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Schwann cells are a regenerative cell type. Following

nerve injury, a differentiated myelinating Schwann cell

can dedifferentiate and regain the potential to proliferate.

These cells then redifferentiate during the repair process.

This behaviour is important for successful axonal repair,

but the signalling pathways mediating the switch between

the two differentiation states remain unclear. Sustained

activation of the Ras/Raf/ERK cascade in primary cells

results in a cell cycle arrest and has been implicated in the

differentiation of certain cell types, in many cases acting

to promote differentiation. We therefore investigated its

effects on the differentiation state of Schwann cells.

Surprisingly, we found that Ras/Raf/ERK signalling drives

the dedifferentiation of Schwann cells even in the presence

of normal axonal signalling. Furthermore, nerve wound-

ing in vivo results in sustained ERK signalling in asso-

ciated Schwann cells. Elevated Ras signalling is thought to

be important in the development of Schwann cell-derived

tumours in neurofibromatosis type 1 patients. Our results

suggest that the effects of Ras signalling on the differentia-

tion state of Schwann cells may be important in the

pathogenesis of these tumours.
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Introduction

The Ras/Raf/ERK pathway has a role in regulating many

physiological processes (Barbacid, 1987; Bar-Sagi and Hall,

2000). Sustained signalling through this pathway often acts to

promote cell differentiation (Crespo and Leon, 2000). In the

PC12 cell line, for example, NGF addition results in prolonged

and sustained ERK activity, leading to cell cycle exit and the

development of a neuronal phenotype, while transient ERK

activation is associated with proliferation (Marshall, 1995). In

vivo, Ras/Raf/ERK signalling regulates vulval development in

Caenorhabditis elegans and eye development in Drosophila

(Freeman, 1998; Sternberg and Han, 1998). Recently, more

detailed studies of Drosophila eye development have pro-

vided further support for the hypothesis that different thresh-

olds of ERK activity result in different outcomes, with high

levels of Ras/Raf/ERK activity associated with the promotion

of differentiation (Halfar et al, 2001).

Schwann cells ensheath and myelinate axons in the per-

ipheral nervous system in response to axon-derived signals

(Mirsky and Jessen, 2001). They are a regenerative cell type,

which, throughout the lifespan of an animal, can dediffer-

entiate in response to nerve damage as part of a process

called Wallerian degeneration. The dedifferentiated Schwann

cells can proliferate, then redifferentiate during the repair

process (Scherer and Salzer, 2001). This regenerative re-

sponse of Schwann cells to nerve injury is important for

successful nerve repair, but the signals involved remain

unclear.

Rat Schwann cells dissociated from peripheral nerves

can be purified and expanded indefinitely in culture

(Mathon et al, 2001). They can be induced to redifferentiate

to the myelinating form in vitro, either by the addition

of cAMP or by axonal contact (Lemke and Chao, 1988;

Morgan et al, 1991; Fernandez-Valle et al, 1993). We

previously showed that activation of the Ras/Raf/ERK

pathway in these isolated cells results in a cell cycle

arrest mediated by a p53-dependent induction of the cyclin-

dependent kinase inhibitor (CDKI) p21Cip1 (Lloyd et al,

1997). Such an arrest has been proposed to act as a protective

checkpoint mechanism to prevent unregulated proliferation

in response to a single genetic alteration with further

genetic changes required for Ras to drive the cell cycle

positively (Lloyd et al, 1997; Serrano et al, 1997; Mitchell

et al, 2003). Interestingly, in some primary cell types,

for example keratinocytes, the Ras-induced cell cycle

arrest is also associated with the promotion of a

more differentiated phenotype (Lin et al, 1998; Roper et al,

2001). The effects of Ras signalling in Schwann cells are of

particular interest as Ras is thought to be important in the

development of tumours in patients with the genetic disorder

neurofibromatosis type 1 (NF1). These patients are suscep-

tible to developing benign and malignant Schwann cell-

derived tumours (Cichowski and Jacks, 2001). The formation

and maintenance of these tumours appear to be dependent on

elevated Ras signalling that occurs as a result of loss of the

Ras-GAP neurofibromin (Basu et al, 1992; DeClue et al,

1992).

In view of the evidence that the Ras/Raf/ERK pathway can

regulate differentiation in a number of cell types, we decided

to explore the effects of activating this pathway on the

differentiation state of Schwann cells. Contrary to our ex-

pectations, we found that sustained Ras/Raf/ERK signalling

acts as a dedifferentiation signal in these cells.
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Results

Raf activation blocks Schwann cell differentiation

The differentiation of Schwann cells to a myelinating state

can be induced in vitro, in the absence of neurons, by an

elevation of cAMP levels. The addition of forskolin or dibu-

tyryl cAMP (db-cAMP) results in the expression of myelina-

tion-associated proteins, including periaxin, the myelin

sheath proteins P0, PMP22, and MBP and the transcription

factors Oct-6 and Krox-20 (Lemke and Chao, 1988; Monuki

et al, 1989; Morgan et al, 1991; Zorick et al, 1996).

Importantly, the switch between these differentiation states

can be studied independently from the cell cycle (Morgan

et al, 1991). Schwann cells quiesce upon the removal of

mitogens but do not differentiate without the addition of a

differentiation signal, such as cAMP. This is in contrast to

some cell types that can be studied in vitro, such as oligoden-

drocyte precursor cells (Raff et al, 1998), where withdrawal

from the cell cycle is sufficient to trigger differentiation, thus

making it difficult to distinguish differentiation signals from

the effects on the cell cycle.

To address the effects of activation of the Ras/Raf/ERK

pathway on Schwann cell differentiation, primary Schwann

cells were infected with a retrovirus encoding an inducible

Raf fusion protein (NSDRafER), which contains the kinase

domain of Raf-1 (DRaf) fused to the oestrogen receptor

hormone-binding domain (ER). DRafER can be reversibly

activated by the addition of tamoxifen (Tmx), resulting in

rapid and sustained ERK activation (Samuels et al, 1993).

Addition of db-cAMP to NSDRafER cells cultured in defined

medium in the absence of mitogens resulted in a strong

induction of P0, PMP22, MBP and periaxin, confirming that

the differentiation programme could be induced in these cells

by cAMP elevation (Figure 1A–C). In contrast, addition of

Tmx (to induce Raf kinase activity) resulted in an elongated,

refractile morphology typical of Ras/Raf-transformed cells,

with elevated p21Cip1 and cyclin D1 levels, which we have

previously shown to be induced in Schwann cells following

Raf activation (Lloyd et al, 1997). Furthermore, activation of

Raf signalling in these cells did not result in the induction of

any of the differentiation markers. Thus, Raf activation in

primary Schwann cells is insufficient to induce differentiation.

We noted that the levels of P0 protein in cells with

activated Raf were lower than in the nondifferentiated cells

(Figure 1A), suggesting that Raf may negatively regulate

differentiation. To examine this further, we turned on Raf in

the presence of the differentiating signal db-cAMP.

Interestingly, we found that Raf activation completely

blocked the ability of db-cAMP to induce differentiation

(Figure 1). This effect was specific to Schwann cells expres-

sing the DRafER construct since freshly isolated normal

Schwann cells differentiated normally in response to db-

cAMP in the presence of Tmx (data not shown). Thus, Raf

activation can block Schwann cell differentiation.

Raf activation induces Schwann cell dedifferentiation

To examine the effects of Raf activation on differentiated

Schwann cells, we first induced Schwann cell differentiation

by the addition of db-cAMP for 3 days, then treated the cells

with Tmx to activate Raf signalling. Remarkably, within 48 h,

Raf activation resulted in the switching off of differentiation

markers to basal levels or below (Figure 2A and B). These

results demonstrate that activation of Raf signalling not only

inhibits differentiation but can also reverse differentiation.

The ability of Raf to dedifferentiate Schwann cells does not

appear to be the result of simply blocking the differentiation

signal as washing-out db-cAMP after 3 days does not result in

a reduction of P0 levels over a similar time period suggesting

that Raf actively drives the dedifferentiation process

(Figure 2C).

Schwann cell differentiation is regulated by a number of

transcription factors, including Oct-6 and Krox-20 (Topilko

and Meijer, 2001). Krox-20 appears to be fundamental in

controlling Schwann cell differentiation, regulating the ex-

pression of a number of genes, including periaxin, P0, MBP

and PMP22 (Zorick et al, 1999; Nagarajan et al, 2001). In the

absence of Krox-20, Schwann cells are unable to differentiate

fully, whereas decreased levels of Krox-20 are associated with

the Schwann cell dedifferentiation that occurs following

nerve injury (Zorick et al, 1999). Oct-6 has been implicated

in the expression of Krox-20 and may positively regulate

myelin gene expression (Bermingham et al, 2001; Topilko

and Meijer, 2001). The expression patterns of Krox-20 and

Oct-6 are summarised in Figure 3A with the appearance of P0

indicating the onset of myelination.
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Figure 1 Raf activation blocks Schwann cell differentiation. (A)
NSDRafER cells in defined medium were treated with either control
solvents (C), 1 mM db-cAMP (D), or db-cAMP and Tmx simulta-
neously (DþTmx) for 72 h, or Tmx alone for 48 h. Protein lysates
were analysed by Western blotting with the stated antibodies. (B)
PO, MBP, PMP22 and periaxin were analysed by semiquantitative
RT–PCR analysis. NSDRafER cells were treated as described in (A)
for 48 h. (C) Phase micrographs of NSDRafER cells treated with
control solvents (i), db-cAMP (ii), Tmx (iii) or db-cAMP and Tmx
(iv) as in (A) for 48 h. Scale bar, 20mm.
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The addition of db-cAMP to NSDRafER cells induced the

expression of Krox-20 and Oct-6 consistent with the induction

of the myelinating state (Figure 3B and C). Tmx alone had no

effect on the levels of either Oct-6 or Krox-20, but in the

presence of db-cAMP it blocked both Oct-6 and Krox-20

induction. This suggests that Raf signalling acts upstream of

the induction of Oct-6 and Krox-20 to regulate the Schwann

cell differentiation state. In addition, the Raf-induced dedif-

ferentiation of Schwann cells was associated with reduced

levels of both Oct-6 and Krox-20 (Figure 3B and C), suggest-

ing that downregulation of these transcription factors is part

of the mechanism by which Raf signalling induces dediffer-

entiation.

Raf signals via the ERK pathway to block and reverse

differentiation

To determine whether the effects of Raf activation on

Schwann cell differentiation were mediated by the ERK
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Figure 2 Raf activation induces Schwann cell dedifferentiation. (A)
NSDRafER cells were treated with db-cAMP (D) or control solvents (C)
for 72 h, then Tmx (D-4DþTmx) was added where stated for 48h.
Protein lysates were analysed by Western blotting with the specified
antibodies. (B) Semiquantitative RT–PCR analysis of the effects of Raf
activation on the expression patterns of other myelination markers.
NSDRafER cells were treated as described in (A). (C) Schwann cells
were maintained in defined medium for 3 days with db-cAMP or
control solvents. After 3 days, the control cells and a db-cAMP-treated
dish of cells were collected. The remaining db-cAMP-treated cells were
washed into defined medium alone and harvested at the stated times.
Lysates were analysed by Western blotting with the stated antibodies.
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Figure 3 Raf activation can regulate the expression of transcription
factors associated with Schwann cell differentiation. (A) Diagram
summarising the expression patterns of the transcription factors
Oct-6 and Krox-20, and the myelin sheath proteins, represented by
P0, during Schwann cell differentiation. (B) Western blot analysis
and (C) semiquantitative RT–PCR analysis of NSDRafER cells
treated with either control solvents (C), 1 mM db-cAMP (D), Tmx,
or db-cAMP and Tmx simultaneously (DþTmx) for 48 h. A second
set of NSDRafER cells were treated with db-cAMP or control
solvents for 72 h, then Tmx (D-4DþTmx) was added, where
stated, for 48 h while maintaining the samples C and D for 120 h
in total. Samples were analysed for the effects of Raf activation on
the expression patterns of Krox-20 and Oct-6.
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pathway, we activated Raf signalling in NSDRafER cells in the

presence or absence of the MEK inhibitor U0126 (Figure 4Ai).

Complete inhibition of the pathway was confirmed using a

phospho-specific antibody to activated ERK in Western blots

and by the observation that Raf was no longer able to induce

p21Cip1 in the presence of the inhibitor (Figure 4Ai). Addition

of the MEK inhibitor to Schwann cells under db-cAMP-

induced differentiating conditions did not prevent P0 or

Oct-6 induction, suggesting that ERK activity is not required

for differentiation (Figure 4Ai, lane 6). This is in agreement

with a previous report that inhibition of the ERK pathway had

no effect on Schwann cell differentiation (Maurel and Salzer,

2000). We did, however, detect a slight inhibition of P0

expression (Figure 4Ai) and of other differentiation markers

by RT–PCR analysis (data not shown) in the presence of

U0126. However, in the presence of U0126, the ability of Raf

to block the db-cAMP induction of P0 and Oct-6 was lost

(Figure 4Ai). In addition, the downregulation of P0 and Oct-6

expression following Raf activation in differentiated cells was

also blocked (Figure 4Aii). In order to confirm the specificity

of the effects of the MEK inhibitor, we repeated the experi-

ments with a second MEK inhibitor, PD184352, and obtained

the same results (Figure 4B). In addition, at the concentra-

tions used in our experiments, we found that the inhibitors

had no effect on the activation of the related kinases ERK5

and JNK in response to sorbitol stimulation (data not shown).

These results demonstrate that the effects of Raf signalling on

the differentiation state of Schwann cells are mediated by the

ERK pathway.

As in some other cell types, activation of cAMP signalling

was associated with decreased ERK activity (Figure 4Ai,

lane 2) (Cook and McCormick, 1993; Sevetson et al, 1993;

Wu et al, 1993). This led us to consider whether cAMP

signalling induces Schwann cell differentiation solely by

inhibiting signalling through the ERK pathway. To test this,

we analysed the effects of inhibiting the ERK pathway on

Schwann cell differentiation. We added increasing concentra-

tions of the MEK inhibitor U0126 to Schwann cells in defined

medium and analysed P0 levels after 48 h. Inhibition of the

ERK pathway, however, had little effect on P0 levels, except to

cause a slight decrease at high concentrations (Figure 4C).

Thus, although inhibition of the ERK pathway may be

necessary for differentiation to take place, it is not sufficient

to drive the differentiation of Schwann cells. Additional, as

yet unknown, differentiation signals must be provided by

cAMP signalling pathways.

Oncogenic Ras blocks Schwann cell differentiation

Elevated Ras signalling, due to loss of neurofibromin, is

thought to be important in both the initiation and mainte-

nance of the transformed phenotype of Schwann cell-derived

tumours in patients with NF1 (Basu et al, 1992; DeClue et al,

1992). Ras signals, in part, through the ERK pathway, and so

our findings would predict that Ras-stimulated ERK activa-

tion would lead to dedifferentiation of Schwann cells. This

would have important implications for our understanding of

the development of tumours in this cell type. However, Ras

also activates other signalling pathways, and previous work

has suggested that Ras signalling induces Schwann cell

differentiation (Rosenbaum et al, 1999). We therefore inves-

tigated the effects of activated Ras expression on Schwann

cell differentiation. Early-passage Schwann cells were in-

fected, at high efficiency, with the retroviral vector LXSN

constructed to express oncogenic Ras (Ras). In controls, cells

were infected with the empty vector (LXSN). The infected

cells were drug-selected for 3 days and then replated into

defined medium in the absence or presence of db-cAMP. In

the control LXSN cells, db-cAMP treatment resulted in the

induction of P0 expression as expected (Figure 5Ai). In the

Ras-expressing cells (Ras), however, the levels of P0 were

undetectable, even in cells treated with db-cAMP. In addition,

real-time PCR analysis demonstrated that Ras blocked the db-

cAMP-induced induction of PMP22, periaxin, MBP, Krox-20

and Oct 6 (Figure 5 Aii). Thus, Ras expression is able to block

Schwann cell differentiation. Interestingly, expression of on-

cogenic Ras in Schwann cells resulted in elevated levels of

phospho-ERK and cyclin D1 levels comparable to those

induced by activating DRafER (Figure 5Ai), demonstrating

that Ras signals strongly through the Raf/ERK pathway in this

cell type.

To determine whether Ras can induce Schwann cell ded-

ifferentiation, we microinjected a vector expressing onco-

genic Ras together with a GFP-expressing construct into

differentiated Schwann cells. At 2 days postinjection, we

immunostained the cells for expression of the myelin-asso-

ciated proteins periaxin and P0, the transcription factor, Krox-

20 and cyclin D1. Control vector-expressing cells remained

differentiated, as determined by the coexpression of GFP and

periaxin, P0 and Krox-20; however, expression of oncogenic

Ras resulted in the loss of expression of these markers (Figure

5Bi and iii). In contrast, Ras expression led to the induction

of cyclin D1. The effects of Ras on periaxin expression were

completely blocked by the MEK inhibitor U0126 (Figure 5Bii).
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Figure 4 Raf signals via the ERK pathway to block or reverse
Schwann cell differentiation. NSDRafER cells in defined medium
were treated with control solvents (C), db-cAMP (D), Tmx, or db-
cAMP and Tmx (DþTmx) for 48 h in the presence or absence of the
MEK inhibitors U0126 (30 mM) (Ai) or PD184352 (1mM) (B). Lysates
were analysed by Western blotting with the specified antibodies.
(Aii) NSDRafER cells were treated with control solvents (C) or db-
cAMP (D) for 72 h. U0126 was then added to one set of dishes with
fresh control solvent or db-cAMP, and with Tmx (D-4DþTmx)
where stated for 48 h. (C) NSDRafER cells in defined medium were
treated with the specified dose of U0126 (mM) for 48 h.
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Thus, oncogenic Ras expression induces Schwann cell

dedifferentiation via the ERK signalling pathway.

Raf/ERK signalling can induce dedifferentiation

in the presence of axons

In vivo, Schwann cell differentiation is regulated by axon-

derived signals, although the nature of these signals remains

unclear (Mirsky and Jessen, 1996). So, while elevated cAMP

levels can induce Schwann cell differentiation in vitro, the

role of cAMP in this process in vivo is controversial (Poduslo

et al, 1995; Howe and McCarthy, 2000). We therefore decided

to address the effects of Ras/Raf/ERK activation on Schwann

cell differentiation in conditions where the differentiation

state of the Schwann cells is under the control of axons.

NSDRafER cells were co-cultured with dissociated neurons

isolated from neonatal rat dorsal root ganglia (DRG), using

conditions that promote myelination (see Materials and

methods). To confirm that the Schwann cells present in the

co-cultures were exogenous in origin, we used NSDRafER

cells that had been infected with an EGFP-expressing retro-

virus. We observed colocalisation of EGFP-positive cells and

myelin proteins and saw similar levels of myelination in

cultures containing NSDRafER cells compared to those with

endogenous Schwann cells, confirming that the added

NSDRafER cells were capable of efficient myelination (data

not shown).

In the absence of Tmx, immunostaining for MBP revealed

the formation of myelin sheaths surrounding the axons

(Figure 6A). The sheaths were smooth in structure and had

regular endings. In the cultures treated with Tmx for 72 h

however, fragmentation of the myelin sheaths was observed,

consistent with the initiation of myelin sheath breakdown
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Figure 5 Oncogenic Ras blocks Schwann cell differentiation and can induce dedifferentiation. (A) NS cells infected with retroviruses
expressing oncogenic Ras LXSN (Ras) or vector alone (LXSN) were treated with db-cAMP in defined medium for 3 days prior to analysis
by Western blotting (i) or real-time PCR (ii). The real-time PCR data shown have been equalised for GAPDH levels. (B) Freshly prepared NS
cells treated with db-cAMP for 2 days were microinjected with H-RasVal12 or empty vector control, together with pEGFP-C1. Cultures were
fixed after 48 h and analysed by immunofluorescence. (i, ii) Quantification of results showing the percentage of GFP-labelled periaxin-, P0-,
Krox-20- and cyclin D1-positive cells and s.d. for each experimental condition. (iii) An example of the results obtained using immunofluor-
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(Figure 6A and Supplementary Figure S1A). In control cul-

tures containing endogenous Schwann cells, treatment with

Tmx had no effect on myelin sheath structure confirming that

this effect was due to activation of the DRafER protein (data

not shown). Myelin sheath breakdown was not associated

with apoptosis of the axons or the Schwann cells—the axons

associated with degenerating myelin sheaths were intact as

indicated by continuous neurofilament staining (data not

shown) and TUNEL staining detected no increase in apopto-

sis following Tmx treatment (Supplementary Figure S1B).

The damage to the myelin sheath was indicative of Schwann

cell dedifferentiation but, due to the relative stability of the

myelin sheath (LeBlanc and Poduslo, 1990), we decided to

assess the regulation of the differentiation markers at the

mRNA level as we felt this would be a more accurate

determinant of the differentiation state of the cells. mRNA

was purified from untreated myelinating co-cultures and co-

cultures treated with Tmx, and the levels of differentiation

markers were determined by semiquantitative RT–PCR. Tmx

treatment of myelinated Schwann cell–DRG co-cultures re-

sulted in a strong downregulation of P0, MBP, PMP22 and

periaxin mRNA levels (Figure 6B). This result indicated that

Raf/ERK signalling causes dedifferentiation of Schwann cells

that had been induced to undergo myelination in response to

axonal signals.

A recent report has shown that high levels of the mitogen

neuregulin (NRG) can lead to the breakdown of myelin

sheaths in DRG–Schwann cell co-cultures and induce

Schwann cell proliferation (Zanazzi et al, 2001). We observed

that addition of NRG to our myelinated Schwann cell–DRG

co-cultures resulted in breakdown of the myelin sheath to a

similar extent to that induced by Raf activation (Figure 6A

and Supplementary Figure S1A). In addition, NRG addition

also led to a downregulation of differentiation markers

(Figure 6B), demonstrating that treatment of the co-cultures

with high levels of NRG can result in Schwann cell dediffer-

entiation. In contrast to NRG addition however, Raf activation

is unable to stimulate proliferation (Figure 6C). This is likely

to be due to the inability of NRG to induce p21Cip1, the CDKI

that is responsible for the Raf-induced cell cycle arrest

(Supplementary Figure S2) (Lloyd et al, 1997). However, it

is clear that proliferation is a late event following extensive

myelin degradation and so is not required for dedifferentia-

tion (Zanazzi et al, 2001).

In these cultures, the addition of NRG results in sustained

activation of the ERK pathway (Figure 6E). To test whether
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demyelination was mediated by the Raf/ERK pathway,

we inhibited the ERK pathway using U0126, prior to

the addition of NRG. U0126 blocked the effects of NRG

treatment on MBP and periaxin mRNA levels and myelin

sheath breakdown (Figure 6A and D), demonstrating that

NRG signals via the ERK pathway to induce dedifferentiation.

NRG also results in activation of the PI-3 kinase pathway

(Figure 6E); however, inhibition of this pathway with

LY294002 had no effect on the ability of NRG to induce

myelin breakdown (Figure 6A).

The addition of 200 ng/ml NRG to quiescent Schwann

cells results in activation of Raf kinase activity and sustained

ERK activation (data not shown). In order to determine

whether NRG-induced dedifferentiation requires Ras

signalling pathways, we microinjected a dominant-negative

form of Ras into differentiated Schwann cells freshly

purified from sciatic nerve. Figure 6F clearly shows that the

dominant-negative form of Ras blocks NRG-induced dediffer-

entiation of these cells, demonstrating that NRG drives

Schwann cell dedifferentiation via Ras/ERK signalling

pathways. In these cells, NRG-induced dedifferentiation

was also blocked by the MEK inhibitor U0126 but not by

the PI3 kinase inhibitor LY294002, further demonstrating the

requirement for ERK signalling in inducing Schwann cell

dedifferentiation.

Sciatic nerve transection induces increased ERK

signalling

To assess the role of ERK signalling in Schwann cell dediffer-

entiation in vivo, we examined the effect of sciatic

nerve transection on the levels of ERK activity in the degen-

erating distal nerve stump. We used Western blot analysis

and immunocytochemistry to determine the levels of

phospho-ERK as a measure of ERK activity. Sciatic nerve

transection resulted in a large increase in the levels of

phospho-ERK at 1 day post-transection compared to control

nerves (Figure 7A). In addition, the levels of phospho-ERK

remained elevated at 3 days post-transection, although

the signal was less pronounced by this stage. Thus, sciatic

nerve transection results in a sustained induction of

ERK activity, similar to that seen with Raf activation in

NSDRafER cells. Following nerve transection, Schwann

cells do not dedifferentiate in the proximal stump, apart

from at the very tip (Carroll et al, 1997). We therefore

do not expect to find sustained ERK activation in this section

of nerve. To test this, we analysed phospho-ERK levels in

sections of both stumps. We found, consistent with the

findings of Sheu et al (2000), that although we could detect

similar levels of ERK activation in the tips of the stumps, only

the distal stump showed ERK activation along the nerve

(Figure 7B).

To assess whether the increase in ERK activity was asso-

ciated with Schwann cells in the distal nerve stump, we

compared the localisation of phospho-ERK with immuno-

staining for a myelin sheath protein (P0) and DNA (Hoechst)

(Figure 7C). We observed, in transected nerves, that elevated

levels of phospho-ERK were found in the cytoplasm and

nucleus of cells that were P0 positive (Figure 7C) and S100

positive (data not shown), confirming that ERK was activated

in myelinating Schwann cells. High levels of phospho-ERK

staining were still detectable 3 days after the transection (data

not shown), demonstrating that axonal damage results in the

activation of a strong, sustained signal through the ERK

pathway in the associated Schwann cells.

Discussion

The production of new cells in an adult organism requires

strict controls. Many cell types that are produced continu-

ously, such as some epithelial cells and cells of the haema-

topoietic system, arise from a slowly dividing population of

stem cells, which give rise to rapidly dividing precursor cells

that divide a limited number of times before undergoing

terminal differentiation. In other cell types such as

Schwann cells, liver cells and endothelial cells, which tend

to divide infrequently and usually following specific demands

such as injury, a different mechanism of producing new cells

tends to be used. In these cell types, the differentiated cell can

generate new cells by dedifferentiating and re-entering the

cell cycle. This regenerative capacity of mature cells also

needs to be under tight regulatory controls, both to stop

inappropriate proliferation and to supply fresh cells when

required. The regenerative capacity of Schwann cells is
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Figure 7 Sciatic nerve transection induces elevated ERK signalling.
(A) Transected (þ ) or uncut control (�) nerves from 8-week-old
Sprague–Dawley rats were analysed by Western blotting for ERK
activity at 1 day or 3 days post-insult. Two animals were examined
per time point. (B) At 24 h following transection, 6 mm sections
were isolated from the distal and proximal stumps of the cut nerve
and analysed by Western blotting for phospho-ERK. (C) Sections of
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Hoechst (blue). (i) Projection of a series of confocal images showing
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images of triple-labelled sections.
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important for successful nerve repair throughout the lifespan

of the adult, but the signalling pathways controlling their

dedifferentiation are poorly understood. Here, we demon-

strate that sustained signalling through the Ras/Raf/ERK

pathway is able to drive the dedifferentiation of Schwann

cells. These findings have important implications for our

understanding of the regenerative process and also have

intriguing implications for our understanding of tumour

formation in this cell type.

Nerve injury leads to degeneration of damaged axons

and myelin sheaths in a process known as Wallerian degen-

eration (Scherer and Salzer, 2001). During this degeneration

process, the Schwann cells dedifferentiate and proliferate,

then redifferentiate and remyelinate regenerated axons

as part of the repair process. The switch between the

two states can be separated from the effects on the cell

cycle as Schwann cells quiesce in the absence of mitogen

but require an additional signal, such as elevated cAMP

signalling, to drive the differentiation process. We show

that constitutive activation of Ras/Raf/ERK signalling is

sufficient to induce Schwann cell dedifferentiation. This

effect is also independent of the effects on the cell cycle as

activation of Ras/Raf/ERK under these conditions does not

drive re-entry into the cell cycle. Indeed activation of this

pathway induces a cell cycle arrest in Schwann cells (Ridley

et al, 1988). The effects of Ras/Raf/ERK signalling are domi-

nant over the differentiation signal as Ras/Raf/ERK drives the

dedifferentiation of Schwann cells in the continual presence

of a differentiation signal, whether this be cAMP or the

presence of axons.

The kinetics of Schwann cell dedifferentiation is also

consistent with Ras/Raf/ERK actively driving the dedifferen-

tiation process rather than simply blocking the differentiation

signal. We found that removal of cAMP from differentiated

cells results in only a very slow decrease in the expression

levels of P0. In addition, previous work showed that Schwann

cells purified and plated in defined medium in the absence

of mitogens maintain P0 expression for many days, even in

the absence of axonal signals (Cheng and Mudge, 1996).

In contrast, activation of Ras/Raf/ERK signalling results in

the complete loss of differentiation markers within 48 h,

with a decrease in expression detectable at much earlier

time points. Our results in vitro are also consistent with

in vivo observations of Schwann cell dedifferentiation follow-

ing nerve transection. It has previously been reported

that the mRNA levels of myelin sheath proteins such as

MBP and P0 are substantially reduced 1–2 days postinjury,

again suggesting that active signalling is driving the dediffer-

entiation of the Schwann cells in vivo (Trapp et al, 1988;

LeBlanc and Poduslo, 1990). The sustained elevation of

phospho-ERK levels following nerve injury that we see in

the present study, which are similar to levels we see with

oncogenic Ras expression, is consistent with this pathway

being responsible for actively driving the dedifferentiation

process.

The signal that drives the dedifferentiation process

in response to axonal damage is unknown. Most studies

to date have focused on the role of NRG signalling,

which is important in several stages of Schwann cell

development (Garratt et al, 2000). However, high concentra-

tions of NRG have been shown to both block myelination

in Schwann cell–DRG co-cultures and induce the breakdown

of myelin sheaths in myelinating cultures (Zanazzi et al,

2001). In addition, we now show that treatment of myelinated

Schwann cell–DRG co-cultures with high concentrations

of NRG induces downregulation of MBP and periaxin

mRNAs and that this is blocked by a MEK inhibitor.

This could lead to speculation that NRG is the signal respon-

sible for triggering dedifferentiation in vivo. However,

there are problems with this suggestion: NRG expression

in vivo during Wallerian degeneration is detected at 3 days

postinjury, which coincides with the peak of Schwann cell

proliferation but is too late to account for dedifferentiation

(Carroll et al, 1997). Moreover, erBB2/3 receptor upregula-

tion and sustained erbB2 phosphorylation occur only 5 days

postaxotomy (Carroll et al, 1997; Kwon et al, 1997).

The timing of NRG expression therefore suggests that NRG

signalling is more likely to play a role in regulating Schwann

cell proliferation rather than affecting the differentiation

state. Another possible contender is fibrin, which has re-

cently been shown to be an important regulator of remyelina-

tion following nerve injury (Akassoglou et al, 2002). This

report associated fibrin accumulation with Schwann cell

proliferation and an inhibitory effect on Schwann cell remye-

lination. Interestingly, culture of Schwann cells on fibrin

results in a sustained increase in ERK activity. However,

fibrin appeared to have only a small effect on P0 expression,

which would argue against fibrin being the sole dedifferentia-

tion signal. It will be interesting to determine the signal(s)

responsible for driving Schwann cell dedifferentiation and to

establish how sustained signalling through the ERK pathway

is maintained.

Ras/Raf/ERK signalling induces dedifferentiation of

myelinating Schwann cells, but it also results in a cell

cycle arrest. In vivo, however, Schwann cell dedifferentiation

is accompanied by proliferation. How can we account for

this disparity? Interestingly, although Schwann cell dediffer-

entiation, as determined by a decrease in mRNA levels

of myelin markers, occurs within the first 48 h following

axonal damage, Schwann cell proliferation occurs later,

3 days after injury (Carroll et al, 1997). Analysis of the

levels of phospho-ERK in the damaged nerve shows that

by 3 days the levels of phospho-ERK, although still elevated,

are much lower than at 1 day. This may suggest that

initial high levels of phospho-ERK may inhibit proliferation

at the same time as they induce dedifferentiation and that

proliferation is only triggered once ERK activity returns to

lower levels.

We have shown that Ras/Raf/ERK activation can drive the

dedifferentiation of Schwann cells and that NRG-driven ded-

ifferentiation signals through Ras/Raf/ERK signalling path-

ways. However, we have been unable to measure Raf

activation following nerve transection in vivo (E Perez-

Nadales, unpublished data, 2004). This result, however, is

difficult to interpret. Mitogen activation of synchronous,

quiescent cultures results in a transient, measurable increase

in Raf activity that is sufficient however to trigger sustained

activation of ERK. It is therefore likely that Raf activation

following nerve transection would be very difficult to detect.

We cannot rule out however that other signalling pathways

are responsible for triggering sustained ERK activation fol-

lowing nerve transection.

NF1 patients characteristically develop benign neurofibro-

mas, which consist primarily of Schwann cells and have an
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increased risk of developing malignant Schwann cell tumours

(Cichowski and Jacks, 2001). Elevated Ras signalling,

as a result of loss of expression of the Ras-GAP neurofibro-

min, has been shown to be involved in the development

and maintenance of these tumours. It is therefore of interest

how Ras signalling affects Schwann cell behaviour. We

find that elevated Ras signalling reverses Schwann cell differ-

entiation. Our results, however, are in contrast to those

reported by Rosenbaum et al (1999), who found that

oncogenic Ras expression leads to the constitutive upregula-

tion of P0 expression and concluded that Ras signalling

acts to promote differentiation of Schwann cells. We are

unable to explain the differences in these results. In

our hands, constitutive Ras expression, even at low levels,

abolishes P0 expression. Moreover, the use of an inducible

expression system and the microinjection experiments of

Ras into passage 1 Schwann cells would argue against

the possibility that our cells were a selected subpopulation

of Schwann cells. Our finding that Ras/Raf/ERK signalling

pushes Schwann cells towards a less differentiated state

has possible implications for our understanding of the

development of tumours in NF1 patients. It would seem

likely that dedifferentiated cells would be more susceptible

to proliferative signals. However, both Ras-expressing and

NF1�/� Schwann cells are cell cycle inhibited. This has led

to the speculation that either a second genetic event or a

specific cellular environment is required for the Ras signal to

become proliferative (Cichowski and Jacks, 2001). We

showed previously that p53 loss is sufficient for the Ras

signal to be proliferative in the absence of further mitogenic

stimulation (Lloyd et al, 1997; Mitchell et al, 2003).

Intriguingly, it has also been shown that cAMP signalling is

able to convert the Ras signal into a proliferative signal (Kim

et al, 1997). We show here that cAMP signalling inhibits ERK

signalling, and this may be sufficient to block the cell cycle

inhibitory signal. It could be envisaged that either p53 muta-

tion or the presence of a cAMP-inducing signal would be

sufficient to promote the dedifferentiated Schwann cell to

proliferate.

It is not clear why some differentiated cell types are able to

dedifferentiate and proliferate whereas others cannot. An

increase in our understanding of the mechanisms involved

in dedifferentiation may enable us to control and possibly

alter the plasticity of the differentiated state.

Materials and methods

Cell culture and in vitro differentiation assays
Primary Schwann cells derived from postnatal day 7 Sprague–
Dawley rat sciatic nerves were purified by sequential immuno-
panning (Cheng et al, 1995). Cells were cultured as described by
Mathon et al (2001). NSDRafER cells are as previously described
(Lloyd et al, 1997). NSLXSN or NSRasLXSN cells were generated
using producer cells expressing LXSN or RasLXSN. For the duration
of the differentiation assays, NSDRafER, NSLXSN or NSRasLXSN
cells were cultured in serum-free defined medium with B/S
supplement (Mitchell et al, 2003). Cells were induced to differ-
entiate by the addition of 1 mM db-cAMP.

DRG and Schwann cell co-cultures
DRG were dissected from E15 Sprague–Dawley rats and plated on
poly-D-lysine and laminin precoated coverslips in defined medium
supplemented with 50 ng/ml NGF (Alomone labs). Cultures were
treated with 10�5 M cytosine b-D-arabinofuranoside for 1 day, then
pulsed twice with 10�5 M 5-fluoro deoxyuridine. A total of 2�105

Schwann cells were plated per neuronal culture and, after 4 days,
treated with 50 mg/ml ascorbic acid to induce basal lamina
formation and myelination. Cultures were fed with fresh medium
every 3 days.

Microinjection
Passage 1 Schwann cells were plated on PDL/laminin precoated
coverslips in defined medium and when indicated were induced
to differentiate for 2 days with db-cAMP. The Schwann cells
were microinjected in the nucleus with H-RasVal12 or N17H-
RasVal12 in the pRK5myc vector (Lamarche et al, 1996) or
empty vector together with pEGFP-C1 (Clontech). Cells were fixed
and stained for periaxin, P0, Krox-20 or cyclin D1 expression
48 h later.

Immunofluorescence
DRG–Schwann cell co-cultures were fixed with 4% paraformalde-
hyde, permeabilised with ice-cold methanol, blocked in 3% BSA
and incubated with 1:500 anti-MBP antiserum (Boehringer Man-
nheim) in 3% BSA in PBS. Microinjected Schwann cell cultures
were fixed as above, blocked and permeabilised in antibody-
diluting solution (ADS; 10% calf serum with 0.1 M lysine, 0.2%
Triton X-100 in PBS). The periaxin antibody was a gift from P
Brophy, P0 (P07) from J Archelos, cyclin D1 (sc450) from Santa
Cruz and Krox-20 from Berkeley Antibody Company. The nuclei
were stained using Hoechst (Sigma). BrdU antibody was used
according to the manufacturer’s instructions (Roche).

Western blots
Protein extraction and Western blotting were carried out as
previously described by Lloyd et al (1997). Blots were analysed
using anti-P0 (P07 gift from J Archelos), cyclin D1 (sc450, Santa
Cruz), p21Cip1 (sc397g, Santa Cruz), anti-Ras antibody (259-Y13,
gift from A Hall), anti-Oct-6 (gift from D Miejer), anti-a-tubulin
antibody (Sigma), anti-phospho-AKT (Cell Signalling Technology)
and anti-phospho-ERK (Sigma). Proteins were visualised using ECL
normal or plus chemiluminescent solutions (Amersham).

Semiquantitative RT–PCR
RNA was isolated using RNAgents total RNA isolation
system (Promega). Samples of RNA were treated with 1ml DNase
(10 U/ml, Amersham) prior to cDNA synthesis using the Superscript
preamplification system for first-strand synthesis (Gibco BRL).
Samples were equalised for GAPDH before semiquantitative
PCR reactions were carried out over a range of cycles. Reactions
were separated on a 4% nondenaturing acrylamide gel
and signals were quantified using an FX phosphoimager and
Quantity-One quantification software (both Bio-Rad). Primers used
were as follows: Krox-20 sense ATAGCCGGCTTGGGG, antisense
TCCGAGTAGCTTCGC; periaxin sense CCTGAATTCACCTTCTTCCC,
antisense ACGTCACCAGTGAGTAGCCACGCGGTC; MBP sense ATGT
GATGGCATCACAGAAGAGAC, antisense GTCTGCTCTAACTAGC
TATTTG; Oct-6, P0 and PMP22 (Blanchard et al, 1996). Real-time
PCR was carried out using an Opticon 2 DNA engine (MJ Research)
with a Sybr green qPCR kit (GRI). The real-time PCR data were
equalised for differences in GAPDH levels during analysis by the
2�DDCT method (Livak and Schmittgen, 2001).

Sciatic nerve transection and analysis
See Supplementary methods.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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