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ABSTRACT
Genetically modified mice have been a major source of
information about the molecular control of Schwann-cell
myelin formation, and the role of b-neuregulin 1 (NRG1) in
this process in vivo. In vitro, on the other hand, Schwann
cells from rats have been used in most analyses of the
signaling pathways involved in myelination. To correlate
more effectively in vivo and in vitro data, we used purified
cultures of mouse Schwann cells in addition to rat Schwann
cells to examine two important myelin-related signals,
cyclic adenosine monophosphate (cAMP), and NRG1 and to
determine whether they interact to control myelin differen-
tiation. We find that in mouse Schwann cells, neither
cAMP nor NRG1, when used separately, induced markers
of myelin differentiation. When combined, however, they
induced strong protein expression of the myelin markers,
Krox-20 and P0. Importantly, the level of cAMP signaling
was crucial in switching NRG1 from a proliferative signal
to a myelin differentiation signal. Also in cultured rat
Schwann cells, NRG1 promoted cAMP-induced Krox-20 and
P0 expression. Finally, we found that cAMP/NRG1-induced
Schwann-cell differentiation required the activity of the
cAMP response element binding family of transcription
factors in both mouse and rat cells. These observations
reconcile observations in vivo and on neuron-Schwann-cell
cultures with studies on purified Schwann cells. They
demonstrate unambiguously the promyelin effects of NRG1
in purified cells, and they show that the cAMP pathway
determines whether NRG1 drives proliferation or induces
myelin differentiation. VVC 2011 Wiley-Liss, Inc.

INTRODUCTION

The generation of myelinating Schwann cells from
immature Schwann cells is controlled by axonal signals
(Jessen and Mirsky, 2005) and axonally derived NRG1
type III plays an important role in this process
(Michailov et al., 2004; Nave and Salzer, 2006; Taveggia
et al., 2005). Nevertheless, in purified Schwann cells
that cultured without neurons, exogenously applied
NRG1, either soluble or membrane-bound, does not
induce myelin proteins. Instead, the cells proliferate,

suggesting that other signals are likely to play a role in
myelin differentiation, potentially modulating or combin-
ing with NRG1 signaling (Taveggia et al., 2005).

Elevation of intracellular cyclic adenosine monophos-
phate (cAMP) levels has long been implicated in promot-
ing Schwann-cell differentiation (Jessen and Mirsky,
2005). This idea is based on numerous experiments
showing that in cultured rat Schwann cells, activation of
cAMP pathways induces expression of myelin-related
molecules, including galactocerebroside (Gal-C), 04
antigen, E-cadherin, periaxin, Krox-20, Oct-6, nuclear
factor-jB (NF-jB), protein zero (P0), and myelin basic
protein (MBP) (Crawford et al., 2008; Lemke and Chao,
1988; Mirsky et al., 1990; Monje et al., 2009; Monuki
et al., 1989; Morgan et al., 1991; Parkinson et al., 2003;
Sobue and Pleasure, 1984; Yoon et al., 2008). Further-
more, cAMP elevation downregulates expression of pro-
teins that are normally suppressed during myelination
but which are expressed by immature Schwann cells,
including the low-affinity neurotrophin receptor
(p75NTR), neural-cell adhesion molecule, N-cadherin,
glial fibrillary acidic protein, growth-associated protein-
43, c-Jun, and Sox-2 (Crawford et al., 2008; Jessen
et al., 1987; Mokuno et al., 1988; Morgan et al., 1991;
Parkinson et al., 2004, 2008; Scherer et al., 1994).

In vivo evidence for a role for cAMP in Schwann-cell
myelination comes from experiments showing that
zebrafish lacking the transmembrane G-protein-coupled
receptor Gpr 126 do not produce peripheral myelin,
while this phenotype can be rescued by treating mutants
with the cAMP-elevating agent, forskolin (Monk et al.,
2009).

Further evidence for a role for cAMP in Schwann-cell
myelination comes from studying one of its downstream
effectors, protein kinase A (PKA). These experiments
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show that PKA activity is necessary for myelination in
neuron-Schwann-cell co-cultures and that the peak of
PKA activity in the sciatic nerve occurs around the
onset of myelination (Howe and McCarthy, 2000; Yoon
et al., 2008). Downstream, PKA phosphorylates the
p65 subunit of the transcription factor NF-jB, which
is necessary for myelination in Schwann-cell/neuron
co-cultures, while recent results suggest that NF-jB is
also activated by axonal-type III NRG1 during myelina-
tion (Limpert and Carter, 2010; Nickols et al., 2003;
Yoon et al., 2008).

Here, we show that in cultured mouse Schwann cells
strong expression of the myelin proteins Krox-20 and P0

is only induced by combined cAMP/NRG1 and not by
either alone. Additionally, we find that the concentration
of cyclic AMP is crucial to determining the outcome of
NRG1 signaling. At low levels of cyclic AMP activation
NRG1 promotes Schwann-cell proliferation without mye-
lin differentiation, whereas a high concentration of cyclic
AMP promotes differentiation. We show that cAMP
response element binding (CREB) protein transcription
factors are required for cyclic AMP/NRG1 effects on
myelin differentiation in both rat and mouse Schwann
cells.

MATERIALS AND METHODS
Materials

Poly-D-lysine (PDL), poly-L-lysine (PLL), bromodeox-
yuridine (BrdU), and 20-O-dibutyryladenosine 30:50-cycli-
cAMP (dbcAMP), triton X-100, Hoechst dye H33258,
mouse monoclonal antibodies to b-galactosidase, and
b-tubulin were from Sigma (Poole, UK). Other antibody
sources were as follows: monoclonal anti-BrdU, alkaline
phosphatase-conjugated antidigoxygenin: Roche Diag-
nostics (Burgess Hill, UK); monoclonal c-Jun antibody:
BD Transduction Laboratories (Oxford, UK); monoclonal
anti-GAPDH: Abcam (Cambridge, UK); rabbit anti-Krox-
20: Covance (Harrogate, UK); rabbit anti-periaxin: Peter
Brophy and Diane Sherman (Edinburgh University, UK)
(Gillespie et al., 1994); monoclonal anti-P0: Astexx
(Graz, Austria): rabbit anti-Sox-2: Chemicon (Chandlers
Ford, UK); biotinylated anti-mouse Ig, streptavidin-Cy3,
and streptavidin-FITC: Amersham Pharmacia Biotech
(Amersham, UK); rhodamine-conjugated goat anti-
mouse Ig: MP Biomedicals (Solon, OH); Cy3-conjugated
donkey anti-rabbit Ig and Cy3-conjugated donkey anti-
mouse Ig: Jackson Immunoresearch (Newmarket, UK);
goat anti-rabbit and mouse Ig horseradish peroxidase-
conjugated antibodies: Promega (Southampton, UK).
8-pCPT-2-O-Me-cAMP and 6-Bnz-cAMP were from
BIOLOG (Bremen, Germany). Fetal calf serum (FCS)
and horse serum (HS) were from Invitrogen (Paisley,
UK) and Perbio (Cramlington, UK). TGFb-1 and NRGb-
1 were from R&D Systems Europe (Abingdon, UK).
Sources of other reagents have been documented else-
where (Jessen et al., 1994; Meier et al., 1999; Parkinson
et al., 2001, 2003, 2004, 2008).

Animals

Animal experiments follow UK Home Office
Guidelines. Postnatal day (P) 3–5 ICR mice or Sprague–
Dawley rats were used to generate purified mouse and
rat Schwann-cell cultures (see below). Krox-201/2 mice
in which a null allele is created in the Krox-20 gene by
an in-frame insertion of the Escherichia coli lacZ gene
were used to prepare purified cultures of Schwann cells
containing one copy of the Krox-20 allele (Schneider-
Manoury et al., 1993). Dr P. Charnay (�Ecole Normale
Supèrieure, Paris) provided heterozygous animals.

Cell Culture and Adenoviral Infection Assays

Schwann cells from sciatic nerve and brachial plexus
of P3 rats and P2 mice were purified as previously
described (Brockes et al., 1979; Morgan et al., 1991;
Stevens et al., 1998). The mouse and rat Schwann-cell
purifications were similar except that 5% HS was used
instead of 10% FCS, and cells were plated on PLL/lami-
nin instead of PDL/laminin. For immunocytochemistry
experiments, Schwann cells (5,000 cells/15 lL) drop
were plated on PDL/laminin coated coverslips (rat) and
PLL/laminin (mouse), and cultured in supplemented
defined medium (Jessen et al., 1994) containing 1026 M
insulin (DM). Adenovirus expressing A-CREB (a domi-
nant negative inhibitor of CREB formed by fusing an
extension onto the CREB leucine zipper domain) and
control adenovirus, both expressing green fluorescent
protein (GFP), were from Dr J. Uney (Warburton et al.,
2005). Adenoviral supernatants were prepared, purified
using Vivapure AdenoPACK 500 (Sartorius Mecha-
tronics) according to the manufacturer’s protocol, and
tittered as described previously (Parkinson et al., 2001).
Schwann cells were infected by adenoviral preparations
in DM, 0.5% FCS, or alternatively HS and 2 lM forsko-
lin. After 24 h, the medium was changed to DM and
0.5% FCS or HS. For Western blot analysis, Schwann-
cell cultures were serum-purified and immunopanned
(Dong et al., 1999) before being replated onto PDL/lami-
nin or PLL/laminin-coated dishes in medium-containing
DM, NRG-1 (10 ng/mL), forskolin (2 lM), and 0.5% FCS
(rat) or 0.5% HS (mouse). Cells were allowed to prolifer-
ate until confluent. They were then placed in DM with-
out mitogenic factors for 12 h before experimental
reagents were added.

Western Blot Analysis

Cells were lysed either in 25 mM HEPES pH 7.5, 0.1
M NaCl, 1% Triton X-100, and proteinase and phospha-
tase inhibitors, or 25 mM Tris–HCl pH 7.4, 95 mM
NaCl, 10 mM EDTA, 2% SDS, and proteinase and phos-
phatase inhibitors, and homogenized. Fifty micrograms
of protein extracts were separated on 10% SDS–poly-
acrylamide gels, transferred onto nitrocellulose mem-
branes (Hybond ECL; Amersham Pharmacia), blocked
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with 5% fat-free milk in Tris-buffered saline, and incu-
bated with primary antibodies in this solution. Antibody
to b-tubulin was used at 1:1,000; antibodies to Krox-20,
c-Jun, and Sox-2 were used at 1:2,500; antibody to
L-periaxin was used at 1:15,000.

In Situ Hybridization

A digoxigenin-labeled cDNA probe was used to detect
P0 mRNA. Cells were fixed in 4% paraformaldehyde
(PF) in PBS, using a previously described protocol (Lee
et al., 1997).

Semiquantitative RT-PCR

RNA was isolated from P5 mouse sciatic nerves and
from serum-purified mouse Schwann cells using Trizol
reagent (Invitrogen) followed by DNase digestion and
clean-up with RNeasy Microkit (Qiagen). Total RNA
(400 ng) was reverse transcribed using Superscript II
(Invitrogen) and random primers according to the
Superscript II protocol. PCR was performed using the
following primers: CREB1: forward, GTCTGTGGAT
AGTGTAACTG; reverse, CATCAGTGGTCTGTGCATAC;
activating transcription factor 1 (ATF1): forward,
GGCTCTCGAGTTACGCTCTC; reverse, GTTGAACCA
GGCTGAGATGC; cAMP response element modulator
(CREM): forward, CTAGCAGAAGAAGCAACTCG: reverse,
CATTATGAGGATGCTGCATCG.

Immunocytochemistry and Microscopy

Immunolabeling with BrdU and P0 polyclonal antibod-
ies has been described previously (Morgan et al., 1991;
Parkinson et al., 2003). For O4 and Gal-C (1:5), primary
antibodies were added to unfixed cells for 1 h and then
incubated with relevant secondary antibodies. They
were postfixed with 4% PF in PBS for 10 min. For mono-
clonal P0 (1:500) immunocytochemistry, cells were fixed
in 4% PF in PBS for 10 min, permeabilized in methanol
at 220�C for 10 min, blocked in antibody diluting solu-
tion (ADS; PBS containing 10% donor calf serum, 0.1 M
lysine, and 0.2% sodium azide) for 30 min, and then pri-
mary antibody diluted in ADS was applied overnight at
4�C. For all other antibodies, cells were fixed in 4% PF
in PBS, pH 7.5, for 10 min. After fixation, cells were per-
meabilized and blocked in ADS supplemented with 0.2%
Triton X-100 for 30 min. Primary antibody to c-Jun was
used at 1:500, Krox-20 at 1: 250, b-galactosidase at
1:500, and L-periaxin at 1: 8,000. Secondary antibodies
in ADS were applied for 30 min at room temperature.
Coverslips were mounted in Citifluor (London, UK). To
control for nonspecific labeling, primary antibodies were
excluded from a single sample in each experiment.
Immunofluorescent cells were visualized using a Nikon
Optiphot-2 or a Nikon Eclipse E800 fluorescent micro-
scope. Images were captured using a digital camera

(DXM1200, Nikon) and ACT-1 acquisition software
(Nikon). Images were imported into Adobe Photoshop
version 8.0 or Corel Draw software.

Statistical Analysis

Data are presented as arithmetic mean 6 standard
deviation of at least three independent experiments. The
Student’s t test and one-way analysis of variance
(ANOVA) were used to measure statistical significance
(GraphPad).

RESULTS
DbcAMP and NRG1 Synergistically Induce High

Levels of Krox-20 and P0 Protein in Mouse
Schwann Cells But Neither Is Effective When

Used Alone

Elevation of cAMP levels alone, in the absence of
serum or growth factors, is sufficient to induce myelin
gene expression in cultured rat Schwann cells (Lemke
and Chao, 1988; Morgan et al., 1991; Parkinson et al.,
2003). Because little is known about the response of
purified cultured mouse Schwann cells to cAMP, we
examined whether dbcAMP also induced the myelin
phenotype in these cells. We used the promyelin
transcription factor Krox-20 to indicate myelin differen-
tiation and dbcAMP at a concentration (1 mM) that
induces myelin proteins in rat Schwann cells. Serum-
purified mouse Schwann cells were cultured in DM with
or without dbcAMP (1 mM) for 72 h. After this, protein
was extracted from some of the cells and analyzed by
Western blotting, whereas others were fixed for immuno-
cytochemistry, using an antibody to Krox-20.

Surprisingly, Western blotting showed that treatment
with dbcAMP for 72 h was insufficient to induce Krox-
20 protein expression in mouse Schwann cells (Fig. 1A).
Similarly, immunocytochemistry revealed that only 2.6
6 1.9% of Schwann cells expressed weak nuclear Krox-
20 after treatment with dbcAMP (n 5 3; Fig. 1B,C).
Extended treatment with dbcAMP for 120 h using either
1 or 2 mM dbcAMP failed to further induce nuclear
Krox-20 (data not shown). This shows that in mouse
Schwann cells, activation of cAMP pathways alone, even
using very high-dbcAMP concentrations and extensive
incubation periods, is insufficient to induce significant
Krox-20 expression.

In mice in vivo, axonally expressed NRG1 type III pro-
motes myelin wrapping and Schwann-cell differentiation
(Michailov et al., 2004; Nave and Salzer, 2006; Taveggia
et al., 2005). Using the experimental design above, we
therefore tested whether exogenous NRG1 (20 ng/mL) could
induce differentiation in purified mouse Schwann-cell cul-
tures on its own or in combination with dbcAMP (1 mM).

Treatment with NRG1 alone did not elevate Krox-20
levels. However, combined dbcAMP/NRG1 resulted
in robust induction of Krox-20 protein using Western
blot analysis (Fig. 1A). Additionally, we found that
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immunocytochemically 43.6 6 2.3% of cells expressed
strong nuclear Krox-20, a significant increase compared
with control cells or cultures treated with dbcAMP alone
or NRG1 alone (n 5 3; P < 0.005; Fig. 1B,C). To sub-
stantiate this finding, we used Schwann cells from mice
that were heterozygous for a Krox-20/lacZ chimaeric
gene (referred to as Krox-201/2; Schneider-Manoury
et al., 1993). In these mice, lacZ gene expression reflects
the normal Krox-20 gene expression (Murphy et al.,
1996; Topilko et al., 1994). Krox-201/2 Schwann cells
were purified, plated in DM, and treated as above for 72
h. Cells were then fixed and labeled with an antibody to
b-gal, the lac-Z gene product. Schwann cells maintained

in DM or NRG1 expressed virtually no b-gal, 2.2% 6 1.3%
of Schwann cells expressed b-gal after dbcAMP treatment,
while 43.5% 6 3.2% of Schwann cells treated with com-
bined dbcAMP/NRG1 displayed strong b-gal expression (n
5 4; P < 0.001; Fig. 1D,E). Thus, neither dbcAMP (1 or 2
mM) nor NRG1 (20 ng/mL) treatment alone induced sig-
nificant levels of Krox-20. A combination of the two was
required to induce strong Krox-20 expression.

Because combined dbcAMP/NRG1 induces expression
of Krox-20, we tested whether this treatment also
induced strong expression of the major peripheral mye-
lin protein P0. Purified mouse Schwann cells were
treated with NRG1 alone, dbcAMP alone, combined

Fig. 1. Induction of Krox-20 protein in mouse Schwann cells requires
dbcAMP and NRG1 in combination. A: Western blot showing Krox-20
expression in mouse Schwann cells (expanded and passaged once) after
72h in NRG1 (20 ng/mL) alone, dbcAMP (1 mM) alone, dbcAMP (1 mM),
and NRG1 (20 ng/ml) or DM with no additions (Control). b-Tubulin was
used as a loading control. Note that high levels of Krox-20 are induced in
cultures treated with combined dbcAMP/NRG1 and that neither dbcAMP
alone nor NRG1 alone is sufficient to induce Krox-20 protein. B: Krox-20
expression visualized immunocytochemically in mouse Schwann cells
cultured for 72 h with NRG1 alone, dbcAMP alone, combined dbcAMP/
NRG1, or in DM alone (Control). Note that high levels of Krox-20 are

only induced in cultures treated with combined dbcAMP/NRG1. Cells are
co-labeled with Hoechst dye (Ho). Scale bar, 50 lm. C: Quantification of
experiments shown in (B). Error bars: standard deviation of the mean.
D: b-Gal expression visualized immunocytochemically in Schwann cells
from Krox-20/lacZ 6 nerves, cultured for 72 h with NRG1 alone,
dbcAMP alone, dbcAMP/NRG1, or in DM (Control). High levels of b-gal
are only induced in cultures treated with combined dbcAMP/NRG1. Cells
are co-labeled with Hoechst dye (Ho). Scale bar, 50 lm. E: Quantification
of experiments shown in (D). Error bars: standard deviation of the mean.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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dbcAMP/NRG1 or left in DM for 120 h. They were then
fixed and labeled immunocytochemically for P0 protein
expression. About 18.2% 6 3% of Schwann cells
expressed high levels of P0, characteristic of a myelin-dif-
ferentiated cell (Jessen and Mirsky, 2005) after 120 h of
dbcAMP/NRG1 treatment, whereas these cells were very
rarely seen in unstimulated cultures (n 5 4; P < 0.01;
Fig. 2A,B) or in cultures treated with dbcAMP alone (not
shown). Other cultures were assessed for P0 mRNA
expression after 72 h using identical conditions. Although
some Schwann cells treated with either dbcAMP or NRG1
demonstrated slightly elevated levels of P0 mRNA, only
cells that received the combination of the two factors
expressed high levels of P0 mRNA (Fig. 2C).

P0 is a direct transcriptional target of Krox-20 and in
the absence of Krox-20, and P0 gene expression is not
upregulated by Schwann cells at the beginning of myeli-
nation (LeBlanc et al., 2006; Topilko et al., 1994). We
therefore tested whether P0 induction by dbcAMP/NRG1
treatment relied on the expression of Krox-20. We
stimulated Schwann cells from control or Krox-202/2

mice (Schneider-Manoury et al., 1993), with combined
dbcAMP/NRG1 for 96 h and then fixed and labeled the
cells with antibodies to P0. No Krox-202/2 Schwann
cells expressed significant levels of P0 protein in
response to dbcAMP/NRG1 (Fig. 2D), demonstrating

that dbcAMP/NRG1 P0 upregulation requires prior
induction of Krox-20.

In summary, these experiments show that treatment
of mouse Schwann cells with combined dbcAMP (1 or 2
mM)/NRG1 (20 ng/mL) results in a strong induction of
both Krox-20 and P0, while, surprisingly, treatment with
1 mM dbcAMP alone is insufficient to induce significant
expression of myelin genes.

NRG1 Promotes DbcAMP-Induced Gal-C, O4, and
Periaxin in Mouse Schwann Cells

In rat Schwann cells, dbcAMP induces expression of
early differentiation markers such as galactocerebroside
(Gal-C), O4, and periaxin, which appear in vivo at the
onset or just before myelination (Jessen and Mirsky,
2005; Jessen et al., 1985; Mirsky et al. 1990; Sobue
et al., 1984, 1986). To further elucidate the role of
dbcAMP and NRG1 in mouse Schwann-cell differentia-
tion, we tested whether 72 h of treatment using the condi-
tions used above would induce these markers. In dbcAMP
alone, Gal-C is induced in 24.2% 6 3.7% of cells (n 5 5; P
< 0.001; Fig. 3A,B) and O4 is induced in 54.5% 6 6.6% of
cells (n 5 5; P < 0.0001; Fig. 3C,D). When cultured in
combined dbcAMP/NRG1, the percentage of Schwann

Fig. 2. Combined dbcAMP and NRG1 induces strong expression of P0

mRNA and protein in mouse Schwann cells. A: P0 expression visualized
immunocytochemically in mouse Schwann cells treated for 120 h with
dbcAMP/NRG1. Note the significant flattening of the P0 positive cells (two
flattened cells are indicated by arrowheads). Cells are co-labeled with
Hoechst dye (Ho). Scale bar, 50 lm. B: Quantification of the experiment in
(A), comparing P0 induction in Schwann cells treated with a combined
dbcAMP/NRG1 with Schwann cells cultured in DM alone (Control). Error
bars: standard deviation of the mean. The P0 monoclonal antibody used
here (Archelos et al., 1993) detects only high levels of P0 in cultured cells.
Therefore, the percentage of P0-positive cells is lower than that of the Krox-
20-positive cells (see Fig. 1), and the percentage of P0-positive cells induced

by dbcAMP in rat Schwann cells in previous papers when a polyclonal P0

antibody was used (e.g., Lee et al., 1997; Morgan et al., 1991). C: P0 mRNA
expression in mouse Schwann cells after culture in NRG1, dbcAMP, com-
bined dbcAMP/NRG1 or DM (Control) for 72 h. Only combined dbcAMP/
NRG1 treatment induces high levels of P0 mRNA, although low levels of
induction can be seen in cells treated either with dbcAMP alone or with
NRG1 alone. Arrowheads show Schwann cells expressing high levels of P0

mRNA. Scale bar, 50 lm. D: A substantial proportion of Schwann cells
from wild-type mice cultured for 96 h in a combed dbcAMP/NRG1 express
P0 protein, whereas Schwann cells from Krox-202/2 mice fail to do so.
Error bars: standard deviation of the mean. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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cells that express Gal-C and O4 increased to 65.5% 6
8.7% (n 5 5; P < 0.001; Fig. 3A,B) and 76.2% 6 7.9% (n
5 5; P < 0.01; Fig. 5C,D), respectively. Furthermore,
western blotting demonstrated that high levels of peri-

axin protein were only induced by combined dbcAMP/
NRG1 (Fig. 3E).

We also tested whether dbcAMP was sufficient to
downregulate two inhibitors of Schwann-cell myelin

Fig. 3. NRG1 increases dbcAMP induced galactocerebroside (Gal-C),
O4, and periaxin expression in mouse Schwann cells. A: Gal-C expression
visualized immunocytochemically in mouse Schwann cells cultured for 72
h with NRG1 alone, dbcAMP alone, combined dbcAMP/NRG1 or DM (Con-
trol). In general, Schwann cells treated with dbcAMP/NRG1 express more
Gal-C than Schwann cells treated with dbcAMP alone, whereas cells cul-
tured either in NRG1 alone or in DM (Control) do not express Gal-C.
Arrowheads point to Gal-C positive Schwann cells in both dbcAMP alone
and in dbcAMP/NRG1. Cells are co-labeled with Hoechst dye (Ho). Scale
bar, 50 lm. B: Quantification of experiments illustrated in (A). Error bars:
standard deviation of the mean. C: 04 expression shown immunocyto-
chemically in mouse Schwann cells cultured for 72 h with NRG1 alone,
dbcAMP alone, combined dbcAMP/NRG1 or DM (Control). In general,
Schwann cells treated with dbcAMP/NRG1 combined express more 04
than Schwann cells treated with dbcAMP alone. Arrowheads point to 04-

positive Schwann cells cultured in dbcAMP alone and in combined
dbcAMP/NRG1. Cells are co-labeled with Hoechst dye (Ho). Scale bar, 50
lm. D: Quantification of the experiments illustrated in (C). Cells cultured
in DM alone (Control) and cells treated with NRG1 alone do not express
04, while treatment with dbcAMP alone induces 04 in an intermediate
proportion of cells compared with cells treated with dbcAMP/NRG1 com-
bined. Error bars: standard deviation of the mean. E: Western blot of
mouse Schwann cells cultured in NRG1 alone, dbcAMP alone, dbcAMP/
NRG1 combined or in DM alone (Control) for 72 h. Blots were probed with
antibodies to periaxin, c-Jun, and Sox-2. b-Tubulin was used as a loading
control. Note that high levels of periaxin are induced in cells treated with
combined dbcAMP/NRG1. Both c-Jun and Sox-2 levels are strongly
reduced in cells treated with dbcAMP alone and in cells treated with com-
bined dbcAMP/NRG1. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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differentiation, c-Jun and Sox-2 (Le et al., 2005; Parkin-
son et al., 2008). Western blotting demonstrated that in
mouse Schwann cells treated with dbcAMP(1 mM) for
72 h, expression of both c-Jun and Sox-2 proteins is
strongly inhibited (Fig. 3E).

In summary, although dbcAMP alone induced some
expression of Gal-C, O4, and periaxin in mouse
Schwann cells, addition of NRG1 greatly potentiated
this effect. These observations provide further evidence
for the role of NRG1 as a positive driver of differentia-
tion in mouse Schwann cells. Notably, however, dbcAMP
alone was sufficient to completely downregulate the
inhibitors of myelin differentiation, c-Jun and Sox-2
(Le et al., 2005; Parkinson et al., 2008). Thus, dbcAMP
can induce partial differentiation of mouse Schwann
cells but requires NRG1 for further differentiation.

NRG1 Amplifies DbcAMP-induced Myelin
Differentiation in Rat Schwann Cells

Although NRG1 promotes myelin differentiation in
mouse Schwann cells in vivo (Nave and Salzer, 2006), to
date, experiments with cultured Schwann cells from rats
show that NRG1 has either neutral or inhibitory effects
on cAMP-induced differentiation (Cheng and Mudge,
1996; Monje et al., 2009; Ogata et al., 2004). In light of
our findings with mouse Schwann cells, we revisited
this issue using cultured rat cells. To test whether the
addition of NRG1 signaling would influence myelin gene
expression in response to dbcAMP in rat Schwann cells,
serum-purified cells were cultured in NRG1 (20 ng/mL)
alone, dbcAMP (1 mM) alone, combined dbcAMP (1
mM)/NRG1 (20 ng/mL), or DM for 72 h. Cells were then
fixed and immunolabeled for expression of Krox-20 and
P0. We found that while 25.7% 6 11.1% of rat Schwann
cells expressed Krox-20 and 33.1% 6 3.1% expressed P0

after treatment with 1 mM dbcAMP, this increased to
52% 6 7.7% and 68% 6 2.3%, respectively, in response
to treatment with combined dbcAMP/NRG1 (n 5 4; P <
0.001; Fig. 4A–D).

These experiments, first, confirm that the activation
of cAMP pathways is sufficient to induce myelin differ-
entiation in rat Schwann cells, in agreement with pre-
vious work, although this is not the case in mouse cells.
Second, they show that even in rat cells, it is clearly
possible to reveal NRG1 as a signal that promotes
myelin differentiation, although this has not been
detected in previous studies using other experimental
conditions.

The DbcAMP Concentration Determines Whether
NRG1 Drives Proliferation or Differentiation

NRG1 is a Schwann-cell mitogen. But it also pro-
motes myelination in vivo and can act as an essential
myelin-differentiation signal in purified Schwann cells,
as we show above. This suggests that the biological
outcome of NRG1 signaling can be switched between

promoting these two incompatible fates. We have found
that this can be achieved by varying the strength of cyclic
AMP activation.

To show this, we applied a constant dose of NRG1 (20
ng/mL) to cells exposed to different levels of cAMP acti-
vation (1lM-2 mM dbcAMP; see Fig. 5). We found that
at zero (not shown) or low-dbcAMP concentrations,
NRG1 maintained Schwann cells in a state of rapid pro-
liferation that was maximal at 100 lM dbcAMP. Appli-
cation of NRG1 at higher dbcAMP concentrations
induced the appearance of an alternative cell population
in increasing numbers, namely mitotically quiescent
cells that expressed the myelin-related proteins P0 or
Krox-20. The two cell populations, those synthesizing
DNA on the one hand, and those expressing P0 or Krox-
20 protein on the other, were strictly nonoverlapping
(not shown), in line with previous work (Monje et al.,
2009; Morgan et al., 1991). Figure 5 demonstrates that
the increase in NRG1-induced myelin differentiation in
the cultures was tightly correlated with a decrease in
DNA synthesis as the dbcAMP concentration rose. This
eventually brought the rate of proliferation well below
that seen when NRG1 was applied alone (or in 1 lM
dbcAMP).

These results show that cAMP pathways control the
outcome of NRG1 signaling. When cAMP activation is
weak, NRG1 drives Schwann-cell proliferation at the
same time as the cells maintain the immature pheno-
type. When the cAMP activation is strong, NRG1
triggers the appearance of an increasing number of non-
dividing, myelin cells at the expense of the proliferating,
immature population, which is correspondingly reduced.

Activation of PKA Is Sufficient to Replicate the
Effects of DbcAMP on Mouse Schwann Cells

Protein kinase A (PKA) isoforms and guanine
exchange proteins directly activated by cAMP (epacs)
are downstream targets of cAMP (Bos, 2003). PKA acti-
vation is required for both rat Schwann-cell proliferation
and differentiation in vitro (Howe and McCarthy, 2000;
Monje et al., 2008; Yoon et al., 2008). On the other
hand, epac activation does not influence rat Schwann-
cell proliferation, although its role in differentiation is
unknown (Monje et al., 2008).

To determine whether either of these targets play a
role in mouse Schwann cells, we used the cAMP ana-
logue 6-Bnz-cAMP, which activates only PKA or the ana-
logue 8-pCPT-2-O-Me-cAMP, which selectively activates
the exchange factors, epac1 and 2 (Bos, 2003). Schwann
cells were treated with each analogue separately, either
on its own or in the presence of NRG1. After 72 h, cells
were fixed and immunolabeled for Krox-20, P0, and
c-Jun. In the presence of 6-Bnz-cAMP (1 mM) and
NRG1 (20 ng/mL), 41.6% 6 2.8% of Schwann cells
expressed Krox-20 (n 5 4; P < 0.0001; Fig. 6A,B) and
8.2% 6 0.3% of Schwann cells expressed high levels
of P0 (n 5 4; P < 0.0001; Fig. 6C). In contrast, the
combination of 8-pCPT-2-O-Me-cAMP (1 mM) and NRG1
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failed to induce significant levels of either Krox-20 or
P0 protein (Fig. 6A,B and data not shown). As with
dbcAMP, neither 8-pCPT-2-O-Me-cAMP nor 6-Bnz-cAMP
alone induced Krox-20 expression (Fig. 6D).

In line with this, after treatment of Schwann cells for
72 h with 6-Bnz-cAMP only 26.7% 6 2.7% of Schwann
cells expressed c-Jun, compared with 97% 6 0.7% of
control Schwann cells (n 5 3; P < 0.05), while 8-pCPT-2-
O-Me-cAMP failed to reduce c-Jun expression. The per-
centage of c-Jun positive Schwann cells also remained
significantly reduced when 6-Bnz-cAMP and NRG1 were
used in combination (n 5 3; P < 0.0001; Fig. 6D,E).

Together, these results demonstrate that activation of
PKA is sufficient to downregulate c-Jun expression in
mouse Schwann cells and in combination with NRG1
signaling, PKA activation induces both Krox-20 and P0.
These results also suggest that the alternative cyclic

AMP pathway using epac 1 and 2 is unlikely to play a
role in these events.

The CREB Family of Transcription Factors Are
Required for cAMP/NRG1-induced Schwann Cell

Differentiation

We have shown that activation of PKA replicates the
effects of dbcAMP on mouse Schwann-cell myelin differ-
entiation (see Fig. 6). We therefore investigated the
effects of some downstream targets of PKA on differen-
tiation. The CREB family of transcription factors is the
major target of PKA, which phosphorylates and acti-
vates them (Tasken and Aandahl, 2004). Main members
of this family include CREB1, CREM, and ATF1, which
bind as dimers to cAMP-responsive elements (CREs) in

Fig. 4. In rat Schwann cells also, NRG1 increases dbcAMP-induced
Krox-20 and P0 expression. A: Krox-20 expression shown immunocyto-
chemically in rat Schwann cells cultured for 72 h with NRG1 alone,
dbcAMP alone, in combined dbcAMP/NRG1 or in DM (Control). In con-
trast to mouse cells, Krox-20 is induced both in cultures treated with
dbcAMP alone and in cultures treated with combined dbcAMP/NRG1.
A larger number of cells is induced by combined dbcAMP/NRG1. Note
that the cells cultured in DM (Control) and cells treated with NRG1
alone do not express Krox-20. Cells are co-labeled with Hoechst dye
(Ho). Scale bar, 50 lm. B: Quantification of the experiments shown in
(A). A proportion of rat Schwann cells express Krox-20 after treatment
with dbcAMP alone, whereas combined dbcAMP/NRG1 treatment
increases the proportion of induced cells. Error bars: standard devia-

tion of the mean. C: P0 protein expression shown immunocytochemi-
cally in rat Schwann cells cultured for 72 h with NRG1 alone, dbcAMP
alone, combined dbcAMP/NRG1, or in DM (Control). In contrast to
mouse cells, P0 is induced both in cultures treated with dbcAMP alone
and in cultures treated with combined dbcAMP/NRG1. Cells are co-la-
beled with Hoechst dye (Ho). Scale bar, 50 lm. D: Quantification of the
experiments shown in (C). In contrast to mouse cells, P0 is induced
both in cultures treated with dbcAMP alone and in cultures treated
with combined dbcAMP/NRG1. A greater proportion of P0 positive cells
are, however, induced in cells treated with dbcAMP/NRG1. Cells are
co-labeled with Hoechst dye (Ho). Scale bar, 50 lm. Error bars: stand-
ard deviation of the mean. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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target genes (Mayr and Montminy, 2001). CREB1 has
previously been identified in rat Schwann cells and their
precursors in vivo and in vitro and is phosphorylated at
Ser-133 in response to stimuli such as NRG1, axonal
membranes, and ATP treatment (Lee et al., 1999; Stevens
and Fields, 2000; Stewart, 1995; Tabernero et al., 1998).

We used RT-PCR to examine whether other CREB
family members were expressed by Schwann cells and
found that that CREB1, CREM, and ATF1 are all pres-
ent in extracts from P5 mouse sciatic nerves or cultured
mouse Schwann cells (Fig. 7A).

To test whether the CREB family is required for
cAMP/NRG1-induced Schwann-cell differentiation, we
used an adenovirus co-expressing a dominant negative
form of CREB with GFP (A-CREB) and a control virus
expressing only GFP (CMV control; Warburton et al.,
2005). Purified mouse Schwann cells were plated and
infected with either A-CREB or control viruses in DM,
0.5% HS, and 2 mM forskolin for 48 h, including
replacement with the same medium at 24 h. Schwann
cells were then treated with combined dbcAMP (1 mM)
and NRG1 (20 ng/mL) in DM for a further 48 h before
cells were fixed and labeled by immunocytochemistry.
Krox-20 expression was strongly inhibited in the pres-
ence of A-CREB. Only 3.6% 6 0.6% cells of A-CREB-
infected cells were Krox-20 positive compared with
55.7% 6 5.3% Krox-20 positive cells in CMV control
infected cells (n 5 4; P < 0.001; Fig. 7B,C). Similarly,
the A-CREB adenovirus strongly inhibited b-gal expres-
sion in Krox-201/2 Schwann cells induced by dbcAMP/
NRG1. Only 4.1% 6 1.4% of A-CREB-infected cells were
b-gal-positive compared with 38% 6 7.1% of control cells
(n 5 4; P < 0.01; Fig. 7D,E), a 9.3-fold drop in expres-
sion. Expression of A-CREB also significantly inhibited

dbAMP/NRG1-induced P0 expression, because only 3.2%
6 2.3% of A-CREB-infected cells were P0 positive, while
19.5% 6 1.3% of control-infected cells were P0 positive
(n 5 3; P < 0.05; Fig. 7F). In addition, A-CREB strongly
reduced periaxin induction by dbAMP/NRG1. Only
34.1% 6 8.8% of A-CREB-infected cells were periaxin-
positive compared with 81.9% 6 7.6% positive cells
infected with control virus (n 5 4; P < 0.001; Fig. 7G).

To confirm the role of CREB in Schwann-cell differen-
tiation, we tested whether expression of A-CREB could
inhibit myelin differentiation in cultured rat Schwann
cells. Purified P3 Schwann cells were infected with A-
CREB or control viruses for 24 h, followed by incubation
for a further 48 h in DM plus dbcAMP (1 mM) or in
dbcAMP (1 mM) and NRG1 (20 ng/mL). Cells were then
fixed and immunolabeled with antibodies to Krox-20.
About 18.6% 6 5.5% and 54.6% 6 9.6% of control
infected cells expressed Krox-20 when treated with
dbcAMP or dbcAMP/NRG1 respectively, in the presence
of A-CREB, whereas Krox-20 was barely induced (n 5 3;
P < 0.001; Fig. 8A). In parallel experiments, cells
infected with either A-CREB or control viruses were
treated under the same experimental conditions before
fixation and immunolabeling for P0. This revealed that
13.4% 6 2.6% and 33.5% 6 6.4% of control cells treated
with either dbcAMP alone or dbcAMP/NRG1, respec-
tively, expressed P0, in comparison with cells infected
with A-CREB that failed to upregulate significant P0

protein (n 5 3; P < 0.001; Fig. 8B).
In conclusion, these experiments demonstrate that the

CREB family of transcription factors is required for
dbcAMP/NRG1-induced myelin differentiation in both
cultured mouse and rat Schwann cells.

DISCUSSION

Although NRG1 clearly promotes myelination by
Schwann cells in contact with axons in vivo or in myeli-
nating co-cultures, it has proved difficult to demonstrate
that NRG1 promotes myelin differentiation when pre-
sented to purified cells in vitro, when the typical outcome
is proliferation. This suggests the existence of a mecha-
nism that modulates NRG1-activated cascades and has
prompted a search for pathways that can determine the
outcome of NRG1 signaling in Schwann cells (Nave and
Salzer, 2006). Here, we show that in purified cultures of
Schwann cells from mouse nerves, the promyelin effects
of NRG1 can be revealed unambiguously and identify
the cAMP pathway as a critical modulator of NRG1 sig-
naling. Additionally, the promyelin effects of NRG1 can
be seen in rat Schwann-cell cultures under appropriate
experimental conditions. We also demonstrate a require-
ment for the CREB family of transcription factors in
myelin differentiation in cultured rodent Schwann cells.

In vivo and in neuron-Schwann-cell co-cultures, NRG1
type III promotes Schwann-cell ensheathment of axons
and myelin thickness. It is likely that the first of
these functions, the control of appropriate axon-
Schwann-cell relationships including radial sorting,

Fig. 5. NRG1-induced appearance of nondividing, myelin cells is
tightly correlated with reduction in proliferating, immature cells as the
dbcAMP concentration increases. Purified mouse Schwann cells were
exposed to NRG1 (20 ng/mL) at the dbcAMP concentrations indicated.
For proliferation and Krox-20 immunolabeling, cells were exposed for
72 h. For the proliferation assay, BrdU was included for the last 7 h.
For P0, cells were exposed for 120 h before immunolabeling. BrdU
incorporation and expression of Krox-20 and P0 are expressed as a per-
centage of their own maximum, which was 52% 6 4.2% for BrdU,
49.3% 6 5.8% for Krox-20, and 22% 6 5.8% for Po. DbcAMP concentra-
tion (x-axis) is plotted on a log scale. Error bars: standard deviation of
the mean. Statistical analysis was initially performed using one-way
ANOVA with Tukey’s multiple comparison test. Note that optimal con-
centrations of dbcAMP for enhancement of NRG1-induced proliferation
were an order of magnitude lower than optimal concentrations for
Krox-20 induction. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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requires juxtacrine signaling by NRG1 type III present
on the axonal surface. On the other hand, the myelina-
tion process itself and myelin thickness can also be pro-
moted by soluble forms of NRG1, whether type III or II
(Michailov et al., 2004; Syed et al., 2010; Taveggia et al.,
2005). Despite this, neither membrane attached nor
soluble NRG1 type III or II induce expression of myelin

proteins in purified Schwann-cell cultures from rats or
mice. Instead, NRG1 induces proliferation (Chen et al.,
2006; Taveggia et al., 2005).

We find that in mouse Schwann cells, the choice
between these contradictory effects of NRG1, prolifera-
tion, and myelin differentiation is controlled by the
strength of cAMP signaling. The combination of low

Fig. 6. The PKA activator, 6-Bnz-cAMP, mimics the effects of
dbcAMP on cultured mouse Schwann cells, while the epac activator 8-
pCPT-2-O-Me-cAMP is ineffective. A: Krox-20 expression shown immu-
nocytochemically in mouse Schwann cells cultured with 8-pCPT-2-O-
Me-cAMP (1 mM) (to activate epac) combined with NRG1 (20 ng/mL)
or with 6-Bnz-cAMP (1 mM) (to activate PKA) combined with NRG1
(20 ng/mL) for 72 h. High levels of Krox-20 are only induced in cultures
treated with 6-Bnz-cAMP and NRG1. Arrowheads demonstrate Krox-
20-positive Schwann cells. Cells are co-labeled with Hoechst dye (Ho).
Scale bar, 50 lm. B: Quantification of the experiments shown in (A).
High levels of Krox-20 are only induced in cells cultured in combined
6-Bnz-cAMP/NRG1. Error bars: standard deviation of the mean. C: P0

protein expression shown immunocytochemically in mouse Schwann
cells cultured for 72 h with 6-Bnz-cAMP/NRG1. Arrowheads point to
P0-positive Schwann cells. Cells are co-labeled with Hoechst dye (Ho).

Scale bar, 50 lm. D: Mouse Schwann cells double-immunolabeled with
antibodies to c-Jun and Krox-20 after treatment with 8-pCPT-2-O-Me-
cAMP or 6-Bnz-cAMP for 72 h. Activation of PKA with 6-Bnz-cAMP
alone without NRG1 is sufficient to suppress c-Jun protein levels,
whereas cells continue to express c-Jun when they are cultured with 8-
pCPT-2-O-Me-cAMP. Krox-20 is not induced by either compound.
Arrowheads show c-Jun-negative Schwann cells after treatment with
6-Bnz-cAMP. Cells are co-labeled with Hoechst dye (Ho). Scale bar, 50
lm. E: Quantification of the proportion of mouse Schwann cells
expressing c-Jun when cultured with 1 mM 8-pCPT-2-O-Me-cAMP or
6-Bnz-cAMP alone, with combined 6-Bnz-cAMP/NRG1 or in DM (Con-
trol) for 72 h. Cells cultured either with 6-Bnz-cAMP alone or with
combined 6-Bnz-cAMP/NRG1 show greatly reduced levels of c-Jun.
Error bars: standard deviation of the mean. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 7. The CREB family of transcription factors is required for
dbcAMP/NRG1 induced mouse Schwann cell myelin differentiation. A:
RT-PCR for mRNA expression of CREB1, CREM, and ATF-1 in P5 mouse
sciatic nerve and cultured primary mouse Schwann cells. mRNA for all
three genes is expressed both in the nerve and in cultured cells. B–G:
Cells were treated with either A-CREB or CMV adenoviruses in DM con-
taining forskolin (2 lM) for 48 h and then dbcAMP(1 mM)/NRG1(20 ng/
mL) for a further 48 h before fixation and immunolabeling. B: Induction of
Krox-20 protein by dbcAMP/NRG1 is severely decreased after adenoviral
infection with A-CREB virus compared with the CMV-control. Krox-20
immunolabeling of mouse Schwann cells after infection with CMV-control
and A-CREB adenoviruses. Arrows show CMV-control infected Schwann
cells that are positive for GFP and Krox-20. Arrowheads demonstrate A-
CREB-infected Schwann cells that are GFP positive but Krox-20 negative.
Cells are co-labeled with Hoechst (Ho). Scale bar, 50 lm. C: Quantification
of the experiments above. Error bars: standard deviation of the mean. D:

b-Gal expression (indicative of Krox-20 gene expression) induced by
dbcAMP/NRG1 is severely reduced following infection with A-CREB virus
compared with cells treated with CMV control virus. Primary mouse
Krox-20/lacZ1/2 Schwann cells immunolabeled for b-gal were treated
with 2 lM forskolin for 48 h and subsequently exposed to combined
dbcAMP/NRG1 for 48 h. Arrows point to CMV-control infected Schwann
cells that are positive for GFP and b-gal. Arrowheads demonstrate A-
CREB-infected Schwann cells that are GFP-positive but b-gal-negative.
Cells are co-labeled with Hoechst (Ho). Scale bar, 50 lm. E: Quantification
of the experiments above. Error bars: standard deviation of the mean. F:
Induction of P0 by dbcAMP/NRG1 is severely decreased after A-CREB
adenoviral infection compared with CMV-control. Error bars: standard
deviation of the mean. G: Induction of periaxin by dbcAMP/NRG1 is
decreased after A CREB adenoviral infection compared with CMV-control.
Error bars: standard deviation of the mean. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]



dbcAMP and NRG1 drives proliferation in cells with the
immature (premyelin) phenotype, while in high dbcAMP,
the mitogenic effects of NRG1 are suppressed and NRG1
instead activates myelin genes.

Using lower concentrations of NRG1 did not allow use
of lower cAMP levels to induce myelin genes. Rather,
myelin protein expression was always promoted when
NRG1 was increased. This was true at both low and
high-cAMP activation levels (4 and 10 lM forskolin;
Supp. Info. Fig. 1).

cAMP pathways have often been implicated in Schwann-
cell myelination on the basis of their ability to induce mye-
lin protein expression in rat Schwann-cell cultures. This is
not the case in mouse cells where the presence of NRG1 in
addition to high levels of dbcAMP is obligatory for expres-
sion of the key myelin-related proteins P0 and Krox-20.
These findings demonstrate an unexpected difference
between Schwann cells from rats and mice and help
resolve conflicting literature, which, in different experi-
mental settings, variously reveals NRG1 as a key
Schwann-cell mitogen, an essential myelination signal or a
signal that is neutral with respect to myelin differentiation
(Cheng and Mudge, 1996; Monje et al., 2009; Morgan
et al., 1994; Morrissey et al., 1995; Nave and Salzer, 2006).

Although Notch signaling and TGFb signaling
through the TGFb type II receptor have been directly
shown to drive Schwann-cell proliferation in developing
nerves in vivo (D’Antonio et al., 2006; Woodhoo et al.,
2009), there is good evidence that NRG1 is also involved
in this process as an axon-associated Schwann-cell mito-
gen (Nave and Salzer, 2006). This probable in vivo effect
of NRG1 is readily modeled in purified Schwann cells
and is amplified by low-level activation of cAMP path-
ways, as we have shown here. The notion that NRG1 is
a mitogen in vivo means that the effect of NRG1 on
Schwann cells must change around birth, because at

that time, Schwann cells fall out of division and start
myelination, which is also promoted by NRG1. The pres-
ent finding that this promyelin effect of NRG1 can be
modeled in vitro, by strong co-activation of cAMP path-
ways, suggests a way in which cAMP pathways might
act in vivo. This involves activation of cAMP pathways
in Schwann cells of embryonic nerves, presumably by
axon-associated signals that gradually increase in inten-
sity into the myelination period. In the period before
myelination, low-cAMP levels should amplify the mito-
genic effects of NRG1 (and perhaps other mitogens), but
later, increasing cAMP signaling would inactivate the
mitogenic effect of NRG1 and switch NRG1 to promoting
myelination.

In agreement with others, we find that the effects of
cAMP are mediated by cAMP activation of PKA (Howe
and McCarthy, 2000; Kim et al., 1997; Yoon et al., 2008).
It remains to be explained how low-varying levels of
cAMP generate different biological outcomes through
this pathway. It will also be important to determine
whether different cAMP levels, through these or other
mechanisms, alter NFjB signaling or the relative
strength of PI3 kinase or ERK activation, because this
balance is likely to help determine the myelination sta-
tus of Schwann cells (Limpert and Carter, 2010; Ogata
et al., 2004; Syed et al., 2010).

Our finding that NRG1 can boost cAMP-induced dif-
ferentiation in cultured rat Schwann cells was surpris-
ing in view of previously published observations, which
reported either negative or neutral effects of NRG1 on
myelin-related differentiation induced by cAMP eleva-
tion (Cheng and Mudge, 1996; Monje et al., 2009; Ogata
et al., 2004). However, there are key differences between
their experiments and ours. Ogata et al. (2004) stimu-
lated rat Schwann cells for 24 h with NRG1 and 3 lM
forskolin and assessed myelin gene RNA. They con-
cluded that NRG1 inhibited mRNA induction of myelin-
associated glycoprotein (MAG), P0, and MBP. However, 3
lM forskolin causes relatively weak activation of cAMP
pathways (judged by the lower levels of myelin proteins
induced by 3 lM forskolin than by 20 lM forskolin or 1
mM cAMP analogues in rat Schwann cells [Morgan
et al., 1991, unpublished observations)]. The observed
reduction in myelin gene mRNA in these experiments is
therefore likely to be due to the fact that Schwann cells
are proliferating at this low level of cAMP activation
(see present results) and will not express significant lev-
els of myelin genes under these conditions (Morgan
et al., 1991). Monje et al. (2009) treated rat Schwann
cells with a high concentration of dbcAMP (1 mM) in
combination with NRG1 (20 ng/mL) for 72 h. They con-
cluded that NRG1 neither reduced nor increased myelin
protein induction by dbcAMP demonstrated by counts of
MAG positive Schwann cells. It is likely to be significant
in this context that MAG appears very early in myelina-
tion. When we examined another early marker, periaxin,
we failed to find a significant effect of NRG1 on the
amount of periaxin protein induced by dbcAMP (1 mM)
in rat Schwann cells, in line with the observations
of Monje et al. (2009) on MAG expression (Supp. Info.

Fig. 8. In rat Schwann cells, the CREB family of transcription
factors is required for dbcAMP and dbcAMP/NRG1-induced myelin
differentiation. A, B: The proportion of (A) Krox-20-positive and (B)
P0-positive cells is severely decreased in rat Schwann cells after
A-CREB adenoviral infection compared with the CMV-control. Cells
were induced for 72 h in dbcAMP (1 mM) or in combined
dbcAMP(1 mM)/NRG1(20 ng/mL). Error bars: standard deviation of the
mean. Error bars: standard deviation of the mean.
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Fig. 2). This suggests that NRG1 boosts in particular
expression of proteins that are involved in myelin
sheath formation, rather than controlling early indica-
tors of myelin differentiation.

Our findings suggest that the CREB family of tran-
scription factors has a role in Schwann-cell differentia-
tion, because the dominant-negative A-CREB construct
blocked the induction of Krox-20 and P0 in both rat and
mouse Schwann cells. CREB is phosphorylated at Ser-
133 in cultured rat Schwann cells after prolonged contact
with neurite membranes (Lee et al., 1999), suggesting
that CREB phosphorylation is regulated by axonal con-
tact in vivo. CREB is also phosphorylated at Ser-133 in
response to NRG1 treatment in rat Schwann cells, while
addition of 2 mM forskolin and NRG1 induces a more
sustained phosphorylation of CREB (Rahmatullah et al.,
1998; Tabernero et al., 1998). It has also been postulated
that CREB activation has a role in Schwann-cell prolifer-
ation (Rahmatullah et al., 1998), although we found that
A-CREB expression does not block NRG-1 or low cAMP/
NRG1-induced rat Schwann-cell proliferation (Wanek
and Arthur-Farraj, unpublished). A CREB null mutation
causes lethality in mice late in embryogenesis (Rudolph
et al., 1998), thus conditional inactivation of CREB and
potentially other family members, such as CREM and
ATF-1, would be a useful future approach to determine
the role of the CREB family in Schwann cells.
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