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ABSTRACT: Vestibular nerve Schwann cells are
predisposed to develop schwannoma. While knowledge
concerning this condition has greatly improved, little is
known about properties of normal vestibular Schwann
cells. In an attempt to understand this predisposition, we
evaluated cell density regulation and proliferative fea-
tures of these cells taken from 6-day-old rats. Data were
compared to those obtained with sciatic Schwann cells.
In both vestibular and sciatic 7-day-old cultures,
Schwann cells appear as bipolar or flattened cells. How-
ever, sciatic and vestibular cells greatly differ in other
aspects: on poly-L-lysine coating, sciatic cells specifically
synthesize myelin basic protein, while expression of P0
mRNAs is restricted to some vestibular cells. Laminin
increases sciatic cell density but not that of vestibular
cells. Fibronectin selectively enhances the proliferation
of vestibular Schwann cells and lacks an effect on sciatic

ones. Comparison of cell density changes between sciatic
and vestibular cells shows that they are sensitive to two
different sets of growth factors. Progesterone and FGF-2
combined with forskolin selectively enhance the cell den-
sity of sciatic glia, while IGF-1 and GDNF specifically
increase vestibular cell density. Furthermore, BrdU in-
corporation assays indicate that GDNF is also a mitogen
for vestibular cells. Altogether, vestibular Schwann cells
display phenotypic features and responsiveness to exog-
enous signals that are significantly different from sciatic
Schwann cells, suggesting that vestibular glia form a
subpopulation of Schwann cells. © 2003 Wiley Periodicals,

Inc. J Neurobiol 57: 270–290, 2003
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INTRODUCTION

Glia of the peripheral nervous system originate from
neural crest stem cells and constitute a wide popula-
tion of Schwann cells, subdivided into several fami-

lies: the terminal Schwann cells of the neuromuscular
junction, the enteric glia, the ganglionic satellite cells,
and the Schwann cells surrounding nerve fibers.
Among these various cells, few of them are able to
elaborate myelin. They are the myelinating Schwann
cells, mostly found in nerves and exceptionally in
ganglion, such as the vestibular ganglion. The other
Schwann cells share features of the somewhat less
differentiated nonmyelinating phenotype (Mirsky and
Jessen, 1996; Zorick and Lemke, 1996). Both myeli-
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nating and nonmyelinating cells are distinguishable
by the expression of specific markers. For instance,
myelinating cells synthesize the myelin proteins: P0,
myelin basic protein (MBP), myelin associated gly-
coprotein, peripheral myelin protein 22, and the tran-
scription factor Krox 20 (Jessen and Mirsky, 1991;
Lemke, 1993; Topilko et al., 1997). As for nonmyeli-
nating cells, they bear the p75 low affinity neurotro-
phin receptor and the adhesion molecule NCAM on
their membrane and contain the glial fibrillary acidic
protein (GFAP) and the transcription factors Krox 24
and Pax 3 (Jessen et al., 1987, 1990; Kioussi et al.,
1995; Topilko et al., 1997). In addition, myelinating
and nonmyelinating Schwann cells are distinguished
in more subtle fashion by reduced expression of S100
protein in nonmyelinating cells with respect to the
myelinating ones (Mata et al., 1990).

Whatever their subtypes, Schwann cells rely on
close interactions with neurons, from early glial com-
mitment (Jessen et al., 1994; Shah et al., 1994) to
differentiation into myelinating or nonmyelinating
cells (Jessen et al., 1987, 1990; Chan et al., 2001).
Reciprocally, Schwann cells are important for neu-
rons because they support their survival, axonal mat-
uration, modulation of synaptic transmission, and re-
pair (Son et al., 1996; Trachtenberg and Thompson,
1996; Yin et al., 1998; Jessen and Mirsky, 1999;
Martini, 2001). Neuroglial communication is based on
complex signaling that involves many intercellular
messengers, including growth factors and extracellu-
lar matrix components (Baron-Van Evercooren et al.,
1986; Marchionni et al., 1993; Lobsiger et al., 2000;
Chan et al., 2001; Podratz et al., 2001).

The loss of Schwann cell/neuron contacts triggers
tremendous alterations in Schwann cells, leading to
dedifferentiation towards immature stages. Hence,
myelin genes are down-regulated whereas markers of
the nonmyelinating phenotype are up-regulated
(Lemke and Chao, 1988; Jessen et al., 1990). Dedif-
ferentiation is necessary for the Schwann cells to
re-enter the cell cycle because their proliferation de-
pends on myelin break down (Fernandez-Valle et al.,
1995). Both glial dedifferentiation and proliferation
are beneficial for post-traumatic axonal regeneration
(Fu and Gordon, 1997). Conversely, deregulation of
Schwann cell mitotic rate and/or survival leads to the
occurrence of benign tumors such as schwannomas.
In this condition, tumoral Schwann cells cause, be-
sides dysfunction of axonal conduction, fiber degen-
eration and neuronal death (Sans et al., 1996). Al-
though schwannoma can arise from many nerves, the
vestibular nerve is a particular locus harboring that
lesion. Vestibular innervation displays high predispo-
sition and poor prognostic to schwannomas (Evans et

al., 2000). Despite the above cited facts and the in-
creasing knowledge about the NF2 gene and protein
defects underlying the pathophysiology of schwan-
noma (Rouleau et al., 1993; Trofatter et al., 1993;
Evans et al., 2000; Sherman and Gutmann, 2001),
little is known about normal Schwann cells of the
vestibular nerve. Their phenotype remains to be
clearly established, together with mechanisms in-
volved in their development and differentiation. Ves-
tibular Schwann cells deserve more interest because
they also form an unusual neuron/glia couple with
respect to lineage. While most Schwann cells are
associated with neurons arising from neural crest or
neural tube (i.e., neurectodermal structures), vestibu-
lar Schwann cells principally interact with neurons
originated from an ectodermal structure: the otic pla-
code (D’Amico-Martel and Noden, 1983).

These two peculiar features of vestibular Schwann
cells prompted us to undertake a specific character-
ization of the regulation of their density and prolifer-
ation in controlled conditions. In addition, differenti-
ation of these cells was assessed by studying the
expression of proteins related to the schwannian lin-
eages. In order to identify properties distinguishing
vestibular Schwann cells, their in vitro behavior was
compared to that of the well characterized sciatic glia.
Obtained results should shed light on the understand-
ing of developmental regulation of vestibular glia and
schwannomatosis. Our experiments demonstrate that
vestibular and sciatic cells express different markers
in vitro and display differential sensitivity to growth
factors and extracellular matrix components. In view
of the current data and the developmental and patho-
logical knowledge concerning the vestibular nerve,
we suggest that the vestibular glia should be consid-
ered as a subpopulation of Schwann cells.

METHODS

Culture

Unless otherwise specified, all reagents were obtained from
Sigma (St. Louis, MO). Primary Schwann cell cultures were
developed in defined medium, and cells were isolated from
vestibular and sciatic nerves dissected from 6-day-old
Wistar rats, according to the university animal care regula-
tions. Nerves were dissected out in L15 medium, and peri-
neuriums were removed. Sciatic tissues were further lacer-
ated. Concerning vestibular nerves, only their distal
segments (between the Scarpa ganglion and the sensory
epithelia) were used in order to avoid meningeal and central
glial cell contaminations. Then, nerves were incubated in a
mixture of dispase II (Roche, Basel, Switzerland) collage-
nase and DNAse at 1 mg/mL each in L15 medium (Gibco
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Invitrogen, Paisley, UK), for 45 min at room temperature.
This incubation was terminated by three washes with Ca2�

Mg2� free Tyrode’s buffer. Tissue samples were collected
in defined culture medium (DMEM/Ham’s F12 50% each
vol/vol, containing 5 g/L glucose, 2 mM glutamine, 10,000
U/mL penicillin, and 10 mg/mL streptomycin) and mechan-
ically dissociated. The dissociation yield was determined by
counting with a Malassez device, and dead cells were visu-
alized by staining with trypan blue. This procedure caused
the death of about 15% of the isolated cells. Living cells
were seeded in Labteck chambers at a density of 40,000
cells/well. Each well was previously coated with poly-L-
lysine (mol. wt. � 300,000), laminin, or fibronectin, and
received 300 �L of culture medium renewed every 2 days.
At the end of the culture period, cells were fixed and
processed for immunostaining or in situ hybridization.

Cells grown in vitro were identified as Schwann cells by
their immunoreactivity to antibodies directed against the
S100 protein (polyclonal; Novocastra, Newcastle, UK) or
its subunit S100b (monoclonal; Sigma), a Schwann cell
specific protein in peripheral nerves.

Fibroblast contamination was determined at 2 and 7 days
in vitro (div) in control condition (poly-L-lysine coating and
unsupplemented defined medium). This determination was
carried out by double staining with Schwann cell specific
antibodies (anti-S100) and fibroblast selective antibodies
recognizing Thy1.1 (monoclonal; Serotec, Oxford, UK; Fig.
3). Such double staining indicated that cultured cells were
composed of more than 98% Schwann cells at both 2 and 7
div. Immuno-purification using Thy1.1 antibody prior to
seeding did not improve significantly the purity of the
Schwann cell culture. In addition, the lack of fibroblast
contamination was systematically verified in all experimen-
tal cultures where cells were exposed to extracellular matrix
proteins or hormones or growth factors. Finally, putative
endothelial cell contamination was verified by exposing the
cells to an anti-CD31 antibody (CD31: platelet-endothelial
cell adhesion molecule-1; Becton Dickinson, San Jose, CA).
No endothelial cells were seen (Fig. 3).

Counting Procedure

At the end of the culture, S100 immunoreactive cells
(S100� cells) were counted in five 0.322 mm2 wide fields
taken at random. A mean value was obtained from these five
counts from which a density of cell per mm2 was calculated.
The amount of S100� cell/mm2 allows the assessment of
Schwann cell density in various experimental conditions. In
the midterm cultures used in this study, the Schwann cell
density reflects both cell survival and proliferation.

Schwann cell proliferation was assessed following the
exposition of cultures to 5-bromo-2�deoxyuridine (BrdU; 10
�g/mL), which incorporates into the DNA of mitotic cells
during S phase. BrdU treatment was performed for 2 or 7
days because Schwann cells are known to proliferate at a
low rate. Potential toxicity induced by the 7 day exposure to
BrdU appeared to be moderate because no significant dif-
ference in cell density was recorded between BrdU-contain-

ing and BrdU-free cultures carried out in control conditions.
At worst, this possible toxicity would result in an underes-
timate of the proliferative responses. Nuclear BrdU incor-
poration was revealed by a monoclonal anti-BrdU antibody
(Becton Dickinson), and proliferation rate was measured
following double staining against S100 protein and BrdU
and was expressed as a labeling index (LI): number of both
S100-and BrdU-positive cells/total number of S100� cells,
in an area of 0.322 mm2.

Effects of Substrates and Growth-
Promoting Substances on Cell Density
and Proliferation

Effects of substrates and growth-promoting substances on
cell density and proliferation were assessed on vestibular
and sciatic Schwann cells after a 7 day treatment with these
molecules. The following coating molecules were used:
poly-L-lysine, laminin, and fibronectin. Tested growth-pro-
moting agents were: N2 supplement (Gibco Invitrogen),
forskolin (Calbiochem, La Jolla, CA), 8 Br-cAMP, epider-
mal growth factor (EGF; Becton Dickinson), transforming
growth factor � (TGF�), insulin, insulinlike growth factor 1
(IGF-1), neurotrophin 3 (NT-3; Abcys, Paris, France), glial
cell line derived growth factor (GDNF; Abcys), nerve
growth factor (NGF) 7S (Promega, Madison, WI), brain
derived growth factor (BDNF; Promega), heregulin �1
(NeoMarkers, Fremont, CA), glial growth factor 2 (GGF-2;
a gift of Dr. M. Marchioni, Cambridge Neuroscience, Cam-
bridge, MA), fibroblast growth factor 2 (FGF-2; a gift of Dr
H. Prats, Hôpital Rangueil, Toulouse, France), progester-
one, and platelet-derived growth factor BB (PDGF-BB;
Pepro Tech, Rocky Hill, NJ). Schwann cell responses were
quantified and given as means � SEM of data obtained
from about six individual determinations, each determina-
tion being the mean of duplicated assays. The statistical
significance of data was established by means of Student’s
t test.

Phenotypic Characterization

Phenotypic characterization of vestibular Schwann cells
was conducted using a panel of antibodies recognizing
various Schwann cell antigens: S100, S100b, p75 low af-
finity neurotrophin receptor (polyclonal; Chemicon, Te-
mecula, CA), NCAM (monoclonal; Sigma), GFAP (mono-
clonal; Sigma), NF2 protein (also named merlin or
schwannomin, monoclonal; Transduction Laboratories,
Lexington, KY), MBP (monoclonal; Serotec), and a ribo-
probe for the myelin-specific P0 protein mRNAs (P0 cDNA
was kindly provided by Dr G. Lemke, Salk Institute, San
Diego, CA).

Immunocytochemistry

Nerves were dissected out of 6-and 13-day-old Wistar rats
and fixed by immersion in 4% paraformaldehyde in phos-
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phate buffered saline (PBS) for 1 h at room temperature.
Once rinsed in PBS, tissues were embedded in 4% low
gelling point agarose in PBS and sectioned with a vibrating
blade microtome. Seventy-micron thick sections were used
free-floating. Permeabilization and saturation of unspecific
binding sites were carried out, as a single step, in Tris/NaCl
buffer (100 mM/250 mM, respectively, pH 7.4) containing
10% swine serum (Jackson ImmunoResearch, West Grove,
PA), 0.2% Tween 20, and 0.1% Triton X-100. They were
then incubated overnight at 4°C with specific primary anti-
bodies, rabbit anti-S100 antisera (dilution 1/800) or anti-p75
(1/100), and monoclonal antibodies, anti-S100b (1/800),
anti-MBP (1/100), or anti-NCAM (1/100), in a solution of
Tris 100 mM containing 1% swine serum, 0.02% Tween 20,
and 0.01% Triton X-100. Primary antibody bindings were
revealed by corresponding fluorescein or Texas Red conju-
gated antibodies (1/500, donkey antimouse or antirabbit
antibodies; Jackson ImmunoResearch). Stained tissues were
mounted in Fluorsave (Calbiochem) before observation us-
ing conventional epifluorescence microscopy or laser scan-
ning confocal microscopy (MRC 1024; Bio-Rad). Confocal
images were obtained by averaging 10 scans of 0.25 �m-
thick optical sections.

Cultured Schwann cell immunostaining was processed
in a similar way apart from the following adaptations:
fixation in 4% paraformaldehyde in PBS lasted only 30 min
at room temperature. For BrdU uptake detection, single
stranded DNA was produced after fixation by denaturing
DNA with a HCl 1N treatment (30 min, room temperature)
in order to expose incorporated BrdU. BrdU incorporation
was revealed by means of a monoclonal anti-BrdU antibody
used at the dilution of 1/50 in Tris 100 mM. In addition to
the above mentioned antibodies, others were also applied on
cultures: anti NF2 (1/600), anti-GFAP (1/200), anti-Thy 1.1
(1/200), or anti-CD31 (1/800). All primary antibodies were
allowed to react on fixed cells for 3 h at room temperature.

In Situ Hybridization

Vestibular nerves and Schwann cell cultures were fixed by
immersion in 2% paraformaldehyde in PBS at room tem-
perature for 30 min. Tissues were rinsed in PBS. Nerves
were sectioned as indicated above. Sections and cultures
were dehydrated with ethanol at increasing concentrations,
air dried, and stored at �20°C before use. P0 cDNA was
provided subcloned in pcDNAI (Invitrogen), and digoxige-
nin-labeled sense and antisense probes were generated us-
ing, respectively, T7 and SP6 RNA polymerase, following
the manufacturer’s protocol (SP6/T7 DIG RNA labeling kit;
Roche). Riboprobe hybridization was carried out overnight
in a mixture of Amersham RPN3310 buffer and formamide
(1/1) at 55°C in moist chambers. Sections and cultures were
washed twice with 0.1 � SSC (300 mM sodium chloride, 30
mM sodium citrate, pH 7) at 55°C for 30 min. Unspecific
binding was prevented by treating the tissues, for 30 min at
room temperature, with a Tris-HCl/sodium chloride buffer
(0.1 M/0.15 M, pH 7.5) containing 0.1% of blocking reagent
1096176 (Roche) and 0.003% Triton X-100. Digoxigenin

detection was undertaken with alkaline phosphatase conju-
gated antibodies (dilution 1/750; Roche) that were allowed
to react for 30 min at 37°C. Hybridized riboprobes were
revealed by a 20 h long exposure with the alkaline phos-
phatase chromogenic substrates nitroblue tetrazolium salt
and 5-bromo-4-chloro-3-indolyl phosphate (Roche). Sec-
tions and cultures were mounted in mowiol and hybridiza-
tion signal was observed under light microscope.

RESULTS

Detection of Schwann Cell Related
Markers in the Vestibular Nerve

We focused on establishing some key features of
vestibular nerve cells by means of immunocytochem-
istry and in situ hybridization. Schwann cell related
proteins, or their transcripts, were detected in 6-and
13-day-old vestibular nerves. At these two ages, the
following identical observations were made: vestibu-
lar Schwann cells express S100 protein [Fig. 1(A)],
and its S100b subunit [Fig. 1(B)], the adhesion mol-
ecule NCAM [Fig. 1(C)], the low affinity NGF recep-
tor p75 [Fig. 1(D)], MBP [Fig. 1(E)], and mRNAs of
the major myelin protein P0 [Fig. 1(F)]. Hence, mark-
ers of both myelinating and nonmyelinating lineages
are synthesized in the vestibular nerve at these stages
of development.

Phenotypic Characterization of
Vestibular and Sciatic Schwann Cells in
Control Cultures

Two types of Schwann cells are present in control
cultures (poly-L-lysine coating and defined medium)
from either vestibular or sciatic nerves: spindle
shaped or flattened cells. They differ by three main
features: morphology, capability to synthesize DNA,
and expression of the S100 protein. Indeed, the spin-
dle shaped cells bear bipolar processes and display,
quite often, droplet inclusions in their cytoplasm [Fig.
2(A)]. The flattened cells possess cytoplasmic spreads
and usually gather in clusters ranging from less than
10 cells to hundreds of cells [Fig. 2(B)]. Concerning
mitosis, cells taking up BrdU into their nuclei always
belong to the flattened morphotype [Fig. 3(A,B)].
Bipolar cells consistently display a qualitative stron-
ger S100 (or S100b) immunoreactivity than flattened
cells and the intensity of the S100 labeling in flattened
cells varies [Fig. 3(A,C,E)]. Despite its low level,
bona fide staining of flattened cells is observed under
both classical epifluorescence and confocal microsco-
pies. Control experiments omitting either primary or
secondary antibodies display no signal (data not
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shown). Furthermore, no staining for the fibroblastic
antigen Thy 1.1 or the endothelial protein CD31 was
observed (Fig. 3).

Other Markers of Glial Phenotypes. In addition to
these main distinctions, the two types of Schwann

cells are characterized by differential expressions of
other proteins in control cultures (poly-L-lysine coat-
ing and defined medium, Figs. 4 and 5). Thus, double
stainings using S100 (or S100b) antibodies with other
antibodies were undertaken on cultures from both
nerve origins. NCAM detection was similar for ves-

Figure 1 Gross anatomy of 6-day-old rat vestibular nerve depicting in situ detection of Schwann
cell markers. Nerves were sectioned and processed for immunostaining or in situ hybridization.
Immunoreactivities for S100 protein and its S100b subunit were visualized (A,B) as well as
stainings for nonmyelinating markers: NCAM (C) and low affinity neurotrophin receptor p75 (D),
and markers of the myelinating lineage: MBP (E) and transcripts of the P0 myelin protein (F).
Similar data were obtained in 13-day-old vestibular nerves (not shown).
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tibular and sciatic tissues, in that flattened cells are
qualitatively stained at a higher level than bipolar
cells [Fig. 4(B,D)]. In contrast, flattened sciatic cells
provide a relatively stronger anti-p75 signal than flat-
tened vestibular ones [Fig. 4(H,J)]. GFAP was not
detected in vestibular cells while very few sciatic cells
express this protein [Fig. 4(I,L)]. Indeed, on average,
no more than 10 S100� cells were GFAP immunore-
active per well (in control condition, a well contains
about 400 S100� cells, see below). Among GFAP
synthesizing cells, one finds both bipolar and flattened
cells [Fig. 4(K,L)]. Vestibular and sciatic cells of both
morphotypes express the NF2 protein [Fig. 4(N,P)].
MBP is absent in vestibular cultures whereas it is
detected in sciatic ones [Fig. 5(D)]. At 2 div, in situ
hybridization for P0 protein messengers shows that
vestibular bipolar cells are the only cells expressing
these mRNAs [Fig. 5(E,G)]. At 4 div, no more hy-
bridization signal is observed (data not shown). This
indicates that bipolar vestibular cells degrade P0 mR-
NAs. In addition, this suggests that such down-regu-
lation may be faster in sciatic than in vestibular glia,
because, in agreement with the present data, P0
mRNA level was beyond the limits of detection at 2
div in sciatic Schwann cells isolated from 6 day-old
rats (Dashiell and Koski, 1999).

In summary, vestibular and sciatic cells mainly
differ in the expression of MBP and P0 mRNA; and in

both types of culture, only flattened cells proliferate.
Vestibular and sciatic cells commonly express the
NF2 protein, and this renders them useful for future in
vitro studies devoted to understanding why vestibular
Schwann cells are more predisposed to schwannomas
than other glial cells.

Cell Density, Viability, and Proliferation
of Vestibular and Sciatic Cells in Control
Conditions

Time course surveys of the cell density and prolifer-
ation of sciatic and vestibular Schwann cells were
undertaken in control cultures (poly-L-lysine coating
and defined medium). Cell density and proliferation
were quantified as indicated in the Methods section
with no discrimination between flattened and bipolar
morphotypes.

Cell Density. During the first 2 days following plat-
ing, an acute period of cell death occurs, causing the
cell density to fall to a low level [Fig. 6(A)]. This
early cell death may concern serum-starved fibro-
blasts in addition to Schwann cells, because dishes
contain 98% of S100� cells at 2 and 7 div (see
Methods). After the first 48 h, sciatic and vestibular
cell densities are similar and do not significantly vary,

Figure 2 Vestibular Schwann cells in vitro. Cells cultured on poly-L-lysine in DMEM/F12-based
defined medium can adopt two morphologies. (A) The typical bipolar spindle shaped cells quite
often contain droplet inclusions in their cytoplasm (arrow). (B) In addition to bipolar cells (b),
somewhat less shape-specialized cells are also systematically found in culture: flattened cells (f) that
produce moderate cytoplasmic spreads and gather in clusters. These pictures are taken from a 4
div-culture but can be found in any assay, throughout the 7 days of the culture period. Similar
observations were obtained with sciatic Schwann cells.
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Figure 3 Proliferating cells belong to the flattened morphotype. Vestibular cultures undertaken in
control conditions (poly-L-lysine coating, DMEM/F12-based defined medium) were treated with
BrdU, subjected to double staining for S100b subunit and BrdU at 7 div, and observed under
confocal microscopy. (A) Bipolar cells (b) are strongly reactive to antibodies against S100b, while
a weak but genuine signal reveals the flattened cells (f). Note the cytoplasmic inclusions in a
strongly S100b� cell (asterisk). Similar differential staining between bipolar and flattened cells is
obtained using antisera to the whole S100 protein that produces, on occasion, a stronger labeling of
flattened cells than the S100b antibody [see (C) and (E)]. (B) Immunodetection of BrdU indicates
that DNA synthesis is restricted to some but not all flattened cells [arrows in (A) and (B)], whereas
none of the bipolar strongly S100b� cells incorporate BrdU. (C,D) Seven div culture double stained
against the glial S100 protein and the endothelial CD31 protein reveals that no contaminating
endothelial cells are present. (E,F) Seven div culture double stained against S100 protein and the
fibroblast antigen Thy 1.1 shows the absence of fibroblasts. Similar observations were obtained with
sciatic Schwann cells.
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as indicated by statistical analyses. For instance, at 7
div, the densities of cell are 52 � 5 and 47 � 3 S100�

cells/mm2 for vestibular and sciatic cultures, respec-

tively. This corresponds to an average number of 400
cells/well.

Viability of cells at 7 div was demonstrated by

Figure 4 Expression of proteins related to nonmyelinating Schwann cells and to schwannoma in
vestibular and sciatic cells. Cells were grown in DMEM/F12-based defined medium, on poly-L-
lysine for 7 days. Double labeling of cells for S100 (A,C,I,K,M,O) or S100b proteins (E,G) on one
hand, and for NCAM (B,D), p75 low affinity neurotrophin receptor (F,H), GFAP (J,L), or the
schwannoma related protein NF2 (N,P) on the other hand are shown. NCAM expression is observed
in flattened cells (f) at a higher level than in bipolar cells (b) whatever their origin: vestibular (B)
or sciatic (D). Cells treated with antisera against the p75 receptor provide a positive signal in both
vestibular (F) and sciatic (H) cultures; however, staining in flattened sciatic cells appears stronger
than in vestibular ones [f in (F) and (H)]. GFAP is not detected in vestibular cultures (J) and very
few sciatic cells are GFAP immunopositive [about 10 cells per well (L)]. Amongst S100� and
GFAP� sciatic cells both bipolar [(K) and (L), right panel] and flattened cells [(K) and (L) left panel]
are present. Note that (K) and (L) are montages of two fields separated by the vertical dotted line.
The schwannoma related NF2 protein is synthesized by both vestibular and sciatic S100� cells [(M)
to (P)]. Vest, vestibular culture; Sciat, sciatic culture.
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their ability to take up calcein-AM and to exclude
ethidium homodimer-1. All S100� cells appeared to
be healthy [Fig. 6(C–F)]. The amount of dead cells
was recorded by counting the ethidium homodimer-1
stained nuclei. In vestibular culture, a density of 15
� 2 ethidium� nuclei/mm2 is observed. In sciatic
cultures, the density reaches 25 � 4 ethidium� nuclei/
mm2. Hence, at 7 div, the amount of dead cells is
higher in sciatic cultures than in vestibular ones (p
� 0.05, n � 14 for each type of culture).

Proliferation. The level of BrdU incorporation re-
mains statistically constant in vestibular cells [Fig.
6(B)]. This is not the case for sciatic cells, whose
mitotic rate significantly rises with time. Indeed, a
threefold increase in LI occurs from 2 to 7 div (LI:
0.13 � 0.02 to 0.38 � 0.05, p � 0.001). Comparing
BrdU incorporation between the two cell types reveals
higher mitotic rates in sciatic cells than in vestibular
cells at 4 and 7 div (LIs respectively are: 0.32 � 0.04
vs. 0.21 � 0.03, p � 0.05, and 0.38 � 0.05 vs. 0.19
� 0.03, p � 0.01).

In summary, sciatic cells appear to die more than
vestibular cells in control conditions. But this cell
death is compensated for by a higher proliferation of
sciatic cells than their vestibular counterparts. Conse-
quently, vestibular and sciatic cell densities reach
similar levels.

Effects of Substrate Proteins on Cell
Density, Proliferation, and Phenotype of
Vestibular and Sciatic Schwann Cells

Cell Density. Effects of the extracellular matrix com-
ponents, laminin, fibronectin (each at 10 ng/mL), or a
combination of laminin and fibronectin (50% each),
on the number of cells per well were assessed at 7 div

[Fig. 7(A)]. Cells were grown in serum free medium
(see Methods), and poly-L-lysine was used as control
substrate, because vestibular and sciatic cell densities
are similar on this substrate [Fig. 6(A)]. Concerning
vestibular cells, laminin alone or coated with fi-
bronectin does not alter their density with respect to
the level obtained on poly-L-lysine (52 � 5 S100�

cells/mm2). Fibronectin alone reduces vestibular cell
density by 2.5-fold (21 � 5 S100� cells/mm2, p
� 0.001). For sciatic cells, laminin significantly en-
hances the number of cells per surface unit from 47
� 3 (control) to 68 � 7 S100� cells/mm2 (p � 0.05).
Conversely, fibronectin is a poor substrate, decreasing
this number to 9 � 2 S100� cells/mm2 (a fivefold
reduction, p � 0.001). Sciatic cell density on laminin/
fibronectin mixture (45 � 6 S100� cells/mm2) is
similar to that on poly-L-lysine coating.

In summary, significant differences exist between
vestibular and sciatic cell densities on laminin and the
mixture laminin/fibronectin. Laminin is a better sub-
strate for sciatic glia (68 � 7 vs. 39 � 4 S100�

cell/mm2 p � 0.01) whereas laminin/fibronectin com-
bination produces a reverse difference, because den-
sity is higher for vestibular cells than for sciatic ones
(73 � 11 and 45 � 6 S100� cell/mm2 respectively, p
� 0.05).

Proliferation. In 7-day vestibular cultures, laminin
does not alter BrdU incorporation (LI � 0.13 � 0.01)
with respect to control incorporation measured on
poly-L-lysine (LI � 0.19 � 0.03) [Fig. 7(A)]. The
combination fibronectin/laminin decreases signifi-
cantly BrdU uptake (LI � 0.10 � 0.01, p � 0.01),
whereas fibronectin on its own significantly enhances
proliferation (LI � 0.28 � 0.01, p � 0.05).

As for sciatic cells, control conditions favor BrdU
incorporation because other coatings significantly re-
duce LIs. Thus, for these cells, the rank order of
mitogenic potency is: poly-L-lysine (LI � 0.38
� 0.05) � laminin/fibronectin (LI � 0.19 � 0.02, p
� 0.001) � laminin (LI � 0.24 � 0.02, p � 0.05)
� fibronectin (LI � 0.09 � 0.03, p � 0.001).

Statistical differences are evident between vestib-
ular and sciatic levels of BrdU incorporation for all
substrates (significances are p � 0.01 for poly-L-
lysine and laminin/fibronectin and p � 0.001 for
laminin and fibronectin). Hence, coating-elicited mi-
togenic responses of these cells differ in vitro.

Phenotype. Cultured Schwann cells express various
glial markers in control conditions (see above, Figs. 4
and 5). Such expression was challenged by seeding
the cells on laminin or fibronectin. In both cases,
expressions of P0 mRNA and p75 are unchanged

Figure 5 In vitro expressions of markers of the myelinat-
ing lineage in vestibular and sciatic cells. Double immunos-
tainings were performed in order to reveal the expression of
MBP in S100� cells grown in control conditions (DMEM/
F12-based defined medium, poly-L-lysine coating) at 7 div
(A–D). Vestibular Schwann cells fail to synthesize MBP
(B). Unlike the latter, sciatic cells predominantly produce
MBP (D) in the bipolar morphotype (b), while a weak signal
is detected in flattened cells (f). Putative synthesis of the
major myelin protein P0 was indirectly assessed by in situ
hybridization carried out with riboprobes at 2 div. P0 mR-
NAs are detected solely in bipolar vestibular cells (E). No
hybridization signal appears in sciatic culture (G). Cultures
hybridized with the sense P0 riboprobe are depicted in (F)
and (H). Vest, vestibular culture; Sciat, sciatic culture.
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(Table 1). In situ hybridization confirms that P0 tran-
scripts are solely synthesized by bipolar vestibular
cells at 2 div, the signal disappearing thereafter.

Unlike p75 staining and P0 hybridization, NCAM
and MBP expression is altered on those substrates
(Table 1). Plating on laminin or fibronectin resulted in

an equalization of NCAM staining intensity between
flattened and bipolar cells, whatever their origin [this
differs from NCAM signal on poly-L-lysine, which is
stronger in flattened cells than in their bipolar coun-
terparts; Fig. 4(A–D)]. MBP immunodetection was
reduced in sciatic bipolar cells and became similar to
that in sciatic flattened cells. However, the most
prominent change in MBP expression was that it was
switched on by these coatings in both vestibular mor-
photypes [expression was absent on poly-L-lysine;
Fig. 5(A,B)].

Effects of Growth Factors and Other
Components on Cell Density of
Vestibular and Sciatic Schwann Cells

These experiments were conducted on poly-L-lysine
because this substrate provides similar levels of cell
density in the 7-div vestibular and sciatic cultures
[Fig. 6(A)]. No attempt was made to quantify cell
density between flattened and bipolar morphotypes.
Out of 16 substances tested, FGF-2 (10–100 ng/mL),
NGF (1–20 ng/mL), and forskolin (0.1–50 �M) did
not change the density of any cells. Amongst the remain-

Figure 6 Time courses of cell density variation and pro-
liferation in control vestibular and sciatic cultures grown on
poly-L-lysine in DMEM/F12-based defined medium. (A)
S100� cells were visualized and counted, as indicated in
“Methods”, in order to assess their density at 2, 4, and 7 div.
(B) Proliferation, given as labeling index, was determined
by means of BrdU incorporation into S100� cells as indi-
cated in “Methods”. These cells were double labeled with
S100-and BrdU-directed antibodies. Data are means
� SEM of at least five independent determinations carried
out in duplicates. ***p � 0.001 established with respect to
data obtained at 2 div in a given set of experiments. Note, in
(B), the 100X magnification of data, as indicated in the y
axis title. (C–F) Viability of S100� cells is demonstrated by
their ability to incorporate calcein. Vest, vestibular culture
(C,D); Sciat, sciatic culture (E,F); Calc, calcein; (b) bipolar
cell; (f) flattened cells.

Figure 7 Effects of substrate proteins on cell density and proliferation of vestibular (black bars)
and sciatic (white bars) Schwann cells. Cell density (A) and proliferation, expressed as labeling
index (B), were recorded, at 7 div, in cultures grown in DMEM/F12-based defined medium on
poly-L-lysine (PL, control), laminin (La), fibronectin (Fi), or the mixture of laminin and fibronectin
(La � Fi). Data are means � SEM of at least four independent determinations carried out in
duplicates. *p � 0.05, **p � 0.01, ***p � 0.001 established with respect to controls carried out on
poly-L-lysine. Note, in (B), the 100X magnification of data, as indicated in the y axis title.
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ing factors, some showed specific effects on one or the
other cell type (see below). Lastly, there are unspecific
factors that either increase the amount per well of both
sciatic and vestibular cells, or are partly selective for a
given cell type at a given concentration. These latter
molecules have nonspecific effects at increased concen-
trations. The statistical relevance of differences between
vestibular and sciatic responses to tested reagents is
given in Table 2 (rightmost column).

Vestibular Factors. NT-3 (1–10 ng/mL, p � 0.01) and
PDGF-BB (5 ng/mL, p � 0.01) enhance significantly
the vestibular cell density, but both growth factors lose
their specificity at higher concentrations (Table 2, “un-
selective agents”). Six substances enhance specifically
the density of vestibular Schwann cells (Table 2, “ves-
tibular selective agents”): the N2 supplement, insulin,
IGF-1, GDNF, EGF, and GGF-2. N2 supplement con-
tains insulin and progesterone; thus, its effect may be
partly mediated by insulin but not by progesterone. In-
deed, insulin at 1 �g/mL (about twice its concentration
in N2 mixture) increases the vestibular cell density,
whereas progesterone used at 5 �M (250-fold the N2
progesterone concentration) does not alter the number of
cells in wells.

Sciatic Factors. FGF-2 combined with forskolin en-
hances significantly sciatic Schwann cell density, as
does progesterone and 8-Br-AMPc (Table 2 “sciatic
selective agents”). As for TGF�, it promotes the ex-
pansion of the sciatic population at 10 ng/mL (p
� 0.01), but it raises both sciatic and vestibular den-
sities at increasing concentrations (Table 2, “unselec-
tive agents”).

Unspecific Factors. BDNF increases sciatic cell
numbers by 50%, but this rise is not statistically

different from the BDNF-induced vestibular response.
Some proteins increase significantly, but similarly,
densities of both glial cell types. These include
heregulin �1, NT-3, TGF� and PDGF-BB. Statistical
significances of their effects are given in Table 2
(“unselective agents”). These data show that vestibu-
lar and sciatic Schwann cells require different sets of
growth factors to enhance their in vitro cell density.

Mitogenic Effects on Vestibular
Schwann Cells

The mitogenic potential of some factors that enhance
vestibular cell density was assessed because prolifer-
ation may contribute to their “prosurvival” effects
(Fig. 8). Cultures were exposed to BrdU (10 �g/mL)
for 2 and 7 div. Establishment of LIs showed that
none of the tested molecules stimulated the mitotic
rate after a 2 day exposure. Following 7 days of
treatment, IGF-1 (50 ng/mL) had no proliferative ac-
tion on vestibular cells, whereas GGF-2 (25 ng/mL),
GDNF (25 ng/mL), and NT-3 (10 ng/mL) signifi-
cantly enhanced BrdU incorporation over control
(nonsupplemented defined medium, poly-L-lysine
coating). Among these substances, GGF-2 is the most
powerful mitogen (LI � 0.55 � 0.05, p � 0.001)
followed by NT-3 (LI � 0.32 � 0.03, p � 0.01) and
GDNF (LI � 0.27 � 0.02, p � 0.05).

Sensitivity of Vestibular Morphotypes to
Substrate Proteins and Growth Factors

The proportions of the vestibular bipolar and flattened
cell subpopulations remained steady over several
days. Indeed, out of the whole S100� cell population
at 2 div, bipolar and flattened morphotypes repre-

Table 1 Substrate Changes Alter Schwann Cell Phenotypes

Markers Morphotypes

Poly-L-Lysine Laminin or Fibronectin*

Vestibular Sciatic Vestibular Sciatic

P0 mRNA Flattened � � � �
Bipolar � � � �

p75 Flattened � � � �
Bipolar � � � �

NCAM Flattened �� �� � �
Bipolar � � � �

MBP Flattened � � � �
Bipolar � �� � �

Cells grown for 7 days in DMEM/F12-based defined medium on poly-L-lysine, laminin, or fibronectin were subjected to in situ
hybridization or immunocytochemistry in order to detect P0 mRNA, p75 receptor, NCAM, and MBP. Qualitative levels of signals were given
with respect to morphotypes (bipolar vs. flattened) and to nerve origins (vestibular vs. sciatic) as follows: �, present; ��, strong; �, absent.
*Laminin and fibronectin provide identical results that are commonly indicated in a single column.
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sented 62 � 2 and 38 � 2%, respectively. At 7 div, 59
� 2% of vestibular cells were bipolar and 41 � 2%
were flattened (100% � 250 cells). As for sciatic
cells, their morphotype distribution was 58 � 2% of
bipolar cells and 42 � 2% of the flattened counter-
parts at 7 div. Therefore, their distribution was similar
to the vestibular one.

Because different coatings affect Schwann cell

phenotypes (Table 1), we assessed whether such al-
terations may exert some influence on the breakdown
of the vestibular population according to morpho-
types, at 7 div.

Substrates. Compared to poly-L-lysine, distribution
of vestibular cells into morphotypes is unaffected by
laminin alone or combined with fibronectin [Fig.

Table 2 Comparison of Vestibular and Schwann Cell Densities after a 7-Day Exposure to Various Factors

Vestibular Cell Density
% of Control

Sciatic Cell Density
% of Control

Statistical Significance
(Vestibular vs Sciatic)

Vestibular selective agents
N2 (1%) 214 � 20 (p � 0.001) 115 � 8 p � 0.01
Insulin 1 �g/mL 135 � 8 (p � 0.05) 113 � 8 p � 0.05
Insulin 5 �g/mL 170 � 19 (p � 0.01) 108 � 9 p � 0.01
Insulin 10 �g/mL 209 � 17 (p � 0.001) 111 � 13 p � 0.001
IGF-1 10 ng/mL 132 � 15 (p � 0.05) 98 � 6 p � 0.05
IGF-1 100 ng/mL 180 � 12 (p � 0.001) 119 � 6 p � 0.001
IGF-1 500 ng/mL 187 � 15 (p � 0.001) 106 � 6 p � 0.001
GDNF 10 ng/mL (inactive at 1 ng/mL) 135 � 10 (p � 0.05) 102 � 5 p � 0.01
GDNF 20 ng/mL 170 � 9 (np � 0.001) 122 � 12 p � 0.01
EGF 50 ng/mL (inactive at 10 ng/mL) 175 � 27 (p � 0.01) 88 � 8 p � 0.01
EGF 100 ng/mL 172 � 36 (p � 0.05) 129 � 21 p � 0.01
GGF-2 10 ng/mL 223 � 19 (p � 0.001) 104 � 7 p � 0.001
GGF-2 25 ng/mL 212 � 9 (p � 0.001) 110 � 6 p � 0.001
GGF-2 50 ng/mL 266 � 15 (p � 0.001) 134 � 6 (p � 0.05) p � 0.001
Sciatic selective agents
FGF-2 10 ng/mL � Forskolin 2 �M 65 � 6 (p � 0.05) 126 � 20 p � 0.05
FGF-2 50 ng/mL � Forskolin 2 �M 81 � 18 212 � 32 (p � 0.001) p � 0.01
FGF-2 100 ng/mL � Forskolin 2 �M 109 � 18 258 � 38 (p � 0.001) p � 0.01
FGF-2 10 ng/mL � Forskolin 20 �M 54 � 17 (p � 0.05) 183 � 20 (p � 0.001) p � 0.001
FGF-2 50 ng/mL � Forskolin 20 �M 63 � 19 281 � 49 (p � 0.001) p � 0.01
FGF-2 100 ng/mL � Forskolin 20 �M 62 � 13 (p � 0.05) 390 � 78 (p � 0.001) p � 0.01
Progesterone 5 �M 106 � 12 172 � 24 (p � 0.05) p � 0.05
Progesterone 25 �M 96 � 13 211 � 31 (p � 0.01) p � 0.01
Progesterone 50 �M 108 � 20 218 � 36 (p � 0.01) p � 0.05
8-Br-AMPc 100 �M (inactive at 10 �M) 92 � 7 200 � 30 (p � 0.05) p � 0.01
Unselective agents
Heregulin 50 ng/mL (inactive at 10 ng/mL) 177 � 18 (p � 0.01) 166 � 32
Heregulin 100 ng/mL 148 � 11 (p � 0.01) 239 � 35 (p � 0.01) p � 0.01
BDNF 50 ng/mL (inactive at 25 ng/mL) 142 � 27 150 � 13 (p � 0.05)
NT-3 1 ng/mL (vestibular selective) 143 � 13 (p � 0.01) 117 � 6
NT-3 10 ng/mL (vestibular selective) 179 � 22 (p � 0.01) 129 � 9 p � 0.05
NT-3 20 ng/mL 173 � 19 (p � 0.001) 150 � 20 (p � 0.05)
TGF� 10 ng/mL (sciatic selective) 107 � 11 146 � 7 (p � 0.01) p � 0.01
TGF� 25 ng/mL 128 � 12 151 � 9 (p � 0.01)
TGF� 50 ng/mL 146 � 9 (p � 0.05) 169 � 11 (p � 0.01)
PDGF-BB 5 ng/mL (vestibular selective) 186 � 10 (p � 0.01) 155 � 10 (p � 0.05) p � 0.05
PDGF-BB 10 ng/mL 214 � 16 (p � 0.001) 173 � 13 (p � 0.001)
PDGF-BB 20 ng/mL 200 � 21 (p � 0.001) 215 � 23 (p � 0.001)

Cell density measurement and statistical signification of data were performed as indicated in Methods section. Controls and experimental
cultures were grown on poly-L-lysine in DMEM/F12-based defined medium supplemented with factors as indicated. Results are means � SEM
of at least six determinations and are given as percentage of control densities displayed in Figure 6(A). Significances of differences between
vestibular and sciatic evoked-responses are given in the right column. Absence of p value indicates that data are not significantly different from
their respective controls.
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9(A)]. But laminin increases the length of bipolar cell
processes. Indeed, processes that are two-to threefold
the length of the soma on poly-L-lysine reach four-to
sixfold the length of the soma on laminin (no change
in cell body size was recorded). Similar laminin-
mediated process elongation also occurs in cultured
olfactory ensheathing cells (Pixley, 1992). The impact
of fibronectin on the morphotype subpopulations was
not recorded, because, on its own, it fails to maintain
the cell density at a level at least equivalent to control
[Fig. 6(A)].

Growth Promoting Agents. For this set of experi-
ments, cells were grown on poly-L-lysine in plain
medium (control) or supplemented mediums [Fig.
9(B)]. When N2 mixture (1%) or IGF-1 (50 ng/mL)
was added, no significant changes were recorded in
the bipolar/flattened cell proportions. GGF-2 (25 ng/
mL) favored the bipolar type, causing an increase of
the population up to 70 � 2% (p � 0.01). However,
GGF-2-treated bipolar cells have rounded soma and
differ in this way from their control counterparts,
which have spindle shaped soma. Likewise, under
GGF-2 exposure, the tips of bipolar processes tend to
spread into a growth-cone-like structure. The other
tested factors NT-3 (25 ng/mL), GDNF (25 ng/mL),
and PDGF-BB (5 ng/mL) enhanced the flattened sub-

population, which, respectively, rose to 49 � 1% (p �
0.01), 52 � 1% (p � 0.001), and 58 � 1% (p
� 0.001) of the whole S100� cell population.

DISCUSSION

The present report is the first investigation specifically
devoted to the characterization of Schwann cells of
the vestibular nerve. Obtained data point to different
in vitro responses to exogenous cues between vestib-
ular and sciatic cells. The cell types can be distin-
guished according to phenotypic markers, prolifera-
tion, and cell density regulation requirements. The
most striking differences are: P0 mRNA expression
and MBP synthesis are restricted to vestibular bipolar
cells and to all sciatic Schwann cells, respectively;
concerning extracellular matrix, laminin selectively
enhances sciatic cell density while fibronectin stimu-
lates vestibular proliferation; and, two distinct sets of
specific factors regulate the densities of sciatic and
vestibular cells.

Two Morphotypes

Cultured Schwann Cells Display Shape Plasticity.
In our primary culture system, Schwann cells adopt

Figure 8 Mitogenic effects of growth factors on vestibular Schwann cells. Cells grown on
poly-L-lysine in DMEM/F12-based defined medium were stimulated for 2 or 7 div with mitogens.
Proliferation levels were determined by means of BrdU incorporation in S100� cells and expressed
as labeling index. Data are means � SEM of at least four independent determinations carried out in
duplicates. *p � 0.05, **p � 0.01, ***p � 0.001 established with respect to control (DMEM/F12-
based defined medium without mitogen, poly-L-lysine coating). Note, the 100X magnification of
data, as indicated in the y axis title.
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two morphologies. The rather classical bipolar shape
is found in vitro in postnatal Schwann cells and in
neuron/glia coculture (Wood et al., 1990; Jessen et al.,
1994; Fernandez Valle et al., 1995, 1997; Chan et al.,
2001). The flattened Schwann cell has been described
when peripheral glia are immortalized (Goda et al.,
1991; Kursula et al., 2001; Lobsiger et al., 2001) or
when neuron/glia interactions are disturbed in cocul-
ture (Wood et al., 1990). In cultures of ensheathing
cells, a unique central glia that shares neurite regen-
eration-promoting properties with Schwann cells,
dual morphology (flattened and process-bearing mor-
photypes) is also observed (Pixley, 1992; France-
schini and Barnett, 1996; Vincent et al., 2003). These
cells display morphological plasticity controlled by
reorganizations of their actin network (Vincent et al.,
2003). Likewise, in Schwann cells, transition from
bipolar shape to flattened morphology involves alter-
ations of the actin-based cytoskeleton (Fernandez
Valle et al., 1997; Weiner et al., 2001). It is of note
that neuregulins induce cell spreading associated with
actin cytoskeleton rearrangements in various cell lines
(Chausovsky et al., 2000; Hijazi et al., 2000). Neu-
regulin-mediated cytoskeleton reorganizations are in-

volved in the phenotypic reversion (dedifferentiation)
of oligodendrocytes (Canoll et al., 1999) and in the
morphological plasticity of ensheathing cells (Chuah
et al., 2000). In agreement with these data, we ob-
served that the neuregulin GGF-2 causes both spread-
ing of tips of the bipolar Schwann cell processes and
rounding of their soma. Therefore, GGF-2 seems to
promote an intermediate Schwann cell morphotype,
which mainly differs from the regular bipolar cell by
its capability to proliferate. Accordingly, myelinating
Schwann cells dedifferentiate and divide in neuron/
glia cocultures once exposed to neuregulins (Zanazzi
et al., 2001).

Besides the induction of an intermediate morpho-
type by GGF-2, other exogenous vectors influence the
distribution of flattened and bipolar cells in vestibular
cultures. Thus, laminin favors the bipolar phenotype,
as it does on sciatic cells (Baron-Van Evercooren et
al., 1986). Similarly, laminin increases the number of
process-bearing ensheathing cells in vitro (Pixley,
1992). In contrast, the mitogens NT3, GDNF, and
PDGF-BB increase the proportion of flattened cells in
the vestibular population while the antiapoptotic
IGF-1 does not. These data are consistent with the

Figure 9 Effects of substrate proteins and growth factors on the distribution of vestibular cells
between the two morphotypes. Cells were kept in culture for 7 days in DMEM/F12-based defined
medium. During this period, they were exposed to various substrate proteins and growth factors.
When the latter were added to the medium, poly-L-lysine was used as coating. Left panel shows the
distribution of flattened and bipolar S100� cells according to coatings with poly-L-lysine (PL,
control), laminin (La), and the combination of laminin plus fibronectin (La � Fi). Right panel
depicts alterations in morphotype subpopulation sizes induced by N2 supplement (N2), IGF-1,
GGF-2, NT-3, GDNF, and PDGF-BB. Subpopulation sizes are expressed as percentage of a total of
250 S100� cells observed per well. Data are means � SEM of at least four independent determi-
nations.
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conclusions that molecules favoring flattened cells
also favor mitosis and that flattened cells are prolif-
erative Schwann cells; the reverse being true for bi-
polar cells.

Flattened Cells Are Reactive Denervated Cells. The
clustering of flattened Schwann cells shown here is a
typical behavior of this morphotype, because similar
cell clustering has also been reported elsewhere
(Wood et al., 1990; Goda et al., 1991; Kursula et al.,
2001; Lobsiger et al., 2001; Weiner et al., 2001).
Likewise, clusters of flattened ensheathing cells de-
velop in midterm cultures of this central glial cell type
(Pixley, 1992). Such a flattened shape is also typical
of Schwann cell precursors in murine sciatic nerve
(Jessen et al., 1994; Lobsiger et al., 2000, 2001).
However, flattened cells found in the present cultures
are unlikely to be related to Schwann cell precursors
despite the fact that they express the low affinity
neurotrophin receptor p75 (Jessen et al., 1994). In-
deed, in contrast to Schwann cell precursors, these
postnatal Schwann cells are immunoreactive to S100
antibodies and survive both at low density and in the
absence of neuronal contacts. Flattened cells are not
endothelial cells because they do not bind antibodies
recognizing CD31. Likewise, flattened cells are not
fibroblasts because: they fail to synthesize the Thy 1.1
fibroblastic antigen; they are about five times smaller
than nerve fibroblasts grown in identical conditions
(S. Bartolami, unpublished data); and nerve fibro-
blasts do not express Schwann cell markers such as
S100b, NCAM, and p75 (Kim et al., 1989). Flattened
shape seems to be a morphotype adopted by prolifer-
ative denervated Schwann cell in vitro. This idea is
further supported by observations that, first, S100�

flattened cells incorporate BrdU, and second, all
Schwann cells adopt the flattened morphotype once
they are expanded in serum-treated secondary cultures
(S. Bartolami, unpublished data). The latter observa-
tion is in agreement with a recent report (Tsiper and
Yurchenco, 2002). Finally, the flattening behavior of
denervated proliferative Schwann cells occurs in vivo
as well as during repair of nerve injury (Son et al.,
1996; Love and Thompson, 1998).

Attempts to ascribe to the two morphotypes a
relation with the two in vivo Schwann cell phenotypes
(myelinating and nonmyelinating) seems at first rather
speculative. However, some lines of evidence should
be considered: droplet inclusions in bipolar cells may
relate them to myelinating glia in the process of
myelin degradation (Fernandez-Valle et al., 1995), as
do spindle shape, BrdU exclusion, MBP production,
P0 mRNAs synthesis, and high S100 expression
(Mata et al., 1990; Jessen and Mirsky, 1991; Lemke,

1993; Stewart et al., 1993). Conversely, p75, NCAM,
low S100 expression, and ability to easily proliferate
point to the flattened cell as a derivative of nonmy-
elinating cells, which have not completely exited the
cell cycle at the studied stage of maturation (Jessen et
al., 1987, 1990; Mata et al., 1990; Stewart et al., 1993;
Zorick and Lemke, 1996). Concerning GFAP, the
lack of its consistent expression in the present cultures
is not surprising because it needs permanent input
from small axons to be synthesized (Mokuno et al.,
1989). In vitro, Schwann cells are GFAP-immunon-
egative during the first 2 weeks of culture unless they
are pre-exposed to serum (Bianchini et al., 1992;
Jessen et al., 1990). Anyway, a cautious conclusion is
that, whatever the cells they arise from, the flattened
type displays a more advanced dedifferentiation than
the bipolar type. Looking at the expression of SCIP,
Krox 20, Krox 24, and other transcription factors may
help to resolve this issue.

Extracellular Matrix Proteins Differently
Affect Cell Density and Mitosis Rate

Laminin and fibronectin are components of the extra-
cellular matrix of sciatic Schwann cells (Tohyama and
Ide, 1984). Their effects on cell density regulation and
mitosis were assessed by comparison with cells grow-
ing on poly-L-lysine. This artificial coating has been
demonstrated to be a substrate of choice for postnatal
sciatic glia (Porter et al., 1986). Our data extend this
finding by showing that poly-L-lysine provides the
best mitogenic support for both cell types, apart from
fibronectin, which enhances BrdU uptake in vestibu-
lar cells. Such a response to fibronectin is in agree-
ment with a better neonatal Schwann cell proliferation
on fibronectin than on laminin (Baron-Van Everco-
oren et al., 1986). Concerning laminin, it produces its
most prominent effect on sciatic cell survival. This
laminin induced response can be related to the fact
that laminin is especially a glial differentiation pro-
moter (Podratz et al., 2001).

Influences of Growth Factors on
Vestibular and Sciatic Schwann Cells

NT-3. NT-3 synthesis is up-regulated during axon-
induced proliferation of Schwann cells and NT-3 in-
hibits differentiation (myelination of axons) of
Schwann cells in neuron/glia coculture (Chan et al.,
2001). These facts support our observation that NT-3
is a mitogen for vestibular Schwann cells. However,
NT-3 does not increase the density of sciatic cells in
our neuron-free model, while it induces sciatic glia
proliferation in neuron/glia coculture (Chan et al.,

286 Bartolami et al.



2001). Part of this difference may be due to exposure
to axon-derived signals or other factors, including
serum, present in Chan’s model. Such agents may
influence the glial sensitivity to NT-3. It is noteworthy
that the present experiments were conducted in ab-
sence of serum because it is established that even
serum pre-exposure alters the in vitro response of
Schwann cells to growth factors (Dong et al., 1997).
Another hypothesis is that the autocrine release of
NT-3 contributing to sciatic Schwann cell survival
(Meier et al., 1999) is ineffective because neurite
degeneration down-regulates NT-3 messenger expres-
sion in this glia (Funakoshi et al., 1993). Conversely,
NT-3 release may be sufficient to saturate the NT-3
binding sites, thus preventing exogenous NT-3 from
further enhancing cell density.

Insulin-like Growth Factors. Like NT-3, IGFs take
part in the autocrine loop supporting the survival of
Schwann cells once the axonal contact is lost (Meier
et al., 1999; Syroid et al., 1999). In our model reflect-
ing this situation, IGF-1 is also a survival factor for
vestibular Schwann cells (because IGF-1 increases
cell density without increasing BrdU uptake), but fails
to support the survival of sciatic cells. These apparent
discrepancies concerning sciatic cell survival may be
explained by differences in time in vitro and cell
density (Dong et al., 1997; Meier et al., 1999), and by
the observation that IGF-2 is the most potent polypep-
tide amongst IGFs, taking part in the autocrine sur-
vival loop and in Schwann cell proliferation (Sven-
ningsen and Kanje, 1996; Meier et al., 1999). The
differential responses to IGFs may be attributable to
activations of selective receptors for IGF-1 and IGF-2
(Svenningsen and Kanje, 1996). Furthermore, IGF-1
survival promotion of postnatal sciatic glia has been
demonstrated under conditions of serum withdrawal
that do not match the current assays (Syroid et al.,
1999). Lastly, failure of IGF-1 to promote DNA syn-
thesis in vestibular Schwann cells suggests that the
IGF-1-enhanced survival is due to reduced apoptosis,
as reported previously (Campana et al., 1999). In the
future, one should assess the possibility that IGF-1
may require appropriate IGF binding proteins to de-
velop full survival or mitogenic effects (Hammarberg
et al., 1998), proteins that Schwann cells may lack in
drastic in vitro conditions.

PDGF-BB and GDNF. Still in agreement with an
autocrine sciatic loop, which also involves PDGF-BB
(Eccleston et al., 1990; Meier et al., 1999), this tro-
phic substance was found to support survival in both
sciatic and vestibular glia (with a greater efficiency in
vestibular cells). These data also extend the prosur-

vival effect of PDGF-BB previously described in
Schwann cell precursors (Lobsiger et al., 2000). To-
gether with data concerning NT-3 and IGF-1, it is
conceivable that vestibular Schwann cells sustain
their own survival in a fashion similar to that of sciatic
non-neuronal cells. But unlike sciatic glia, survival of
vestibular glia should involve additional polypeptides
such as GDNF, because this factor enhances the ves-
tibular cell density in the present cultures. This pos-
sibility is supported by an autocrine growth activity
found in IMS32 Schwann cells that produce GDNF
mRNAs (Watabe et al., 1995). GDNF mRNAs were
detected in primary cultured neonatal Schwann cells
(Henderson et al., 1994) and transcripts for GDNF
and its receptors are up-regulated after nerve injury
(Hammarberg et al., 1996; Höke et al., 2002). The
GDNF-induced vestibular glial cell mitosis is in
agreement with the recent demonstration that GDNF
stimulates Schwann cell proliferation in unmyelinated
nerve fibers (Höke et al., 2003).

GGF-2. In the present assay, the neuregulin isoform
II GGF-2 elicits moderate effects on sciatic cells
because it enhances their density only at 50 ng/mL.
This relative lack of efficacy may be explained by the
fact that GGF-2 is not the main neuregulin involved in
the maturation of postnatal sciatic Schwann cells.
Indeed, neonatal cultured sciatic Schwann cells
weakly produce other neuregulins (isoforms I and III)
but no GGF-2 (Raabe et al, 1996; Rosenbaum et al.,
1997). Sensory and motor neuronal partners of these
cells mainly produce neuregulin isoform III after birth
(Ho et al., 1995; Bermingham-McDonogh et al.,
1997). Unlike sciatic glia, vestibular Schwann cells
are very sensitive to GGF-2 with respect to cell den-
sity enhancement and mitogenic response. Moreover,
GGF-2 affects vestibular Schwann cells in a singular
way compared to GDNF, PDGF-BB, and NT-3. In-
deed, while these polypeptides favor the presence of
flattened glial cells in vitro, GGF-2 promotes the
occurrence of a bipolar morphotype (see above). This
peculiar GGF-2 effect may reflect the fact that GGF-2
mainly mediates neuron-to-glia signaling (Marchionni
et al., 1993; Verdi et al., 1996; Jessen and Mirsky,
1999; Hansen et al., 2001), whereas the other factors
are mainly involved in Schwann-to-neuron communi-
cation (Eccleston et al., 1990; Henderson et al., 1994;
Watabe et al., 1995; Verdi et al., 1996; Meier et al.,
1999; Jessen and Mirsky, 1999; Hansen et al., 2001).
Lastly, neuregulins signal through a different trans-
duction pathway than NT-3 or PDGF-BB on a given
model (Meier et al., 1999).
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CONCLUSION

The present data provide an additional set of evidence
for the great plasticity of Schwann cells faced with
alterations in their extracellular environment. Most
importantly, this study shows that vestibular Schwann
cells have their own in vitro behavior. This is specif-
ically demonstrated by the fact that vestibular
Schwann cell density is controlled by selective cues
different from those regulating the sciatic glia popu-
lation. Together with their relationship with placodal
neurons, these results suggest that vestibular Schwann
cells form a distinct glial cell population, with specific
properties, which may contribute to explain their pre-
disposition to schwannoma. Lastly, because the cul-
tured vestibular Schwann cells synthesize the NF2
protein, which is the target of the schwannoma patho-
physiology, they may be a suitable model for the
study of the normal function of the NF2 protein within
this neurosensory system. Checking the specific im-
pacts of vestibular trophic factors on the molecular
interactions involving the NF2 protein in the control
of proliferation/differentiation should be the first step
of such a study.
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