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TasLE 11
Release of [**CJsucrose from vesicles reconstituted with TOM40 proteins

Results are normalized so that the **C/°H ratios of the incubation mixture would be equal to 1.0. Results of three independent experiments are

shown. LDH indicates lactate dehydrogenase.

Incubation mixture

Isolated vesicles

Addition #CPH
[*H]Dextran [**CiSucrose [*H]Dextran [*C]Sucrose
cpm cpm

None 38,200 35,000 5,950 5,230 0.96
Tum40

3.8 ug 47,900 43,300 9,070 6,640 0.81

38 ug 44 400 40,300 8,110 4,960 0.67
Tom40(AN165)

3.8 nug 43,400 39,500 9,030 7,859 0.97

38 pg 47,600 41,000 9,470 5,650 0.69
Heated 38 pg 52,200 48,400 5,410 4,640 0.92
LDH

38 pg 45,200 41,000 8,110 7,080 0.96

C-terminal half-segment of rTOM40, like full-size rTOMA40,
mediates passage of small molecules across the membranes.
These properties seem to correspond to the ability of *TOM40
and rTOM40(AN165) for sequestration of the MPP-processing
site of preprotein within the molecule (see Fig. 3 and Fig. 5).

DISCUSSION

Virtually all the nuclear coded mitochondrial proteins are
translocated and sorted into mitochondrial subcompartments
via the TOM complex; preproteins transported to the inner
compartments are translocated through the TOM channel ir-
respective of whether they are destined to soluble compart-
ments or to the inner membrane. On the other hand, the outer
membrane proteins are sorted by the TOM complex from the
proteins destined for the inner compartments and anchored to
the lipid bilayer of the outer membrane. As an initial step for
understanding the mechanism of this diverse preprotein recog-
nition by the TOM channel, we purified active recombinant
rTOM40, and we analyzed the recognition properties using
matrix-targeted preproteins.

Purified rTOM40 bound preproteins with high affinity and
sequestered the MPP-processing site within the molecule. Fur-
thermore, when reconstituted into liposomes, it exhibited pre-
sequence-sensitive cation-selective channel activity. Therefore,
recombinant rTOM40 was correctly refolded to attain the func-
‘tional conformation as the preprotein translocation pore. The
CD spectrum of rTOM40 did not exhibit the light-scattering
effects caused by aggregated species and revealed a greater
than 60% B-sheet structure. This value coincided well with that
for recombinant S. cerevisiae Tom40 (12), although the CD
spectra differed considerably. In contrast, the B-sheet structure
content of N. crassa Tom40 predicted by CD spectra or IR
spectra was markedly lower with a maximum of 31% (10). The
a-helical structure of rTOM40 (10%) was half that of N. crassa
Tom40. The reason for the difference in the secondary struc-
ture between N. crasse and mammals is not known.

- Most importantly, this study demonstrates that the purified
membrane embedded C-terminal, half-formed ~170-kDa ho-
mo-oligomeric complex with a greater than 60% B-sheet struc-
ture and exhibited preprotein-binding properties comparable
with those of rTOM40, suggesting that the C-terminal segment
constitutes the preprotein conducting pore. Alignment of
Tom40 proteins from several organisms revealed that the se-
quence conservation is higher in the C-terminal pore-forming
segment compared with the N-terminal segment (14). Although
attempts to measure the presequence-responsive channel ac-
tivity of rTOMA40(AN165) electrically were unsuccessful, we
could demonstrate that it mediated passage of sucrose across
the membrane. This preparation will help analyze the struc-

ture of the pore and preprotein recognition mechanisms.

rTOM40(AN165) was almost functionally identical with
rTOM40 with respect to the preprotein recognition, and both
exhibited enriched B-sheet structures, thus the g-barrel struc-
ture is responsible for the pore function as is the case for porin
(28, 33). The B-structure content of *TTOM40(AN165) was lower
(62%) than that of rTOM40. Because the random coil structure
was increased in rTOM40(AN165), proper refolding might be
disturbed to some extent. The N-terminal 1-165 segment
might be required for correct formation or stabilization of the
pore structure, and this might be reflected in the decreased
affinity of rTOM40(AN165) for pSU9-DHFR.

Here we demonstrated that purified recombinant rTOM40
and rTOM40(AN165) exhibited virtually identical properties
with the TOM core complex (24, 27). They initially bind the
preprotein through predominantly electrostatic interactions
and partially translocate the preprotein to the salt-resistant
trans-site that is inaccessible to MPP, probably within the
translocation channel. Stabilization of the DHFR moiety by
methotrexate inhibited binding of pSU3-DHFR to rTOM40 or
rTOM40(AN165), suggesting that the partial translocation is
accompanied by unfolding of the mature segment, and the
activity is restricted to the C-terminal half of rTOM40. These
results also indicate that purified rTOM40 as well as
rTOM40(AN165) contain the salt-sensitive cis-binding site.
The salt-sensitive binding to the cis-site provided by the sur-
face receptors Tom20 and Tom22 is much weaker than that in
rTOM40 or rTOMA40(AN165); cis-site binding of the preprotein
was almost completely inhibited by 100 mm KCl (22-24). Con-
sistent with this, the K, values of preproteins for the cytoplas-
mic domain of import receptors Tom70 or Tom20 as measured
by SPR were 10771078 M (84). This affinity difference might
facilitate vectorial preprotein transfer from the surface import
receptors to the cis-binding site of Tom40.

Analysis by SPR revealed that rTOM40 bound pSU9-DHFR
with high affinity (in the 107%° m range), and stabilization of
the DHFR moiety greatly decreased the affinity. Most interest-
ingly, rTOM40 bound a presequence peptide but with 10%-fold
lower affinity at 3.0 X 107° m. These results indicate that the
mature portion of the preprotein contributes significantly to
the high affinity binding. It should be noted that the
rTOM40-pSU9-DHFR complex or rTOM40(AN165)pSU9-
DHFR complex, once formed, was resistant to salt treatment,
indicating a mode of interaction different from the initial in-
teractions in the latter binding stage or in the ¢rans-site bind-
ing in the purified molecules. The precise nature of the inter-
action of the preprotein with the trans-binding site remains to
be determined. rTOM40 and rTOM40(AN165) thus possess
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virtually all the preprotein-binding properties characteristic of
the TOM holocomplex.

What might be the function of the N-terminal 165-residue
segment? rTOM40-(1-165) was expressed in E. coli as a soluble
form. CD spectra of the purified recombinant rTOM40-(1-165)
revealed that it has 49% o-helix, 6% B-sheet, and 45% random
structures. The segment consisting of residues 1-65 should
span the membrane at least once, although the exact states of
membrane disposition of the segment including this and up to
165 residues remains unknown. Recombinant rTOM40-(1-165)
bound preprotein with an affinity on the order of 107 m
mainly through hydrophobic interactions; the complex was sta-
ble in the presence of 500 my NaCl.2 Considering that purified
rTOMA40 initially binds preproteins by ionic interactions, these
results suggest that the 1-165 segment functions in the later
stages of preprotein translocation. In N. crasse Tom40, seg-
ment 41-60 (corresponds to residues 80-98 of rTOM40) is
essential for proper assembly/stability of Tom40 in the TOM
complex (35). In a recent report, residues 51-60 (correspond to
residues 90-98 of rTOM40) and the C-terminal 3 residues
(residues 321-323 which correspond to 353-355 of rTOM40)
are required for assembly beyond the 250-kDa assembly inter-
mediate of the TOM complex (36). Thus, the N-terminal 1-165
segment might also be involved in the assembly with the TOM
components such as Tom22 and small Tom proteins or function
as the interface of releasing outer membrane proteins from the
import pore into the lipid bilayer. Another possibility is that
the N-terminal 1-165 segment is required for coupling the
TOM complex with the translocation of inner membrane com-
plex during preprotein transit from the outer membrane to the
inner membrane.
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Expression of amyloid precursor protein-;like molecule in
astroglial cells of the subventricular zone and rostral
migratory stream of the adult rat forebrain

Katsunori Yasuoka, Kazuho Hirata, Akio Kuraoka, Jian-wen He and Masaru Kawabuchi
Department of Anatomy and Cell Biology, Graduate School of Medical Sciences, Kyushu University, Fukuoka, Japan

Abstract

in adult mammals, new neurons in the subventricular zone (SVZ) of the lateral ventricle (LV) migrate tangentially
through the rostral migratory stream (RMS) to the olfactory bulb {OB), where they mature into local interneurons.
Using a monoclonal antibody for the B-amyloid precursor protein {APP) (mAb 22C11), which is specific for the
amino-terminal region of the secreted form of APP and recognizes all APP isoforms and APP-related proteins,
immunoreactivity was detected in specific subpopulations of cells in the SVZ and RMS of the adult rat forebrain. In
the SVZ, APP-like immunoreactivity was detected in the ependymal celis lining the LV and some of the subependymal
cells. The latter were regarded as astrocytes, because they were positive for the glial markers, S-100 protein (5-100)
and glial fibrillary acidic protein {GFAP). APP-like immunoreactive astrocytes exhibited strong labelling of the
perinuciear cytoplasm and often possessed a long, fine process similar to that found with radial glia. The process
extended to an APP-like immunoreactive meshwork in the RMS that consisted of cytoplasmic processes of
astrocytes forming ‘glial tubes’. Double-immunofluorescent labelling with a highly polysialylated neurali cell
adhesion molecule (PSA-NCAM) confirmed that the APP-like immunoreactive astrocytes in the SVZ and meshwork
in the RMS made close contact with PSA-NCAM-immunopositive neuroblasts, suggesting an interaction between
APP-containing.cells and neuroblasts. This region of the adult brain is a useful in vivo model to investigate the role
of APP in neurogenesis.

Key words adult neurogenesis; confocal laser scanning microscopy; glial tube; immunohistochemistry; sub-
ependymal cell.

Introduction

Mitotic active cell proliferation has been reported in
specific regions of the adult mammalian central nervous
system (CNS), including the subventricular zone (SVZ)
of the lateral ventricie (LV) (reviewed by Alvarez-Buylla
& Garcia-Verdugo, 2002), the hippocampal dentate
gyrus {Palmer et al. 1997) and the olfactory neuroepi-

thelium {reviewed by Peretto et al. 1999). Attention

has increasingly focused upon the SVZ of the LV,
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because this region is the largest germinal zone of
the adult mammalian brain, contains a steady-state
population of proliferating cells and harbours neural
stem cells that could be used for neuroregenerative
therapy (Doetsch & Alvarez-Buylla, 1996; reviewed by
Alvarez-Buylla & Garcia-Verdugo, 2002). In addition, a
distinct migration pathway called the rostral migratory
stream (RMS) has been identified, where neural pre-
cursors generated in the anterior horn of the SVZ
migrate to the olfactory bulb {OB) and mature into
jocal interneurons {Lois & Alvarez-Buylla, 1994; Lois et al.
1996). Of particular .interest is that astrocytes in this
region have an immature property that is thought to
be involved in the gui'dance of precursor cells {reviewed
by Peretto et al. 1999) or capable of proliferating
itself (reviewed by Alvarez-Buylla & Garcia-Verdugo,
2002). The SVZ-RMS-OB system of the forebrain seems
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to be a useful tool for studying the mechanisms under-
lying neurogenesis.

Amyloid precursor protein (APP) is an integral cell
membrane glycoprotein expressed in a variety of tissues,
and is abundant throughout the nervous system {(Selkoe,
1994). APP produces the amyloid B protein (AB), which
is known as the major component of senile plaques
found in the brain of patients with Alzheimer's-disease
(Goldgaber et al. 1987; Kang et al. 1987; Tanzi et al.
1987). The non-amyloidogenic pathway of APP metabol-
ism involves enzymatic cleavage within the A sequence,

and promotes release of the secreted form of APP (sAPP)

{Esch et al. 1990; Sisodia et al. 1990). Interestingly,
several studies of embryonic (Ohta et al. 1993; Salbaum
& Ruddle, 1994) and mutant animals (Mucke et al. 1994;
Zheng et al. 1995) have suggested that APP plays a
crucial role in neurogenesis. More recent in vitro studies,
using a yeast expression system, have shown that the
amino-terminal region is responsible for the biological
activity of sAPP (Ohsawa et al. 1997, 1999; Morimoto
et al. 1998a,b), induding the enhancement of neurite
outgrowth (Ohsawa et al. 1997) and stimulating the pro-
liferation of neural stem cells {Ohsawa et al. 1999). The
region is also involved in synapse formation (Morimoto
et al. 1998a)}, although the carboxyl-terminal modulates
synaptic activity along with amino-terminal region of
sAPP (Morimoto et al. 1998b). Thus the amino-terminal
region of sAPP seems to be significantly involved in
neurogenesis. A number of studies have localized APP
within the nervous system and shown APP expression
in a wide range of cell types, including neuronal and
non-neuronal cells (Palacios et al. 1992; Banati et al.
1994; Beeson et al. 1994; Quimet et al. 1994; Chauvet
et al. 1997). The considerable variation in the distribu-
tion of APP reported by these studies is thought to be
partly due to the use of antibodies targeting different
regions of the APP molecule (Beeson et al. 1994). Using
the monoclonal antibody {(mAb) 22C11, which is specific
for the amino-terminal region of sAPP, Chauvet et al.
{1997) reported APP-like immunoreactivity in immature
types of astroglial cells. Although the entire rostrocaudal
region of the brain was examined, these authors did not
report the distribution of APP in the SVZ-OB system.

In the present study using the mAb 22C11 antibody,
APP expression was investigated in the adult rat fore-
brain, including the SVZ-OB system. APP-like immuno-
reactivity was detected in ependymal cells and radial
glia-like subependymal cells in the SVZ, and a special
type of astrocyte forming glial tubes in the RMS.
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Materials and methods
Animals and tissue preparation

Adult female Wistar rats Weighing 140-160 g (68 weeks
old) were used. Animals were deeply anaesthetized
with diethyl ether and pentobarbital sodium salt
(50 mg kg™") and perfused intracardially with 0.01 m
phosphate-buffered saline (PBS) at pH 7.4, followed
by a mixture of 4% paraformaldehyde and 0.2% picric
acid in 0.1 m phosphate buffer (PB) at pH 7.4. After
removal from the skull, the brains were blocked and
post-fixed for 3-4 h in 4% paraformaldehyde in 0.1 m
PB and immersed overnight in 20% sucrose buffer.
They were then frozen with dry-ice-isopentane. The
brains were cut either sagittally or frontally into
50-um-thick serial sections on a cryostat. Sections were
coliected in 0.02m potassium phosphate-buffered
saline (KPBS).

Antibodies and immunohistochemistry

The immunohistochemical procedure used here has
been described previously (He et al. 2000). Briefly, non-
specific binding sites were blocked by pre-incubation
with 0.1% bovine serum albumin (BSA) in KPBS
containing 0.5% Triton X-100 at 4 *C overnight. For
immunofluorescent histochemistry of APP, sections
were incubated with: (1) the primary antibody, a mouse
mAb for the brain Alzheimer precursor protein A4
(APP, 22C11) {Chemicon) at a dilution of 1 : 10 in KPBS
at 4°C for 4 days; (2) the secondary antibody, a
biotinylated horse anti-mouse IgG (Vector) 1: 200
at 4 °C overnight; and (3) fluorescein iso-thiocyanate
{FITC)-conjugated streptavidin (1 : 200) for binding to
the biotinylated secondary antibodies at 4 °C over-
night. Control sections were processed identically and
in paraliel; however, they were incubated with KPBS
instead of the primary antibodies. No labelling of the
structures was detected in these controls.

For cellular identification of the immunoreactive
elements, a double-immunofluorescence procedure with
S-100 protein (S-100) or glial fibrillary acidic protien
(GFAP) was performed. Sections were incubated with
(1) a mixture of mouse mAb to APP (1 : 10) and rabbit
polyclonal antibodies (pAb) to 5-100 protein (Nichirei)
1: 5 or rabbit pAb to GFAP (Research Biochemicals
international; RBI} 1:100, with (2) a mixture of
biotinylated horse anti-mouse 1gG (Vector) 1 : 200 and
Texas red-conjugated donkey anti-rabbit IgG {(Jackson)

© Anatomical Society of Great Britain and ireland 2004



Table 1 Primary antibodies used in the immunohistochemical
procedures

Antibody (clone) Source Dilution Species

anti-APP (22C11) Chemicon 1:10 Mouse IgG
anti-5-100 protein Nichirei 1:5 Rabbit IgG
anti-GFAP RBI 1:100 Rabbit igG
anti-vimentin (V9) Chemicon 1:0 Mouse I1gG
anti-PSA-NCAM Dr Seki 1:5 Mouse IgM

1:200, and then with (3) FITC-conjugated streptavidin
(Vector) 1 : 200 for binding to the biotinylated secondary
antibodies. To demonstrate the relationship between
APP-like-immunolabelled elements and neuroblasts, a
doubie-immunofluorescence procedure for APP and
highly polysialylated neural cell adhesion molecule
(PSA-NCAM) was used. Sections were incubated with
(1) a mixture of the mouse mAb (IgG) to APP and the
mouse mAb {IgM) to PSA-NCAM (kindly provided by
Dr Seki, Juntendo University, Japan) (1:5), with (2) a
mixture of biotinylated rabbit anti-mouse IgG (Fc-
specific) (Jackson) (1 : 200) and FITC-conjugated goat
anti-mouse IgM (i chain-specific) {Jackson) 1:200,
and then with (3) Texas red-conjugated streptavidin
(Chemicon) 1 : 400 for binding to biotinylated secondary
antibodies. The findings of the double-immunofluorescent
labelling were compared with those of the single-
immunofluorescent labelling, performed using each
cellular markers (Table 1) prior to the labelling of the
former. No difference was observed in the morphology
of the immunolabelled structures between the single
and double labelling. The double-labelled sections were
mounted on gelatin-coated slides with Vectashield
mounting medium (Vector).

To compare APP-like immunolabelled structures with
those positive for the immature glial marker, vimentin,
a single-immunofluorescence procedure for APP or
vimentin was used in two adjacent sections. Serial
sections were incubated with (1) the primary antibody,
a mouse mAD to anti-APP or mouse mAb to vimentin
(V9) {Chemicon) at a dilutionof 1: 10 or 1: 30 in KPBS,
respectively, then with (2) biotinylated horse anti-
mouse lgG (1: 200) as the secondary antibody, and
with (3) FITC-conjugated streptavidin (1 : 200) for bind-
ing to the biotinylated secondary antibodies.

To identify the nudei of cells, FITC-labelied sec-
tions were counterstained with propidium iodide
(P1) using Vectashield mounting medium with PI
(Vector).

© Anatomical Society of Great Britain and Ireland 2004
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Fig. 1 Schematic diagram of a parasagittal section of the
adult rat forebrain and the pathway of migrating precursor
cells newly generated inthe subventricular zone of the lateral
ventricle. Neural precursor cells {black) are generated in the
anterior horn of the subventricular zone (SVZa), migrate in a
rostral direction (rostral extension of the subependymal zone;
SEZre), and eventually reach the olfactory bulb (olfactory bulb
portion of the subependymal zone; SEZob), thereby forming
the rostral migratory stream (RMS). This schematic
representation is also depicted in Figs 2, 3 and 6. LV, lateral
ventricle; CX, cerebral cortex; CC, corpus callosum; OB,
olfactory bulb.

Confocal laser scanning microscopy

The double-fluorescence-labelled sections were imaged
using a confocal laser scanning imaging system (LSM-
GB200) attached to a microscope {Olympus). Sections
were illuminated by light with an excitation wavelength
of 488 nm {(argon laser) for FITC, and 568 nm (krypton
laser) for Texas red or Pl. Single and a series of optical
sections were transferred separately to Channel 1 and
Channel 2 to avoid crosstalk, and then superimposed.
A series of optical sections at 1.5-um intervals were
projected and extended on a single plane 10-20 um in
thickness {(volume projection method). Green and red
images were acquired simultaneously and are either
presented separately (cf. Figs 3 and 4) or as a superim-
posed image {(cf. Figs 2 and 5).

Results

The entire length of the migration pathway for neural
precursor cells from the SVZ of the LV to the OB was
arbitrarily divided into three regions in a caudal to
rostral direction: anterior horn of the SVZ of the LV
{SVZa), rostral extension of the subependymal zone
(SEZre) and olfactory bulb portion of the subependymal
zone (SEZob) (Fig. 1).

In parasagittal sections, the distribution of APP-like-
immunoreactive (-ir) structures was clearly observed
in conjunction with Pl-nuclear staining; the APP-like-ir
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components consisted of cells with a prominent cellular
configuration in the SVZ (Fig. 2A) and an elaborate
network in the RMS (Fig. 2C,D). In the SVZa of the LV,
there was intense APP-like immunoreactivity in the
perinuclear region of a number of ependymal and
subependymal cells (Fig. 2A,B). The subependymal cells
often exhibited a similar profile to that of radial glia:
rostrally, they extended a long thin process across the
wall of the LV into the periventricular parenchyma.
These processes were connected with the APP-like-ir
network distributed throughout the RMS, induding
the SEZre (Fig. 2Q) and the SEZob (Fig. 2D). The APP-
like-ir network was predominant in the SEZre and the
most rostral region of the SEZob, due to the dense
distribution and more intense immunostaining of
the cells. In the most rostral region of the SEZob, the
processes of the APP-like-ir network spread out in a
fan-shaped manner (Fig. 2D). In some areas of the RMS,
a cluster of residual ependymal cells, i.e. a remnant of
the olfactory ventricular wall, was occasionally observed
as reported by Peretto et al. (1997). These ependymal
cells exhibited strong immunoreactivity and were
connected with the APP-like-ir network (Fig. 2C).

To identify APP-like-ir cells, double-immunofluorescent
labelling for APP and one of the glial markers, 5-100
or GFAP, was performed in coronal sections. In the
SVZa, APP-like-ir ependymal and subependymal cells
were positive for 5-100 (Fig. 3A-C) or GFAP (Fig. 3D-F).
Furthermore, a comparison of the morphology and
distribution of two adjacent coronal (Fig. 3G,H) and
parasagittal (Fig. 4A,B) sections revealed that APP-like
expression in the SVZa matched that of vimentin, a
marker of immature glial cells. Thus, APP-like-ir sub-
ependymal cells are probably an immature type of
astrocyte. in the core of the SEZre, the APP-like-ir ele-
ments were also positive for S-100 (Fig. 5A-C) or GFAP
(Fig. 5D-F). APP-like immunoreactivity was mainly
detected within the processes, rather than the perinu-
clear regions, of S-100-ir astrocytes, which form ‘glial
tubes’ in the core of the RMS (Fig. 5A-C). APP-like-ir
processes completely overlapped the GFAP-ir processes.

" APP-like immunoreactivity was slightly stronger in the

central region compared with the periphery, whereas
GFAP immunoreactivity was somewhat stronger in the
periphery (Fig. 5D-F). Thus, APP-like immunoreactivity
was only detected in ependymal cells and subependymal
astrocytes of the SVZ, and in the astrocytes forming
glial tubes in the RMS.

- Double-immunofluorescent labelling of coronal
sections for APP and PSA-NCAM, a marker of migrating
neuroblasts (Bonfanti & Theodosis, 1994), was per-
formed to determine the relationship between APP-
like-ir cells and neuroblasts migrating from the SVZ
to the OB. In the SVZa, PSA-NCAM-ir elements usually
formed a cluster under the layer of APP-like-ir sub-
ependymal cells, and were roughly enclosed by loose
APP-like-ir networks. PSA-NCAM-ir elements sometimes
made contact with APP-like-ir elements (Fig. 6A). In the
SEZre, PSA-NCAM-ir elements were more numerous and’
closely packed in the APP-like-ir networks of glial tubes.
in the core of the SEZob, PSA-NCAM-ir elements were
also densely packed in APP-like-ir networks (Fig. 6B,C).
Thus, PSA-NCAM-ir elements and APP-like-ir networks
in the RMS always showed close apposition. In the
SEZob, clusters of PSA-NCAM-ir elements were distrib-
uted beyond the limits of the core and spread towards
the internal granular layer, which exhibited radial
migration of neuroblasts (Fig. 6B,D). The celluiar local-
ization of PSA-NCAM was confirmed by immunofluo-
rescent labelling of PSA-NCAM and nuclear staining
with Pl. PSA-NCAM immunoreactivity was observed in
cells possessing round and densely stained nuclei, a
characteristic of neuroblasts {Fig. 6E).

Discussion

In this study we used the antibody mAb 22C11, which
is specific for the amino-terminal region of sAPP (the
epitope is localized between residues 66 and 81 of APP)
and recognizes all APP isoforms (Hilbich et al. 1993).
Slunt et al. {(1994) identified cDNA that encodes a 751-
amino acid APP-like protein (designated APLP2) in the

Fig. 2 Pseudocolour three-dimensional images reconstructed from a series of 20 sections of immunofiuorescent labelling for
APP (green) and nuclear staining for Pl (red) in the SVZa (A, B), SEZre (C) and SEZob (D) in parasagittal sections of the rat
forebrain. (A) In the SVZa, a large number of ependymal and subependymal cells express strong APP-like immunoreactivity in
the perinuciear region. Some of the subependymal cells rostrally extend a single, long APP-like-ir process from the cell body.
(B) Higher magnification of the white box in A shows APP-like-ir processes of subependymal cells extending across the wall of
the LV into the periventricular parenchyma (arrows). (C) In the SEZre, a well-developed APP-like-ir network can be seen in the
region of a dense population of Pl-stained nuclei in the RMS. Arrow shows that the APP-like-ir network connects with a cluster
of APP-like-ir residual ependymal cells. (D) In the SEZob, the APP-like-ir processes spread out in a fan-shaped manner in the most

rostral part of the RMS. Scale bars = 10 um.
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vimentin-Pl
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mouse and showed that the mAb 22C11 cross-reacted
with mouse APLP2. It cannot be ruled out that the
immunoreactivity shown here is not only for APP, but
also for APLP, because rat APLP2 has approximately
95% sequence homology with the murine CDEl binding
protein (Sandbrink et al., 1994). Hence the immuno-
reactive site was designated APP-like. In the rat SVZ-OB
system, mAb 22C11 immunostaining was detected in
specific subpopulations of cells of both the SVZ and
the RMS.

In the SVZ, at least two types of APP-like-ir cells were
detected: ependymal cells that face the ventricular
cavity, and subependymal cells that are located beneath
the ependymal cells. The former were immunopositive
for 5-100 or GFAP, which may include a few tanycytes,
i.e. ependymoglial cells, because Doetsch et al. (1937)
reported that GFAP-positive tanycytes were occasionally
observed in the SVZ. The mAb 22C11 immunostaining
in ependymal cells was not confined to this specific
region, but detected throughout the lining of the LV
(data not shown). The APP-like immunoreactivity of
the ependymal cell is consistent with that reported by
Chauvet et al. (1997), although they did not describe
immunoreactivity in the SVZ. The APP-like-ir subependy-
mal cells were also positive for $100 or GFAP. Accbrding
to the cellular identification of Doetsch et al. (1997),
these cells were regarded as a type of astrocyte.
Comparison of two adjacent sections showed that
these cells approximately correspond to cells positive
for vimentin, which is the major cytoskeletal compon-
ent in immature glia (Dahl et al. 1981). Furthermore,
confocal laser scanning microscopy revealed that APP-
like-ir astrocytes often had a long process extending
rostrally, and resembled that of radial glia. Although
we are not able {o state definitely whether these cells
are radial glia, APP-like expression in the radial glia-like
cells in SVZ of adult rat forebrains is not incompatible
with the expression of this molecule in radial glia of the
fetal and early postnatal mouse brain (Trapp & Hauer,
1994) and in rat neonatal radial glia-like structures

APP-like immunoreactive astrocytes in SVZ and RMS, K. Yasuoka et al.

Fig. 4 Greyscale three-dimensional images reconstructed
from a series of 20 sections of immunofiuorescent labelling for
APP (A) and vimentin (B), in two adjacent parasagittal sections
of the SVZa. Rostrally directed, long processes of vimentin-ir
cells are clearly shown in this parasagittal section (B), whereas
the processes of the APP-like-ir cells are apparently shorter,
because of being cut in the adjacent section (A).

{Chauvet et al. 1997), the former of which was examined
by an mAb raised against the carboxy-terminal region.
With regard to the morphology of the astrocytes in the
SVZ, there seems to be the difference between the rat
and mouse. Astrocytes in the mouse are positive for
vimentin {Doetsch & Alvarez-Buylla, 1996), although they
exhibited no immunostaining for RC 2 mAb, another
marker of radial glia (Gates etal. 1995). However,
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there is no evidence of a long process, characteristic of -

radial glia, even in a three-dimensional reconstruction
of ultrathin sections {Doetsch & Alvarez-Buylla, 1996;
Doetsch et al. 1997). In the mouse SVZ, neuroblasts are
thought to traverse a complex network of intercon-
nected pathways formed by astrogytes to enter the

Fig. 3 (A-F) Pseudocolour images of double-immunofluorescent labelling for APP with the glial markers S-100 {A, B, C) and GFAP
(D, E, F), in coronal sections of the SVZa. (A-C) images of FITC-labelled APP-like-ir elements (A) and Texas red-labelled S-100-ir
elements (C), and their superimposed image (B), of a single optical section. (D-F) Images of FITC-labelled APP-like-ir elements
(D) and Texas red-labelled GFAP-ir elements (F), and their superimposed image (E), of a single optical section. in the SVZa, almost
all of the APP-like-ir cells express both 5-100 (yellow and yellowish green in B) and GFAP (yellow and yellowish green in E). Note
that APP-like expression is confined to the S-100-ir or GFAP-ir elements within the SVZ. Arrows indicate the process extending
from the APP-like-ir subependymal cells. (G, H) Pseudocolour three-dimensional images reconstructed from a series of ten optical
sections of immunofiuorescent labelling for APP (G), and vimentin {H), a marker of immature glial cells, in two adjacent coronal
sections of the SVZa. The distribution of the APP-like-ir elements (green and yellow in G) and vimentin-ir elements (green and
yellow in H) is very similar. Red indicates Pl-stained nuclei. Scale bars = 10 um.
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Fig. 5 (A-F) Pseudocolour images of double-immunofiuorescent labelling for APP and one for the glial markers 5-100 (A-C) or
GFAP (D-F), in coronal sections of the SEZre. (A~C) Images of FITC-labelled APP-like-ir elements (A) and Texas red-labelled S-100-
ir elements (Q), and their superimposed image (B), of a single optical section. in the core of SEZre, APP-like immunoreactivity was
co-localized with the processes of S-100-ir astrocytes forming ‘glial tubes’ {yeliow in B). Note that 5-100 immunoreactivity occurs
throughout the glial cells, including the cytoplasm and the nucleus. (D-F) Images of FiTC-labelled APP-like-ir elements (D) and
Texas-red-labelied GFAP-ir elements (F), and their superimposed image (E), which were reconstructed from a series of ten optical
sections. In the core of the SEZre, all APP-like-ir processes express GFAP {yellow and yellowish green in E). Note that GFAP
immunoreactivity is restricted to the cytoplasmic processes, and is distinct from S-100 immunoreactivity (C). Scale bars = 10 pm.

RMS (reviewed by Alvarez-Buylla & Garcia-Verdugo,
2002). In the present study, double immunolabelling
with PSA-NCAM showed that PSA-NCAM-positive
neuroblasts in the SVZ make contact with the process
of APP-like-ir cells. This suggests that the rostral migration
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of neuroblasts within the SVZ is possibly performed
along the shafts of their long process.

In the RMS, the APP-like-ir structure forms an elabor-
ate meshwork. Double immunofiuorescent labelling
with 5-100 or GFAP showed that the APP-like-ir
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meshwork consisted of astrocyte processes that form
tangentially orientated ‘glial tubes’ (Peretto et al. 1997).
These astrocytes also had immature properties, such
as the presence of vimentin and glycogen granules in
their processes (Peretto et al. 1997). Peretto et al. {1997)
suggested that glial tubes could play a role in a unique
type of glial guidance that is specifically linked to the
peculiar mode of tangential migration of newly gener-
ated cells. Here we confirm that PSA-NCAM-ir neuro-
blasts are densely packed with the APP-like-ir glial tube
throughout the RMS. Thus, APP-like-ir astrocytes in the
RMS may act as a guide for the migration of neural
precursors. However, Wichterle et al. {1997) challenged
this assumption from the results of an in vivo model
of ‘chain migration’ {Lois et al. 1996). That is, neural
precursors could assemble into a chain and migrate
along each other without the assistance of ensheathing
astrocytes. They assumed that glial cells only play a
role in isolating the migrating precursors from the
surrounding parenchyma or provide factors for the
survival and direction of young migrating neurons.
Hence it cannot be determined whether the expression

of APP (and possibly APLP2) in the glial tube implicates

this protein in the guidance of the neural precursors or
in other functions. ' '

The identification of stem cells is crucial for attempts
to prepare these cells for thérapeutic applications in the
future (reviewed by Alvarez-Buylla & Garcia-Verdugo,
2002). Doetsch et al. (1999) revealed that astrocytes in
the SVZ are unexpected precursors of new neurons
in vivo and give rise to cells that grow into multipotent
neurospheres in vitro. Furthermore, astrocytes in the
hippocampus (Seri et al. 2001) and other cell types with
astrocytic properties, such as radial glia in the develop-
ing neocortex (Malatesta etal. 2000; Miyata etal.
2001; Noctor et al. 2001; Gotz et al. 2002}, and Muller
cells in the developing retina (reviewed by Fischer &

Reh, 2003), have been shown to possess neurogenic
potential. Alvarez-Buylla & Garcia-Verdugo (2002)
concluded that neural stem cells are contained within
the astroglial lineage. By contrast, Johansson et al.
{1999) demonstrated that ependymal cells give rise to
a rapidly proliferating cell type that generates neurons
that migrate to the OB. Thus, the identification of stem
cells in the SVZ continues to be disputed, but it is note-
worthy that any one of the cell types, i.e. ependymal
cells, subependymal astrocytes in the SVZ and astrocytes
in the RMS, were positive for mAb 22C11.

The present study has shown that APP-like immuno-
reéctivity was localized to specific subpopulations of
cells in the SVZ-OB system of the adult rat forebrain.
This region of the adult forebrain could be useful as
an in vivo model to investigate the role of APP in
neurogenesis.
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ABSTRACT N-myc downstream-regulated gene 1 (NDRG1)YRTP/Drgl/Cap43/rit42/
TDD5/Ndrl is expressed ubiquitously and has been proposed to play a role in growth
arrest and cell differentiation. A recent study showed that mutation of this gene is
responsible for hereditary motor and sensory neuropathy-Lom. However, the role of this
gene in the peripheral nervous system is not fully understood. In our study, rabbit
polyclonal antibodies were raised against this gene product and were used to examine
changes in its expression over the time course of Wallerian degeneration and ensuing
regeneration after crush injury of mouse sciatic nerves. Fluorescent immunohistochem-
istry showed that NDRG1 was expressed over the intact nerve fibers. Double labeling
with a Schwann cell (SC) marker, S-100 protein (S-100), revealed that NDRG1 was
localized in the cytoplasm of S-100-positive Schwann cells (SCs). NDRG1 expression was
maintained in the early stage of myelin degradation but was then markedly depleted at
the end stage of myelin degradation when frequent occurrence of BrdU-labeled SCs was
observed (at 7-9 days). The depletion of NDRG1 at this time point was also confirmed by
Western blotting analysis. NDRG1 expression finally recovered at the stage of remyeli-
nation, with immunoreactivity stronger than that in intact nerves. These findings
suggest that NDRG1 may play an important role in the terminal differentiation of SCs

during nerve regeneration.

© 2004 Wiley-Liss, Inc.

INTRODUCTION

N-myec downstream-regulated gene 1 was originally
designated reducing agent and tunicamycin-responsive
protein (RTP) (Kokame et al., 1996), homologues of
which were then isolated repeatedly: human differen-
tiation-related gene 1 (Drgl) (van Belzen et al., 1997),
human protein induced by free intracellular Ca2*
(Cap43) (Zhou et al., 1998), the mouse homologue des-
ignated TDD5 (Lin and Chang, 1997), reduced in tu-
mor, p43 (rit42) (Kurdistani et al., 1998), and N-myc-
downstream, repressed gene 1 (Ndrl) (Shimono et al.,
1999). Currently the official name of this gene is
NDRG1, determined by the HUGO Gene Nomencla-
ture Committee (Qu et al., 2002). We have adopted the
nomenclature NDRG1 in this report. A recent study
showed that NDRG1 is a member of the NDRG gene
family that contains an o/-B-hydrolase fold (Qu et al.,

© 2004 Wiley-Liss, Inc.

2002) without the residues required for catalysis (Shaw
et al., 2002). It encodes a highly conserved protein with
a high degree of homology to the proteins in other
species, such as zebrafish (Gen Bank Accession Nos.
AW281236 and Al657643), fruit flies (AF145604 and
ATE003454), nematodes (Z268135 and AL.132847), sun-
flowers (Y09057 and AF189147) (Krauter-Canham et
al., 1997), and Arabidopsis (AC005917 and AL163814).
The evolutional conservation of this gene implies that
it plays an important biological role. This gene has
been reported to be involved in cell growth and differ-
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entiation (van Belzen et al., 1997; Piquemal et al,,
1999; Shimono et al., 1999; Gomez-Casero et al., 2001),
stress responses (Kokame et al., 1996; Xu et al., 1999;
Agarwala et al., 2000; Salnikow et al., 2000; Segawa et
al., 2002), and hormone responses (Lin and Chang,
1997; Ulrix et al., 1999; Segawa et al., 2002). Of par-
ticular interest is the observation that NDRG1 may
have a complex but important function in carcinogen-
esis (Guan et al., 2000; Salnikow et al., 2000; Gomez-
Casero et al., 2001; Nishie et al., 2001; Segawa et al.,
2002; Bandyopadhyay et al., 2003) and atherogenesis
(Kokame et al., 1996; Sato et al., 1998). Furthermore,
attention has been drawn to the fact that this gene was
identified as a gene responsible for hereditary motor
and sensory neuropathy-Lom (HMSNL) (Kalaydjieva
et al., 2000), which is an autosomal recessive form of
Charcot-Marie-Tooth disease (CMT) and an early-on-
set peripheral neuropathy that progresses to severe
disability in adulthood. However, the precise role of
NDRG1 in the peripheral nervous system (PNS) re-
mains to be elucidated.

It is well known that after axotomy the PNS has the
capacity to be repaired by the established sequential
process of Wallerian degeneration and ensuing regen-
eration (for review, see Hirata and Kawabuchi, 2002).
Our previous studies (Hirata et al., 1999; Hirata et al.,
2000, 2003) obtained stable and consistent results for
the time course of the cellular and molecular events
seen in the distal stump of the sciatic nerves following
crush injury. It is expected that this crush injury model
will provide useful clues for exploring the role of
NDRG1 in the PNS. In the present study, polyclonal
antibody (pAb) was raised against NDRG1 and was
used for immunofluorescent labeling of mouse sciatic
nerves after crush injury. The results showed that the
expression of NDRG1, which was localized in the cyto-
plasm of Schwann cells (SCs) in intact nerves, dramat-
ically changed during the process of regeneration. The
role of the NDRG1 in the PNS is discussed.

MATERIALS AND METHODS
Production of Polyclonal Anti-NDRG1 Antisera

Synthetic peptides corresponding to internal se-
quences of human NDRG1 were prepared and used as
immunogens. These included the TSEGTRSRSC se-
quence that corresponds to the tandem repetitive re-
gion unique to NDRG1 (Kokame et al., 1996; Okuda
and Kondoh, 1999; Shimono et al., 1999). The peptides
were coupled with keyhole limpet hemocyanin (KLH)
and were used to immunize rabbits.

Immunoblotting Analysis
The sciatic nerves of the intact side and the proximal
and distal stumps of the operated side at 9 days after

the crush injury were homogenized in 500 ml of 1 mM
NaHCOj, buffer (pH 7.2) and centrifuged at 9,000 g for
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TABLE 1. Other Primary Antibodies Used in Immunohistochemical
Procedures
Strueture/
cell

Antibody (clone) recognized Source Dilution Species
MBP Myelin Chemicon  1:100 Rat
NF (NE14) Axons Boehringer 1:20 Mouse
S-100 Schwann Bio Makor 1:1000 Mouse

cells
BrdU Proliferating Oncogene  Ready-to-use Mouse

(biotinylated) cells

S$-100 Schwann Nichirei 1:10 Rabbit

cells

15 min at 4°C. The supernatants were subjected to
SDS-PAGE and immunoblotting analysis as described
previously (Yamanaka et al., 1997), using a pAb to
NDRG1 and peroxidase-conjugated goat anti-rabbit
IgG (Jackson, West Grove, PA) diluted at 1:1,000 and
1:10,000, respectively.

Surgical Procedures

Adult male mice (C57BL6) weighing 20-25 g were
used for all experiments. The left sciatic nerve was
crushed for 30 s with jeweler’s forceps at the mid-thigh
level under pentobarbital anesthesia. After the sur-
gery, kanamyecin sulfate was sprayed over the entire
surgical area and the wound was sutured. The intact
contralateral side served as a control. Three mice were
sacrificed on each of days 1, 2, 3, 7, 9, 14, and 21 after
the operation.

The animals were anesthetized with ether, followed
by intracardiac perfusions with 0.01 M phosphate-buff-
ered saline (PBS) and then 4% paraformaldehyde in 0.1
M phosphate buffer (PB). The sciatic nerves were re-
moved at a length of about 6 mm, and consisted of the
proximal part (2-mm length), the crush injury site
(1-mm length) and the distal part (3-mm length). The
segments were postfixed with the same fixative for 3 h
and immersed in 15% sucrose in 0.1M PB. They were
then embedded in Embedding Matrix and immediately
frozen with dry ice and isopentane. Longitudinal and
transverse serial sections (10-um thickness) were cut
by using a cryostat microtome.

Immunohistochemistry

The immunochistochemical procedure used in the
present study has been described elsewhere (Hirata et
al., 2003). Briefly, cryostat sections were fixed again
with 100% methanol for 10 min at —20°C and then
washed with PBS. Nonspecific binding sites were
blocked by preincubation with 1% bovine serum albu-
min (BSA) or 10% Block Ace (Yukijirushi, Sapporo,
Japan) in PBS for 1 h at room temperature (RT). For
NDRG1 immunohistochemistry, sections were first in-
cubated with a pAb to NDRG1 diluted 1:100 in PBS
overnight at RT and then with fluorescein isothiocya-
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Fig. 1. Expression of NDRG1 (green) in longitudinal sections of
intact sciatic nerve used as a control (A) and sciatic nerves at 1 day
(B), 9 days (C) , and 14 days (D) after crush injury. Moderate NDRG1-
immunoreactive (-ir) structures seen in the intact nerve (A) remain in
the distal stump at 1 day (B), but are hardly detected there at 9 days

nate (FITC)-conjugated horse anti-rabbit IgG (Vector,
Burlingame, CA) for 4 h at room temperature (RT).
Control sections were processed identically and in par-

NDRG1-PI
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(C). The NDRG1-ir structures reappear with stronger immunoreac-
tivity than that in the intact nerves at 14 days (D). Asterisks show the
crush injury site. The distal and proximal stumps are indicated by
dist and prox, respectively. Red indicates nuclei stained by PI. Scale
bar = 50 wm

allel, except that they were incubated with PBS instead
of the pAb to NDRGI1. No stained cells were seen in
these controls. To identify the nuclei of the cells, the
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sections were counterstained with propidium iodide
(PI) by using a Vectashield mounting medium contain-
ing PI (Vector).

To understand the time course of Wallerian degen-
eration and ensuing regeneration, double immunoflu-
orescent labeling of NDRG1 with a myelin marker (Ta-
ble 1) was performed. A mixture of a rabbit pAb to
NDRG1 and a rat monoclonal antibody (mAb) to myelin
basic protein (MBP) was used as the primary antibody.
Then, a mixture of Texas red-conjugated donkey anti-
rabbit IgG (Jackson) and FITC-conjugated donkey
anti-rat IgG (Jackson) was used as the secondary
antibody.

Furthermore, double immunofiluorescent labeling of
NDRG1 with axonal or SC markers (Table 1) was per-
formed. A mixture of a rabbit pAb to NDRG1 and either
a mouse mAb to 200-kDa neurofilament protein (NF) or
to a mouse mAb to S-100 protein (S-100) was used as
the primary antibody. Then, a mixture of FITC-conju-
gated horse anti-mouse IgG (Vector) and Texas red-
conjugated donkey anti-rabbit IgG (Jackson) was used
as the secondary antibody. No difference in morphology
was noted in any of the immunolabeled structures be-
tween the single and double labeling.

To identify mitotic activity of SCs, double immuno-
fluorescent labeling of bromodeoxyuridine (BrdU) and
S-100 (Table 1) was performed. Mice were injected
intraperitoneally with BrdU (Zymed, CA) (1 ml/100 g)
2 h or 2.5 h prior to being sacrificed. The nerve sections
were incubated with a pAb to S-100 as a primary an-
tibody and visualized by Texas red-conjugated donkey
anti-rabbit IgG. For subsequent BrdU labeling, part of
a BrdU staining kit (Oncogene Research, MA) was
used; after treatment with HCI, the biotinylated mouse
mAD to BrdU was used as primary antibody. The BrdU
binding sites were visualized with streptavidin-FITC
(Vector). Double immunofluorescent labeling of
NDRG1 and BrdU was attempted, but was unsuccess-

Fig. 2. Pseudocolor images of double labeling of NDRG1 (green)
with PI (red) (left panel: A,A",C,E,G) and of double immunofiuores-
cent labeling of NDRG1 (red) and MBP (green) (right panel: B,D,F,H)
of intact nerves (A,A’,B), and of the injury site (E) and the distal
stump (C,D,F-H) of crush-injured nerves. All pictures are from lon-
gitudinal sections, except for A’,B, which are from transverse sec-
tions. Asterisks (B,D,H) indicate sites of nuclei. A,A’,B: In intact
nerves NDRG1 immunoreactivity is detectable in the perinuclear
region of cytoplasm of the presumptive Schwann cells (green in A,A").
B: NDRGl-ir cells are myelinating cells, in which MBP-ir myelin
sheath (green) are surrounded by a thin layer of NDRG1-ir cytoplasm
(red). C,D: At 2 days, NDRG1-ir cells (green in C, red in D) have
transformed into myelin-phagocytosing cells. D: The vacuoles of the
cells seen in C are occupied by MBP-ir degraded myelin structures
(green).E,F: At 9 days, no clearly stained NDRG1 -ir cells are seen
both in the injury site (E) and the distal stump (F). E: Small number
of NDRG1 cells seen at the boundary toward the proximal stump
(upper). Note that only MBP-ir myelin debris can be seen (green in F).
G,H: At 14 days, the NDRG1-ir cells reappear showing immunoreac-
tivity stronger (G) than that in the intact nerve (A). H: NDRG1-ir cells
are just forming a myelin sheath, judging from the prominent profiles
of the perinuclear region (red) and thin MBP-ir myelin sheath (green).
Note that strong NDRG1 immunoreactivity is seen not only in the
perinuclear region also in the nuclear sites of some cells, suggesting
translocation of the protein into nucleus. Arrows indicate the myelin
debris. Scale bar = 10 wm.
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ful since the anti-NDRG1 staining was not compatible
with the HCI treatment required for BrdU detection.

Confocal Laser Scanning Microscopy

The sections double-labeled with FITC and PI or
FITC and Texas red were scanned with a confocal laser
scanning imaging (CLSM) system (LSM-GB200, Olym-
pus, Japan) using excitations at 488 nm (argon laser)
for FITC and 568 nm (krypton laser) for PI or Texas
red. Single optical sections for each fluorescence were
taken separately (channel 1 and channel 2) to avoid
any cross-talk and then superimposed. The images
were taken using a X10, X20, x40, or X60 objective
lens.

These experiments were reviewed by the Committee
on Ethics for Animal Experiments of the Faculty of
Medicine, Kyushu University and carried out accord-
ing to the Guidelines for Animal Experiments of the
University, and Law No. 105 and Notification No. 6 of
the Japanese government.

RESULTS

In intact sciatic nerves, NDRG1 was expressed over
the nerve (Fig. 1A). At 1 day after the crush injury, the
expression showed no change except for its disappear-
ance at the injury site (Fig. 1B). At 7-9 days after the
crush injury, drastic depletion of the NDRG1 expres-
sion was seen at the injury site and the distal stump
(Fig. 1C). The expression of NDRG1 then recovered at
the injury site and the distal stump at 14 days after the
crush injury, showing a slight increase in the immuno-
reactivity compared to that in the intact nerve (Fig.
1D). Higher magnification of longitudinal (Fig. 2A) and
transverse (Fig. 2A') sections of the intact nerve dou-
ble-stained with PI nuclear staining showed that
NDRG1 immunoreactivity was usually localized in the
perinuclear cytoplasm of presumptive SCs of each fi-
ber. Double immunofiuorescent labeling with MBP re-
vealed that MBP-immunoreactive (-ir) myelin sheath
was usually surrounded by NDRG1-ir cytoplasm (Fig.
2B). At 2 days, cells in the distal stump transformed
into cells containing various size of vacuoles, which are
known to be characteristic for myelin-phagocytosing
cells (Fig. 2C) and double labeling with MBP showed
that MBP-ir degraded myelin structures were con-
tained in the vacuoles of NDRG1-ir cells (Fig. 2D). At
7-9 days, NDRG1-ir cells were hardly detected in the
injury site (Fig. 2E) and distal stumps (Fig. 2F), where
the clearance of myelin debris was considerably pro-
gressed (Fig. 2F). At 2 weeks, numerous NDRG1-ir
cells with a regular profile similar to that in intact
nerves reappeared and the immunoreactivity was
stronger than that in the intact nerve (Fig. 2G), and
double labeling with MBP revealed that NDRG1-ir
cells were in the process of myelinating (Fig. 2H).
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To identify NDRG1-ir elements, double immunofluo-
rescent labeling with NF, a neuronal marker, or S-100, an
SC marker, was carried out. In the cross section of the
intact nerve, the NDRG1-ir structure could clearly be
distinguished from the NF-ir axons, since the former was
localized in the peripheral region of a nerve fiber so that
it appeared as a ring-like structure and the latter was in
the central part (Fig. 3A). In contrast, the immunoreac-
tive sites of NDRG1 were almost identical with those of
$-100 in the intact nerve, suggesting that the NDRG1
was contained only in SCs (Fig. 3B,C). NDRG1 continued
to be expressed in S-100-ir SCs, which had the character-
istics of myelin-phagocytosing cells at 2 days after the
crush injury (Fig.3D,E). At the next stage (7-9 days), the
expression of NDRG1 was markedly reduced, whereas
the 8-100-ir SCs were further transformed to cells with
irregular contour (Fig. 3F,G). At the ensuing stage (2
weeks), NDRG1 was reexpressed in S-100-ir SCs, which
now showed a regular structure similar to that in the
intact nerves.

In the process of nerve regeneration, SCs are known
to proliferate following transformation into myelin-
phagocytosing cells, and then acquire the immature
phenotype to promote axonal regrowth (for review, see
Hirata and Kawabuchi, 2002). Double immunofluores-
cent labeling of BrdU and S-100 was carried out to
identify the mitotic activity of SCs. In intact nerves, no
cells with BrdU-labeled nuclei were found. At 2 days,
only a few S-100-ir SCs with BrdU-labeled nuclei ap-
peared, although presumptive macrophages with
BrdU-labeled nuclei were often observed in the peri-
neurium or the epineurium. At 7-9 days (Fig. 4A,C),
when the transient depletion of NDRG1 expression
occurred, numerous SCs with BrdU-labeled nuclei
were detected and distributed throughout the injury
site and the distal stump. At 2 weeks, the number of
cells with BrdU-labeled nuclei markedly decreased.
Thus, the results suggested an inverse relationship
between the proliferative activity and NDRG1 expres-
sion of SCs. The specificity of BrdU labeling was con-
firmed in the small intestine (Fig. 4B), where the cells
with BrdU-labeled nuclei were specifically distributed
in the base of the crypts, known to be the proliferative
zone (Potten et al., 1997).

Immunoblotting analysis of sciatic nerves at 9 days
after the crush injury revealed that the pAb to NDRG1
labeled a polypeptide band of 43 kDa in the intact
nerve (Fig. 5B, lane 1) and the proximal stumps (Fig.
5B, lane 2) but not the distal stumps (Fig. 5B, lane 3) of
the crushed nerve. This finding not only confirmed the
specificity of the antibody but also indicated preferen-
tial depletion of NDRG1 molecules in the injured
nerves at this time point. No specific labeling was ob-
served in the control probed with normal rabbit sera.

DISCUSSION

In the present study, immunofluorescent histochem-
istry and Western blotting analysis using NDRG1 an-

HIRATA ET AL.

tibodies demonstrated that NDRG1 was expressed in
intact mouse sciatic nerve. Double immunofluorescent
labeling with an SC marker (S-100) or an axonal
marker (NF) showed that NDRG1 was localized in the
cytoplasm of SCs, but not in the axons. These findings
agree with those of human peripheral nerves analyzed
by Northern blotting and RT-PCR (Kalaydjieva et al,,
2000) and an immunoenzyme-histochemical technique
(Lachat et al., 2002).

Double immunofluorescent labeling of NDRG1 and
MBP revealed that NDRG1 was expressed in the cyto-
plasm of myelinating SCs in intact nerves. Crushed
nerves showed little alteration of NDRG1 expression
when the myelinating SCs transformed into myelin-
phagocytosing cells in the early stage of myelin degra-
dation (Stoll et al., 1989; Hirata et al.,, 1999). This
finding implies that the expression of this protein in
SCs is not influenced by either the loss of axonal con-
tact or the transformation of SCs into myelin-phagocy-
tosing cells. Thus, NDRG1 expression does not appear
to be regulated during Wallerian degeneration. In con-
trast, the expression of this protein changed markedly
during subsequent process. Both immunohistochemis-
try and Western blotting analysis demonstrated that
NDRG1 expression was dramatically depleted at 7-9
days after the operation, when the myelin removal was
considerably progressed. NDRG1 was then reexpressed
with more immunoreactivity than that of the intact
nerves during remyelination. Thus, our study suggests
that NDRG1 may be regulated in the regeneration
process of injured nerves.

It is well known that, after taking part in the early
stage of myelin removal, SCs proliferate to acquire the
immature phenotype and prepare the environments
through which regenerating axons grow (for review,
see Fawcett and Keynes, 1990; Jessen and Mirsky,
1999; Hirata and Kawabuchi, 2002). In the present
study, frequent occurrences of BrdU-labeled SCs were
seen at 7-9 days after the crush injury, the timing of
which is largely consistent with the occurrence of SC
mitosis observed by electron microscopy (O’Daly and
Imaeda, 1967). It is noteworthy that the drastic deple-
tion of NDRG1 occurred simultaneously during this
period. NDRG1 was reported to be developmentally
regulated in embryonic tissues and to be augmented
concomitantly with the occurrence of terminal differ-
entiation (Shimono et al., 1999). Direct subtraction of
whole mouse embryo ¢cDNAs between the wild type and
an N-mye mutant (Shimono et al., 1999) revealed that
the NDRG1 gene was repressed by N-myc, a member of
the myc family that encodes nuclear phosphoproteins
and is believed to play a role in the control of cellular
proliferation and differentiation (Melhem et al., 1992).
Several lines of in vitro evidence have suggested a role
for NDRG1 in cells undergoing terminal differentia-
tion. For example, the NDRG1 gene was upregulated
during the differentiation of colon carcinoma cell lines
cultured in low glucose medium (van Belzen et al,
1997) and during in vitro forskolin-induced differenti-
ation of a model of the human trophoblast, the chorio-
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