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Abstract A few neurons of the adult rabbit spinal gan-
glion express keratin. To examine the characters of these
keratin-positive neurons, six kinds of intermediate filament
proteins, namely keratin 8, keratin 14, nestin, vimentin,
neurofilament 68 (NF-L) and glial fibrillary acidic protein
(GFAP), were investigated immunohistochemically in
developing and adult rabbit spinal ganglia. At 15 days of
gestation, the spinal ganglion increased rapidly in volume
and mainly consisted of three kinds of cells: small cells
expressing vimentin, spindle-shaped cells co-expressing
vimentin and nestin, and ovoid cells with an eccentric
nucleus expressing nestin. Since some ovoid cells co-
expressed nestin with either NF-L or GFAP, the ovoid cell
may be considered to be an embryonic neural stem cell of
the ganglion. In addition, a few keratin-positive polymor-
phic cells could be observed among these three kinds of
cells. These polymorphic cells expressed five kinds of
intermediate filament proteins, namely keratin 8, keratin
14, nestin, NF-L and GFAP. These cells were also detected
in newborn and adult ganglia. A few neurons in the adult
ganglion also expressed these five kinds of proteins as a
Golgi-associated network. However, neurons expressing
these proteins could not be detected in embryonic and
newborn ganglia. Therefore, it may be considered that the
keratin-positive polymorphic cell is a postnatal neural stem
cell of the ganglion and that neurons transiently express
keratin when polymorphic cells differentiate into neurons.
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Introduction

It has already been established that neural stem cells
reside in the central nervous system of adult mammals
(Zhao et al. 2003; Xu et al. 2005; Charrier et al. 2000;
Hsu et al. 2007). Recently, neural stem cells have also
been isolated from the peripheral nervous system, such as
the spinal ganglion (Li et al. 2007), enteric nervous sys-
tem (Bondurand et al. 2003) and cochlea spiral ganglion
(Rask-Andersen et al. 2005). However, there has been
controversy regarding which type of cells serves as the
source of postnatal stem cells in vivo.

Presently, at least 65 members of the intermediate fila-
ment protein family have been identified (Herrmann et al.
2003; Oshima 2007), and their expression is sensitively
reflected in the cell differentiation occurring in histogenesis
and disease (Albers and Fuchs 1992; Iwatsuki 1999;
Herrmann et al. 2007; Iwatsuki and Suda 2007). Therefore,
they have been utilized as valuable histochemical markers
of cell differentiation (Iwatsuki et al. 1999, 2002). Primary
neurulation involves formation of the neural plate, and the
intermediate filaments expressed in the neuroepithelial
cells of this plate are mainly nestin filaments (Lendahl et al.
1990). During formation of the neural groove, the nestin in
neuroepithelial cells decreases concomitantly with an
increase in vimentin, and these cells of the neural tube
predominantly express vimentin (Kumano et al. 2001).
Remarkable vimentin-neurofilament (NF) and vimentin-
glial fibrillary acidic protein (GFAP) transitions occur at
the time of neural and glial differentiation, respectively
(Bignami et al. 1982; Bignami and Dahl 1985). Although
keratin is broadly expressed in epithelial cells (Albers and
Fuchs 1992), it has also been detected recently in normal
nervous tissue, such as the bovine neural plate (Maddox-
Hyttel et al. 2003), mouse neural crest cells (Katagata et al.
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1999), radial glia of the human spinal cord (Walder et al.
2003), rat ependymal cells (Kasper 1992), neurons of the
human cochlea spiral ganglion (Anniko et al. 1990; Okabe
et al. 1997) and neurons of the adult rabbit spinal ganglion
(Iwatsuki and Suda 2005b). In addition, keratin has also
been detected in the cells of the following tumors of the
nervous system: paragangliomas (Moran et al. 1997;
Chetty et al. 1998), spinal ependymomas (Takeuchi et al.
2002), schwannomas (Guarino 1993), choroid plexus pap-
illomas (Yamada et al. 1998), astrocytomas (Yamada et al.
1998) and oligodendrogliomas (Kashima et al. 1993). Since
keratin has been detected not only in undifferentiated
neuronal cells but also in dedifferentiated tumor cells of the
nervous system, it seems that keratin, in addition to nestin,
could also be utilized as a valuable histochemical marker
for nervous system stem cells.

We hypothesize that neural stem cells in the adult rabbit
spinal ganglion contain keratin and nestin, since both
proteins have been detected in a few neurons of the gan-
glion (Iwatsuki and Suda 2005b). To confirm our hypoth-
esis, expression patterns of six kinds of intermediate
filament proteins, namely keratin 8, keratin 14, nestin,
vimentin, neurofilament 68 (NF-L) and GFAP, were ana-
lyzed immunohistochemically in developing and adult
rabbit spinal ganglia.

Materials and methods

In rabbit embryos, a group of neural crest cells appears at
the dorsolateral aspect of the neural tube at 10-11 days of
gestation, and they begin to differentiate into the neurons at
14-15 days of gestation (Tennyson 1965). Therefore, spinal
ganglia were prepared from rabbit fetuses at 15, 20 and
25 days of gestation, from newborn and adult (15 weeks of
age) rabbits (Japan white rabbit; Japan Lamb Ltd., Hiro-
shima, Japan). Pregnant rabbits were deeply anesthetized

Table 1 Mouse monoclonal antibodies used in this study

with an intravenous injection of sodium pentobarbital, and
fetuses were immediately removed. Newborn and adult
rabbits were also deeply anesthetized with sodium pento-
barbital. Their cervical spinal ganglia were fixed in 4%
paraformaldehyde in 100 mM phosphate buffer (pH 7.4) for
4 h at 4°C, and were successively washed in chilled phos-
phate-buffered saline (PBS) for 16 h, after which they were
dehydrated and embedded in paraffin.

Double immunofluorescence staining

Double immunofluorescence staining was performed to
investigate dual expression among six kinds of intermedi-
ate filament proteins, namely: keratin 8, keratin 14, nestin,
vimentin, NF-L and GFAP. Deparaffinized sections were
immersed in 1% bovine serum albumin (BSA) in PBS for
30 min. Then the sections were exposed to one of the
monoclonal antibodies shown in Table 1 for 1 h and
washed in PBS. The antibody was diluted with PBS con-
taining 0.1% BSA. Next, they were incubated in a solution
containing biotinylated horse anti-mouse IgG antibody for
30 min and rinsed in PBS. Then they were incubated in
Alexa Fluor 488-conjugated Streptavidin (Molecular
Probes, Carlsbad, CA) for 30 min. After washing, they
were exposed to another monoclonal antibody coupled to
Alexa Fluor 555, which was prepared using the Alexa
Fluor labeling kit (Molecular Probes). When using anti-
cytokeratin 8 and anti-vimentin antibodies, the sections
were pretreated in 10U/ml trypsin (EC 3.4.21.4, type 1,
Sigma) in PBS before the first immunoreaction. After
immunostaining, they were finally coverslipped with a
mounting medium containing 4',6’-diamino-2-phenylindole
to counterstain DNA (Vectashield; Vector Laboratories,
Burlingame, CA). Negative controls were exposed to PBS
containing 0.1% BSA or preimmune horse serum instead of
the antibodies. No immunostaining was observed in the
negative control sections.

Antibody Clone Supplier Dilution Reference

Anti-cytokeratin 8 antibody M20 Sigma® 1:200 Van Muijen et al. (1987)
Anti-cytokeratin 14 antibody CKB1 Sigma 1:200 Caselitz et al. (1986)
Anti-GFAP antibody G-A-5 Sigma 1:400 Franke et al. (1991)
Anti-nestin antibody MAB5326 Chemicon® 1:200 Messam et al. (2000)
Anti-neurofilament 68 NR4 Sigma 1:400 Franke et al. (1991)
Anti-vimentin Vim3B4 Dako® 1:200 Azumi and Battifora (1987)

# Sigma, St. Louis, MO
® Chemicon International, Temecula, CA
¢ Dako Japan, Kyoto, Japan
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Immunoelectron microscopical staining

K8 and NF-L were essentially visualized using a pre-
embedding avidin-biotin complex (ABC) method (Vecta-
stain Elite ABC kit; Vector Laboratories, Burlingame, CA)
except for minor modifications. The adult cervical spinal
ganglia were fixed in 4% paraformaldehyde containing
0.1% glutaraldehyde and 100 mM cacodylate buffer (pH
7.4) for 2 h at 4°C and washed in chilled PBS for 16 h.
Then they were sliced into leaf-like pieces, 40 pm in
thickness, using a microslicer (DTK-3000, Dosaka EM,
Kyoto, Japan). The sliced tissue samples were incubated in
PBS containing 0.3% triton X-100 and 1% BSA for 2 days
at 4°C, and then immersed in 0.3% hydrogen peroxide in
methanol for 30 min. After incubation in normal horse
serum in PBS for 4 h, the tissues were exposed to either
anti-cytokeratin 8 or anti-NF-L antibody solution contain-
ing 0.1% BSA and 0.1% triton X-100 for 3 days at 4°C and
successively washed in PBS. Then they were immersed in
biotinylated horse anti-mouse IgG antibody for 16 h at
10°C, washed in PBS and reacted with ABC reagent for 2 h
at room temperature. After washing in PBS, they were
incubated in a peroxidase substrate solution containing
0.02% 3,3'-diaminobenzidine, 0.005% hydrogen peroxide
and 50 mM Tris—HCI buffer (pH 7.6) for 20 min and
washed in PBS. Then they were postfixed in 2% osmium
tetroxide in 100 mM cacodylate buffer (pH 7.4) for 60 min
at 4°C and for 30 min at room temperature, dehydrated and
embedded in Epon 812. The ultrathin sections were stained
with uranyl acetate and observed with a Hitachi H-7100
electron microscope. Negative controls were exposed to
PBS containing 0.1% BSA or preimmune horse serum
instead of the primary antibody. No reaction was recog-
nized in the negative control tissues.

For the study of normal ultrastructure, some tissues were
fixed in 2.5% glutaraldehyde in 70 mM cacodylate buffer
(pH 7.4) for 2 h at room temperature and postfixed with 1%
osmium tetroxide in 150 mM cacodylate buffer (pH 7.4)
for 90 min at 4°C. After dehydration, they were embedded
in Epon 812. Ultrathin sections were stained with uranyl
acetate and lead citrate.

This study was approved by the Animal Research
Committee of Kawasaki Medical School (no. 08-052) and
conducted according to the “Guide for the Care and Use of
Laboratory Animals” of Kawasaki Medical School.

Results
Fifteen days of gestation

At 15 days of gestation, the rudiments of the spinal ganglia
increased rapidly in volume and were mainly composed of
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three kinds of ganglion cells, namely, small cells with scant
cytoplasm, spindle-shaped cells and ovoid cells with an
eccentric nucleus (Fig. la, Table 2). To characterize these
cells, double immunofluorescence of vimentin with nestin
was performed (Fig. 1b). The small cells expressed
vimentin alone, the spindle-shaped cells co-expressed
vimentin and nestin, and the ovoid cells with an eccentric
nucleus expressed nestin alone. To further clarify the nat-
ure of the ovoid cells, double staining of nestin with NF-L
was performed (Fig. 1c). Three kinds of ovoid cells were
recognized, namely, cells expressing nestin alone, cells
expressing NF-L alone and cells co-expressing both pro-
teins. The ovoid cells expressing nestin alone were smaller
than the NF-L-positive ovoid cells (Table 2). When dou-
ble-staining of nestin with GFAP was performed, a few
ovoid cells co-expressed nestin and GFAP, but ovoid cells
expressing GFAP alone were very few (Fig. 1d). To detect
other kinds of cells in the ganglion, double stainings of
keratin with other intermediate filament proteins were also
performed. A few small polymorphic cells expressed ker-
atin (Tables 2, 3). In these keratin-positive cells, co-
expressions of keratin 8 and keratin 14 (Fig. le), keratin 8
and nestin (Fig. 1f), keratin 8 and NF-L (Fig. 1g), and
keratin 14 and GFAP (Fig. 1h) were recognized. In these
cells, however, tight co-localization between keratin 8 and
keratin 14 in the cytoplasm could not be observed. In
addition, a few small polymorphic cells co-expressed NF-L
and GFAP (Fig. li), but cells co-expressing keratin and
vimentin could not be detected.

Twenty days of gestation

At 20 days of gestation, a decrease in the number of
vimentin-positive small cells and an increase in the number
of nestin-positive ovoid cells with an eccentric nucleus
occurred (Table 3). Similar to the spinal ganglion at
15 days of gestation, a few small polymorphic cells
expressing keratin were also observed (Table 3). In these
cells, co-expressions of keratin 8 and keratin 14, keratin 8
and nestin, keratin 8 and NF-L, and keratin 14 and GFAP
were recognized, and a few small polymorphic cells co-
expressing NF-L and GFAP were also observed (data not
shown).

Twenty-five days of gestation and newborn

At 25 days of gestation, many pseudounipolar neurons
were observed, and differentiated satellite cells began to
surround them (Fig. 2a). The formation of the ganglion was
completed after birth, and its structure was similar to that
of the adult ganglion. In the ganglion at 25 days of gesta-
tion, there were no vimentin-positive small cells, and the
number of nestin-positive ovoid cells with an eccentric



Expression of keratin in neurons

49

Fig. 1 Spinal ganglia at 15 days of gestation. Bar 10 um. a H&E
staining. Three kinds of cells, namely small cells (Sm), spindle-shaped
cells (Sp) and ovoid cells (Ov), are distinguishable at this stage. The
nucleus of the small cells is slightly larger and paler than that of
mesenchymal cells (M). Some apoptotic cells (arrow) are recognized.
Double immunofluorescence staining of two kinds of intermediate
filament proteins. b Vimentin (Vim; red) and nestin (Nes; green).
Small cells (Sm) express vimentin and ovoid cells (Ov) express nestin
alone, but spindle-shaped cells (Sp) co-express both proteins.
Mesenchymal cells (M) also express vimentin. ¢ Nestin (green) and

nucleus was reduced dramatically (Table 3). A few nestin-
positive ovoid cells existed in the peripheral zone of the
ganglion. Differentiated neurons expressed NF-L, and

NF-L (red). Smallish ovoid cells express nestin alone (&), but largish
ovoid cells express NF-L alone (L) or both proteins (N-L). d Nestin
(green) and GFAP (red). Both proteins are co-expressed in a few
largish ovoid cells (N-G). Smallish ovoid cells (N) express nestin
alone. A few polymorphic cells (arrows) co-express keratin 8 (K8),
keratin 14 (KI4), nestin, NF-L and GFAP: e keratin 8 (green) and
keratin 14 (red), f keratin 8 (red) and nestin (green), g keratin 8
(green) and NF-L (red), h keratin 14 (green) and GFAP (red), and
i NF-L (red) and GFAP (green)

satellite cells co-expressed GFAP and vimentin (data not
shown). The nestin-positive ovoid cells could not be
observed in the newborn ganglion. As shown in Fig. 2b-e,

@ Springer
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Table 2 Size of cells observed
in the spinal ganglion at 15 days
of gestation

Table 3 Incidence of nestin-
positive ovoid cells and keratin-
positive polymorphic cells in
spinal ganglial cells

The values are mean £+ SD

Cells

Size (diameter x length), um

Small cell expressing vimentin alone

Spindle-shaped cell co-expressing vimentin and nestin

Ovoid cell expressing nestin alone

Ovoid cell expressing NF-L

Polymorphic cell expressing keratin

4.5-6 x 6.5-8.0
6.5-7.5 x 14-16.5
10-12 x 11.5-12.5
15-17 x 17-20
9-10 x 14-15

Stage Nestin-positive ovoid cells (%) Keratin 8/14 positive
polymorphic cells (%)
E15d 444 £33 (n=23) 32+ 08 (n=4)
E20d 62.0 £ 39 (n = 3) 29+ 1.0 (m=05)
E25d 141 +£44(n=23) 14+£07(n=5)
Newborn 0(m=2) 1.3+£07 (1 =25)
Adult 0(n=2) 02+01@®n=5)

Fig. 2 Spinal ganglia at 25 days of gestation (a, ¢, d, f) and in
newborn (b, e). Bar 10 um. a H&E staining. Satellite cells (S) begin
to surround a neuron (N). The nucleus of the neuron is large, pale and
centrally placed within the perikaryon. P the process of the neuron.
Double immunofluorescence staining of two kinds of intermediate

filament proteins. A few polymorphic cells (arrows) co-express
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keratin 8, keratin 14, nestin, NF-L and GFAP: b Keratin 8 (green) and
keratin 14 (red), ¢ keratin 8 (green) and nestin (red), d keratin 8
(green) and NF-L (red), e keratin 14 (green) and GFAP (red), and f
NF-L (red) and GFAP (green). Strong staining for NF-L is also seen
in the processes (P) of neurons
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Fig. 3 Double immunofluorescence staining of two kinds of interme-
diate filament proteins in the adult spinal ganglia. Bar 10 pm. A few
polymorphic cells (arrows) co-express keratin 8, keratin 14, nestin, NF-
L and GFAP: a keratin 8 (green) and keratin 14 (red), b keratin 8 (red)
and nestin (green), ¢ keratin 8 (green) and NF-L (red), d keratin 14
(green) and GFAP (red), and e NF-L (red) and GFAP (green). In
addition, the neighboring neurons also co-express these proteins as
peculiar granules (arrowheads). P NF-L-positive process of neuron. M,

GFAP-positive myelin sheath. f Low magnification of keratin 8 (green)
and keratin 14 (red) double staining. Both keratins are co-expressed in a
few neurons. N neuron. A few neurons (N) co-expressing keratin 8,
keratin 14, nestin, NF-L and GFAP as peculiar granular or network
structures (arrowheads) in their perikarya are surrounded by satellite
cells (S): g Keratin 8 (green) and keratin 14 (red), h keratin 8 (green)
and nestin (red), i keratin 8 (green) and NF-L (red), j keratin 14 (green)
and GFAP (red), and k NF-L (red) and GFAP (green)
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a few polymorphic cells expressing keratin were also
observed at these stages (Table 3). In these cells, co-
expressions of keratin 8 and keratin 14, keratin 8 and
nestin, keratin 8 and NF-L, and keratin 14 and GFAP were
recognized, and a few polymorphic cells co-expressing NF-
L and GFAP were also observed (Fig. 2f). However, ker-
atin-positive neurons could not be detected at these stages.

Adult

In the adult ganglion, the expression of NF-L in the neu-
rons decreased, whereas that of GFAP in the satellite cells
increased. As shown in Table 3, very few keratin-positive
polymorphic cells also existed in the adult ganglion. In
these cells, co-expressions of keratin 8 and keratin 14,
keratin 8 and nestin, keratin 8 and NF-L, and keratin 14 and

KS ®  NF-L

w

-
— l! _&
Fig. 4 Immunoelectron microscopic staining of keratin 8 (a) and NF-
L (b) in the neurons of the adult spinal ganglia. Both proteins are
localized around the Golgi apparatus (G), especially in association
with the Golgi cisternae in a few neurons. Bar 1 pm

Fig. 5 Ultrastructure of a
neuron of the adult spinal
ganglion. a Many Golgi
apparatuses (G), which are
represented in yellow, exist in a
neuron. Nc nucleus of the
neuron. Bar 1 pm. b Dense
bundles of intermediate
filaments (arrows) are observed
around two Golgi apparatuses.
Bar 0.3 um
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GFAP were recognized (Fig. 3a—d). In these cells, how-
ever, tight co-localization between keratin 8 and keratin 14
in the cytoplasm could not be observed (Fig. 3a). A few
polymorphic cells co-expressing NF-L. and GFAP were
also recognized (Fig. 3e). In addition, a few neurons sur-
rounded by satellite cells, about 7% of neurons, also
expressed keratin (Fig. 3f). In these neurons, keratin 8,
keratin 14, nestin, NF-L and GFAP came together and
formed some peculiar granular or network structures in
their perikarya (Fig. 3g-k). In these peculiar structures,
keratin 8 and keratin 14 were tightly co-localized (Fig. 3f,
g). These keratin-positive peculiar structures could not be
observed in the embryonic and newborn neurons of the
spinal ganglion. To clarify the natures of these peculiar
structures, keratin 8 and NF-L were examined immuno-
electron microscopically. Keratin 8 was distributed around
Golgi cisternae, vesicles and vacuoles, and especially in
association with flattened lamellar paralleled membranes in
a few neurons (Fig. 4a). NF-L also surrounded the Golgi
apparatus in a few neurons, and the distribution patterns
were quite similar to those of keratin 8 (Fig. 4b). As shown
in Fig. 5, these distribution patterns could be confirmed
ultrastructurally. Many Golgi apparatuses were observed in
the perikaryon of the neurons, and these Golgi apparatuses
were surrounded by dense bundles of intermediate fila-
ments. Changes in the intermediate filament composition of
the ganglion cells in the developing and adult rabbit spinal
ganglia are schematically summarized in Fig. 6.

Discussion

The analysis of intermediate filament protein has generated
useful information about cell lineage and cell differentia-
tion (for references see “Introduction”). In this study, two
kinds of cell lineages in the neurogenesis were recognized
in the developing and adult rabbit spinal ganglia by anal-
ysis of intermediate filament protein expressed in the
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Fig. 6 Schematic representation of the embryonic and postnatal
neurogeneses in the developing and adult rabbit spinal ganglia. Ovoid
cells, which originate from the vimentin-positive neural crest,
differentiate into NF-positive pseudounipolar neurons, GFAP/vimen-
tin-positive glial cells (satellite cells and Schwann cells) and keratin-
positive polymorphic cells during prenatal lives. Polymorphic cells,

ganglion cells. One was in embryonic neurogenesis and the
other was in postnatal neurogenesis. The ganglion cells
appeared to originate from the nestin-positive ovoid cells in
the former and from the keratin-positive polymorphic cells
in the latter. The keratin-positive neurons in the adult
spinal ganglion seem to be immature neurons immediately
after differentiation from these polymorphic cells.

Embryonic neurogenesis

Spinal ganglia arise from the neural crest (Pannese 1974).
As shown in our results, the spinal ganglion at 15 days of
gestation consisted of three kinds of cells, namely small
cells expressing vimentin alone, spindle-shaped cells co-
expressing vimentin and nestin, and nestin-positive ovoid
cells with an eccentric nucleus. Migrating neural crest cells
exclusively express vimentin (Boisseau and Simonneau
1989), and vimentin in their cytoplasm is progressively
replaced by nestin after they migrate to the spinal ganglion
(Kumano et al. 2002). Therefore, it seems that the
vimentin-positive small cells are actually the neural crest
cells immediately after migration to the ganglion and that
the neural crest cells differentiate into nestin-positive ovoid
cells with an eccentric nucleus through the spindle-shaped
cells. Nestin has been utilized as a histochemical marker
for identifying neural stem cells of the central nervous
system (Zhao et al. 2003; Scheffler et al. 2005; Xu et al.
2005; Charrier et al. 2006). In the embryonic spinal gan-
glion, some ovoid cells co-expressed nestin with either NF-
L or GFAP. In addition, ovoid cells expressing nestin

cell
= (=Postnatal
stem cell?)

Keratin, Nestin
NF-L, GFAP

Satellite cell & Schwann cell

GFAP, Vimentin

which express keratin 8, keratin 14, nestin, NF-L and GFAP,
differentiate into pseudounipolar neurons and glial cells after birth.
When the polymorphic cells differentiate into neurons, the immature
neurons transiently express these five kinds of proteins as a Golgi-
associated filament network (GN)

exclusively without keratin, NF-L and GFAP could not be
observed in the postnatal spinal ganglion. Therefore, it may
be considered that the nestin-positive ovoid cell with an
eccentric nucleus is an embryonic neural stem cell of the
spinal ganglion.

Postnatal neurogenesis

The possibility that postnatal ganglion cells arise from the
keratin-positive polymorphic cells observed in the devel-
oping and adult spinal ganglia could be considered for the
following three reasons. First, in the embryonic ganglion
cells, co-expressions of vimentin and nestin and of nestin
and keratin could be observed, but co-expression of
vimentin and keratin could not be detected. Therefore,
keratin-positive cells do not seem to be derived directly
from the neural crest, but from nestin-positive ovoid cells
with an eccentric nucleus, which may be considered to be
embryonic neural stem cells as described above. Second,
keratin-positive neurons could not be detected in either the
embryonic or newborn spinal ganglia. Therefore, the ker-
atin-positive polymorphic cells should not differentiate into
neurons at the embryonic stage. Third, the keratin-positive
polymorphic cells observed in developing and adult spinal
ganglion co-expressed nestin, NF-L and GFAP. As is well
known, undifferentiated neural epithelial cells express
keratin (Maddox-Hyttel et al. 2003) and nestin (Lendahl
et al. 1990). Keratin is detected not only in undifferentiated
neural cells, but also in many kinds of redifferentiating
tumor cells of the nervous system, as mentioned previously
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in “Introduction.” Neurofilaments are co-assembled from
NF-L and NF-M subunits during embryonic neurogenesis
(Shaw and Weber 1982). In addition, satellite cells (Ko-
bayashi et al. 1986; Stephenson and Byers 1995) and
Schwann cells (Eng and Smith 1985; Jessen et al. 1990;
Feinstein et al. 1992) express GFAP. Therefore, the kera-
tin-positive polymorphic cell may be considered to be a
postnatal neural stem cell of the spinal ganglion. Further
studies using cell-culture model may help to verify our
assumptions concerning the embryonic and postnatal stem
cells of the spinal ganglion.

Golgi-associated network in the immature neuron

As shown in our results, in addition to the polymorphic cells,
which may be considered to be postnatal neural stem cells as
described above, a few pseudounipolar neurons also co-
expressed five kinds of intermediate filament proteins,
namely keratin 8, keratin 14, nestin, NF-L and GFAP, as
peculiar granular or network structures. These structures
were confirmed by immunoelectron microscopical and
ultrastructural studies to be Golgi-associated filament net-
works surrounding the Golgi apparatus. Therefore, it seems
that these five kinds of intermediate filament proteins, which
locate diffusely around cytoplasm in the polymorphic cells,
temporarily form a Golgi-associated filament network when
the polymorphic cells differentiate into neurons. The com-
ponents of this network may change into other intermediate
filament proteins such as NF-M and NF-H with maturity of
the neurons. Keratin filaments (Chou et al. 1994; Zhang et al.
1998) and neurofilaments (Hirokawa and Takeda 1998;
Toivola et al. 2005) interact with the intracellular membrane
system. Some intermediate filament-associated proteins that
mediate interaction among some kinds of intermediate fil-
aments have also been reported (Herrmann and Aebi 2000).
Therefore, the Golgi-associated filament network, which
consists of these five kinds of intermediate filament proteins,
seems to be involved in maintaining the complex structure of
the Golgi apparatus. The Golgi-associated filament network
has already been recognized in the duct epithelial cells of the
rabbit submandibular gland (Ogawa et al. 2002) and in the
absorptive cells of the rabbit duodenum (Iwatsuki and Suda
2005a).

Keratin filaments consist of a specific combination of
type I keratin and type II keratin (Albers and Fuchs 1992).
The localization of keratin 8 and keratin 14 did not com-
pletely correspond in the Kkeratin-positive polymorphic
cells. Tight co-localization of both keratins was confirmed
as a Golgi-associated network in a few immature neurons
in the adult ganglion. Therefore, keratin 8 and keratin 14
form keratin filaments together only after the polymorphic
cells differentiate into neurons, and the keratin filaments
enter the Golgi-associated filament network.
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