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SUMMARY

Neuronal maturation in the central nervous sys-
tem, as well as in some cells deriving from neural
crest, is accompanied by a swich in the expression
of cytoskeletal intermediate filament proteins.
Whether this occurs in humans and the exact tim-
ing of this change in human dorsal root and sym-
pathetic ganglia are matters still open to debate.
The present study was designed to analyze these
issues in human embryos (estimated gestational
age -e.g.a.- ranging between 6 and 12 weeks), as
well as the possible co-expression of more than
one intermediate filament protein in both embryos
and adults. A panel of commercially available anti-
bodies against vimentin, glial fibrillary acidic pro-
tein and neurofilament proteins was used. Glial
fibrillary acidic protein was consistently absent in
both developing and adult dorsal root or sympa-
thetic ganglia. Conversely, embryonic neurons,
satellite glial cells and Schwann cells displayed
vimentin immunoreactivity. The number of
vimentin immunoreactive neurons decreased pro-
gressively, and it was absent from neurons by 12
weeks e.g.a., while it persisted in satellite glial and
Schwann cells. By adulthood, the pattern of distri-
bution was identical. The occurrence of neurofila-
ment proteins in peripheral neurons was a regular
feature from early developmental stages to adult-
hood, and a time-dependent increase in the per-
centage of neurons containing phosphorylated
neurofilaments was observed. The present results
demonstrate that developing human dorsal root
and sympathetic ganglion neurons co-express
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vimentin and neurofilaments for a short time, but
that the intermediate filaments for mature neurons
are neurofilaments. Our findings also show that
co-expression or a switch in the expression of
intermediate filament proteins do not occur in
satellite glial cells or Schwann cells, which nor-
mally contain vimentin and not glial fibrillary
acidic protein.
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INTRODUCTION

The intermediate filament (IF) proteins form part
of the cytoskeleton in eukaryotic cells (see for a
review Fusch and Weber, 1994). They represent
different but closely related proteins, most of
them showing tissue specific distribution. During
mammalian development, vimentin is the IF pro-
tein of undiffentiated neuroepithelial and neural
crest derived cells, whereas their differentiated
derivatives, neurons and glial cells, express neu-
rofilament proteins (NFPs) or glial fibrillary
acidic protein (GFAP), respectively (Cochard and
Paulin, 1984; Lukas et al., 1991, 1993; Ophir and
Lancet, 1988; Schwob et al., 1986). This switch in
the neuronal expression of IF proteins has also
been observed in peripheral sensory neurons,
especially in the dorsal root ganglia (DRG; Lukas
et al., 1991, 1993). Whether or not this also
occurs in sympathetic ganglion (SG) neurons has
not been reported.
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In addition to neurons, the peripheral ganglia
contain special glial cells called satellite glial
cells (see Pannese, 1981). The IF proteins that
form their cytoskeleton have been a matter of
some debate (Schachner et al., 1974; Vega et al.,
1989; Woodham et al., 1989), and it remains to
be established whether they undergo develop-
mental changes.

In the present study we used immunohisto-
chemistry to analyze the cell distribution of
vimentin, GFAP and NFPs in the developing and
adult human DRG and sympathetic ganglia. Dur-
ing the developmental period analyzed, neurons
first co-expressed vimentin and NFPs, after
which they only contained the latter. Converse-
ly, satellite glial cells and Schwann cells were
always seen to express vimentin, but in no case
GFAP.

MATERIALS AND METHODS

Tissue treatment

Human lumbar DRG (n=8) were obtained during
the removal of organs for transplantation from
four adult male subjects (age range 26 to 53
years), who had died in traffic accidents. Lumbar
paravertebral SG (n=12) were obtained during
routine vascular surgery from 9 patients of both
sexes (6 male and 3 female) of different ages
(age range between 22 and 55 years). In both
cases, samples were obtained in compliance
with Spanish Laws, and after informed consent
of the participants. DRG and SG from six human
embryos were also used in the study. These
were obtained in collaboration with obstetricians
and were products of spontaneously (n=2) or
artificially (n=4) interrupted pregnancies in com-
pliance with Spanish Laws. The external features
of these embryos were examined under a binoc-
ular dissecting microscope and the developmen-
tal stage of each embryo was determined. The
estimated gestational ages (e.g.a.) were 6 (n=2),
8 (n=2), 9 and 12 weeks. Samples of adult
human cerebellum and embryonic brain were
also obtained and used as positive controls for
the antigens investigated.

Specimens were collected in ice-cold physio-
logical solution, fixed for 28 h with Bouin’s fixa-
tive, and then dehydrated and embedded in
paraffin. Sections were cut at 10 pm, mounted on
gelatine-coated slides, deparaffinized, rehydrated
and processed for PAP immunohistochemistry.

Immumnobhistochemistry

Sections were rinsed in HCI-Tris buffer (0.05 M,
pH 7.5) containing 1% bovine serum albumin
and 0.1% Triton X-100. Thereafter, endogenous
peroxidase activity and non-specific binding
were blocked, and the sections were incubated
overnight with the primary antibodies in a

humid chamber at 4°C. The following mouse
monoclonal antibodies (mAb) were used: (a)
two mAbs directed against vimentin (clone 3B4,
Boehringer-Mannheim, diluted 5 pg/ml; clone
CKVNS from DPC purchased prediluted in a car-
rier protein preservative dilution); (b) two mAb
directed against GFAP (clone G-A-5, Boehringer-
Mannheim, diluted 5 pg/ml; clone CKGPS, from
DPC purchased prediluted in a carrier protein
preservative solution); (c) one mAb directed
against an epitope of the phosphorylated 200
kDa NFP subunit (clone RT-97, Boehringer-
Mannheim, diluted 5 pg/mb); (d) a rabbit poly-
clonal antibody against a common epitope of all
neurofilament proteins (ref. NE4142, Sigma,
diluted 1:400). Sections were then washed in the
same buffer as above and incubated for 1 h at
room temperature with peroxidase-labeled
sheep anti-mouse IgG or sheep anti-rabbit 1gG
(Ammersahm, diluted 1:100). Finally, the anti-
gen-antibody reaction was visualized as usual
using DAB as a chromogen.

For control purposes, representative sections
were processed in the same way with a non-
immune mouse or rabbit serum, or with specifi-
cally absorbed sera (from DPC) instead of the
primary antibodies. Under these conditions, no
specific immunostaining was observed.

Quantitative analysis

The neuronal density and the number of neu-
ronal perikarya showing vimentin and RT-97 IR
were calculated from a ganglionic surface of 2
mm? using an automatic image analysis system
(Servicio de Anilisis de Imagenes, University of
Oviedo). Measurements were made on five DRG
ganglia (three sections per specimen 80 pm
apart). Neuronal density was evaluated in sec-
tions stained with the NE4142 antibody, and the
values obtained were considered as 100%. Data
in the text and the table are expressed as means
+ S.E. per mm?,

REsuULTS

Embryos

The patterns of the distribution of immunoreac-
tivity (IR) for NFPs and vimentin in DRG and SG
were dependent on the gestational age, and on
the antibody used (Fig. 1 A-C). Furthermore,
GFAP was absent in the developing peripheral
ganglia, but strongly GFAP-immunolabeled cells
were seen in the central nervous system (data
not shown).

Dorsal root ganglia

In the embryos of 6 weeks e.g.a., vimentin IR
was restricted to the blood vessel walls and the
connective septa dividing the DRG (Fig. 1D). At
this time, vimentin IR was not detected in neu-
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Fig. 1.-

Immunohistochemical localization of vimentin and NFPs in developing human DRG neurons. Figures A-C and G-I correspond to
embryos of 8 weeks e.g.a; figures D-F correspond to an embryo of 6 weeks e.g.a. Arrowheads in D and G indicate non-neuronal
cells displaying vimentin IR with the antibody CKVNS; arrows in E and H indicate nerve cell bodies displaying RT-97 immunoreac-

tivity. VIM: vimentin; RT-97: neurofilament proteins as revealed by clone RT-97; NFP: neurofilament proteins as demonstrated with
the NE4142 antibody. Dr: dorsal root. Scale bar =70 pm for A-C; 20 pm for D-I.
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Fig. 2.- Immunohistochemical localization of RT-97 and vimentin IR in DRG of 8 (A-C), 9 (D-F) and 12 (G-D weeks e.g.a. Arrowheads in A
and D indicate immunoreactive perikarya. Arrows in C, F and I show vimentin immunoreactive perikarya, whereas arrowheads indi
cate non-neuronal cells. con: control section incubated with specifically pre-absorbed antibodies for vimentin. Scale bar = 20 pm.
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Fig. 3.- Immunohistochemical localization of NFPs (NFP, antibody NE4142, A and D), vimentin (clone 3B4, B and E; clone CKVNS, F) and
GFAP(clone G-A-5, ©) in the cervical SG of embryos of 8 (A-C) and 12 (D-F) weeks e.g.a. Arrows in B indicate a blood vessel show-
ing intense IR for vimentin; arrowheads in E indicate non-neuronal cells displaying vimentin IR. Scale bar = 20 pm.

roblasts, and the occurrence of IR in developing
satellite cells was not absolutely certain. Never-
theless, nearly all the neuronal perikarya dis-
played IR for NFPs (Fig. 1F) but only a subpop-
ulation (approximately 11%) showed IR for
phosphorylated NFPs (Fig. 1E). Two weeks later
(8 weeks e.g.a.), all neuroblasts were immunore-
active for NFPs (Figs. 1C and 1) and approxi-
mately 23% contained phosphorylated isoforms
(Figs. 1B and 1H, 2A). Regarding vimentin, the
results were different for the two antigens inves-
tigated. In fact, whereas clone CKVNS only
labelled non-neuronal cells (Figs. 1A and 1G,
2B), clone 3B4 also stained a high percentage of
neuroblasts (about 86%; Fig. 2C)

As development progressed, the most
remarkable feature in the distribution of the anti-
gens studied was the progressive increase in the

percentage of RT-97 immunoreactive cells; this
was 30% at 9 weeks and 42% at 12 weeks e.g.a.
(Figs. 2D and G), respectively. Regarding neu-
ronal vimentin IR, the reverse was seen, i.e., a
progressive decrease in the percentage of nerve
cell bodies (Figs. 2C, E, F, D, estimated to be
around 60% at 9 weeks and 42% in some cases
(2/9) at 12 weeks e.g.a. In the remaining ganglia
(7/9) the percentage of labelled neuroblasts was
very low (less than 5%), vimentin IR being
restricted to non-neuronal cells (Fig.2D). No IR
was observed in sections of DRG incubated with
the primary antibody specifically preabsorbed
for vimentin (Fig. 2H; Table 1).

Sympathetic ganglia
The above data described for developing
DRG could also be applied to the cervical par-
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Fig. 4.- Immunohistochemical detection of vimentin (VIM, clone 3B4), neurofilament proteins (RT-97; clone RT-97) and GFAP(clone G-A-5)
in adult human DRG (A-C, clone CKGPS and G-A-5, respectively) and paravertebral SG (D-F) . Scale bar = 20 pm.

avertebral SG. The NE4142 antibody labelled
nearly all neuroblasts (Fig. 3D), as did RT-97 as
well, although in 6 and 8 week e.g.a. embryos IR
did not occupy the entire cytoplasm but instead
was concentrated in one segment of the
perikarya (Fig. 3 A). By contrast, the two anti-
bodies used to detect vimentin showed a differ-
ent pattern of immunostaining. Clone 3B4 was
effective in demonstrating neuroblasts and non-
neuronal cells including blood vessel walls (Fig.
3B). Conversely, clone CKVNS only revealed
non-neuronal cells (Fig. 3F). In embryos of 8 and
9 weeks e.g.a., the percentages of developing
neurons displaying vimentin IR were about 79%
and 51%, respectively. In older embryos (12
weeks e.g.a.), only scattered neurons (9%) dis-
played vimentin IR while this was evident in all
non-neuronal cells (Fig. 3E; Table 1). Finally, nei-

ther DRG nor SG displayed immunostaining for
GFAP in any of the embryos studied (Fig. 30).

In the brain, cerebellum, brain-stem and
spinal cord of the studied embryos, antibodies
against NFP labelled axons and also nerve cells.
Vimentin and glial fibrillary antibodies pointed to
astrocyte profiles and radial glia (data not
shown).

Adults

In the adult human peripheral nervous system a
segregation of cells was observed as regards the
expression of vimentin and NFPs. The perikarya
and processes of both DRG and SG neurons
were strongly labelled for NFPs (Figs. 4B and
4E). Both satellite glial cells and Schwann cells
were immunoreactive for vimentin (Figs. 4A and
4D) but lacked GFAP IR (Fig. 4C and 4F).
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Table 1.- Percentage of nerve cell bodies displaying immunoreactivity for vimentin (clone 3B4) and phosphorylated neurofilament proteins
(clone RT-97) in developing and adult human dorsal root and sympathetic ganglia.

Estimated gestational Vimentin RT-97
age
Dorsal root ganglia
6 weeks negative
8 weeks 86 + 5 23 £22
9 weeks 60 7.2 30 £ 1.3
12 weeks 4+0.7* 42+18
Adults negative 100
Sympathetic ganglia
6 weeks not done not done
8 weeks 79 + 2.1 96 + 2.3
9 weeks 51+1.3 100
12 weeks 9+09 100
Adults negative 100

*in 2/9 ganglia 42 + 3.3

DiscussioN

The presence of different types of IF proteins in
neurons of the mammalian DRG and SG, includ-
ing humans, is now well documented (for refer-
ences see Naves et al., 1996; Vega et al., 1994).
DRG neurons contain peripherin, o-internexin,
and NFPs (Ferri et al., 1990; Naves et al., 1996;
Vickers et al., 1991; Athlan et al., 1997), as well
as vimentin during a short part of the develop-
ment period (Lukas et al., 1991; 1993). The data
available for SG have focused on NFPs (see Vega
et al., 1994). The present study was aimed at
investigating whether sympathetic and sensory
peripheral neurons, as well as the satellite glial
cells surrounding them, switch the expression of
IF proteins during development to acquire the
mature phenotype.

Previous studies in the central and peripheral
nervous system have demonstrated that the ear-
liest TF protein associated with neuronal devel-
opment is nestin (or O-internexin) followed by
vimentin. Finally, there is a further switch to
NFPs. This sequence seems to vary slightly in
different species (Escurat et al., 1990; Troy et al.,
1990). According to this hypothesis, NFPs appear
after terminal neuronal differentiation, followed
by a gradual increase during late embryonic and
early post-natal development (Ferri et al., 1990;
Yachnis et al., 1992; for references, see also Xu
et al., 1994). In addition, a series of papers have
reported the occurrence of vimentin in both
immature and mature neurons (Cochard and
Paulin, 1984; Lukas et al., 1991; 1993; Ophir and
Lancet, 1988; Schwob et al., 1986).

In our study we observed that developing
human sensory and sympathetic neurons from
embryos of 6 to 12 weeks of e.g.a. express IR for
NFPs. Furthermore, we found a progressive
increase in the percentage of DRG neurons dis-
playing RT-97 IR (see table 1). This antibody
labels an epitope of the phosphorylated 200 kDa

NFP subunit (Lawson and Weddell, 1991) and
has been extensively used to characterize senso-
ry neuron subtypes in mammals (Lawson, 1992;
Naves et al., 1996; Vega et al., 1994). Interesting-
ly, phosphorylated NFPs were detected in the
younger embryos of our series, and in those of
Lukas and co-workers (Lukas et al., 1991; 1993).
These data are at odds with those published by
Keinert (1991) who had found this protein only
after 25 weeks of e.g.a. Differences in tissue pro-
cessing or in the sensitivity of the antibodies
used might account for such discrepancies. Our
data thus confirm previous studies in developing
and adult sensory (Itoh et al., 1992; Naves et al.,
1996; Vega et al., 1994) and sympathetic (Naves
et al., 1996) peripheral neurons, demonstrating
that phosphorylated NFPs are regularly present
in neurons.

Concomitant to the expression of NFPs, both
developing primary sensory and postganglionic
sympathetic neurons also display vimentin IR.
However, this labelling was detectable with only
one of the two used antibodies used. Whether
the other monoclonal antibody against vimentin
was ineffective in labelling developing neurons
remains obscure. It is probably directed against
an epitope of the vimentin molecule that is not
expressed in developing neurons or, alternative-
ly, it may have been masked by the tissue treat-
ment employed. Interestingly, the percentage of
neurons displaying vimentin IR decreased with
development. In our study, only a very small
percentage of somata retained this ability at 12
weeks of e.g.a. whereas Lukas et al. (1991, 1993)
reported some vimentin positive neurons in
human embryos at 14 weeks of e.g.a. It therefore
seems that the expression of vimentin by periph-
eral neurons is a premature event in develop-
ment and that for a short time it coincides with
the expression of NFP (between 6-12 weeks
e.g.a. in our study; between 8-14 weeks e.g.a. in
the studies by Lukas et al., 1991, 1993). Thus, our
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data support the co-expression of two types of
intermediate filament proteins during the devel-
opment of human peripheral ganglia. Although
no specific analysis or double immunolabeling
studies were carried out, the quantitative data
obtained here point to an inverse evolution in
the percentage of RT-97 and 3B4 immunoreac-
tive neurons (see table 1), especially in DRG.
Whether these phenomena are linked should be
clarified in future studies.

The second main goal of this study was to
analyse the phenotype of satellite cells of the
peripheral ganglia in expressing IF proteins. At
ultrastructural level, filaments of about 10 nm
thickness have been observed in satellite cells of
both sensory and autonomic ganglia, as well as
in Schwann cells (for references, see Schachner,
1974), but their exact protein composition is
controversial (Dahl et al.; 1992). In all embryos
and adult peripheral ganglia (sensory and sym-
pathetic) GFAP was never detected. These nega-
tive results for GFAP in human peripheral gan-
glia cannot be attributed to technical deficiencies
since the protein was present in the central ner-
vous system with a distribution matching that
reported by Aquino et al. (1996) in human foe-
tuses. By contrast, we consistently found that
these cells express vimentin, whose density var-
ied depending on the development stage, but
not on the antibody used. These findings strong-
ly support the absence of GFAP in satellite cells,
as well as in Schwann cells, and lend credibility
to the idea that the IF protein of these cells is
vimentin. The results immunohistochemical
studies carried out in different mammalian
species are contradictory and the presence of
both vimentin and GFAP (Bignami et al., 1989;
Schachner et al., 1974; Woodham et al., 1989),
vimentin alone (Vega et al., 1989) but not GFAP
(Neuberger and Cornbrooks, 1989; Vega et al.,
1989; Woodham et al., 1989) has been reported.
The present results suggest that in developing
and normal adults the satellite glial cells of the
peripheral ganglia and Schwann cells express
only vimentin, although in certain conditions
they might express GFAP (Mancardi et al., 1991).
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