002)
where it may work as an additional line of defense against 0.7
However, immmunohistochemical staining showed no obvious com-
peasatory overexpression of SOD1 in the SOD2-deficient motor
neurons (Figs. 3E and F). It is still tempting to speculate that an
increased amount of SOD1 is accumulated in mitochondria under the
SOD2-deficient conditions. A detailed analysis of SOD2 subcelluiar
localization using confocal microscopy or immunoelectron micros-
copy will be needed to address the possibility.

Next, we analyzed SOD2 expression in ventral halves of the cervical
spinal cord micro-dissected from 9-month-old SOD2¥; Cre™o™ ™~
and SOD2"™,Cre™™" mice by immunoblot analysis (Fig. 3G). A
significant decrease (30% by densitometry) in SOD2 content was
evident in SOD2¥%,Cre™™™"~ mice, although again SOD1 expression
was unchanged. Even though SOD2 immunoreactivity is most strong in
motor neurons in spinal cord sections. the homogenates include
mitechondria from various other cell types such as glia and
interneurons. Thus, the result shows that SOD2 expression was lost
in 30% of the spinal motor neurons at the very least.

Finally, an ultrastructural analysis of mitochondria in motor
neurons was undertaken using electron microscopy. Sections of the

SODI-—

ACtin —umerumir

Fig. 3. Momphology of SOD2-deficient motor neurons in $-month-oid
SOD2OX WX, Cre 0%~ mice. Serial sections from the facial nucleus (A, B) or
spinal cord ventral hom (€, D} stained with an anti-SOD2 antibody (A, C}
or cresyl violet (Nissh; B, D). No overt muorphological changes were seen in
the SOD2-defiecent motor neurons {arrows). Serial sections from the
hypoglossal nucleus swined with anti-SOD2 {E} or amii-SOD1 (F)
antibodies. No difference in the swining paitern or intensity was evident
between SOD2-negative (arrows) and SOD2-positive motor neurons. Scale
bars = 20 jum. (G} Ventral portions of the spinal cord were micro-dissected
from SOD2F% Cre®™™ (C.KO) and SOD2P*%:Cre™ " (Control) mice.
Total homogenutes {10 pg} were subjected to immunoblot analysis with
polyclonal anti-SOD2 or anti-SOD1 antibodies. Actin content is shown as a
loading conirol.

3 loxlox,
- k

facial nucleus and spinal cord from 9-month-cld SOD
Cre®®~ and SOD2P**:Cre™ mice were analyzed. Over 1000
mitochondria in each brain regions were examined, but no
degenerative changes such as swelling, disorganization of the
cristae or vacuolar formation were observed (# = 3 for each
genotype; data not shown).

As ne obvious phenotype was detected in the cell bodies or
organelles of SOD2-deficient motor neurons, we next analyzed the

retion of axonal processes by looking for muscle denervation and
atrophy. Muscle biopsies from SOD2~°%,Cre™™"~ mice revealed
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neither signs of muscle degeneration nor denervation/remodeling of
motor axon terminals (Fig. 4). Furthermore, no evidence of reactive
gliosis was revealed in SOD2'***;Cre™**'~ mice by GFAP staining
{data not shown), despite its presence in the brainstem motor nuclei
of SOD2-null mice (Melov et al., 1998; Lynn et al., 2003).

Motor neuron: swivival afier hypoglossal nerve axotomy is
unchanged

Motor neurons in SODI-deficient mice show an increased
vulnerability to facial nerve axotomy despife an otherwise normal
phenotype (Reaume et al.. 1996). To test whether SOD2-deficient
motor newrons are alse more vulnerable to nerve injury, we
employed unilateral transection of the hypoglossal nerve. Hypo-
glossal motor neuron survival was then assessed 5 weeks following
transection (Fig. 3). Cell number in the axotomized hypoglossal
nucleus decreased by approximately 10% compared to the contra-
lateral control side. yet no statistical difference between Y0) £
Cref™ and SOD2%*.Cre™~ mice was observed (Fig. 35).
Furthermore, no difference in the number of SOD2-immuno-
negative cells was detected in SOD2*%Cre® 0% mice after
unilateral axotomy, and similar numbers of atrophic cells were seen
in the transected nuclei of SOD2XOXCre™™~ and SOD2I %
Cre™" mice {data not shown).

Motor nerve axon disorganization is accelerated after hypoglossal
nerve axoiomy

Next, we analyzed the structural stability of the transeeted
hypoglossal axon 2-4 mm distal to the lesion site 2 days
postoperation. The distal segment of an injured nerve is known

Gastrocnemius muscle
H&H Gomori-trichrone

Anti-CHT and Hciﬁamxilin

Fig. 4. Absence of muscle atrophy and denervation/remodeling of endplates
in SOD21* Cre™™™~ mice. Serial cryosections of gastroenemius muscle
from 2 9-month-old SOD¥Cre°™~ mouse stained with hematoxylin
and eosin (A) or Gomori-trichrome (B). Paraflin-embedded sections (3 um)
of diaphragin muscle conmining neuromuscular junction fom 9-month old
SODO¥ 1%, Cres™ " mice stained with an anti-CHT antibody followed by
counter-staining with hematoxylin (C). Scale bar = 20 pm.
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Fig. 5. Nissl-staining of hypoglossal motor neurons 5 weeks afier axotomy
in SOD2OMI SN Ay and SOD2NPCre™ T (B) mice. Armows
indicate the operated side. CC, central canal; X, dorsal motor nucleus of the
vagus; XII, hypoglossal nucleus. Scale bar = 100 um. ¢C) Number of
neurons in hypoglossal nuclei {uncut control or axotomized operated side)
from both SOD2%:Cre™™ = and SODAP¥¥%Cre™ " mice {(n = 4 for
each genotype).

to undergo Wallerian degeneration within a few days. In the uncut
contralateral nerve, we observed no difference in axon number and
diameter between SOD2'99%Cre®o%~ and SOD2OMO%Cre™'~
mice. However, SOD2*°%,Cre™™™ axons did show an acceler-
ated degeneration after nerve injurv. When compared with
SOD2%Cre™™ mice both cytoskeletal protein stability as
reveaied by Western blot and axon structure as tevealed by
histological analysis were sigmificantly altered (Fig. 6).

Piscussion

The present study demonstrates for the first time that SOD2 is
not required for postnatal motor neurons survival and further
reveals that motor neurons are, in fact, quite resistant to
mitochondrial generated O,"” in vivo. In the absence of SOD
enzymatic activity, O,"” is relatively stable. Other antioxidants
such as glutathione, ascorbate and tocopherols are relatively
inefficient in removing superoxide radicals, and spontaneous
dismutation occurs only very slowly. Because a portion of enzy-
matically active SOD1 is detected in the mitochondrial intermem-
branous space {Okado-Matsumoto and Fridovich. 2001; Mattiazzi
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Fig. 6. Accelerated axonal disorganization in SOD2™%0re™¥'~ mice
afier motor nerve injury. {A}) Western blot of 200-kDa neurofilament protein
(NF-200) demonstraling the extent of degeneration 2 days afler nerve
transection in the distal wansected hypoglossai nerve (Axotomy) or
corresponding contralateral uncut nerve (Uncut). The blot was reprobed
with control monoclonal antibody (f-tub 2.1} against B-tubulin. Sumples
from three SOD2PVR™Cre™ ™™ and two SOD2™¥Cre™ ™ control mice
are shown. {B} Representative toluidine blue-stained sections of hypoglos-
sal nerves 2-4 mm distal to the losion site 2 days after wransection or
corresponding contralateral uninjured nerve. Scale bar = 20 pm.

et al., 2002; Okado-Matsumoto and Fridovich, 2002), we speculate
that, although the physiological functions of SOD1 in the
mitochondria are not fully understood, some SOD2 function is
compensated by SOD1 potentially by removing 0,*7 generated
from complex I (Han et al.. 2001). And although we did not
deteet SOD1 upregulation in SOD2-deficient motor newrons (Figs.
3E and F), endogenous levels of mitochondrial SODI may be
sufficient to prevent both O,* -induced mitochondrial injury and
0" release from mitochondria to cytosol. The physiological role
and possible compensation of SOD2 loss by SODI can be
addressed in future studics by crossing SOD2I9%Cre¥™™~ mice
to a SOD1-null background.

Motor neurons in the SOD1-deficient mice are vulnerable to
axotomy-induced oxidative burden (Reaume et al., 1996). In the
present study, we have analyzed the effect of nerve transection on
motor neurons lacking SOD?2 expression. We demonstrate here that
neuronal survival after axotomy is not affected. but that disorga-
nization of distal nerve axons is accelerated in the SOD2-deficient

—
i

motor neurons. Thus. loss of SOD2 function is insufficient to kill
transected motor neurons but does trigger more rapid motor axon
degeneration after nerve injury. Although we do not yet understand
the mechanism underlying the cbserved accelerated disorganiza-
tion, we specalate that abnormal Ca™” handling in SOD2-deficient
mitochondria results in lowered Ca® -buffering activity specifically
in lesioned distal axons while leaving the cell bodies unaffected.
Interestingly, neurofilament proteins are known to be particularly
susceptibie tyrosine nitration and lysine oxidation (Beckman et al..
1992). Our present study thus implicates a previously unrecognized
iink between mitochondrial oxidative stress and axonal valnera-
bility to injury.

ALS is a fatal aduit-onset neurodegenerative disease character-
ized by the selective loss of upper and lower wmotor newons.
Although its cause is not fully understood. mutations in the SOD1
gene cause a familial form of ALS, and recent studies show
involvement of mitochondrial dysfunction and oxidative damage in
ALS pathogenesis (Andersen, 2604; Bendotti and Carri. 2004;
Bruijn et al. 2004; Xu cof al. 2004} In animal models,
mitochondrial abnormalities were seen in motor neurons of mice
or rats expressing the SOD1 mutations SOD1%7** (Dal Canto and
Gumey, 1994; Jaarsma et al., 2001; Howland et al.. 2002) and
SODI®R (Wong et al., 1995), but similar pathology was not
detected in motor neurons expressing other types of mutant SODI
{Brujjn ot al.. 1997, Nagai et al., 2001). Furthenmore, Andreassen
et al. {2600) reported that heterozygous loss of SOD2 exacerbates
discase in mutant SOD1 transgenic mice. Recent studies show that
mutant SOD1, rather than abrogating function, acquires a toxic
function and that mutant SOD1 expression is required in both
neurons and glia cells to induce motor neuron degeneration {Gong
ot al., 2000; Pramatarova et al.,, 2001; Lino ot al., 2002; Clement et
al.. 2803). The present study also is consistent with a possible
importance of interplay between neurons and ghia cells in motor
neuron swrvival.

In an ALS mouse model, expression of the neuronal isoform of
nitric oxide synthase {aNOS) is increased in astrocytes surround-
ing motor neurons in the spinal cord and brainstem (Cha et al,,
1998). Also increased nitrotyrosine labeling in motor neurons and
in the ventral hom has been reported in ALS and mutant SODI-
expressing mouse models (Abe ot al.. 1995: Beal et al. 1997;
Ferrante et al,, 1997; Cha et al,, 2000). In the present study, we
did not find any nitrotyrosine immuno-positive cells in the brain
and spinal cord of 9-month-old SOD2™*™%.Cre™™™ ™ mice.
Furthermore, neither signs of reactive gliosis (GFAP-IR) nor
peroxynitrite-mediated oxidative damage {(nitrotyrosine-IR} in
astrocytes surrounding SOD2-deficient motor neurons were
evident. We speculate that elevated levels of O.)°7 in motor
neurons is not by itself enough to trigger chronic cell injury. but
NO produced from neighboring astrocytes resulting in peroxyni-
trite production may be a further requirement to trigger ROS-
induced toxicity.

Axonal disorganization and reduced slow axonal transport are
well-known hallmarks of ALS. Although our present results
indicate that loss of SOD2 function is not by itself sufficient to
kill motor neurons in vivo, it does modify axonal susceptibility to
nerve injury. Recently Vaunde Velde et al. (2004) reported that Wid®
protein, the dominant neuroprotective factor that markedly delays
‘Wallerian axonal degeneration after nerve injury, does not prevent
SOD1-mediated motor neuron loss when introduced the Wid®
mutation into the SOD1™® or SOD1%%® ALS mouse models.
These results show that inhibiting axonal degeneration is not
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effective to ameliorate ALS pathogenesis induced by the mutant
SOD1 protein.

Although the precise pathologic role of O;"” in motor neuron
degeneration remains to be fully clarified, the present study is
consistent with the possible involvement of nonneuronal cells in
mitochondrial-derived, superoxide-induced injury in motor new-
vons. Thus, a rational therapeutic strategy that delivers antioxidants
to surrounding astrocytes or microgha may significantly help
motor neurons survive oxidative stress.
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Abstract

Polyopia is one of rare, visual hallucinations. A 61-year-old man suffered from daily episodes of polyopia and generalized convulsions,
and he was diagnosed as right temporal lobe epilepsy. MRI revealed right amygdalar swelling. FDG-PET showed hypometabolism in the
right anterior temporal and the mesial occipital areas. Polyopia is thought to be caused by dysfunction of updating process of visual
information in the visual association cortices. It was most likely that, in this patient, both mesial temporal and ipsilateral occipital areas were
responsible for manifesting epileptic polyopia, as ictal onsct zone and symptomatogenic zone, respectively.

@ 2006 Elsevier B.V. Al rights reserved.

Kewwords: Polyopia; Partial epilepsy: Amygdala; FDG-PET

1. Introduction

Polyopia is one of complex visual hallucinations,
manifesting appearance of plural images as erroncous visual
perceptions even after the object has left out of visual field.
On the other hand, palinopsia is also a kind of visual
hallucinations, appearing plenty of the same images while
watching one object [1]. Since this report, it was frequently
reported referring to several neurological disorders, but it
seems to involve temporo-occipital area commonly.

On the other hand, human “amygdalar epilepsy” is not
established yet [2]. Amongst a series of 174 cases with
intractable temporal lobe epilepsy (TLE) confirmed by video
EEG monitoring, amygdalar enlargement was observed in
seven patients (4%) [3].

Abbreviations: EEG, electroencephalography: MRI, magnetic resonance
image: FDG, fluorodeoxyglicose: PET, positron emission computed
tomography; TLE, temporal lobe epilepsy; AVM, artery venous malforma-
don: FLAIR, fluid-attenuated inversion recovery.

* Corresponding auther. Tel.: +81 75 751 3772; fax: +81 75 751 9416.

E-mail address: skiotiuhp kyoto-nacjp (A. keda).

0022-510X/S - sec front matter © 2006 Elsevier B.V. All rights reserved.
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This is the first report that mentioned amygdalar
cnlargement and interictal PET study in epilepsy patients
having polyopia. It may suggest that amygdala is also
involved in manifesting polyopia as the ictal onset zone, but
not necessarily as the symptomatogenic zone.

2. Case report

A 6l-year-old right-handed man. without history of
febrile convulsions, any developmental problems or head
mjury, was admitted because he had very frequent episodes
of seeing “multiple, identical images previously scen”
(called as polvopia as explained below) that were overlapped
on his real vision mainly on the left side. He had several
episodes of generalized convulsions with tongue bite since
the age of 47 years, and he was free from generalized
convuisions in the last 14 vears, but the current type of visual
symptoms started since age 60 years. Frequency of the
current attacks has increased from once per 2 or 3 days to

everal times per day.

The polyopia episodes were elaborated as follows. He
saw multiple, same persons who had been scen just before;
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he had an episode while playing an aerobic dance and saw
multiple same persons in front of him in a row who were
actually playing side to him. On the other occasions, he saw
some people around him whom he could not identify, and the
experienced scene was accompanicd. He felt as if he was
moving along these people in the scene (Fig. 1), followed by
ascending sensation of numbness on his trunk bilaterally.
Each episode lasted about 10 s, and initially he was aware
and he thought that he did not lose his consciousness. One of
the authors witnessed the episode when he showed
incoherent vocalization, oral and hand automatisms, no
responsiveness and test words given during the episode were
not remembered, being consistent with simple partial
seizures followed by complex partial seizures. Once the
visual symptoms started. he felt angry against and wanted to
quit or overcome the episodes; otherwise, other emotional
symptoms were not accompanied.

He has no family history of neurological diseases.
General and neurological examinations revealed no abnor-
mality in the interictal period. Interictal EEG showed
intermittent irrcgular slow (2.3 to 3 Hz) activity in the
right fronto-temporal area, and several sharp transients in the
right midtemporal arca once per scveral minutes. Ictal EEG
was not recorded.

The right amygdala increased in size on MRI (Fig. 24 and
b). and there were no gadolinium-cnhanced lesions. The
intensity in FLAIR images was not increased. Neither
hippocampal atrophy nor sclerosis was detected on both
sides. In FDG-PET study, there was regional glucose
hypometabolism in the right temporal and in the caudal part
along the calcarine fissure in the right medial occipital area
(Fig. 3). As compared with healthy subjects by using SPM,
regional glucose hypometabolism was significant in the right
temporo-occipital arca.

All neuropsychological examinations resulted in normal
limits as follows: Wechsler Memory Scale: verbal 96, visual
117, general 103, attention 106, delay 96; Westem Aphasia
Battery: AQ 100, CQ 99.4; Raven’s colored progressive
matrices test: 32/37; Boston Naming Test: 48/60; Wechsler

=5

¥ 2

i

Actual scene

Visual hallucination

Fig. 1. One example of the polyopia drawn by the patient. While facing the
doctor to whom he was talking. suddenly he felt as if he was walking along
the corridor. Besides, he saw a row of the same widentified persons and an
unidentified woman who he just met before along the comridor. This visaal
hallucination appeared in the left visual field.

Fig. 2. T1-weighed MRI images. Right amygdalar enlargement was found in
the axial {2) and the coronal (b) images. Arrow shows the enlarged
amygdala.

Adult Intelligence Scale-Revised: verbal 1Q 131, perfor-
mance 1Q 136, total IQ 136.

We diagnosed him as right TLE based on ictal semiology,
EEG, MRI and FDG-PET, and thus carbamazepine was
started. It was gradually increased up to 300 mg/day, and his
ictal symptoms have completely stopped.

3. Discussion

There were several reports that mentioned polyopia as
seen in the present patient until now; however, it was rarely
reported. According to those reports, it was observed in
patients with cerebral infarction [1], head trauma [4], AVM
[3], multiple sclerosis [6], non-ketoacidotic hyperglycemia
[7]. Creutzfeldt-Jakob disease [8] and migraine [9]. In case
of partial epilepsy, occipitotemporal region or hippocampus
was responsible [10].

From stimulation study, simple visual hallucination (e.g.,
light or scotoma) occurred by the stimulation of ares 18 or 19
[11]. Lateral temporal lobe corrclates with playback of
sensory input. Stimulation of this region reminded patients
of previously experienced scene {11].
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Fig. 3. PET study revealed hypometabolism in the right temporal lobe and right mesial occipital area (as shown by arrows).

In order to constitute polyopia, dysfunction of updating
ongoing spatial perception in response to the circumstances
would be necessary. It could occur by the impairment of not
primary visual cortex but lateral temporal lobe, which
correlates to record and accumulate visual perception. The
responsibie area for polvopia has remained unsolved;
however, the abnormal input to the visual association cortex
located in the temporo-occipito-parictal arca could be one of
the causes [12].

In the present patient, both right anterior temporal and
mesial occipital arcas were involved according to FDG-PET
study. Hypomctabolic brain areas as revealed by FDG-PET
indicate not only epileptogenic but also symptomatogenic
brain regions [13]. Hence. these two regions are involved as
either symptomatogenic or cpileptogenic zone. Right
anterior temporal area {frequent interictal spikes in interictal
EEG), especially the swollen right amygdala, most likely
plays an important role as cpileptogenic zone.

Amygdalar enlargement is a distinct entity from mesial
temporal sclerosis. When we consider medial temporal lobe
epilepsy, it is necessary to pay aticntion to amygdalar
abnormality. Abnormal EEG discharges with amygdalar
enlargement that acts as cpileptogenic zone can lead to
ipsilateral occipital area as symptomatogenic zonc. This
finding also suggests the connection between amygdala and
occipital lobe. Additionally, it is also noteworthy that
polyopia can manifest even in patients with TLE since an
epileptogenic zone could be distant from the symptomato-
genic zone of polyopia.
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Abstract

Objective: To clarify the generator mechanism of giant somatosensory evoked potentials (giant SEPs) and the hyperexcitability of primary
somatosensory and motor cortices (SI and MI).

Methods: In a patient with intractable focal seizures manifesting cortical reflex myoclonus of the left foot, giant SEPs to left tibial nerve
stimulation were epicortically recorded as a part of presurgical evaluation with subdural electrodes.

Results: In the single pulse SEPs, enlarged P1-N1 components were observed at the foot area of the SI and MI (86.5-258.8 uV, respectively),
and the peak latencies were always shorter at SI than at MI by 6 ms. Similar findings were obtained for peroneal and sural nerve stimulation.
In the paired pulse SEPs. the second response was less suppressed. as compared to other interstimulus intervals (ISls), with ISIs of 40 and
200 ms both at SI and ML

Conclusions: In this particular patient, cortical hyperexcitability to somatosensory stimuli seems to originate from SI but subsequently both
SI and MI are responsible for the generation of giant SEPs and cortical reflex myoclonus.

Significance: Somatosensory and primary motor cortices both generaied enhanced early cortical components of SEPs, most likely by
enhancing the latter by the former.

© 2006 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

Keywords: Giant somatosensory evoked potential (giant SEP); Cortical reflex myoclonus; Primary somatosensory cortex (SI); Primary motor cortex (MI)

1. Introduction

Extremely enlarged cortical components of somatosen-
sory evoked potentials (giant SEPs) are observed in the

Abbreviations: SEP, somatosensory evoked potential: SMI, primary maj ority of patients with cortical reflex myo clonus. The

sensorimotor cortices; SI. primary somatosensory cortex; MI, primary

motor cortex; ISI, interstimulus interval; SEP-R, SEP recovery function;
ECoG, electrocorticogram; MEG, magnetoencephalography: SEF, soma-
tosensory evoked magnetic field.

* Corresponding author. Address: Department of Neurology, Kyoto
University Hospital, 54 Shogoin-Kawaharacho, Sakyo-ku, Kyoto 606-
8507, Japan. Tel.: +81 75 751 3772; fax: +81 75 751 9416.

E-mail address: akio@kuhp.kyoto-u.ac.jp (A. Ikeda).

giant SEPs are considered to represent the degree of cortical
hyperexcitability of the primary sensorimotor cortices
(SMI) in response to somatosensory stimmuli (Shibasaki
et al., 1985), and are considered to result from pathological
enhancement of certain early components of normal SEPs
(Tkeda et al., 1995; Kakigi and Shibasaki, 1987a; Shibasaki

1388-2457/$30.00 © 2006 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/.clinph.2006.03.029
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et al., 1990). As for the generator mechanism of giant SEPs,
previous study by means of simultaneous recording of SEPs
and somatosensory evoked magnetic fields (SEFs) showed
that abnormal hyperexcitability involves both primary
somatosensory and motor cortices (SI and ML, respectively)
(Mima et al., 1998). However, the generator sources of giant
SEPs have not been fully understood.

In the present study, we investigated the giant SEPs
recorded from chronically implanted subdural electrodes in
order to clarify the generator mechanism and the hyper-
excitability of S and M1 in a patient with intractable focal
epilepsy manifesting cortical reflex myoclonus. Only the
abstract for this objective appeared elsewhere (Hitomi et al.,
2004), and other electrophysiological and clinical features
of the patient are described elsewhere for an entirely
different purpose (Matsumoto et al.. 2005; Mikuni et al.,
2005; Nakagawa et al., in press).

2. Patient and methods

A 31-year-old man had intractable focal seizures and
cortical reflex myoclonus involving the left foot due to focal
cortical dysplasia in the right parasagittal central region.
The patient was on many kinds of anticonvulsants, such as
carbamazepine (800 mg/day), phenytoin (300 mg/day).
phenobarbital (80 mg/day). zonisamide (700 mg/day) and
clobazam (10 mg/day). By video-EEG monitoring, the
epileptogenic zone was defined at and very close to the
foot area of the right SI and Ml. Clinically he had both
positive and associated negative myoclonus and showed an
enhanced long-loop transcortical reflex (C-reflex) to
electrical stimulation of the left foot. Before implantation
of the subdural electrodes, SEFs in response to stimulation
of bilateral tibial nerves were recorded (passband: 0.07-
200 Hz, sampling rate: 901 Hz) in the magnetically shielded
room with the 122 first-order planar SQUID gradiometers
(Neuromag122, Neuromag, Helsinki, Finland).

2.1. Scalp SEPs

Scalp SEPs in response to stimulation of bilateral tibial
and sural nerves were recorded before implantation of the
subdural electrodes and 20 days after the resective surgery.
The electrical stimulus was presented as a constant voltage
square-wave pulse of 0.2 ms duration, and interstimulus
interval (ISI) was set to 2.9 s. It was delivered to the tibial
nerve at the ankle and to the sural nerve below the lateral
malleolus. Stimulus intensity was adjusted to 120% of
motor threshold so as to produce a clear twitch of the hallux
for the tibial nerve and to 300% of sensory threshold for the
sural nerve. The scalp electrodes were placed at Fz, Cz and
Pz based on the 10-20 International System, and were also
placed at CPz, CP3 and CP4 defined as the midway between
each corresponding pair of electrodes. All electrodes were
referred to the linked earlobes (Al+A2). The bandpass

filter of the amplifier was set to 1.6-3000 Hz, and sampling
rate was set to 10,000 Hz. Three hundred responses for each
session were averaged and at least two sets were recorded to
confirm the reproducibility of the waveforms.

2.2. Epicortical SEPs

Single and paired pulse SEPs were recorded from
subdural electrodes while the patient was undergoing
invasive seizure monitoring and functional mapping.
Informed consent was obtained based on the Clinical
Research Protocol No. 79, approved by the Committee of
Medical Ethics, Kyoto University Graduate School of
Medicine. Single pulse SEPs were recorded by stimu-
lation of the left tibial, peroneal and sural nerves. The
condition of electrical stimulation for the left tibial and
sural nerves were the same as those for the scalp SEP
recording except for shorter ISI (1s) in the epicortical
recording. As for the left peroneal nerve. stimulus was
delivered on the skin over the left fibular head and
stimulus intensity was adjusted to 120% of motor
threshold of the tibialis anterior muscle. All subdural
electrodes were referred to the skin electrode on the left
mastoid process. All other recording conditions were the
same as those for scalp SEP recording.

Recovery functions of SEP response were studied by
giving paired stimuli with various ISIs. Each pair of stimuli
was delivered once every 3 s or longer. ISIs were set to 30,
40, 60, 80, 100, 120, 140, 160 and 200 ms. In order to
maintain the same recording condition among different ISIs,
stimuli with different ISIs were randomly delivered in the
same recording session, and the single pulse stimuli were
also intermixed among them. The SEP recovery function
(SEP-R) of P1-N1 and N1-P2 components of the response
to the second stimuli (SEP2) was calculated with respect to
the response to the first stimuli (SEP1) for each ISI. Cortical
excitability was judged to be non-suppressed when the ratio
of SEP2/SEP! was 100% or larger for both SI and MI. For
statistical analysis, the Mann—Whitney U test was employed
to compare the ratio of SEP2/SEP1 between non-suppressed
1SIs data and suppressed one. The level of significance was
set with P value of less than 5%.

3. Results
3.1. Scalp SEPs

Scalp SEPs following the left tibial nerve stimulation
showed maximal cortical responses at CPz. As for the
latencies, peaks of SEPs to the left foot stimulation were
delayed (Pl: 51.6 ms, N1: 63.8 ms and P2: 103.0 ms) as
compared with the right foot stimulation (P1: 42.7 ms, N1:
55.8 ms and P2: 65.4 ms) (Table 1A, Fig. 1A and B). With
regard to the amplitndes, P1-N1 and N1-P2 components for
the left foot stimulation (P1-Ni: 15.0uV and N1-P2:
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Table 1
Nerve Electrode Latency (ms) Amplitude (uV)
P1 N1 P2 Baseline-P1 Pi-Ni Ni1-P2
A scalp SEP
Left tibial CPz 51.6 63.8 103.0 6.0 15.0 17.1
Right tibial CPz 427 55.8 65.4 0.1 3.6 27
Left sural CPz 54.6 70.2 158.5 22 9.7 17.1
Right sural CPz 50.1 614 1350 0.1 3.0 8.6
B subdural SEP
Left tibial AlS (SD 45.0 59.5 732 46.2 207.2 1523
B3 (MI) 49.6 64.8 824 24 86.5 86.6
Left peroaeal Al9 (8D 38.1 51.6 83.5 14.0 1255 156.1
B3 (MD) 43.8 59.9 88.2 473 258.8 276.8
Left sural Al9 (8D 43.5 62.1 95.2 259 120.8 92.9
B3 (MD 49.1 68.7 97.2 320 104.5 102.1

17.1 pV) were about 4 times larger than those for the right
foot stimulation (P1-N1: 3.6 uV and NI1-P2: 2.7 uV)
(Table 1A, Fig. 1A and B). P1-N1 for the left tibial nerve
stimulation was compatible with ‘giant” SEPs according to
the previous study (P1-N1 amplitude being more than
11.4 pV (mean+3SD)) (Kakigi and Shibasaki, 1987b). As
for the sural nerve stimulation, cortical components also
showed delayed latencies and increased amplitudes to the

A Lt tibial c
N1
Lateral
s
P1 Mg
P2
B Rt tibial
Mesial
5uv
25ms

Anterior

left foot stimulation as compared with the right foot
stimulation (Table 1A).

Twenty days after the resective surgery, scalp SEPs were
recorded again. As for SEPs to the left tibial nerve
stimulation, peak latencies (P1: 53.4 ms, N1: 70.2 ms and
P2: 108.3 ms) were still delayed and amplitude of PI-N1
component (11.2 uV) was larger than that for the
contralateral stimulation (2.4 uV). However, its amplitude

central sujcus A

Posterior

@ motor

sensory
( bad electrode

Q arm, hand
&) trunk

@ leg, foot
[ seizure onset

" resected lesion

Fig. 1. Scalp recorded SEP waveforms at CPz to the left (A) and right (B) tibial nerve stimulation and the results of invasive functional mapping (C). In C,
cortical functions beneath each subdural electrode are shown by symbols. B3, A18 and A19, as surrounded by bold squares, were defined as seizure onset area.
Interictal spikes were frequently recorded at B2, B3, A18 and A19. A17, B3 and B4 corresponded to the foot or leg motor cortex, and Al4, 15, 18-20, B1,2 and
C 1-4 corresponded to that of sensory cortex as determined by electrical stimulation. Gray bold circle and line indicated that the resected epileptogenic area of
the cortical dysplasia was located in the posterior portion of the post-central gyrus reaching to the bottom of the right central sulcus.
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became smaller in spite of the presence of craniotomy as
compared with one before surgery.

As for the comparison between the scalp SEPs and SEFs
to the left tibial nerve stimulation, peak latencies of P1 and
N1 components at CPz were similar to those of SEFs (P1:
50.4 ms, N1: 62.4 ms).

3.2. Epicortical SEPs

Enhanced cortical components were recorded at A18 and
A19 (SI) and at B3 (M) (Fig. 1C). SEP waveforms among
the 3 stimulated nerves (tibial, peroneal and sural) were
similar in the latency of P1 and N1, and P1-N1 amplitude
was equally enlarged (Table 1B). The peak latencies of
the left peroneal nerve SEPs were shorter by 5-7 ms than
those of tibial and sural nerve SEPs, since the former was
stimulated at the fibular head whereas the latter two were
stimulated at the ankle.

There was a consistent latency difference of each peak
between SI and MI, although the waveforms of cortical
components at SI (A19) and MI (B3) were similar (Fig. 2).
Peak latencies of each component (P1, N1, P2) at SI (A19)
were shorter than those at M1 (B3) by about 6 ms on average
{mean+ SD: 5.8 +2.1; ranging from 2.0 to 9.2); left tibial
(6.4+2.8; 4.6-9.2), peroneal (4.71+2.4; 2.0-5.6) and sural
(6.2+1.9; 4.7-8.3). Peak latencies at SI (B2) were also
shorter than those at MI (B3) by about 6 ms (6.01+2.3; 2.0-

\Pz

A. Tibial

9.9) despite the proximity of the recording site (Fig. 2). The
P1-N1 amplitudes at both SI (A19) and MI (B3) were
equally enhanced for the left tibial, peroneal and sural nerve
stimulation (Table 1B).

The comparison between scalp and epicortical SEPs to
the left tibial nerve stimulation showed similar morphology
of P1 and N1 components, but the late components
including P2 were different (Fig. 2A). A similar tendency
was observed for the left sural nerve stimulation (Fig. 2B).
Peak latencies of P1 and N1 components at CPz were longer
than those at SI (A19) by about 4-11 ms to the left tibial
(P1: 6.6 ms, N1: 4.3 ms) and sural (P1: 8.1 ms, N1: 11.1 ms)
nerve stimulation. By contrast, the time difference between
MI (B3) and CPz was much less than that between SI and
CPz; left tibial (P1: 2.0 ms, N1: 1.0 ms) and sural (P1:
5.5 ms, N1: 1.5 ms) nerve stimulation (Table 1, Fig. 2).

As for the SEP-R of P1-N1 and N1-P2 components, the
SEP2 was less than 100% of the SEP1 at SI (A19) and MI(B3)
with all the ISIs examined in the present study (Fig. 3), as
judged by normal range (within mean + 3SD of those obtained
from normal subjects) in previous scalp-recorded, paired SEP
study (Ugawa et al., 1991). In detail, the SEP2 was less than
60% of the SEP1 at SI(A19) and MI (B3) at ISI of 30-200 ms
except for the ISIs of 40 ms (80.7% at SIand 92.0% at MI for
P1-N1 component, 94.5% at SI and 82.4% at MI for N1-P2
component) and of 200 ms (77.2% at SI and 63.0% at MI,
94.5% at SI and 91.3% at MI) (Fig. 3). The degree of
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Fig. 2. Scalp (CPz) and subdurally (SI and M1} recorded SEPs to the left tibial (A) and sural (B) nerve stimulation. Vertical solid lines show peaks of each
component (P1, N1, P2) at CPz and vertical dotted lines show those at SI (A19 and B2) to the left tibial and sural nerve stimulation. The peak latencies were
consistently longer at MI as compared with SI, and the latencies at MI were similar to those at CPz.





