those of the controls. In addition, the number and size of
the neurons in the posterior horn in the spinal cord
appeared to be preserved. These findings indicate that
normal development and selective degeneration possibly
occurred in the AHCs. It is hardly conceivable that
selective developmental retardation occurred in the
AHCs, and that developmental retardation of the skel-
etal muscles induce anterior horn degeneration showing
rER reduction. There have been no reports that any
congenital muscle dystrophy in mice or humans induces
rER reduction in the AHCs.

On the other hand, a decreased number of large
neurons and reduced amount of the cytoplasmic RNA,
rER and ribosomes, as observed in the spinal cord of k//
kI mice, have been noted in the motor neurons in the
spinal cord and brain stem of patients with classic ALS
[15, 16, 28]; however, Bunina bodies and spheroids were
absent in these mice. An accumulation of neurofilaments
in the AHCs, as in patients with classic ALS [9, 24, 35],
was also reported in the peripheral nerve axon in kl/kl
mice [41]. Decrease of rER (chromatolysis) and accu-
mulation of neurofilaments have been considered to be
early changes in the AHCs in patients with classic ALS
[17, 20]. Reactive astrocytosis observed in the anterior
horn of the ki/kl mice in the present study relates to a
degenerative process, and has been reported in the
ventral horn in patients with classic ALS. This resem-
blance shows that klotho gene insufficiency causes neu-
ronal dysfunction, and might indicate that the klotho
gene is involved in the pathological mechanism of classic
ALS. Mutant SOD mice may be a good tool for the
research of familial ALS [10], and further study is nee-
ded to evaluate whether the ki/kl mice, which are
senescence-accelerated mice showing decreased rER,
ribosomes, and cytoplasmic RNA in the AHCs, is a new
animal model of AHC degeneration, and can provide
clues to understanding the etiology of classic ALS.
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Distinctive Expression of Midkine in the
Repair Period of Rat Brain During
Neurogenesis: Immunohistochemical and
Immunoelectron Microscopic Observations
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Distinctive expression of midkine (MK) was observed
during the repair period of fetal brain neuroepithelium.
MK is a heparin-binding growth factor that occurs as a
product of a retinoic acid-inducible gene, and has a
molecular mass of 13 kDa. MK expression was examined
immunohistochemically and by immunoelectron micros-
copy during a period of repair in developing rat brain at
the neurogenesis stage. Injury was induced in rat fetuses
by transplacental administration of ethylnitrosourea
(ENU) on embryonic Day (E) 16, and histological changes
were examined up to 48 hr thereafter (i.e., up to E 18). In
normal rat fetuses, MK immunostaining was observed in
the cytoplasm and radial and horizontal processes of all
cells in the neuroepithelium (NE), subventricular zone
(SV), and intermediate zone (IMZ). In ENU-administered
brains, cells in the NE, SV, and IMZ were damaged
severely, especially 16-24 hr after ENU administration.
The remaining neuroepithelial cells, with the exception of
those in M-phase and the tips of processes at the ven-
tricular surface, were negative for MK immunohisto-
chemistry 16-24 hr after the administration of ENU.
Forty-eight hours after the administration, the cytoplasm
and processes of cells in the NE, SV, and IMZ were MK
immunopositive. Our previous data reported that the cell
cycle of most NE cells is synchronized to the S-phase
16 hr after ENU administration and to the M-phase at
24 hr, and many NE cells were recovered 48 hr after ENU
administration. The previous results taken together with
the present results indicate that: (1) MK expression does
not increase during the repair period of the NE, being
different from adults; (2) MK expression is likely to be
suppressed at S-phase according to the condition of the
NE; and (3) MK expression is not essential for every cell
cycle phase of NE cells; but (4) is necessary to maintain
the M-phase of NE cells. © 2004 Wiley-Liss, Inc.

© 2004 Wiley-Liss, Inc.

Key words: cell cycle; ethylnitrosourea; lesion repair;
midkine; neuroepithelium

Midkine (MK) is a heparin-binding growth factor
that occurs as a product of a retinoic acid-inducible gene,
and has a molecular mass of 13 kDa (Muramatsu, 1994).
MK has been reported as involved in neurogenesis and
neuron differentiation, in neurite outgrowth (Michikawa
et al., 1993; Muramatsu et al., 1993; Matsuzawa et al.,
1999), and neuronal survival (Michikawa et al., 1993;
Satoh et al., 1993; Matsuzawa et al., 1999). In the devel-
oping brain, MK has been reported to occur in the neu-
roepithelium (NE) (Muramatsu et al., 1993; Mitsiadis et
al., 1995), migrating neurons, and processes of radial glia
(Matsumoto et al., 1994; Sun et al., 1997, 1999). The MK
receptor-like protein tyrosine phosphatase PTP{/RPTPB
has been observed in migrating neurons and processes of
radial glia of the fetal rat brain, suggesting the involvement
of MK in neuroblast migration (Maeda and Noda, 1998;
Maeda et al., 1999). MK has also been detected in various
organs during the mid-gestation period of embryogenesis
and is considered to be involved in regulation of organo-
genesis (Kadomatsu et al., 1990; Mitsiadis et al., 1995).
MK expression decreases gradually with age, and in nor-
mal adult mice is expressed persistently only in the kidney
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(Kadomatsu et al., 1990; Nakamoto et al., 1992; Mura-
matsu et al., 1993).

During the repair period in adults, it has been re-
ported that MK expression is upregulated in adults with
gastric ulcer (Maekawa et al,, 1999) and bone fracture
(Ohta et al., 1999), and that MK is expressed in reactive
astrocytes in the ischemic rat brain (Satoh et al., 1993;
Mochizuki et al.,, 1998; Wang et al,, 1998). MK was
reported to be produced around the site of nerve damage
in early stages of experimental cerebral infarction in adult
rats (Yoshida et al., 1995). We reported recently that MK
immunoreactivity was observed in astrocytes especially in
the early period of ischemic brain lesions in human adults
(Wada et al., 2002).

Regarding the repair mechanism in developing
brain, during the repair process of the irradiation-injured
developing fetal brain, a reduction in number and irreg-
ularity of shape of MK-immunopositive processes of radial
glia has been reported (Sun et al., 1997). The abnormal
cytoarchitecture of the cortical neurons was considered to
be induced by abnormal migration of neuroblasts along
with the irregularly arranged MK-immunopositive pro-
cesses of radial glia (Sun et al., 1999). The following
points, however, remain to be established: (1) whether
MK expression in the fetal brain changes during the repair
period at the stage of neurogenesis; and (2) whether MK
expression in NE cells changes in relation to the kinetics
during the repair period. These clarifications are consid-
ered essential for elucidation of the biological significance
of MK in the developing brain.

We examined immunohistologically and by immu-
noelectron microscopy the time course of alterations of
MK expression in fetal rat brains at the neurogenesis stage
after injury by transplacental administration of ethylnitro-
sourea (ENU). One main effect of ENU is to block DNA
synthesis (Swann and Magee, 1971), resulting in micro-
cephalus or cortical and spinal cord dysgenesis in rats
(Hallas and Das, 1978, 1979; Fujiwara, 1980; Houle and
Das, 1984; Yoshida et al., 1984; Oyanagi et al., 1986,
1987, 1988, 1998, 2001) up to 48 hr after the administra-
tion, when repair of the injured NE is completed (Fuji-
wara, 1980; Yoshida et al.,, 1984; Opyanagi et al., 1986,
1987, 1988). A single intravenous injection of ENU
(60 mg/kg body weight) does not disrupt the glial limitans
over the cerebrum or tight junctions of NE cells, and does
not induce hemorrhage, tissue laceration, or heterotopic
mass (Yoshida et al., 1984; Oyanagi et al., 1986, 2001).
The transplacental administration of ENU thus enables us
to analyze precisely the repair mechanism in the cellular
unit of fetal brain after injury, because it preserves the
essential framework of the brain except for damage to
proliferating cells.

MATERIALS AND METHODS

The experimental procedure used to induce lesions was
essentially the same as that reported previously (Oyanagi et al,,
1986, 1998). The research project was approved by the Ethics
Committee of the Tokyo Metropolitan Institute for Neuro-
science (TMIN) and conformed to provisions of the Declaration
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Fig. 1. Experimental protocol. Down triangle, ENU, 60 mg/kg body
weight, intravenous administration to the dams; open/filled circles,
sacrifice; E, embryonic day; h, hours after ENU administration.

of Helsinki in 1995. Adequate measures were taken to minimize
pain and discomfort to the animals according to the Guidelines
for Animal Experiments of the TMIN.

Animals

For experiments, 2—4-month-old albino Wistar rats
(weighing 250-300 g) were used. Virgin females were mated
with males for one night, and vaginal smears were examined on
the next morning. The day on which sperm was observed was
designated as embryonic Day 1 (E 1). All rats were housed

individually and provided with food and water ad lib in an
air-conditioned room under a 12:12-hr light:dark cycle.

Terminology

The terminology used to describe the developing cerebral
neocortex has been revised several times during the past three
decades. In the present work, the embryonic neocortex is di-
vided into six basic zones that He parallel to the ventricular
surface. The neuroepithelium (NE) (Bayer and Altman, 1991) is
a proliferating ventricular zone lining the ventricles that consists
of a compact layer of columnar bipolar cells. The subventricular
zone (SV) (Boulder Committee, 1970; Bayer and Altman, 1991)
is composed of small cells that are round or oval. The interme-
diate zone (IMZ) (Boulder Committee, 1970; Bayer and Alt-
man, 1991) is a layer with a relatively low number of cells
composed of horizontally or irregularly arranged bipolar or
star-shaped cells. The subplate (SP) (Bayer and Altman, 1991) is
a zone with a relatively low number of cells with sparse cell
processes. The cortical plate (CP) (Boulder Committee, 1970;
Bayer and Altman, 1991) is a mass of neuroblasts in the process
of differentiating into neurons. The marginal zone (MZ) (Boul-
der Committee, 1970) is a zone of cell processes and a few small
round cells.

Induction of NE Injury -

The degree of tissue injury to the NE at the neurogenesis
stage is proportional to the dose of ENU administered (Fujiwara,
1980; Yoshida et al., 1984). In the present study, a single
intravenous injection of ENU (60 mg/kg body -weight) was
administered to maintain the glia on the brain surface and the
tight junctions of the NE cells of the neocortex (Yoshida et al.,
1984; Ovyanagi et al., 1986, 1987, 1998, 2001). On E 16, each
of the 40 pregnant rats was given a single tail vein injection of
EINU that had been freshly dissolved in physiological saline. The
time at the completion of the injection was designated as O hr

(Fig. 1).
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Sampling of Brain Tissues

Fetuses were removed by cesarean section from ether-
anesthetized dams at 8, 16, 24, 36, and 48 hr after ENU
administration. For MK Western blotting, brains were removed
and cerebri were frozen. For immunohistochemical examina-
tion, fetuses were sacrificed by perfusion of the heart with 0.1 M
phosphate bufter (PB; pH 7.3) containing 1% heparin followed
by 4% paraformaldehyde in 0.1 M PB. The embryonic brain
tissue was removed and immersed in the same fixative in 0.1 M
PB for 24 hr. For MK immunohistochemistry, tissue blocks
were then transferred into 30% sucrose in 0.1 M PB. Blocks of
tissues were embedded in Tissue-Tek OCT compound (Miles
Inc.) at —80°C and cut in the frontal plane (20 pm thickness) by
cryostat (Leitz 1720; Leica, Germany). Observation was carried
out in the dorsal neocortex at the E 16 Coronal 6 level of
Paxinos et al. (1994). Fetuses sacrificed on E 15, 16, 17, and 18
served as controls. Eight fetuses from different dams (four each
for MK and SMI immunohistochemistry) were investigated in
each group of ENU-administered and normal rats for the im-
munohistological and Western blotting.

Primary Antibody Against MK

The primary antibody against MK used was the same as
that used recently for the study of ischemic human brain lesions
(Wada et al., 2002). Briefly, the MK antibody used for immu-
nostaining and immunoblotting was generated in rabbit. Puri-
fied recombinant human MK (0.5 mg) was emulsified in a
mixture of Freund’s complete adjuvant (1:1) and 0.25 mg/ml of
heparin. The emulsion was injected subcutaneously into the
animal’s back. They were boosted on alternate weeks in the
same manner, except that 0.25 mg MK and incomplete Freund’s
adjuvant were used. Antisera collected 1 week after the fourth
and fifth inoculations were purified by affinity chromatography
of the MK peptide (Peptide Institute, Osaka, Japan) coupled
with cyanogen bromide (CNBr)-activated Sepharose 4B (Phar-
macia Biotech, Uppsala, Sweden).

MK Western Blotting

Immunoblotting was carried out using the right occipital
lobe without evident pathologic alteration of a 68-year-old
female patient who died of bronchopneumonia and mitral ste-
nosis, and using the cerebri of the normal and ENU-
administered rats. The cerebral tissue was cut into pieces and
sonicated in 0.1 g/ml homogenization buffer (10 mM Tris, pH
7.4, 1% Triton X~100, 1 M NaCl, and 0.5 mM phenylmeth-
ylsulfonyl fluoride). After centrifugation at 20,000 X ¢ for 1 hr,
the resulting supernatant was incubated with heparin Sepharose
for 16 hr at 4°C before being loaded. After thorough washing
with 0.5 N NaCl and 0.1 M phosphate-buffered saline (PBS),
heparin-binding proteins, including MK, were eluted with 1.5
N NaCl plus PBS.

The eluate was concentrated by ultrafiltration through a
MW 3,000 membrane. Samples containing 1.33 mg cerebral
tissue were subjected to SDS-PAGE using a 5-20% gradient gel,
and were then transferred onto an Immobilon-P membrane
(Millipore, Bedford, MA). The membrane was first incubated
with the anti-MK antibody (2 pg/ml diluted in PBS containing
1% skimmed milk) for 16 hr at 4°C, followed by treatment with
anti-rabbit IgG conjugated with horseradish peroxidase

(1:5,000; Zymed, San Francisco, CA). Immunopositive signals
were detected with the aid of a chemiluminescence reagent
(NEN/DuPont, Boston, MA; Fig. 2). Based on densitometric
data obtained from the bands, quantification of the amount of
MK per 1.3 mg of the brain tissue of the fetuses was attempted
(Fig. 2C,D). All MK and pleiotrophin (PTN) used as standards
in Western blotting in this study were purchased from the
Peptide Institute (Osaka, Japan). Statistical evaluation was car-
ried out using the Mann-Whitney U-test.

MK Immunohistochemistry

For immunohistochemical examinations, sections dried
for one night at 37°C were immersed in diethyl ether for 10 min
at room temperature (R'T). The avidin-biotin-peroxidase com-
plex (ABC) method (Vectastain; Vector, Burlingame, CA) was
used. After removal of the OCT compound, intrinsic peroxidase
activity in the tissue was blocked by incubation with 1% hydro-
gen peroxide for 20 min. Sections were first blocked with 10%
normal goat serum in 0.01 M PBS and subsequently incubated
with anti-MK antibody (10 pg/ml) in 0.01 M PBS containing
0.03% Triton X~100 (PBST) at 4°C for 48 hr. Sections were
then incubated with the secondary reagent containing biotinyl-
ated anti-rabbit IgG (diluted 1:200) in 0.01 M PBST for 2 hr and
finally with the avidin-biotin complex for 1 hr at RT. Peroxi-
dase labeling was visualized by incubating the sections with
0.05 M Tris-HCI buffer, pH 7.6, containing 0.05% 3,3’ diami-
nobenzidine tetrahydrochloride (DAB), 0.05 M imidazole, and
0.0008% hydrogen peroxide for 10 min at RT to yield a brown
reaction product. Sections were counterstained lightly with
0.5% methyl green. As antibody controls, the primary antiserum
was either omitted or replaced with normal rabbit serum. Sev-
eral specimens of neural and nonneural tissue from rats served as
positive or negative tissue controls. Sections from four fetuses
from different dams were used to rule out individual variability
in development or in the effectiveness of ENU. Four fetuses,
one each at E 15, 16, 17, and 18, from different dams served as
controls.

MK Immunoelectron Microscopic Observations

Electron microscopic observations were carried out on
samples from E 17 normal brains and from brains of E 17 fetuses
24 hr after ENU administration. MK-immunostained frozen
sections were recycled. After post-fixation with 1% osmium
tetroxide in 0.1 M PB, sections were dehydrated in a graded
ethanol series up to absolute ethanol. A capsule containing Epon
812 resin was placed on each section and then polymerized at
60°C. After the Epon block had been removed from the glass
slide, ultrathin sections were cut and stained with lead citrate.
Observations were carried out using an H~9000 electron mi-
croscope (Hitachi, Tokyo, Japan). We defined “normal looking
cells” as cells showing a normal appearance without apoptotic
features such as apoptotic bodies or nuclear condensation.

RESULTS
MK Western Blotting

In the Western blot analysis, one distinct band at
16 kDa was observed in heparin-binding protein from
adult human normal brain tissue (Fig. 2A, lane 2 and 3),



Fig. 2. Midkine (MK)-Western blotting. A: MK in the
brain extract from a 68-year-old female. The rabbit
anti-MK antibody did not show cross-reactivity with hu-
man pleiotrophin (PTN), even though 100 ng was used.
Lane 1, human PTN 100 ng; lane 2, 3, heparin
Sepharose-purified human brain extract 42 pg, and 14 pg,
respectively; lane 4, human MK 20 ng. The molecular
marker is shown on the left. B: Recombinant human MK,
1 ng, and 1.33 mg cerebral tissue of each group were
examined. C, D: Quantification of MK per 1.33 mg brain
tissue. Graphs show mean + SD. C, normal; D, ENU-
treated. Nor, normal; E, embryonic day; ENU, ethylnitro-
sourea administered; h, hours after ENU administration.
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and recombinant human MK (Fig. 2A, lane 4). The
anti-MK antibody did not cross react with human
pleiotrophin/heparin-binding growth-associated mole-
cule (PTN/HB-GAM,; Fig. 2A, lane 1), even though

T T T T T
E18 8h  16h  2ah  36h  48h

100 ng was used. Use of the pass-through fraction
preabsorbed with human MK markedly reduced MK
immunoreactivity (data not shown). One distinct band
was also observed in heparin-binding protein from each
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brain tissue of normal and ENU-administered rats (Fig.
2B). Although the data obtained were not significant
statistically, the amount of MK in the normal fetal brain
showed a tendency to decrease with development from
E 16 to E 18 (Fig. 2C). An increase in MK was not
evident in brains of ENU-treated rat fetuses (Fig. 2D).

Fig. 3. Immunohistochemistry for MK in
the dorsal cerebral neocortex of control
animals E 16-18. Counterstained with
methyl green. (A) Normal E 16; (B) nor-
mal E 17; (C) normal E 18; (D) interme-
diate zone (IMZ) of normal E 18. NE,
neuroepithelium; SV, subventricular
zone; IMZ, intermediate zone; SP, sub-
plate; CP, cortical plate; MZ, marginal
zone. Scale bars = 50 pm.

MK Immunohistochemistry

Strong MK immunoreactivity in the normal fetal
brain was observed in cytoplasm and processes of all cells
in the NE, SV, and IMZ on E 15 and 16 (Fig. 3A). MK
immunoreactivity was relatively strong in cell processes,
perpendicular and horizontal to the ventricle wall, in the



Fig. 4. Immunohistochemistry for MK
in the dorsal cerebral neocortex 8 (A)
and 16 hr (B) after ENU injection.
Counterstained with methyl green. In
ENU-treated rat fetuses 8 hr after ad-
ministration, MK-immunoreactivity in
cytoplasm and processes of the cells in
the NE, SV, and IMZ was weaker than
that of normal E 16 tissue. Sixteen hours
after ENU administration, immunoreac-
tivity in cytoplasm and processes in the
NE, SV, and IMZ was weak, but fine
granular immunoreactivity appeared in
the IMZ and NE. NE, neuroepithelium;
SV, subventricular zone; IMZ, interme-
diate zone; SP, subplate; CP, cortical
plate; MZ, marginal zone. Scale bars =
50 pm.

IMZ on E 17 and 18 (Fig. 3B-D). MK immunopositivity
was not seen in the nuclei (Fig. 3A-D) or the cytoplasm of
cells in the CP (Fig. 3B,C).

In the ENU-treated rat fetuses 8 hr after administra-
tion, MK immunoreactivity in the cytoplasm and pro-
cesses of the cells in the NE, SV, and IMZ was weaker
than that of normal E 16 tissue (Fig. 4A). Sixteen hours
after ENU administration, immunoreactivity in cytoplasm
and processes in the NE, SV, and IMZ was weak, but fine
granular immunoreactivity appeared in the IMZ and NE
(Fig. 4B). Twenty-four hours after ENU administration,
the amount of fine granular MK immunoreactivity had
increased further, and MK-immunopositive cytoplasm
and processes of the cells in the NE, SV, and IMZ were
observed only rarely (Fig. 5A). MK immunoreactivity was
abolished completely by omitting the anti-MK antibody
(Fig. 5B). Immunoelectron microscopic observation of
MK revealed strong immunoreactivity in the cytoplasm
and cell processes of NE cells and migrating neuroblasts in
the IMZ of normal E 17 fetal brain. All cell processes in
the NE and IMZ were positive for MK immunostaining
(data not shown). Conversely, no immunostaining was
seen in the cytoplasm and processes of migrating neuro-
blasts, NE cells, and radial glia 24 hr after ENU adminis-
tration. Only the cytoplasm of NE cells in the M-phase
and processes along the ventricular surface were densely
immunopositive for MK 24 hr after ENU administration
(Fig. 5C). Fine granular MK immunostaining was local-
ized exclusively within apoptotic cells, but not observed in
normal-looking cells in the NE, SV, and IMZ (Fig. 5D).

The amount of fine granular immunoreactivity of
MK had decreased 36 hr after ENU administration, and
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MK immunoreactivity in the IMZ, corresponding to mi-
grating neuroblasts and NE cells and processes were stron-
ger than that observed at 16 and 24 hr. Clustering of
MK-immunopositive material in the IMZ (Fig. 6A,B)
considered to be phagocytes containing apoptotic cells
observed previously (Oyanagi et al., 1986). Fine granular
immunoreactivity was greatly decreased 48 hr after ENU
administration, and cytoplasm and processes of all cells in
the NE, SV, and IMZ were immunopositive for MK (Fig.
6B). NE cells along with ventricular surface, which are
considered to be in M-phase, were positive for MK-
immunohistochemistry at each period during the obser-
vation (Fig. 3—6). Neither the nuclei nor the cytoplasm of

cortical plate cells were immunopositive for MK (Fig.
3-5).

DISCUSSION

ENU is known to be a neurogenic resorptive car-
cinogen (Druckrey et al.,, 1972; Bosch, 1977a), and to
have a cytotoxic effect immediately after administration
(Bosch et al., 1972). ENU has been reported to impair
cellular DNA synthesis by alkylating the bases, and to
decompose in intact animals with a half-life of less than
20 min (Swann and Magee, 1971). ENU has been found
to induce selective degeneration of proliferating cells
(Bosch, 1977b) or cells in the S- to M-phase of the cell
cycle in developing brain (Yoshida et al., 1984), and
temporary cell-cycle arrest in or before the S-phase (Bosch
and Ebels, 1976). Transplacental ENU administration to
fetuses has been reported to result in microcephalus, pau-
city of dendrites, and a reduction in neuronal cytoplasm in
the central nervous system (Hallas and Das, 1978, 1979),
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Fig. 5. Immunohistochemistry for MK
in the neuroepithelium (NE) and sub-
ventricular zone (SV) at the dorsal cere-
bral neocortex 24 hr after ENU injec-
tion. A: NE; amount of fine granular
MK  immunoreactivity had increased
further and MK-immunopositive cyto-
plasm and cell processes in the NE, SV,
and IMZ were observed only rarely.
B: MK immunoreactivity is abolished
completely by omitting anti-MK anti-
body. Scale bars = 50 wm. Immuno-
electron microscopic findings of MK-
immunohistochemistry. C: Ventricular
surface of NE 24 hr after ENU admin-
istration. D: NE 24 hr, only the cyto-
plasm of NE cells in the M-phase and
processes along ventricular surface were
densely immunopositive for MK. Fine
granular MK-immunostaining was local-
ized exclusively within the apoptotic
cells, but not observed in normal looking
cells in the NE, SV, and IMZ. Arrow-
heads, MK immunoreactivity; N, nu-
cleus; liv, normal-looking cell; ap, apo-
ptotic cell. Scale bars = 5 pm.
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Fig. 6. Immunohistochemistry for MK in dorsal cerebral neocortex 36 and 48 hr after ENU injection.
A: Arrows indicate clustering of MK-immunopositive material. B: High-power view of A. Arrows
show nuclei of MK-immunopositive cells. Counterstained with methyl green. A and B, 36 hr; C,
48 hr. NE, neuroepithelium; SV, subventricular zone; IMZ, intermediate zone; SP, subplate; CP,
cortical plate; MZ, marginal zone. Scale bars = 50 pm.

and the severity of fatal brain tissue damage is controllable
by the amount of ENU (Fujiwara, 1980; Yoshida et al.,
1984).

During neurogenesis, the NE of spinal cord and the
external granular cell layer of cerebellum are able to re-
generate within a certain period after injury (Altman et al.,
1969; Shimada and Langman, 1970; Houle and Das, 1984;
Ferrer et al., 1995). It has been reported previously that
ENU administration (60 mg/kg body weight) to the de-
veloping rat brain at the neurogenesis stage results in: (1)
severe damage to NE cells, migrating neuroblasts, and
processes of radial glia, especially 1624 hr after adminis-
tration; (2) temporary arrest of NE cell cycle in the G1-
phase 4—8 hr after administration; (3) cell cycle synchro-
nization of most NE cells to the S-phase at 16 hr after
administration and to the M-phase 24 hr thereafter; and
(4) recovery of many cells in the NE 48 hr after admin-
istration of ENU (Oyanagi et al., 1998).

In the present study, MK was expressed continuously
in the cytoplasm of the NE cells, radial and perpendicular
processes, and in the postmitotic migrating neuroblasts,
but disappeared in the cytoplasm of immature neurons
after arriving at the cortical plate in the normal developing
brain. During the repair period of the developing brain,
however, fine granular MK immunostaining was localized
exclusively within apoptotic cells but not observed in
normal-looking cells in the NE, SV, and IMZ 24 hr after

ENU administration. This indicates that MK expression
was suppressed in the living NE cells, when most NE cells
are in the S- to G2-phase (Oyanagi et al., 1998). NE cells
in the M-phase and the tips of cell processes at the ven-
tricular surface, however, were always positive for MK
immunohistochemistry. This shows that MK is necessary
for the M-phase of NE cells and that MK might be
essential for keeping junctional complex of NE cells (Fig.
7). Continuous MK expression in NE cells at the M-phase
may relate to the potential function of MK to induce cell
proliferation (Ratovitski et al., 1998; Kato et al., 1999;
Qiu et al., 2000).

In the normal fetal brain at the neurogenesis stage, all
processes of cells in NE and IMZ were immunopositive
for MK; thus, “radial glia”, if they would exist, are positive
for MK immunohistochemistry. It was observed in the
present study that after ENU administration, alteration of
MK expression in cells and processes in the NE was quite
synchronized. This finding suggests that ENU promotes
synchronization of the kinetics of NE cells and radial glia,
if any, or that the processes of radial glia are the processes
of the NE cells (Fujita, 1963; Fujita and Fushiki, 1983;
Tkuta et al., 1984) (Fig. 7).

MK has been reported to be a secreted protein
(Muramatsu and Muramatsu, 1991). In the present study
and as reported previously, however, MK immunostaining
was observed exclusively inside cells. This finding may be
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NE

E16
0 hr
A
ENU

Fig. 7. Schematic demonstration of MK expression (orange) in early stage of repair process of
developing rat brain at neurogenesis. Bipolar or unipolar cells are NE cells or migrating neuroblasts;
round cells showing mitosis along ventricular wall are NE cells in M-phase, and round cells containing
MK-immunopositive granules are apoptotic cells. IMZ, intermediate zone; NE, neuroepithelium.

the result of internalization of secreted MK into the cy-
toplasm (Ohta et al., 1999), and washing out of the MK
from the extracellular spaces during rinsing of sections in
the immunohistochemistry protocol.

The findings of the neuroepithelial cells observed in
the present study indicate that: (1) MK expression does not
increase during the repair period of the neuroepithelium,
being different from adults; (2) MK expression is likely to
suppressed at the S-phase according to the condition of the
neuroepithelium; and (3) MK expression is not essential
for every phase of the cell cycle of neuroepithelial cells;
but (4) is necessary to maintain the M-phase of the neu-
roepithelial cells (Fig. 7). :
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Abstract

Clinical cases similar to herpes simplex virus (HSV) encephalitis have accumulated in Japan. Detailed examinations have failed to demonstrate
HSV infection. Recently, these cases have been named “non-herpetic acute limbic encephalitis”. Only a single autopsy case was so far reported in
an abstract form, because many cases showed a good prognosis. The case presented here was that following fever, a 59-year-old woman developed
disturbance of consciousness and uncontrollable generalized seizures. Brain MRI revealed abnormal signals in the bilateral medial temporal lobe
and along the lateral part of the putamen. Autoantibody against the NMDA glutamate receptor (GluR) IgM-£2 was detected in the serum, and the
GluR IgG-82 antibody was positive in cerebrospinal fluid. She died 12 days after onset. An autopsy examination revealed scattered foci consisting
of neuronal loss, neuronophagia and some perivascular lymphocytic infiltration in the hippocampus and amygdala, but no haemorrhagic necrosis
in the brain. HSV-1, -2 and human herpes virus-6 were negative immunohistochemically. We believe that our autopsy case may contribute to

understanding the neuropathological background of non-herpetic acute limbic encephalitis.

© 2005 Elsevier Ireland Ltd. All rights reserved.
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Limbic encephalitis is usually considered to be paraneoplastic,
occurring subacutely in association with specific neuronal anti-
bodies [2]. Among the cases with reversible acute or subacute
non-paraneoplastic limbic encephalitis, voltage-gated potas-
sium channel (VGKC) antibodies have been reported [12].
Autoantibodies against the NMDA glutamate receptor (GluR),
which is considered to be related causally to partial seizures [11],
were detected in the acute non-herpetic encephalitis [3].

In Japan, acute encephalitis, in which the clinical picture was
comparable with that of herpes simplex virus (HSV) encephali-
tis but where evidence of HSV infection was not demonstrated,
has been reported [5]. Recently, these cases have been named
“non-herpetic acute limbic encephalitis” as a possible new sub-
group of limbic encephalitis [5,9]. It has been proposed that
mild infections and immunological process are the cause of
this disease from clinical findings and cerebrospinal fluid (CSF)
cytokine levels, elevated level of interleukin-6 [5,9] and unel-
evated level of interferon-y [1]. Moreover, it has been indi-
cated that acute limbic encephalitis, HSV encephalitis and other
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acute limbic encephalitis were etiologically interrelated, because
cases of limbic encephalitis similar to non-herpetic acute limbic
encephalitis were reported [1,9].

Many previously reported cases of non-herpetic acute lim-
bic encephalitis have shown a rather favorable prognosis
[1,4,5,7,8,10]. For this reason, only a single autopsy case was so
far reported in an abstract form [7]. We believe that this report
contributes to understanding the neuropathological background
of the acute limbic encephalitis of unknown etiology.

One week after a fever, a 59-year-old woman developed
progressive disturbance of consciousness following general-
ized tonic seizures. The brain computed tomography showed
no abnormalities. CSF examinations showed mononuclear cells
10 wl/1, protein 50 mg/dl and glucose 143 mg/dl. The seizures
continued, even though multiple anticonvulsants were admin-
istered and mechanical ventilation was performed. Eight days
after the onset of unconsciousness and seizures, brain magnetic
resonance imaging (MRI) with T2-weighted and FLAIR images
revealed high signal intensities in the bilateral medial tempo-
ral lobes and along the lateral part of the putamen (Fig. 1).
She was admitted to our hospital 10 days after the onset of
the seizures. She showed marked emaciation and pneumo-
nia complications. Recurrence of generalized tonic seizures
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Fig. 1. FLAIR MRI images. High signal intensity is seen in the bilateral medial temporal lobe and the lateral part of the putamen.

Fig. 2. Neuropathological findings: (A) coronal slice through the left cerebrum. No lesions visible on macroscopic examination; (B) foci of neuronal loss (arrows)
surrounded by spongy state in the rostral CA1 of hippocampus. Kliiver—Barrera staining (Bar 500 pm); (C) foci of neuronal loss and neuronophagia in the rostral

CA1 of hippocampus. Hematoxylin and eosin (HE) staining (Bar 50 wm) and (D) neuronal loss, fibrillary astrocytosis and lymphocytic perivascular cuffing were
seen in the rostral part of amygdala. HE staining (bar 50 jum).
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failed to be controlled with propofol and acyclovir in addi-
tion to the anticonvulsants. An electroencephalogram revealed
multifocal spikes without periodic synchronous discharges and
periodic lateralized epileptiform discharges. Autoantibodies,
including antinuclear antibody, anti-SS-A/B antibodies, and
anti-Hu antibodies were all negative. Autoantibody against the
GluR IgM-g2 [11] in the serum was positive, autoantibody
against GluR IgG-32 in the CSF was positive, and VGKC anti-
body and P/Q-type voltage-gated calcium channel antibodies
were negative in the serum and CSF. Antibodies for several
viruses including HSV in the serum and CSF were negative
10 days after the onset of seizures. She had acute renal fail-
ure complications and died 12 days after the onset of the
seizures.

The direct cause of death was acute renal tubular necrosis
and purulent pneumonia. Both laboratory data and patholog-

,ical examination revealed that the patient did not have any
malignant tumors or collagen disease. The brain, weighing
1183 g, was macroscopically unremarkable except for mild
swelling (Fig. 2A). Microscopically, there were no leptomenin-
gitis. The amygdala and hippocampus showed small foci of
neuronal loss with neuronophagias, proliferation of microglias
and hypertrophic astrocytes (Fig. 2B and C). These foci were
surrounded by a spongy state. Only a few lymphocytic perivas-
cular cuffings occurred in the amygdala (Fig. 2D). No intranu-
clear inclusion bodies were found anywhere. Immunohisto-
chemistry for HSV-1, -2 and human herpesvirus-6 was negative.
No tissue necrosis or haemorrhage were found in the cerebral
cortex including the cingulate, insular, and parahippocampal
cortex.

Besides demonstrating evidence of HSV infection, HSV
encephalitis shows extensive necrosis with haemorrhage in the
medial temporal lobe, insular and cingulate gyri bilaterally [6],
where the brain MRI shows high signal intensities. Furthermore,
the lesions are bilateral, but not always symmetrical in distri-

i bution. In our case, however, abnormal signal intensities were
limited in the hippocampus and amygdala bilaterally and sym-
metrically. No haemorrhagic necrosis was found anywhere, even
though there would not have been sufficient time for our patient
to develop it. Finally, there were no intranuclear inclusions or
immunohistological evidence of HSV infection.

Recently, it is suggested that the presence of autoantibodies
against the GluR-£2 in the CSF of non-herpetic acute encephali-
tis involves in autoimmune pathogenic mechanism [3,9]. In the
CSF of this patient, autoantibody against the GluR-g2 was neg-
ative, while the autoantibody against the GIuR-32, which is
against cerebellar Purkinje cell-specific antibody [11] was pos-
itive. The other similar cases as shown in Table 1 [1,4,5,7,8,10]
were not examined for the presence of these antibodies. Unfor-
tunately, it remains obscure that this antibody played a role in
development of the disease in our case.

There has been only one pathological report of a patient
similar to our case: a 53-year-old woman who died 36 days
after the onset of illness, and showed neuronal loss in the hip-
pocampus, and neuronophagia and gliosis in the amygdala [7].
As seen in the present patient, this patient showed no evidence
of HSV infection, no apparent necrosis in the brain, and the

Table 1

Clinical characteristics and MRI abnormalities of patients with non-herpetic acute limbic encephalitis

Maki et al. [7] Present case

Nonaka et al. [8] Takahashi et al. [10]

Kohiraetal. [4] Kusuhara et al. [5] Asaoka et al. [1]

Patients

Case 2

Case 1
25

Case2 Case3 Cased4 Casel Case2 Case3 Cased Case5 Case6

38

Case |

53 59

58

18 42

53 34 60 73 35 23

38

40

25

Age (year)

Sex

Clinical symptoms

3+

3+

2+ 2+ 2+ 3+

2+

2+

2+

3+

3+

3+

Impaired consciousness 2+

Seizures

3+

3+

2+

3+

3+

3+

2+

2+

Cerebrospinal fluid

10
50

normal
normal

76
45

10
40

320
86

32
29

10
72

10
50

47

17
325

52

25

Cells (nm®)

15

28

41

32

27

55

Protein(mg/dl)
MRI abnormalities

L>R
L>R

R>L

Hippocampi

Amygdalae

Cingulate gyri

died

died

2+

2+

Sequelae

M: male; F: female; B: bilateral; L: left; R: right, (—): negative; (+): mild; (2+): moderate and (34): severe.
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lesions were exclusively limited to the hippocampus and amyg-
dala. In this regard, similar clinical cases with acute encephalitis
have accumulated in Japan, as shown in Table 1 [1,4,5,7,8,101.
Many cases with this type of encephalitis showed good prog-
nosis, although patients died because of uncontrollable gen-
eralized seizures during the clinical course. It is likely that
our case showed the neuropathological changes of non-herpetic
acute limbic encephalitis as a possible clinicopathological new
entity.
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Abstract Lewy bodies (LBs) of idiopathic Parkinson’s
disease and glial cytoplasmic inclusions (GCIs) of mul-
tiple system atrophy are pathological deposits both
composed of phosphorylated a-synuclein woven into
different filaments. Although both LBs and GCIs are
considered to be hallmarks for each independent syn-
ucleinopathy, until now they could not be clearly dis-
tinguished on the basis of their biochemical or
immunohistochemical features. We have examined pos-
sible differences in their argyrophilic features and their
relation to synuclein-like or ubiquitin-like immunore-
activity (IR). Pairs of mirror sections from different
brain areas were triple-fluorolabeled with an anti-
a-synuclein antibody, an anti-ubiquitin antibody and
thiazin red (TR), a fluorochrome that labels fibrillary
structures such as Lewy bodies or neurofibrillary tan-
gles. One of the paired sections was subsequently stained
using the Campbell-Switzer method (CS), and the other
by the Gallyas-Braak method (GB). By comparing of
the same microscopic field on the paired fluorolabeled
sections, subsequently silver-stained with either CS or
GB, five different profiles of each structure could be
determined: o-synuclein-like IR, ubiquitin-like IR,
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affinity to TR, argyrophilia with CS or GB. GCIs
exhibited argyrophilia with both CS and GB but lacked
affinity to TR. In contrast, LBs exhibited argyrophilia
with CS but not with GB and some affinity to TR. These
disease-specific profiles of argyrophilia were consistent,
and were not influenced by areas or cases examined.
Although immunohistochemical features of LBs and
GClIs were similar in exhibiting IR for a-synuclein and
ubiquitin, the contrast in their argyrophilic profiles may
indicate possible differences in the molecular composi-
tion or conformation of a-synuclein. Even though these
empirical differences still remain to be explained,
awareness of this clear distinction is potentially of
diagnostic and pathological relevance.

Keywords Argyrophilia - Campbell-Switzer -
Diagnosis - Gallyas-Braak - a-Synuclein

Introduction

Lewy bodies (LBs) of Parkinson’s disease (PD) and glial
cytoplasmic inclusions (GClIs) of multiple system atro-
phy (MSA) are pathological deposits containing phos-
phorylated o-synuclein as one of their major
constituents [5]. These diseases are grouped under the
name ‘“‘synucleinopathies” based on the assumption that
LBs and GCIs share common mechanism for a-synuc-
lein deposition [7]. Indeed, biochemical and immuno-
histochemical features of these deposits look so alike
that a clear distinction between the two types of deposits
using these methods is still difficult.

Another method to identify these deposits is silver
staining [2, 15]. Our previous studies on argyrophilic
features of sporadic degenerative tauopathies demon-
strated that silver staining profiles are closely related to
tau deposits in a disease- or isoform-specific fashion.
Deposits containing mainly three-repeat (3R) tau, such
as Pick bodies [23], are labeled by Campbell-Switzer
silver staining method (CS) [4, 16]. In contrast, those
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containing mainly four-repeat (4R) tau, as seen in cor-
ticobasal degeneration (CBD)/progressive supranuclear
palsy (PSP) [21] and argyrophilic grains [22], are silver-
stained using the Gallyas-Braak method (GB) [3, 6].
Neurofibrillary tangles of Alzheimer type, containing
both 3R and 4R tau, are stained with both CS and GB
[21, 22, 23]. These findings led us to conciude that 3R tau
deposits are related to CS and 4R tau deposits to GB. It
means that each method of silver staining exhibits
argyrophilia in different ways and potentially represents
underlying molecular or “qualitative” differences.

Expecting that similar qualitative differences, distin-
guishable with silver staining, may be present among
a-synuclein-positive deposits, we were prompted to
examine their argyrophilic profiles with CS and GB.
This is the first study demonstrating disease-specific
profiles of argyrophilia in synucleinopathies.

Materials and methods

Six cases of MSA and five cases of PD were enrolled into
this study. Demographic data on these cases are shown
in Table 1. Clinical diagnosis of PD was based on
levodopa-responsive parkinsonism with tremor, rigidity,
and bradykinesia, and was confirmed pathologically in
all the cases by the presence of LBs and neuronal
depletion in the substantia nigra, locus ceruleus and
dorsal motor nucleus of vagus. Clinical diagnosis of
MSA was differentiated from PD by concomitant ataxia
(with cerebellar atrophy demonstrated by brain imag-
ing), marked pyramidal signs and profound autonomic
dysfunction. Pathological confirmation of MSA was
based on the degeneration in the putamen, substantia
nigra, pons, inferior olive and cerebellum and the pres-
ence of GClIs [12, 13].

Brains were fixed in formalin and embedded in par-
affin. Areas rich in o-synuclein-positive deposits (motor
cortex, putamen, pontine nucleus and cerebellum for
MSA; limbic cortex, nucleus basalis of Meynert, amyg-
dala, midbrain and medulla oblongata for PD) were
examined for their argyrophilia with GB and CS on
adjacent sections.

In addition, mirror section pairs (4 um thick) from
these areas were subjected to subsequent studies to

identify possible relation between o-synuclein-like
immunoreactivity (IR), ubiquitin-like IR and argyro-
philia. Pairs of mirror sections were autoclaved and
incubated at 4°C for 2 days with a mixture of an anti-
synuclein mouse monoclonal antibody (1:200, LB509; a
generous gift from Prof. T Iwatsubo, University of
Tokyo [11]) and an anti-ubiquitin rabbit polyclonal
antibody (DAKO, Glostrup, Denmark) and the target
epitopes were visualized with an anti-mouse IgG con-
jugated with Alexa 488 (1:200; Molecular Probes,
Eugene, OR) and an anti-rabbit IgG conjugated with
Alexa 647 (1:200; Molecular Probes). Sections were then
incubated with thiazin red (TR; 1:30,000; Wako, Tokyo,
Japan), a fluorochrome that labels fibrillary structures
such as LBs [14] or NFTs [18, 19] for 15 min. After being
observed under a confocal microscope (Leica TCS/SP,
Heidelberg, Germany), one of the section pair was
stained with GB [3, 6] and the other with CS [4, 16] to
compare argyrophilic properties of each o-synuclein-,
ubiquitin- or TR-positive structure. Identification of the
same microscopic field on the fluorescence images
(o-synuclein, ubiquitin and TR) and on the corre-
sponding silver-stained (GB and CS) pair-wise images
allowed us to compare staining profiles of each structure
based on five different properties; wo-synuclein IR,
ubiquitin IR, affinity to TR, argyrophilia with GB and
that with CS [21, 22, 23]

Results

GClIs exhibited argyrophilia with both CS (Fig. 1A, C)
and GB (Fig. 1B, D) to an equivalent extent. Argyro-
philia of L.Bs were clearly detectable with CS (Fig. 1E,
G). However, LBs identified on GB-stained sections
(Fig. 1F, H) were, at most, weakly argyrophilic (arrow
in Fig. 1F, H). These argyrophilic features were consis-
tent and were not influenced by the case or area exam-
ined.

Relation of these argyrophilic structures to o-synuc-
lein-like IR and ubiquitin-like IR was examined on
paired sections that were initially fluorolabeled and then
silver stained (Fig. 2). On the triple-fluorolabeled sec-
tions from MSA patients (Fig. 2a—d), most GCIs
exhibited o-synuclein-like IR (green) and ubiquitin-like

Table 1 Demographic data of

the cases (MSA multiple system ) ) ‘ o ) ) Age at death  Duration Brain weight

atrophy, PD Parkinson’s Pathological diagnosis  Clinical diagnosis  (years) (years) Gender (g)

disease)
MSA MSA 47 11 M 1460
MSA MSA 57 6 F 1138
MSA MSA 58 7 M 1318
MSA MSA 60 14 M 1239
MSA MSA 64 20 M 1059
MSA MSA 74 4 M 1285
PD PD 60 20 F 1146
PD PD 65 4 M 1067
PD PD 73 4 F 1335
PD PD 74 2 M 1320
PD PD 78 4 M 1320




Fig. 1 Silver-stained mirror
sections (left column: with CS;
right column: with GB) of MSA
(A-D) and of PD (E, F). GCIs
in the internal capsule are
stained with CS (A, C). Those
in the mirror section pair are
similarly stained with GB

(B, D). C, D Higher
magnification of the
corresponding squared area in A
and B, respectively. LBs in the
amygdala are stained with CS
(arrow in E, G) but hardly
stained with GB (arrow in F,
H). Neuritic plaque is stained
with CS (double arrowhead in E)
and with GB (double arrowhead
in F), while the diffuse plaque,
stained with CS (arrowhead in
E, G), is not with GB
(arrowhead in F, H). Asterisk in
A, B and that in E, F indicate
the same blood vessels in paired
mirror sections (CS Campbell-
Switzer method, GB Gallyas-
Braak method, MSA4 multiple
system atrophy, PD
Parkinson’s disease, GCIs glial
cytoplasmic inclusions, LBs
Lewy bodies). Bars A, B, E, F
100 pm; C, D, G, H 25 pm

=)

A ox

=

IR (blue) to yield blue-green color. No affinity to TR
(red) was detectable even when the detection threshold
was lowered enough to give background myelin staining.
Therefore, none of the GCIs appeared white with triple
fluorolabeling. Subsequent silver staining of these sec-
tion pairs demonstrated that GCIs exhibited

argyrophilia with both CS (Fig. 2A, C) and GB
(Fig. 2B, D) to a similar extent.

On the triple fluorolabeling of mirror section pairs
from PD (Fig. 2e-h), most LBs exhibited synuclein-like
IR (green) and ubiquitin-like TR (blue) to yield blue-
green color. Some of these LBs appeared white as they
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Fig. 2 Triple-fluorolabeled mirror sections (a—g) stained for o-
synuclein (green), TR (red) and ubiquitin (blue), subsequently silver
stained with CS (A, C, E, G) or GB (B, D, F, H). GClIs in the
cerebellar white matter (A, a, b, B) exhibit a-synuclein-like (green)
and ubiquitin-like (blue) IRs, but the lack of affinity to TR (red),
yielding a blue-green appearance in GCIs. These GCIs are silver
stained with CS (A, higher magnification of the squared area in a)
and GB (B, higher magnification of the squared area in b). GCIs in
the putamen (C, ¢, d, D) exhibited similar IR and silver-staining
profiles. LBs in the nucleus basalis of Meynert (E, e, f, F), are
spherical and exhibit o-synuclein-like (green) and ubiquitin-like

also exhibited affinity to TR (red, arrowhead in Fig. 2e,
f). All of these LBs, including Lewy neurites, were
clearly stained with CS, regardless of their location
(Fig. 2E, G). However, GB hardly visualized these
structures (Fig. 2F, H).

Discussion

LBs and GCIs are composed of similarly phosphorylated
synuclein [5] woven into fibrils and diseases demon-
strating these deposits are grouped under the title “syn-
ucleinopathies™ [7] on the supposition that a common
mechanism is involved in the formation of LBs and
GCIs. Most of the biochemical and immunohistochem-

(blue) IRs and affinity to TR (red) to yield a whitish appearance
(arrowhead in e, f). These LBs are stained with CS (arrowhead in E)
but not with GB (arrowhead in F). LBs in the dorsal motor nucleus
of vagus (arrowhead in G, g. h, H) are diverse in their morphology
but their fluorescence signals (g, h) are similar to those from LBs in
the nucleus basalis (e, f). Lewy neurites (arrow in G, g, h, H) share
these staining profiles. These LBs (arrowhead), as well as Lewy
neurites (arrow) are stained with CS (G) but not with GB (H).
Asterisk in a, b, C, ¢, d, D, G, g, h, and H denotes the same blood
vessel observed in paired mirror sections (7R thiazin red, IR
immunoreactivity). Bars A, B 10 um; otherwise 50 um

ical features related to a-synuclein are shared between
LBs and GCIs, and this is one of the reasons why
immunohistochemical markers are not very successful in
distinguishing the two different synuclein deposits. In the
present study, we demonstrated that, using GB and CS,
the argyrophilic properties of LBs and GCIs were dis-
tinct; i.e., GCIs exhibited argyrophilia with both CS and
GB, whereas LBs were labeled by CS but not by GB.
These disease-dependent argyrophilic features were
consistent, and were not influenced by the case or area
examined. We have previously reported that some LBs
have an affinity to TR [14], a fluorochrome that labels
fibrillary structures, such as NFTs [18, 17, 19]. Com-
parison of LBs and GCIs clarified that GCIs lacked
affinity to TR. Since the differences in molecular com-





