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ABSTRACT

In peripheral nerves, Schwann cell development is regulated
by a variety of signals. Some of the aspects of Schwann
cell differentiation can be reproduced in vitro in response
to forskolin, an adenylyl cyclase activator elevating intracel-
lular cAMP levels. Herein, the effect of forskolin treatment
was investigated by a comprehensive genome-wide expres-
sion study on primary mouse Schwann cell cultures. Addi-
tional to myelin-related genes, many so far unconsidered
genes were ascertained to be modulated by forskolin. One
of the strongest differentially regulated gene transcripts was
the transcription factor Olig1 (oligodendrocyte transcription
factor 1), whose mRNA expression levels were reduced in
treated Schwann cells. Olig1 protein was localized in myeli-
nating and nonmyelinating Schwann cells within the sci-
atic nerve as well as in primary Schwann cells, proposing
it as a novel transcription factor of the Schwann cell lin-
eage. Data analysis further revealed that a number of differ-
entially expressed genes in forskolin-treated Schwann cells
were associated with the ECM (extracellular matrix), under-
lining its importance during Schwann cell differentiation
in vitro. Comparison of samples derived from postnatal sci-
atic nerves and from both treated and untreated Schwann
cell cultures showed considerable differences in gene ex-
pression between in vivo and in vitro, allowing us to sepa-
rate Schwann cell autonomous from tissue-related changes.
The whole data set of the cell culture microarray study is
provided to offer an interactive search tool for genes of
interest.
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INTRODUCTION

Schwann cells are the glia cells of the PNS (peripheral nervous
system). Throughout the entire Schwann cell lineage, both
an autocrine mechanism and axon-glia interaction control
the survival, proliferation and differentiation of Schwann
cells (reviewed in Jessen and Mirsky, 2005). Schwann cells
derive from neural crest cells, and migrate tightly associ-
ated with axons to reach distal targets. At approximately
E17, Schwann cell precursors become immature Schwann
cells ensheathing large axon bundles. The transition en-
tails an orchestrated change in response to survival sig-
nals and growth factors. Around birth in rodents, imma-
ture Schwann cells differentiate into either myelinating or
nonmyelinating Schwann cells. This step from an immature
to a mature Schwann cell coincides with major changes in
their cellular architecture. Generally, axons with a diame-
ter larger than 1 wm are segregated to form a one-to-one
relation with a Schwann cell, and thereafter will be myeli-
nated (Peters and Muir, 1959; Voyvodic, 1989). On the other
hand, small caliber axons remain engulfed by nonmyelinat-
ing Schwann cells. In addition to fiber diameter, recipro-
cal signaling between Schwann cells and neurons influence
the Schwann cell fate; neurotrophins and growth factors,
such as neuregulin1 type Ill were identified as regulators
for Schwann cell differentiation (reviewed in Salzer, 2012).
Transition into myelinating Schwann cells is also mediated
by cAMP (cyclic adenosine monophosphate), which acts as a
second messenger. Upon ligand binding, the intracellular het-
erotrimeric G protein complex activates the adenylyl cyclase,
converting ATP into the second messenger cAMP (Hanoune
and Defer, 2001). The PKA (protein kinase A) is activated in
the presence of cAMP, which in turn stimulates the CREB
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(cAMP-response-element-binding protein) signal transduc-
tion pathway (reviewed in Meijer, 2009). The Gpr126 (G-
protein-coupled receptor 126) is the so far only receptor
identified to drive Schwann cell differentiation by elevating
cAMP levels (Monk et al., 2009). Mutation in Gpr126 causes
hypomyelination and retarded axonal segregation in the PNS,
and cAMP elevation by forskolin treatment was sufficient to
restore myelination (Monk et al., 2009; Monk et al., 2011).
Elevation of intracellular cAMP has been shown to induce
myelin-related gene expression such as Mpz/PO (myelin pro-
tein zero), Krox20 (Egr2) and Galc (galactosylceramidase) in
rat and human Schwann cell cultures (Lemke and Chao, 1988;
Monuki et al., 1989; Parkinson et al., 2003; Monje et al., 2009).
Furthermore, activation of the cAMP pathway decreases ex-
pression of proteins implicated in immature or nonmyeli-
nating Schwann cells, such as the low-affinity neurotrophin
receptor p75NTR, Gfap (glial fibrillary acidic protein), Gap43
(growth-associated protein 43) and cJun (Morgan et al., 1991;
Monje et al., 2009). The effect of cAMP elevation was hitherto
analyzed in respect to transcriptional induction of particu-
lar genes known to be important in differentiation, but its
precise effect on mouse Schwann cells is not known yet.
Herein, we performed a comprehensive genome-wide ex-
pression study on primary mouse Schwann cell cultures
treated with the adenylyl cyclase activator forskolin. A de-
tailed knowledge of the effect of forskolin on Schwann cells
in vitro is decisive, since the cAMP signaling pathway was
suggested to interfere also with other signaling pathways
such as the PI3-kinase and the MAP (mitogen-activated
protein)-kinase pathways (Stewart et al., 1996; Kim et al,,
1997; Cohen and Frame, 2001; Grimes and Jope, 2001; Ogata
et al., 2004; Monje et al., 2006; Monje et al., 2010). Our com-
prehensive analysis identified transcriptional changes of so
far disregarded genes induced by elevated cAMP levels in
primary mouse Schwann cell cultures. The functional roles
of most of these genes are not yet known in the Schwann
cell lineage, but they might be new candidates to be consid-
ered. Furthermore, we compared the expression pattern of
differentially expressed transcripts from naive and forskolin-
treated cultured Schwann cells with those from sciatic nerve
samples of particular postnatal developmental stages. The
whole data set of the microarray study on primary mouse
Schwann cell cultures is provided to offer an interactive
search tool for genes of interest, analyzing their expression
pattern in cultured Schwann cells upon forskolin treatment.

MATERIAL AND METHODS

Mice
C57BL/6 mice were kept under standard SPF-conditions,
housed and treated according to the guidelines for care and

use of experimental animals of the veterinary office of the
Canton of Basel.

Primary mouse Schwann cell cultures

Schwann cells were prepared from P1 (postnatal day 1)
mouse sciatic nerves, and dissociated with 0.4% (w/v) colla-
genase and 0.125% (w/v) trypsin. DMEM (Dulbecco's modi-
fied Eagle's medium; D6546, Sigma-Aldrich) supplemented
with 10% (v/v) FBS was added, and cells were seeded
onto 24-well plates (Primaria™, BD Bioscience). A day af-
ter, Schwann cells were treated with 10 wM cytosine B-D-
arabinofuranoside (AraC) twice for 24 h to reduce fibroblast
proliferation. Schwann cells were passaged, and cells were
pooled and cultured in DMEM containing 10% (v/v) FBS.
For mRNA expression analysis, primary Schwann cells were
seeded at a density of 25000 cells/well. For immunofluores-
cence analysis, 10000 Schwann cells were seeded on poly-D-
lysine and laminin-coated glass coverslips in a 50 | drop.
For Schwann cell differentiation assay, cells were stimu-
lated with 20 wM forskolin (Sigma-Aldrich) in DMEM sup-
plemented with 10% (v/v) FBS for 24 h. Purity of mouse
Schwann cell cultures determined by immunofluorescent
stainings for p75"™® and S100 revealed more than 85%
enrichment.

qRT-PCR expression analysis

Schwann cells were washed with PBS, and total RNA was
isolated using RNeasy Micro Kit (Qiagen) according to
the manufacturer's protocol. For the in vivo analysis, 54
sciatic nerves were pooled to nine experimental samples
(n=9) at PO, 36 nerves were pooled to nine experimental
samples (n=9) at P3, P9 and P21, and 16 nerves were
pooled to eight experimental samples (n= 8) for adult mice,
and total RNA was isolated using ZR RNA MicroPrep™ Kit
(Zymo Research). For both in vivo and in vitro studies, first
strand cDNA synthesis was performed using GoScript™
Reverse Transcriptase (Promega) and random hexamer
primers (Roche). Primers for qRT-PCR were designed with
NCBI PrimerBLAST (Supplementary Table S1; available
at  http://www.asnneuro.org/an/006/an006e142add.htm).
Primer pairs were chosen to overlap exon/intron junctions
to prevent amplification of genomic DNA. gRT-PCR was
performed on the ViiA™ 7 Real-Time PCR System (Applied
Biosystems) with KAPA SYBR Fast Master Mix (Kapa Biosys-
tems) or Power SYBR Master Mix (Applied Biosystems). The
acquired mRNA copy numbers were normalized to the one
of the 60S ribosomal protein subunit L13a. In vitro data
represent the mean of 12 samples per condition derived
from five independent experiments, and error bars indicate
the S.D. (standard deviation). In vivo data represent the
mean of at least eight experimental samples per time point,
and error bars indicate the S.D.. Statistical quantification
was performed by a Student's t test for unpaired groups.
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Whole-genome expression profiling

Schwann cells were stimulated with or without 20 WM
forskolin for 24 h as described above. Eighteen cultures were
investigated, complied by nine cultures per condition, de-
rived from five independent experiments. The in vivo microar-
ray expression analysis was performed with 28 sciatic nerves
pooled to seven experimental samples (n=7) at PO and P10,
20 nerves pooled to five experimental samples (n=15) at P4
and P7 and six nerves pooled to three experimental sam-
ples (n=13) at P60. Total RNA was isolated using the RNeasy
Micro Kit (Qiagen) according to the manufacturer's proto-
col. All RNA samples had an RIN (RNA integrity number) of
above 8, verified with the Agilent Bioanalyzer system (Agi-
lent Technologies). RNA amplification, biotinylation, in vitro
transcription and cRNA hybridization was performed as de-
scribed before (Kinter et al., 2013). MouseWG-6 v2.0 Expres-
sion BeadChips from Illumina were scanned using the iScan
Reader (Illumina), and global median normalization of gene
expression was performed with the GenomeStudio software
(version 2011.1, Illumina). One coding DNA sequence may
be represented by several distinct oligonucleotides (called
probes). For all examinations, probe-specific analysis was
performed, allowing to identify differentially expressed tran-
scripts with high confidence. All data passed the quality con-
trol analysis as assessed by the Illumina on-board software
(GenomeStudio, version 2011.1) and by PCA (principal com-
ponent analysis; Partek Genomics Suite, version 6.6, Partek
Inc.). Statistical analysis was performed using Partek Genomic
Suite software (version 6.6, Partek Inc.). Differentially ex-
pressed transcripts were identified by a two-way ANOVA,
and P-values were adjusted using the FDR (false discovery
rate) method to correct for multiple comparisons (Benjamini
and Hochberg, 1995). Significantly differentially expressed
genes were further analyzed with the IPA (Ingenuity Pathway
Analysis) software (Ingenuity Systems), the DAVID (Database
for Annotation, Visualization and Integrated Discovery (ver-
sion 6.7) Bioinformatics Resources (Huang da et al., 2009)
and TransFind (Kielbasa et al., 2010). We provided the gen-
erated database as an interactive search tool to analyze
the expression pattern of genes of interest upon forskolin
treatment.

Antibodies

The following primary antibodies were used: anti-MBP
(rat, 1:800, Chemicon), anti-neurofilament (mouse, 1:800,
SMI31, Covance), anti-Olig1 (rabbit, 1:1000, Abcam), anti-
p75NTR (rabbit, 1:500, Promega), anti-S100 (rabbit, 1:500,
Dako).

The following secondary antibodies were used:
donkey-anti-rabbit AlexaFluor488, donkey-anti-mouse Dy-
Light549, donkey-anti-rat AlexaFluor647 (all 1:500, Jack-
son ImmunoResearch Laboratories), DAPI (4',6-diamidino-2-
phenylindole) (1.25 pg/ml; Molecular Probes) was used as
cellular counter stain.

Immunofluorescent microscopy

10 wm sections of fresh frozen torso of P7 mice were
mounted on gelatin/chrome alum-coated slides, dried at
room temperature, and fixed for 15 min in 4% (w/v) PFA
(paraformaldehyde) in PBS. Sections were washed three times
for 15 min in PBS, and unspecific binding sites were im-
peded by incubation with blocking buffer containing 1%
(v/v) normal donkey serum (Chemicon Int.), 2% (v/v) cold
fish skin gelatin (Sigma-Aldrich), 0.15% (v/v) Triton X-100
(Sigma-Aldrich) in PBS for 1 h at room temperature. Pri-
mary antibodies were incubated in blocking buffer at 4°C
overnight. Fluorochrome-conjugated secondary antibodies
were diluted in blocking buffer, and incubated for 1 h at room
temperature. Stained sections were embedded in FluorSave
(Calbiochem). For stainings of Schwann cell cultures, cells
were rinsed with PBS, and fixed with 4% (v/v) PFA in PBS
for 15 min. Further procedure was performed as described
above. Fluorescence microscopy images were acquired with
the confocal microscope Nikon A1R (40x objective, numeri-
cal aperture 1.3) or Zeiss LSM 710 (63 x objective, numerical
aperture 1.4), using photomultiplier tube detectors. Image
quantification was performed with Imaris software (version
7.6.4, Bitplane) and processing with ImageJ 1.47b software
and Adobe Photoshop software (version CS5.1).

RESULTS

Forskolin induced transcriptional regulation of
genes involved in Schwann cell development

One key signaling pathway for Schwann cell differentiation
and peripheral myelination is mediated by cAMP levels. This
signal transduction pathway can be activated in vitro by
forskolin, an adenylyl cyclase activator. Since primary rat and
mouse Schwann cells in cultures react distinct upon particu-
lar stimulation reagents (Yamada et al., 1995), we examined
in detail the effect of forskolin on gene transcriptional requ-
lation in primary mouse Schwann cell cultures. Schwann cells
isolated from sciatic nerves of P1 mice were cultured in the
presence or absence of forskolin for 24 h. We ascertained the
optimal forskolin concentration of 20 wM, which resulted
in robustly induced transcription of Mpz/PO, a commonly
used marker for Schwann cell differentiation (D. Schmid, T.
Zeis, M. Sobrio and N. Schaeren-Wiemers, unpublished work).
A whole-genome expression assay was performed to iden-
tify transcriptional changes induced by forskolin treatment
in mouse Schwann cells in vitro, and about 22000 tran-
scripts were consistently expressed in cultured Schwann cells.
The generated database is provided as an interactive search
tool to analyze the expression pattern of genes of interest
upon forskolin treatment (Interactive Excel file; available at
http://www.asnneuro.org/an/006/an006e142add.htm). First,
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forskolin-dependent transcriptional expression of genes that
are implicated in Schwann cell development, differenti-
ation and myelination were analyzed (Table 1). For il-
lustration, selected genes were schematically grouped ac-
cording to their temporal expression in the Schwann
cell lineage (Supplementary Figure S1; available at
http://www.asnneuro.org/an/006/an006e142add.htm).

Analysis of transcription factors revealed a strong induc-
tion upon forskolin treatment for the mRNA expression levels
of Egr3 and Oct6 (Pou3f1), a major target of cAMP signal-
ing in Schwann cells (Monuki et al., 1989) (Table 1A). In-
creased transcription was also detected of Krox24 (Egr1),
the Egr1-binding protein 2 (Nab2) and the inhibitor of DNA
binding 2 and 4 (Id2, 1d4). Reduced mRNA expression levels
were present for the transcription factors AP2a (Tefap2a) and
cJun (Jun), which is in accordance to their down-regulation
during development in vivo (reviewed in Jessen and Mirsky,
2005). For Krox20 (Egr2) and Sox10, which was strongly ex-
pressed in primary Schwann cells, no significant forskolin-
dependent regulation was observed. Investigation of recep-
tors, which were implicated in Schwann cell signaling, re-
vealed that the expression levels of the tyrosine kinase re-
ceptors ErbB2, TrkB (Ntrk2) and TrkC (Ntrk3) were signifi-
cantly increased by forskolin (Table 1B). Forskolin treatment
led to a small reduction of the neurotrophin receptor p75N®
(Ngfr), in accordance to previous reports on rat Schwann
cell cultures (Morgan et al., 1991; Monje et al., 2009). It re-
sulted also in increased transcription of the myelin-related
genes Mpz, peripheral myelin protein 22 (Pmp22) and lipin1
(Lpn1) (Table 1C). No transcriptional regulation could be de-
tected for 2/,3’-cyclic nucleotide 3’ phosphodiesterase (Cnp),
the myelin-associated glycoprotein (Mag) and the myelin and
lymphocyte protein (Mal), and reduced expression levels of
plasmolipin (Pllp) and myelin basic protein (Mbp) were de-
tected in treated Schwann cells. However, sequence analysis
of the Mbp probes revealed that they code also for Golli
Mbp variants, having a distinct expression pattern and func-
tion during glia development compared with classical MBP
isoforms (Campagnoni et al., 1993; Pribyl et al., 1996).

During myelination, the synthesis of large amounts of
lipids is important for accurate myelin formation. For this
reason, the effect of forskolin treatment was investigated
on the regulation of genes involved in lipid biosynthesis in
Schwann cells (Table 1D). Significantly increased transcrip-
tion levels were detected for the stearoyl-coenzyme A desat-
urase 1(Scd1), the UDP-glucose ceramide glucosyltransferase
(Ugeg, Ges) and the UDP galactosyltransferase 8A (Ugt8a,
Cgt, mCerGT), the rate-limiting enzyme of the cerebroside
biosynthesis (Morell and Radin, 1969).

Our data analysis revealed that forskolin treatment of cul-
tured mouse Schwann cells led to up-regulation of a number
of transcripts which are important during Schwann cell dif-
ferentiation in vivo, and to reduced transcription of genes
known to be expressed in neural crest cells and Schwann
cell precursors in vivo (reviewed in Jessen and Mirsky,
2005).

Forskolin-induced transcriptional regulation in
Schwann cells

To further investigate the effect of forskolin on tran-
scriptional regulation in cultured mouse Schwann cells,
microarray data were analyzed more stringently using an
FDR-adjusted P-value of <0.05. This study revealed that
forskolin treatment resulted in increased expression of 330
transcripts by at least 1.5-fold, and in decreased expression
of 305 transcripts (Supplementary Table S2; available
at  http://www.asnneuro.org/an/006/an006e142add.htm).
Among the 25 strongest induced genes, Mpz was the solely
typical so far known myelin-related gene (Table 2A). Strong
transcriptional induction was detected for the sclerostin
domain containing 1 (Sostdc1), the pleckstrin homology
domain containing family A (Plekha4) and the ECM (ex-
tracellular matrix) protein spondin 2 (Spon2). Furthermore,
increased transcription was detected for the transcription
factor Egr3, as already stated before (Table 1A), the fibro-
blast growth factor 7 (Fgf7), the endothelin receptor type B
(Ednrb) and the proteoglycan decorin (Dcn), to name a few.
Strongest down-regulation upon forskolin treatment was
detected for the mRNA expression levels of protocadherin
20 (Pcdh20, also known as Pcdh13), phosphodiesterase
1B (Pde1b) and leucine-rich repeats and transmembrane
domains 1 (Lrtm1), each represented by two transcripts
(Table 2B). Olig1 was the only transcription factor identified
among the 25 strongest reduced transcripts. Strong tran-
scriptional reduction was also identified for the chondroitin
sulfate proteoglycan 4 [Cspg4, better known as neuron-glial
antigen 2 (NG2)], the proteoglycan aggrecan (Acan), the
secreted matrix Gla protein (Mgp) and the platelet-derived
growth factor subunit B (Pdgfb). gRT-PCR of these highly
differentially expressed transcripts validated our microarray
for the one which were significantly increased upon forskolin
treatment (Figure 1A) as well as for the ones which were
down-regulated upon forskolin treatment with the sole
exception of Nme7 (Figure 1B).

In summary, cAMP elevation led to differential expres-
sion of more than 600 transcripts in primary mouse Schwann
cell cultures. Among the 25 strongest induced genes, Mpz
was the only well-known myelin-related gene, disclosing the
possibility that new genes important for Schwann cell dif-
ferentiation were identified by this microarray analysis.

Olig1 expression in the PNS

The transcription factor Olig1 was identified to be strongly
down-regulated in forskolin-treated mouse Schwann cells.
Although Olig1 is known to play an important functional role
in differentiation of oligodendrocyte precursor cells (Li et al.,
2007), its expression in the Schwann cell lineage is not known.
For this reason, the expression of Olig1 protein was investi-
gated on sciatic nerves of P7 mice. Colocalization analysis
revealed Olig1 immunofluorescent signal primarily in MBP-
negative areas consisting of small diameter axons identified
by neurofilament (Figure 2B, inset and Figure 2D, arrows).
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Table 1 Differential gene expression analysis on transcripts known in Schwann cells

The expression levels of gene transcripts, which are important for Schwann cell development, differentiation and myelination were analyzed. The strongest induced
mRNA expression levels were detected for Pou3f1, Egr3 and Mpz. Data are based on a two-way ANOVA, and unadjusted P-values < 0.01 were accounted as
significant. n.s.: not significant; *: note that Mbp variants 7 and 8 are coding for Golli-Mbp, and are not expressed in myelin.

(A) Transcription factors

Common name Entrez ID Ratio 20 to O pM P-value
Early Growth Response 1 (Krox24) Egr1 1.68 0.0063
Early Growth Response 2 (Krox20) Egr2 1.27 n.s.

Early Growth Response 3 Egr3 7.26 < 0.0001
Inhibitor of DNA binding 2 1d2 2.12 < 0.0001
Inhibitor of DNA binding 2 1d2 1.37 < 0.0001
Inhibitor of DNA binding 4 Id4 1.98 0.0118
Jun Oncogen (cJun) Jun 0.62 < 0.0001
Nab1, EGR-1-binding protein 1 Nab1 0.99 n.s.

Nab1, EGR-1-binding protein 1 Nab1 1.05 n.s.

Nab1, EGR-1-binding protein 1 Nab1 0.98 n.s.

Nab1, EGR-1-binding protein 1 Nab1 1.1 ns.
Nab2, EGR-1-binding protein 2 Nab2 1.36 < 0.0001
Paired Box Gene 3 Pax3 Not detected

POU Domain, class 3, TF 1 (Oct6, SCIP) Pou3f1 4.38 0.0181
SRY-box Containing Gene 10 Sox10 1.05 ns.
SRY-box Containing Gene 2 Sox2 0.88 ns.
SRY-box Containing Gene 2 Sox2 0.93 n.s.

AP2u Tcfap2a 0.75 0.0133
AP2a Tcfap2a 0.82 0.0139
Yin Yang 1 Yy1 Not detected

(B) Receptors

Common name Entrez ID Ratio 20 to O pM P-value
v-Erb-b2 Erythroblastic Leukemia Viral Oncogene 2 Erbb2 1.34 0.0073
v-Erb-b2 Erythroblastic Leukemia Viral Oncogene 3 Erbb3 Not detected

G protein-coupled receptor 126 Gpr126 1.15 n.s.

Nerve Growth Factor Receptor (p75N™®) Ngfr 0.89 0.0123
Nerve Growth Factor Receptor (p75N™R) Ngfr 0.92 ns.

Nerve Growth Factor Receptor (p75NTR) Ngfr 0.92 ns.
Neurotrophic Tyrosine Kinase, Receptor 2 (TrkB) Ntrk2 1.26 0.0045
Neurotrophic Tyrosine Kinase, Receptor 3 (TrkC) Ntrk3 1.29 0.0018
Neurotrophic Tyrosine Kinase, Receptor 3 (TrkC) Ntrk3 1.26 0.0068
(C) Myelin

Common name Entrez ID Ratio 20 to O pM P-value
2',3'-cyclic nucleotide 3" phosphodiesterase CNP 1.02 ns.
2',3'-cyclic nucleotide 3" phosphodiesterase CNP 1.18 ns.

Gap Junction Protein a1 (Connexin 43) Gja1 1.80 0.0023
Gap Junction Protein a4 (Connexin 37) Gja4 Not detected

Gap Junction Protein 81 (Connexin 32) Gjb1 Not detected

Gap Junction Protein B2 (Connexin 26) Gjb2 1.33 ns.

Gap Junction Protein y3 (Connexin 29) Gjc3 Not on the array

Lipin 1 Lpin1 1.37 0.0008
Lipin 1 Lpin1 1.32 0.0004
Myelin-Associated Glycoprotein Mag 0.98 n.s.
Myelin and Lymphocyte Protein Mal 1.06 n.s.
Myelin and Lymphocyte Protein Mal 1.37 n.s.
Myelin Basic Protein (variant 1-7) Mbp 0.10 < 0.0001
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Table 1 Continued

(C) Myelin

Common name Entrez ID Ratio 20 to O pM P-value
Myelin Basic Protein (variant 1, 2, 4) Mbp 0.80 < 0.0001
Myelin Basic Protein (variant 8) Mbp 0.92 n.s.
Myelin Basic Protein (variant 1-8) Mbp 0.40 < 0.0001
Myelin Protein Zero (PO) Mpz 3.41 0.0001
Myelin Protein Zero (P0) Mpz 1.12 n.s.
Neurofascin Nfasc Not detected

Plasmolipin Plip 0.64 0.0018
Peripheral Myelin Protein 2 Pmp2 0.98 n.s.
Peripheral Myelin Protein 22 Pmp22 1.51 n.s.
Peripheral Myelin Protein 22 Pmp22 1.52 0.0037
Periaxin Prx Not detected

(D) Lipid biosynthesis

Common name Entrez ID Ratio 20 to O pM P-value
ATP-binding cassette transporter D1 Abcd1 1.02 n.s.
ATP citrate lyase Acly 1.10 n.s.
Aldehyde dehydrogenase family 3, subfamily A2 Aldh3a2 1.08 ns.
Aldehyde dehydrogenase family 3, subfamily A2 Aldh3a2 1.09 ns.
Arylsulfatase A (ASA) Arsa 1.10 n.s.
Sterol 27-hydroxylase Cyp27a1 Not detected
7-dehydrocholesterol reductase Dher7 1.04 ns.
Fatty acid 2-hydroxylase Fa2h Not detected
Fatty acid binding protein 7 (Blbp, Bfabp) Fabp7 Not detected
Fatty acid synthase Fasn Not detected
Galactose-3-0-sulfotransferase 1 (Cst, Gest) Gal3st1 1.30 ns.
Galactosylceramidase Galc 1.04 ns.
Glyceronephosphate O-acyltransferase (Dhapat) Gnpat 0.99 n.s.
3-hydroxy-3-methylglutaryl-Coenzyme A reductase Hmgcr 0.95 ns.
Phytanoyl-CoA hydroxylase Phyh Not detected
Sphingosine-1-phosphate receptor 1 (S1p) S1pr1 Not detected
SREBP cleavage activating protein Scap 1.15 n.s.
Stearoyl-Coenzyme A desaturase 1 (Scd) Scd1 1.61 < 0.0001
Sphingomyelin phosphodiesterase 1 Smpd1 0.95 ns.
Sphingomyelin phosphodiesterase 1 Smpd1 1.20 ns.
Sphingomyelin phosphodiesterase 1 Smpd1 1.20 ns.
Sterol regulatory element binding transcription factor 1 Srebf1 1.12 n.s.
Sterol regulatory element binding factor 2 (SREBP-2) Srebf2 1.03 n.s.
Sterol regulatory element binding factor 2 (SREBP-2) Srebf2 1.01 n.s.
UDP-glucose ceramide glucosyltransferase (Ges) Ugeg 1.18 0.0078
UDP-glucose ceramide glucosyltransferase (Ges) Ugcg 1.22 0.0172
UDP galactosyltransferase 8A (Cgt, mCerGT) Ugt8a 1.16 0.0126
(E) Varia
Common name Entrez ID Ratio 20 to O pM P-value
Cadherin19 Cdh19 0.59 0.0003
Cadherin19 Cdh19 0.62 0.0021
Cadherin2 (Ncad) Cdh2 0.80 0.0010
Disks Large Homolog 1 Dig1 Not detected
Dedicator of Cytokinesis Protein 7 Dock7 0.99 n.s.
Dedicator of Cytokinesis Protein 7 Dock7 1.12 ns.
Dystrophin-related Protein 2 Drp2 1.08 ns.
Endothelin Edn1 0.44 n.s.
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Table 1 Continued

(E) Varia

Common name Entrez ID Ratio 20 to O pM P-value
Growth Associated Protein 43 Gap43 0.50 < 0.0001
Glial Fibrillary Acidic Protein Gfap 1.10 n.s.

Glial Fibrillary Acidic Protein Gfap 1.52 0.0041
Histone deacetylase Hdac1 Not on the array

Histone deacetylase Hdac2 0.93 n.s.
Leucine-rich repeat LGI family, Member 4 Lgi4 1.26 0.0105
Leucine-rich repeat LGl family, Member 4 Lgi4 1.87 0.0002
Neural cell adhesion molecule 1 (CD56) Ncam1 1.39 0.0010
Neural cell adhesion molecule 1 (CD56) Ncam1 2.20 < 0.0001
Neural cell adhesion molecule 1 (CD56) Ncam1 1.52 0.0026
Membrane protein, palmitoylated 5 (Pals1) Mpp5 0.95 ns.
Partitioning Defective 3 Homolog (Par3) Pard3 1.02 n.s.
Partitioning Defective 3 Homolog (Par3) Pard3 1.03 n.s.
Partitioning Defective 3 Homolog (Par3) Pard3 1.04 ns.
Phosphatase and Tensin Homolog Pten 0.99 ns.
Phosphatase and Tensin Homolog Pten 1.12 n.s.
RAS-related C3 Botulinum Substrate 1 Rac1 0.91 ns.

Ras Homolog Family Member A Rhoa Not detected

Ras Homolog Family Member B Rhob 1.05 ns.

S100 B S100b Not detected

These areas are reminiscent of Remak bundles evident by the
expression of p75N™, a marker for nonmyelinating Schwann
cells (Figure 2B and Supplementary Figure S2; available
at http://www.asnneuro.org/an/006/an006e142add.htm). In
addition, also a subset of myelinating Schwann cells were

Pdelb- *=*
Lrtm14
Pedh204
Mbp-***
Tmem158+
Ste24
KIhI30
Pppiria-
Atp1b1-
Rcan2
Rgs8-.4
Nme7
Mgp-
Wnt16-
Klk4-
Olig1
Pdgfb-
Acan- **
Fhi14
Cspgd-
Cav1+
0.01 0.1 1

relative mRMNA expression
levels to untreated cells

relative mRNA expression
levels to untreated cells

Figure 1 Differential gene expression upon forskolin treatment

The differential expression of the strongest increased (A) and decreased (B)
gene transcripts was validated by qRT-PCR in treated compared with un-
treated primary mouse Schwann cells. Data were normalized to the ex-
pression of 60s. The columns represent the mean value of 12 experimental
samples, and the error bars indicate the S.D. *: P < 0.005, *: P < 0.0001,
*¥*. P < 0.00001. Raw data are provided as Supplementary Table S3 (available
at http://www.asnneuro.org/an/006/an006e 142add.htm).

identified to be Olig1 positive (Figures 2A and 2C, arrow-
heads). To determine Olig1 transcription during peripheral
nerve development, its mRNA expression levels were inves-
tigated by qRT-PCR in sciatic nerves at PO, P3, P9, P21 and
in adult mice (Figure 2D). Expression analysis of Olig1 mRNA
levels during peripheral nerve development revealed progres-
sively increased transcription correlating with Schwann cell
maturation. In contrast to Mpz, Olig1 mRNA expression levels
remained high in adult nerves. Confocal immunofluorescence
microscopy identified Olig1 localization in the cytoplasm as
well as in the nucleus of Schwann cells (Figure 2E). Quantifi-
cation of the average immunofluorescent signal revealed a
significant higher intensity in the cytoplasm compared with
the nucleus (results not shown). From our analysis, we con-
clude that Olig1 is expressed in Schwann cells although at
lower levels than in the CNS (central nervous system) (results
not shown).

Analysis of possible forskolin-dependent
upstream regulators

Putative forskolin-dependent upstream regulators were
identified by IPA (Ingenuity Pathway Analysis), based on the
highly significantly regulated transcripts (Supplementary
Table S2). The highest significantly proposed upstream
regulator was identified as ‘forskolin’ (Table 3). Furthermore,
three kinases playing a role in regulating the NF-«xB
(nuclear factor kB) pathway were suggested as upstream
regulators, namely the inhibitor of NF-kB kinase subunit

© 2014 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/) which permits unrestricted use, distribution
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Table 2 The strongest forskolin-dependent differentially regulated transcripts

Microarray data of Schwann cells cultured in the presence or absence of forskolin were analyzed using a two-way ANOVA with an FDR-adjusted P-value < 0.05. The 25 transcripts with the strongest increased (A) or
reduced (B) mRNA expression levels in treated Schwann cells are itemized, and their putative role in Schwann cells is indicated. n.d.: not determined. "Vigo et al., 2005 ?Yang et al., 1998 ¥Gao et al., 2007 ¥ Napoli et al.,
2012 ¥Srinivasan et al., 2012 ®Thomas and de Vries, 2007 7 Wolfer et al., 2001 ®Wilkins et al., 1997 ¥Hanemann et al., 1993 ' D. Schmid, T. Zeis, M. Sobrio and N. Schaeren-Wiemers, unpublished work "D Arthur-Farraj
et al,, 2012 '20gata et al,. 2004 ¥Jiang et al., 2013 "Monje et al., 2009 "9 Afshari et al., 2010 '®Jesuraj et al., 2012 Schneider et al., 2001 '®Rezajooi et al., 2004 "Mikol et al., 1999 29Mikol et al., 2002

20Tan et al., 2003

Entrez ID Official name Putative role in Schwann cells Fold change Ratio 20 to O pM P-value
A Sostdc1 Sclerostin domain containing 1, ectodin, wise n.d. 35.54 35.54 < 0.0001
Plekha4 Pleckstrin homology domain containing, family A Other pleckstrin homology domain containing proteins are 17.53 17.53 < 0.0001
known in Schwann cells
Spon2 Spondin 2, extracellular matrix protein, M-spondin Down-regulated in a PMP22-overexpressing rat model’ 14.12 14.12 0.0011
Cel11 Chemokine (C-C motif) ligand 11, eotaxin Suggested to be expressed in Schwann cells? 10.68 10.68 < 0.0001
Egr3 Early growth response 3 Modulates p75NT® expression together with Egri13 7.26 7.26 < 0.0001
1111 Interleukin 11; adipogenesis inhibitory factor (AGIF) Increased following Raf activation* 7.24 7.24 < 0.0001
Cel11 Chemokine (C-C motif) ligand 11, eotaxin Suggested to be expressed in Schwann cells? 6.20 6.20 0.0002
Egfl8 EGF-like-domain, multiple 8 Activated by Sox10, down-regulated by Egr2® 6.19 6.19 0.0001
Sores1 VPS10 domain receptor protein SORCS 1, sortilin-related nd. 5.68 5.68 < 0.0001
receptor CNS expressed 1
Egfl8 EGF-like domain, multiple 8 Activated by Sox10, down-regulated by Egr2° 5.04 5.04 0.0001
Gzmd Granzyme D n.d. 4.95 4.95 0.0024
Rassf4 Ras association (RalGDS/AF-6) domain family member 4 n.d. 434 434 0.0045
Prss35 Protease, serine, 35 n.d. 4.18 4.18 0.0003
Plekha4 Pleckstrin homology domain containing, family A Other pleckstrin homology domain containing proteins are 4.15 4.15 < 0.0001
known in Schwann cells
Fgf7 Fibroblast growth factor 7, heparin-binding growth factor, Expressed in Schwann cells® 3.78 3.78 0.0004
keratinocyte growth factor
Tgfbr3 Transforming growth factor, beta receptor llI, betaglycan Expressed in Schwann cells® 3.72 3.72 < 0.0001
Kenn4 Potassium intermediate/small conductance n.d. 3.62 3.62 < 0.0001
calcium-activated channel
Prss12 Protease, serine 12, neurotrypsin, motopsin Expressed in Schwann cell precursor, suggested role in 3.61 3.61 < 0.0001
Schwann cell differentiation’
Thbd Thrombomodulin, fetomodulin n.d. 3.59 3.59 0.0001
Slc24a3 Solute carrier family 24 (sodium/potassium/calcium n.d. 3.53 3.53 < 0.0001
exchanger), member 3
Mpz Myelin protein zero Expressed in myelinating Schwann cells, marker for 3.41 3.41 0.0001
differentiation
Npy5r Neuropeptide Y receptor Y5 n.d. 3.31 3.31 < 0.0001
Ednrb Endothelin receptor type B Endothelin receptors were shown to be coupled to adenylyl 3.25 3.25 < 0.0001
cyclase in immortalized Schwann cells®
Dcn Decorin (proteoglycan) Expressed in Schwann cells; increased from E14 to E18° 3.16 3.16 0.0007
Prss12 Protease, serine, 12 neurotrypsin (motopsin) Expressed in Schwann cell precursor, suggested role in 3.16 3.16 < 0.0001

Schwann cell differentiation’
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Table 2 Continued
Entrez ID Official name Putative role in Schwann cells Fold change Ratio 20 to O pM P-value
B Pedh20 Protocadherin 20, protocadherin 13 n.d. —14.02 0.07 < 0.0001
Pde1b Phosphodiesterase 1B, Ca?* -calmodulin dependent n.d. —12.05 0.08 < 0.0001
Lrtm1 Leucine-rich repeats and transmembrane domains 1 n.d. —11.60 0.09 < 0.0001
Pde1b Phosphodiesterase 1B, Ca?* -calmodulin dependent n.d. —11.30 0.09 < 0.0001
Lrtm1 Leucine-rich repeats and transmembrane domains 1 nd. —10.92 0.09 < 0.0001
Pedh20 Protocadherin 20 n.d. —10.07 0.10 < 0.0001
Mbp Myelin basic protein Sequence codes for Mbp variants 1-7 including Golli-Mbp, —9.98 0.10 < 0.0001
having a distinct function than classical Mbp
Tmem158 Transmembrane protein 158, ras-induced senescence 1 (ris1) n.d. —8.85 0.1 0.0002
Stc2 Stanniocalcin 2, mustc2 n.d. —8.82 0.11 < 0.0001
KIhi30 Kelch-like 30 n.d. —7.04 0.14 < 0.0001
Pppiria Protein phosphatase 1, regulatory (inhibitor) subunit 1A n.d. —5.83 0.17 < 0.0001
Atp1b1 ATPase, Na™ [K™ transporting, beta 1 polypeptide n.d. —4.97 0.20 < 0.0001
Rcan2 Regulator of calcineurin 2, calcipressin-2, MCIP2 n.d. —4.87 0.21 < 0.0001
Rgs8 Regulator of G-protein signaling 8 n.d. —4.61 0.22 < 0.0001
Nme7 ME/NM23 family member 7, non-metastatic cells 7, n.d. —4.12 0.24 < 0.0001
Nucleoside diphosphate kinase 7
Mgp Matrix Gla protein n.d. —4.01 0.25 0.0004
Wnt16 Wingless-related MMTV integration site 16 Increased in MAL-overexpressing Schwann cells'® —4.01 0.25 < 0.0001
Klk4 Kallikrein related-peptidase 4 (prostase, enamel matrix, n.d. —3.95 0.25 < 0.0001
prostate)
Olig1 Oligodendrocyte transcription factor 1 Strong ﬂun-dependent activation in denervated Schwann —3.94 0.25 0.0009
cells
Pdgfb Platelet-derived growth factor, B polypeptide Pdgf suppresses exression of myelin-related proteins'? and —3.84 0.26 0.0003
promotes cell proliferation’® 1
Acan Aggrecan, Cspg1 Schwann cell migration is inhibited by astrocyte-produced —3.72 0.27 < 0.0001
aggrecan'®
Fhin Four and a half LIM domains 1 Up-regulated in the motor branch of the femoral nerve —3.64 0.27 < 0.0001
compared to the sensory branch'®
Wnt16 Wingless-related MMTV integration site 16 Increased in MAL-overexpressing Schwann cells'® —3.56 0.28 < 0.0001
Cspg4 Chondroitin sulfate proteoglycan 4, neuron-glial antigen 2 Expressed in precursor, immature and nonmyelinating —3.52 0.28 < 0.0001
(NG2), AN2 Schwann cells'®, up-regulated in regenerating PNS'®
Cav1 Caveolin 1 Increased during myelinating and decreased after —3.49 0.29 < 0.0001

axotomy'® 20, can regulate the signaling through ErbB2%'
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Figure 2 Expression of Olig1 in sciatic nerves and cultured Schwann cells
Immunofluorescent stainings of transversal (A) and longitudinal (C) tissue sec-
tions of sciatic nerves from P7 mice revealed Olig1 immunofluorescence in
Remak bundles (arrows), identified by a bundle of unmyelinated (MBP-neg-
ative) small diameter axons, and in a subset of myelinating Schwann cells
(arrowheads). (B) Remak bundle localization was confirmed by the expression
of p75N™R. (D) A progressive increase of Olig1 mRNA expression levels was de-
tected during peripheral nerve development by qRT-PCR. Data were normalized
to the expression of 60s, and values at PO were set to 1. Each data point repre-
sent the mean value of at least eight experimental samples, and the error bars
indicate the S.D. (E) In vitro, Olig1 expression was predominantly detected in
the cytoplasm of cultured Schwann cells (E, arrows), whereas nuclear staining
was significantly weaker (E, arrowheads). NF: neurofilament. Bar: A: 100 wm;
B, C, E: 20 um.

a (CHUK), the I-«kB kinase subunit y (IKBKG) and the I-
kB kinase subunit B (IKBKB). In addition, the signal trans-
ducer and activator of transcription 3 (Stat3) and Sox10
were proposed to be involved in the regulation of some
of the differentially expressed genes. Notch1 was proposed
as the most significant inhibited upstream regulator, well
in line with the negative effect of Notch signaling on pe-
ripheral myelination (Woodhoo et al., 2009). In addition,
inhibitory modulation was proposed for the small GTP-
binding protein Rac1 and the MAPK-kinase MEK 1 and 2
(MAP2K1/2).

An important question to solve is whether there are
putative transcription factor binding sites in promoter re-
gions of co-regulated genes, allowing to identify transcrip-
tion factors that might cause some of the observed al-
terations. Using TransFind, a web-based software tool, the
affinity of a transcription factor to the putative promoters
of the genes (— 300 bp upstream to + 100 bp downstream
of transcription start site) was predicted in silico (Kielbasa
et al., 2010). First, genes with induced mRNA expression lev-
els due to forskolin treatment were analyzed (Table 4A). The
most significant prediction was for the transcription fac-
tor matrix of the KROX family, containing Krox24 (Egr1),
Krox20 (Egr2), Egr3 and NGFI-C (Egr4) and the distally re-
lated Wilms' tumor 1 (Wt1) (Chavrier et al., 1988; Lemaire
et al., 1988; Call et al., 1990; Gessler et al., 1990; Patward-
han et al,, 1991; Crosby et al.,, 1992). In addition, genes with
a binding site for the transcription factors spermatogenic
leucine zipper 1 (Spz1) and Wt1 were significantly over-
represented in forskolin-induced genes. We could further
identify that several genes with reduced mRNA expression
levels in treated Schwann cells contain a binding site for the
transcription factor HEB (also known as transcription fac-
tor 12, Tef12) or the myocyte enhancer factor-2 (MEF-2)
(Table 4B).

GO-annotations in differentiated Schwann cells

The usage of GO (gene ontology) annotations allows an-
alyzing differentially expressed transcripts by means of a
controlled vocabulary, in respect to the categories of cel-
lular components, molecular functions and biological pro-
cesses (Figure 3 and Supplementary Table S4; available at
http://www.asnneuro.org/an/006/an006e142add.htm). Ana-
lysis of molecular functions revealed that forskolin-induced
transcripts were associated with cytoskeletal protein bind-
ing, actin binding and ECM binding, as well as with cytokine
and chemokine activity. Investigation of GO-annotations on
cellular components revealed a high association of both
sets of transcripts with the ECM, the extracellular region
and the plasma membrane. Furthermore, genes with re-
duced mRNA expression levels in treated cells showed en-
richment for the annotations basement membrane and inte-
grin complex. Analysis of the category 'biological processes'
revealed that increased and decreased transcripts were often
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Table 3

Investigation of putative upstream regulators

Differentially expressed transcripts in differentiated Schwann cells were analyzed in respect to their potential upstream regulators.

Upstream regulator

Common name

Predicted activation state

Activation z-score

P-value of overlap

Forskolin Activated 2.508 3.90x 107 1®
CHUK Inhibitor of nuclear factor kappa-B kinase subunit o Activated 2.387 483 x10°'°
IKBKG Inhibitor of kappaB kinase subunit y Activated 2.982 1.61x 1013
IKBKB Inhibitor of kappaB kinase subunit B Activated 2.985 1.21x 10710
STAT3 Signal transducer and activator of transcription 3 Activated 2.462 8.81x 10~

CEBPB C/EBP-beta, NF-IL6 Activated 2.201 5.81x 1078

SOX10 SRY-box containing gene 10 Activated 2.200 1.57 x 1075

HOXC8 Homeobox C8 Activated 2.000 6.41x10°°

Tnf (family) Tumor necrosis factor Activated 2.132 9.84x 103

HOXC6 Homeobox C6 Activated 2.000 151 x 1072

ZNF217 Zinc finger protein 217 Activated 2.236 336 x 1072

PTPRJ Protein tyrosine phosphatase, receptor type, J Activated 2.000 433x 1072

NOTCH1 Notch1 Inhibited —2318 8.05x 10~°

SRF Serum response factor Inhibited —2.668 1.12x 1075

TGFB3 Transforming growth factor, § 3 Inhibited —2.559 331x107°

KLF4 Kruppel-like factor 4 Inhibited —2.599 593 x 10~*

Nfat (family) Nuclear factor of activated T cells Inhibited —2.121 6.60 x 10~4

LYN Yamaguchi sarcoma viral (v-yes-1) oncogene homolog Inhibited —2.186 421x1073

RAC1 RAS-related C3 botulinum substrate 1 Inhibited —2.173 511x 1073

MAP2K1/2 Mek1/2 Inhibited —2.177 9.43x 103

MKL1 MKL (megakaryoblastic leukemia)/myocardin-like 1 Inhibited —2.160 1.26 x 102

SFTPA1 Surfactant associated protein A1 Inhibited —2.200 3.19x 1072

IKZF1 IKAROS family zinc finger 1 Inhibited — 2433 3.92x 1072

Table 4 Promoter analysis to investigate significantly enriched transcription factor binding sites

Three putative transcription factor binding sites could be identified for gene transcripts increased due to forskolin treatment (A), whereas two putative binding sites
could be detected for decreased gene transcripts (B). TF: Transcription factor. @ number and percentage of genes that contain specific transcription factor-binding
site among submitted transcripts; ¥ number and percentage of genes that contain specific transcription factor binding site among all genes.

(A) Positive set: increased due to forskolin treatment

Rank TF matrix i P-value FDR Hits in positive set Hits in negative set
1 KROX_Q6 <0.0001 0.01 14 (5.55%)? 486 (1.43%)°
21 SPZ_01 0.0004 0.03 12 (4.76 %) 488 (1.43%)
3i WT1_Q6 0.0004 0.03 12 (4.76 %) 488 (1.43 %)

*Supporting transcripts of positive set 1: Twist2, Kif26a, Pik3r1, Ctsb, Emb, Cacnath, Bcl2I11, Slc24a, Crabp2, OlfmI3, Camk2n1, Reln, Fgfrl1, CrIf1
tSupporting transcripts of positive set 2: Bmp4, Emb, Clef1, Sed1, Camk2n1, Cxcl1, Tgfbr3, Tef3, Ybx, 1111, Crlf1
iSupporting transcripts of positive set 3: Twist2, Appl2, Aatk, Col14a1, Emb, Pde10a, Slc24a3, Tgfbr3, 1111, Crlf1

(B) Positive set: decreased due to forskolin treatment

Rank TF matrix i P-value FDR Hits in positive set Hits in negative set
1 HEB_Q6 0.0001 0.01 13 (4.94 %) 487 (1.43%)
2t MEF2_Q6_01 0.0001 0.01 13 (4.94 %) 487 (1.43 %)

*Supporting transcripts of positive set 1: Des, Lypd1, Slamf9, PIxna2, Igf1, A530088H08Rik (Pirt), Mef2c, Leprel1, Cdkn1a, KIk8, Galntl4, Spsb4, Tmem158
tSupporting transcripts of positive set 2: Gpbar1, Igf1, Tcap, Hdac5, D030072B18Rik (Hdac9), Ckb, Hist1h2af, Hspb3, Myom1, Jun, Csrp3, Inppl1, 2610524A10Rik (Dzip1l)

associated with cell adhesion, migration and proliferation, as
well as with cell-cell signaling. The term of MAPKKK (MAPK
kinase kinase) cascade, which is implicated in Schwann cell
dedifferentiation (Harrisingh et al., 2004), was detected ex-
clusively in the set of transcripts with reduced expression due
to forskolin treatment.

Pathway analysis implicated in Schwann cell
differentiation

To identify putative signaling cascades in forskolin-
dependent differentially expressed transcripts, the KEGG
(Kyoto Encyclopedia of Genes and Genomes) path-
way was (Table 5). Also

investigated

using DAVID

© 2014 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/) which permits unrestricted use, distribution
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Analysis of molecular functions revealed that several transcripts increased with forskolin are associated with cytoskeletal protein and
actin binding. Both sets of transcripts either increased or decreased due to forskolin manifested association with the cellular com-
ponent of ECM and with the plasma membrane. The term of basement membrane and integrin complex was exclusively enriched in
forskolin-reduced transcripts. GO-annotation analysis of transcripts decreased with forskolin showed an enrichment of genes impli-
cated in intracellular signaling cascade and in the MAPKK cascade. Raw data are provided as Supplementary Table S4 (available at

http://www.asnneuro.org/an/006/an006e142add.htm).

Table 5

KEGG pathway analysis of differentially expressed transcripts in primary mouse Schwann cell cultures

Gene with induced (A) and those with reduced mRNA expression levels (B) due to forskolin treatment were analyzed using the software DAVID. Both sets manifested
enrichment for the ECM-receptor interaction and for focal adhesion. % of total submitted genes (294 for A, 242 for B).

(A) Set of genes with increased mRNA expression levels due to forskolin

Identification Pathway % P-value
mmu04060 Cytokine-cytokine receptor interaction 5.10 0.00020
mmu04512 ECM-receptor interaction 2.38 0.00446
mmu04621 NOD-like receptor signaling pathway 2.04 0.00528
mmu04360 Axon guidance 2.72 0.01129
mmu04350 TGF-beta signaling pathway 2.04 0.02338
mmu04510 Focal adhesion 3.06 0.03265
(B) Set of genes with decreased mRNA expression levels due to forskolin

Identification Pathway % P-value
mmu04510 Focal adhesion 7.02 <0.00001
mmu04512 ECM-receptor interaction 3.31 0.00028
mmu04115 p53 signaling pathway 2.89 0.00060
mmu04810 Regulation of actin cytoskeleton 3.72 0.01811
mmu04012 ErbB signaling pathway 2.07 0.04833
mmu04010 MAPK signaling pathway 3.72 0.05746

this analysis revealed that several forskolin-induced
gene transcripts were associated with the ECM-receptor
interaction (Table 5A). Pathway analysis of transcripts, which
were reduced upon elevation of cAMP levels revealed the
strongest enrichment for the focal adhesion pathway (Ta-
ble 5B). In line with induced transcripts, ECM-receptor inter-

action was also proposed as a putative pathway for the set
of genes with decreased mRNA expression levels in treated
Schwann cells. Furthermore, the MAPK (MAP-kinase) signal-
ing pathway was identified to be overrepresented in this set
of transcripts. Based on the pathway analysis, we conclude
that a number of differentially reqgulated transcripts were
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associated with the ECM-receptor interaction as well as with
the focal adhesion pathway, implicating that a major effect
of forskolin might be the modulation of the ECM and the
cytoskeleton.

Forskolin-dependent requlation of components
of the ECM

To determine the effect of elevated cAMP levels by forskolin
on transcriptional regulation of components of the ECM and
the basal lamina, a list of selected genes associated with
the ECM was compiled and schematic illustrated (Figure 4).
Most of the investigated components of the basal lamina
showed differentially expressed mRNA expression levels upon
forskolin treatment of cultured Schwann cells. One of the
strongest reductions could be detected for a-dystrobrevin
(Dtna), a member of the DGC (dystrophin-glycoprotein com-
plex). Furthermore, the transcription of syntrophin acidic 1
(Snta1), also a component of this complex, was significantly
reduced upon forskolin treatment, although expression levels
of the other syntrophin isoforms were not changed. The DGC
is linked to the basal lamina by interaction with agrin (Agrn),
whose mRNA expression levels were also reduced in treated
Schwann cells, or with laminin. A reduced expression was
identified for laminin y2 (Lamc2), whereas increased expres-
sion levels were detected for laminin a1, a2 (Lama1, Lama2)
and laminin y1 (Lamc1) upon treatment. Investigation of the
laminin receptor integrin manifested that forskolin treatment
reduced the transcription of integrins such as the integrin
al, a2, a5, B1 and B5 (Itgal, Itga2, Itgas, Itgb1 and Itgbb)
in primary mouse Schwann cells. In contrast, forskolin treat-
ment induced the transcription of integrin B4 and B8 (Itgb4
and ltgb8), in agreement with a study reporting elevated
integrin B4 expression during development and upon
forskolin treatment in rat Schwann cells (Feltri et al., 1994).
Collagen fibers are another major component of the ECM.
Elevation of cAMP levels by forskolin resulted in induced
transcription of collagen type Il a1 (Col2a1), in line with a
previous report on rat Schwann cells (D'Antonio et al., 2006),
and collagen type IV a2 (Col4a2). Forskolin treatment led to
reduced transcription of collagen type IV a5 (Col4a5), colla-
gen type V a2 (Col5a2) and of collagen type VI a3 (Col6a3).
Additional analysis of basal lamina components revealed sig-
nificantly increased mRNA expression levels of nidogen1 (en-
tactin, Nid1), nidogen2 (entactin 2, Nid2) and of the proteo-
glycan perlecan (Hspg2).

From these data, we conclude that forskolin treatment
has a strong impact on transcriptional regulation of a va-
riety of ECM-associated genes in cultured mouse Schwann
cells, probably reflecting the morphological changes occur-
ring upon Schwann cell differentiation.

Correlation analysis between in vivo and in vitro
samples

Elevation of intracellular cAMP by forskolin is often used as
an in vitro model for Schwann cell differentiation. There-

fore the expression data from naive and forskolin-treated
Schwann cells and from sciatic nerve tissues taken from PO,
P4, P7,P10 and P60 mice were examined by a PCA to visualize
similarities or differences between the experimental samples
(Figure 5A). Well-defined clusters could be identified for both
untreated and treated Schwann cell cultures (Figure 5A, red
and blue dots, respectively). Additional distinct clusters could
be detected for samples of the different developmental time
points of peripheral nerves (Figure 5A, green dots). The PCA
for the developmental in vivo samples at PO, P4, P7 and P10
showed that the time points closely neighbor each other.
P60 nerve samples formed an individual cluster, reflecting
that their expression is distinct. The PCA also illustrated that
the expression pattern identified in cultured Schwann cells
did not overlap with those of the peripheral nerve tissues,
which is reflected by the dendrogram analysis of hierarchical
clustering (Figure 5B).

The effect on elevated cAMP levels on the Schwann cell
lineage was further investigated by analyzing only transcripts
which were differentially expressed with an FDR-adjusted
P-value <0.05 due to forskolin treatment (Figures 5C and
5D). By PCA, distinct clusters could be visualized for samples
of treated or untreated Schwann cell cultures (Figure 5C).
Hierarchical cluster analysis revealed further that forskolin-
treated Schwann cell samples associate within the same
branch as samples derived from the nerve tissues (Figure 5D,
arrow), indicating some corresponding expression pattern.
Still, the majority of differentially expressed transcripts
elicited by forskolin treatment do not resemble the in vivo
situation.

DISCUSSION

Accurate peripheral myelination depends on a variety of
signals and growth factors. Elevation of intracellular cAMP
levels by either db-(dibutyryl-JcAMP or forskolin is the clas-
sically used stimulation assay to reproduce some of the as-
pects of Schwann cell differentiation in vitro, reflected by
induced expression of myelin-related genes (Monuki et al.,
1989; Morgan et al., 1991; Parkinson et al., 2003; Schworer
et al., 2003; Monje et al., 2009). The effect of forskolin treat-
ment on primary mouse Schwann cells was analyzed by a
comprehensive microarray study. Comparison between our
microarray data and a study on rat Schwann cells treated
with forskolin revealed a number of overlaps such as in-
creased expression of inositol triphosphate receptor subtype
3 (Itpr3), laminin a2 and y1 (Lama2, Lamc1) and reduced ex-
pression of agrin (Agrn), fibroblast growth factor 5 (Fgf5) and
focal adhesion kinase pp125 (Ptk2) (Schworer et al., 2003). In
addition to the myelin-related genes known to be regulated
by forskolin in vitro, we identified many so far disregarded
genes to be expressed by cultured Schwann cells. The gener-
ated database and interactive search tool for genes of inter-
est provides a new insight into the molecular mechanisms of
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Ratio Ratio

A Common name Entrez ID 20 to OpM  P-value Common name Entrez ID 20 to OpM P-value
Agrin Agrn 0.60 0.0001 Integrin a5 Itga$ 0.65 0.0075
Cell Division cycle 42 Cde42 0.86 n.s. Integrin a6 ltga 0.80 n.s.
Collagen typell, a2 Col2at 1.80 0.0130 Integrin a7 ltga? 0.83 n.s.
Collagen typell, a2 ColZal 1.52 ns. Integrin a8 Itga9 Mot detected
Collagen typell, a2 Col2al 1.36 0.0125 Integrin g1 Itgb1 0.71 0.0028
Collagen typelV, a1 Coldat 1.15 n.s. Integrin B1 Itgb1 0.80 n.s.
Collagen typelV, a2 Colda2 1.27 0.0091 Integrin B2 Itgh2 0.92 n.s.
Collagen typelV, a5 Coldas 0.63 <0.0001 Integrin B3 Itgb3 Mot detected
Collagen typelV, a5 Col4as 0.7 0.0011 Integrin B4 Itgh4 1.63 <0.0001
Collagen typeV, a1 Col5al 1.01 n.s. Integrin B4 Itgb4 1.68 0.0002
Collagen typeV, a2 Col5a2 0.66 0.0036 Integrin B5 Itgh5 0.54 0.0001
Collagen typeV, a2 Col5a2 0.91 ns. Integrin B6 Itgb& 1.03 n.s.
Collagen typeV, a2 Col5a2 0.74 0.0099 Integrin B8 Itgh8 1.48 0.0001
Collagen typeV, a3 Col5a3 0.84 n.s. Integrin B8 Itgb8 1.59 <0.0001
Collagen typeVl, a1 ColBal 1.00 ns. Laminin a1 Lamal 1.75 0.0022
Collagen typeVl, a1 ColGal 0.86 ns. Laminin a2 Lama2 1.35 0.0046
Collagen typeVl, ai ColGal 1.05 n.s. Laminin a4 Lamad Mot detected
Collagen typeVl, a2 ColGa2 0.99 ns. Laminin a5 Lamas 0.80 n.s.
Collagen typeVl, a2 Col6a2 1.00 ns. Laminin 1 Lamb1-1 1.08 n.s.
Collagen typeVl, a3 ColGa3 0.88 n.s. Laminin p2 Lamb2 1.00 n.s.
Collagen typeVl, a3 Col6a3 0.71 <0.0001 Laminin y1 Lamc1 1.01 n.s.
Dystroglycan Dag1 1.15 n.s. Laminin y1 Lame1 1.21 0.0024
Dystroglycan Dag1 1.19 ns. Laminin y2 Lamc2 0.82 0.0167
Dystrobrevin a Dtna 0.40 <0.0001 Nidogen 1 (Entactin) Nid1 1.77 <0.0001
Dystrobrevin a Dtna 0.60 0.0001 Nidogen 1 (Entactin) Nid1 1.88 <0.0001
Dystrobrevin a Dtna 0.7 0.0007 Nigoden 2 Nid2 1.48 0.0008
Dystrobrevin a Dtna 0.76 0.0030 Sarcoglycan a Sgca Not detected
Dystrobrevin B Dinb 1.00 n.s. Sarcoglycan £ Sgce Mot detected
Perlecan (Heparan Sulfate Proteoglycan 2) Hspg2 0.89 n.s. Sarcoglycan y Sgeg Mot detected
Perlecan (Heg Sulfate Proteogly 2) Hspg2 1.43 0.0040 Bamacan Sme3 0.86 n.s.
Perlecan (Hep Sulfate Proteogly 2) Hspg2 1.32 0.0141 Syntrophin acidic 1 Sntal 0.93 n.s.
Integrin al Itgat 0.76 0.0006 Syntrophin acidic 1 Sntal 0.49 <0.0001
Integrin al Itgat 0.49 <0.0001 Syntrophin basic 1 Sntb1 0.85 n.s.
Integrin a10 Itga10 0.95 ns. Syntrophin basic 2 Sntb2 0.99 n.s.
Integrin a1 Itga11 1.19 n.s. Syntrophin basic 2 Sntb2 1.18 n.s.
Integrin al1 Itgaii 1.21 n.s. Syntrophin basic 2 Sntb2 0.90 n.s.
Integrin a2 Itga2 0.76 0.0054 Syntrophin y1 Sntg1 Mot detected
Integrin a3 Itga3 1.03 ns. Syntrophin y2 Sntg2 Mot detected
Integrin a5 Itgas 0.64 0.0003 Utrophin Utrn Mot detected

Col2a1, 4a2 t

Col4as, 5a2, 6a3 |
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Laminin-2 Laminin tematz,c1 § Nidogen 1
Lamc2

Lama5, b1, b2 e

Integrin

Itgbd, b8 t

Dtna * ligat, a2,a5,b1,b5 |
Snt =

Utrn

Itga3, a6, a7, a10, a1
—
Itgh2, b6

Figure 4 Effect of forskolin treatment on mRNA expression levels of known components of the ECM in Schwann cells
(A) Data analysis of the microarray was performed by a two-way ANOVA, and unadjusted P-values <0.01 were accounted as significant.
Forskolin had a regulatory effect on the majority of investigated ECM-associated genes. n.s.: not significant. (B) Schematic illustration of
components of the ECM and the basal lamina in Schwann cells. The effect of forskolin on gene expression of selected genes associated
with the ECM and the basal lamina (red line) was shown by blue (reduced), red (increased) or green (unaltered) arrows.
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Figure 5 Comparison analysis of gene expression between primary mouse Schwann cell cultures and developing sciatic nerve samples

(A, B) Analysis of the whole-genome revealed distinct gene transcription between in vivo and in vitro, illustrated by PCA (A). A
well-defined cluster can be depicted of developing nerve samples, whereas P60 form an individual cluster. Distinct expression between
primary Schwann cell cultures and in vivo samples could be confirmed by a heat map analysis, indicated by the dendrogram (B). (C,
D) Analysis based on only forskolin-dependent differentially expressed transcripts resulted in distinct clusters between treated and
untreated Schwann cells, as well as between in vivo and in vitro (C). Heat map analysis revealed that forskolin-treated Schwann cells
associate within the same branch as the samples derived from the nerve tissues (D, arrow).
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Schwann cell differentiation (Interactive Excel file; available
at http://www.asnneuro.org/an/006/an006e142add.htm).

First, we focused on genes that were reported to be
expressed at a distinct stage of the Schwann cell lineage
(Supplementary Figure S1). In line with previous studies, we
observed induced transcription of genes expressed in dif-
ferentiated Schwann cells, such as the myelin-related genes
Mpz and Pmp22 (Lemke and Chao, 1988; Morgan et al., 1991;
Schworer et al., 2003; Monje et al., 2009). However, no in-
crease on mRNA expression levels could be detected for Mag.
This observation is in contrast to reports on rat Schwann
cells showing increased protein levels upon db-cAMP addi-
tion (Monje et al., 2009; Monje et al., 2010), respectively,
increased Mag transcription after forskolin treatment (Ogata
et al., 2004). This discrepancy of Mag expression compared
with published literature might be explained by the fact
that Schwann cells derived from mice were investigated in
our study, compared with Schwann cells derived from rats
in the other studies. Indeed, we found no report analyzing
Mag transcription upon forskolin treatment in primary mouse
Schwann cell cultures. We suggest that the effect of forskolin
in respect to Mag transcription might be distinct between rat
and mouse Schwann cells.

Induction of myelin-related gene transcripts was also re-
ported in cultured Schwann cells upon adenoviral infec-
tion with an Egr2-expressing construct (Nagarajan et al,,
2001). In comparison with their study, we also identified
a down-requlation of genes expressed in neural crest cells,
Schwann cell precursors and immature Schwann cells, such
as the transcription factors AP2a (Tcfap2a) and cJun or the
adhesion proteins Cdh2 (NCad) and Cdh19. These observa-
tions suggest that Egr2-dependent differentiation drives the
Schwann cells predominantly into the myelinating pheno-
type, whereas treatment with forskolin additionally leads
to down-regulation of gene transcripts expressed at earlier
stages of the lineage.

Upon forskolin treatment, we identified significantly in-
creased expression for the transcription factor Egr1 (Krox24),
a major transcription factor in nonmyelinating Schwann cells.
The induced transcription might be due to the Egr1 promoter
containing a CRE (CAMP-response element) (reviewed in Thiel
et al., 2010). Furthermore, increased transcriptional activity
of Egr1 by forskolin is in line with detected transactivation of
Egr1 by CREB signaling in gonadotophs (Mayer et al., 2008;
Mayer and Thiel, 2009). Besides Egr1, also the related tran-
scription factor Egr3 was significantly increased by around
7-fold in treated Schwann cells. Enforced expression of both
Egr1 and Egr3 by adenoviral infections led to increased p75NTR
transcription in immortalized rat Schwann cells (Gao et al,,
2007), in contrast to our data of reduced p75"™ expres-
sion despite increased Egr1 and Egr3 mRNA expression levels.
However, the forskolin-induced increase of Egr1 transcrip-
tion was modest compared with enforced expression by ade-
noviral constructs, speculating that a certain expression level
and/or a distinct stoichiometry of Egr1 and Egr3 is required
to modulate p75N™® expression. Analysis of tyrosine kinase

receptors revealed that transcripts coding for ErbB2, TrkB
and TrkC were increased in treated Schwann cells, suggesting
that forskolin treatment not only activates CREB signaling
but also might influence other intracellular signaling path-
ways mediated by tyrosine kinase receptors in Schwann cells
as previously suggested (Stewart et al., 1996; Kim et al., 1997;
Cohen and Frame, 2001; Grimes and Jope, 2001; Ogata et al.,
2004; Monje et al., 2006; Monje et al., 2010).

Olig1 as a new transcription factor in Schwann

cells

Among the 25 gene transcripts, which were strongly de-
creased in forskolin-treated Schwann cells, we identified the
transcription factor Olig1. In the CNS, Olig1 is essential for
the differentiation of oligodendrocyte precursor cells into
mature oligodendrocytes (Xin et al., 2005; Li et al., 2007). In
the oligodendrocytes lineage, Olig1 activates Mbp transcrip-
tion by interaction with the transcription factor Sox10 (Li
et al., 2007), which is also expressed throughout the entire
Schwann cell lineage. However, the role of Olig1 in the PNS
is not known yet. Although investigations of Olig1-deficient
mice did not reveal major abnormalities of the PNS (Charles
D. Stiles, personal communication), a functional role of Olig1
during peripheral nerve development or in regeneration can-
not be excluded. In cultured mouse Schwann cells, a signifi-
cantly higher Olig1 expression was detected in the cytoplasm
compared with the nucleus. In the CNS, Olig1 was also local-
ized in the cytoplasm of oligodendrocytes, whereas nuclear
localization was only detected for a short time period during
early development (Arnett et al., 2004; Othman et al., 2011).
The cytoplasmic function of Olig1 is not yet entirely under-
stood, but it was demonstrated to be crucial for elaboration
of cell processes and membrane expansions in oligodendro-
cytes precursor cells (Niu et al., 2012). Since glial development
in the PNS precedes the one in the CNS, Olig1 expression in
the nucleus might be present at very early embryonic stages.
Besides early development, nuclear Olig1 expression in oligo-
dendrocytes was also reported upon remyelination (Arnett et
al., 2004). In Olig1-deficient mice, remyelination failed due
to impaired differentiation of progenitors, underlining its es-
sential role in oligodendrocyte differentiation (Arnett et al,,
2004). In line, we propose Olig1 playing an important role
also in Schwann cell differentiation, indicated by its strong
differential transcription upon differentiation with forskolin.
In the PNS, Olig1 was recently reported to be up-regulated
in injured nerves (Arthur-Farraj et al., 2012), suggesting its
expression in Schwann cells during denervation and regen-
eration. Our immunofluorescence analysis on sciatic nerves
revealed that Olig1 was localized in regions correlating to
nonmyelinating Schwann cells, which is well in line with the
decreased mRNA expression level upon forskolin treatment.
In addition, Olig1 could be detected in a subset of myeli-
nating Schwann cells, but the immunofluorescent signal was
very weak. Furthermore, Olig1 mRNA levels slightly increased
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during development, reflecting maturation of both myeli-
nating and nonmyelinating Schwann cells. From our data, we
introduce Olig1 as a new transcription factor of the Schwann
cell lineage, whose expression is negatively requlated by ele-
vation of intracellular cAMP levels by forskolin.

Regulation of ECM components is
forskolin-dependent

Data analysis revealed that a set of differentially expressed
transcripts due to forskolin treatment are associated with
components of the ECM. Highly significantly increased mRNA
expression levels could be identified for the secreted ECM
protein spondin 2 and for decorin, a chondroitin sulphate
proteoglycan known to be expressed in Schwann cells (Hane-
mann et al., 1993). These data are in agreement with previ-
ous reports showing an up-regulation of decorin during em-
bryonic Schwann cell development (Buchstaller et al., 2004;
D'Antonio et al., 2006). Also the proteoglycan thrombomod-
ulin was increased in treated Schwann cells, in line with
induced expression of thrombomodulin in endothelial and
leukemia cell lines after elevation of intracellular cAMP lev-
els (Ito et al., 1990; Maruyama et al,, 1991; Archipoff et al.,
1993). To investigate whether differentially expressed gene
transcripts might have a common function, they were an-
alyzed in respect to their GO-annotations. Indeed, also this
analysis identified the term of ‘extracellular matrix' for both
sets, either transcripts increased or decreased after forskolin
treatment. In addition, pathway analysis revealed that the
interaction of ECM with its receptors was enriched in differ-
entially expressed genes.

During Schwann cell differentiation and radial sorting
in vivo, considerable modifications of the plasma membrane
occur. The sole axon-glia interaction transforms into a glia-
glia interaction on one side, and an axon-glia interaction on
the other side of the same membrane elongation. Hence, ex-
pressional changes of adhesion molecules and components
of the ECM are vital for proper function and polarization
in vivo. From our data, we conclude that one of the major
effects of forskolin is the requlation of the ECM, indicating
that changes of the ECM also occur in Schwann cell differ-
entiation in vitro.

Highly significantly differential gene expression
induced by elevated cAMP

Schwann cell development and differentiation are also in-
fluenced by accurate levels of growth factors. Indeed, Fgf7,
also known as keratinocyte growth factor, was identified
as one of the strongest forskolin-dependent increased tran-
scripts in primary mouse Schwann cells. This finding is
in accordance with studies showing that stimulation with
forskolin led to increased Fgf7 expression in other cells,
such as dermal papilla cells and primary fibroblasts (lino
et al, 2007; Scott et al., 2012). The strongest induced
gene transcript was Sostdc1 (ectodin, wise), an inhibitor of

BMP (bone morphogenetic protein) and modulator of the
Wnt signaling pathways (Itasaki et al., 2003; Laurikkala et al.,
2003). In the CNS, BMP and Wnt signaling pathways inhibit
differentiation of oligodendrocyte precursor cells into ma-
ture oligodendrocytes (Feigenson et al., 2011), leading to the
hypothesis that also in the PNS, forskolin-dependent induc-
tion of Sosted1 expression consequently positively regulates
glia cell differentiation. Another significantly induced gene
was the endothelin receptor type B. This receptor is cou-
pled to the adenylyl cyclase and was already shown previ-
ously to be expressed in immortalized Schwann cells (Wilkins
et al., 1997). This increased transcription does not correspond
to the forskolin-dependent regulation of its ligand endothe-
lin, which was reduced in treated Schwann cells. However,
reduced transcription of endothelin is in line with its pro-
posed function as a negative regulator of the transition
from Schwann cell precursors to immature Schwann cells
(Brennan et al., 2000). The strongest forskolin-dependent re-
duction was detected for the transcription of the protocad-
herin 20 (Pcdh20). This cell adhesion molecule belongs to
non-clustered protocadherins, and its expression was ana-
lyzed particularly in the CNS (Pribyl et al., 1996). To our
knowledge, Pcdh20 expression has not yet been investigated
in the PNS. In primary mouse Schwann cells, we detected
high expression levels of both transcripts in naive Schwann
cells. Upon forskolin treatment, transcription of Pcdh20 was
highly significantly reduced, maybe reflecting morphologi-
cal changes of the cells in conjunction with differentially
expressed adhesion molecules. Forskolin treatment resulted
also in strongly reduced transcription of the calcium - and
calmodulin-dependent phosphodiesterase 1B (Pde1b). As for
Pcdh20, gene transcripts of Pde1b were strongly expressed
in untreated Schwann cell cultures. This enzyme hydrolyzes
the second messengers cAMP and cGMP, consequently reg-
ulating their cellular levels (reviewed in Bender and Beavo,
2006; Omori and Kotera, 2007). Hence, elevated intracellular
levels of cAMP by forskolin treatment might directly sup-
press the expression of Pde1b. The third transcript which was
strongly reduced in forskolin-treated Schwann cells was the
leucine-rich repeat and transmembrane domain-containing
protein 1 (Lrtm1). In naive Schwann cells, a strong expression
of both transcripts could be detected. The functional role of
the Lrtm1 protein is not known, but leucine-rich repeat pro-
teins in general were shown to be involved in cell adhesion
and polarization, cytoskeleton dynamics and neural develop-
ment (reviewed in Kobe and Kajava, 2001), proposing Lrtm1
as a new candidate gene in cell adhesion in Schwann cells.
Also for PDGFB, reduced expression was detected in differ-
entiated Schwann cells, in accordance with reports showing
the functional role of PDGF in cell migration and prolif-
eration (De Donatis et al., 2008; Monje et al., 2009; Jiang
et al., 2013). Our result of decreased PDGFB in differenti-
ated Schwann cells is also in agreement with the finding
that exogenous PDGF led to suppression of the expression
of myelin-related proteins in rat Schwann cells (Ogata et al.,
2004).
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Transcripts with reduced expression upon
forskolin treatment were associated with the
MAPK pathway

Elevation of intracellular cAMP levels went also along with
reduced transcription of the transmembrane protein 158
(Tmem158, Ris1). Previously, Tmem158 was shown to be
up-regulated in response to activation of the Ras path-
way (Barradas et al., 2002; Iglesias et al., 2006; Birch et
al., 2008), hence the reduced Tmem158 expression might
be a consequence of decreased pathway activity. Since the
Ras/Raf/Mek/Erk signaling pathway blocks Schwann cell dif-
ferentiation (Harrisingh et al., 2004; Ogata et al., 2004), a
decreased activity of this pathway is plausible upon differen-
tiation with forskolin. The hypothesis of reduced activity of
the MAPK cascade was validated by an analysis of putative
pathways, revealing that gene transcripts reduced in treated
Schwann cells were often associated with the MAPK path-
way. In addition, the MAPK-kinases Mek1/2 could be iden-
tified as possible inhibitory target regulators upon forskolin
treatment. In line, Rac1 that was proposed as a putative nega-
tive target requlator of differentially expressed transcripts in
treated Schwann cells, was recently identified as a negative
regulator of Schwann cell differentiation by up-regulating
cJun and down-requlating Krox20 through the JNK (c-Jun
N-terminal kinase) pathway (Shin et al., 2013). Upstream
analysis further revealed that three members of the NF-«xB
pathway are putative target regulators. This is in accordance
with the observation, that the activation of NF-kB is vital for
peripheral myelination (Nickols et al., 2003). NF-kB was also
shown to be phosphorylated and activated by the PKA (Yoon
et al., 2008).

Distinct gene expression between Schwann cells
in vitro and developing peripheral nerves

PCA demonstrated well-defined clusters of developing pe-
ripheral nerves in vivo, represented by the time points PO, P4,
P7 and P10. Samples of mature sciatic nerves at P60 consti-
tuted a separate cluster, indicating distinct gene expression
compared with earlier time points. Distinct clusters could
also be visualized for treated as well as untreated Schwann
cells. Comparison of gene expression between samples de-
rived from primary mouse Schwann cells and samples of de-
veloping sciatic nerves revealed significant differences. The
differences in gene expression between in vivo and in vitro
might be explained by the fact that there is a constant inter-
action and reciprocal signaling between axons and Schwann
cells in vivo, which is absent in primary mouse Schwann
cell cultures. Furthermore, the in vivo system is more com-
plex, since other cells such as endothelial cells and fibro-
blasts are present in the nerve as well. Cultured Schwann
cells are more synchronized, in contrast to Schwann cells in
peripheral nerves, where an overlap of distinct Schwann cell
stages can be observed during early development. These data
indicate that caution has to be exercised when comparing

primary Schwann cell cultures with in vivo analysis, despite
the finding that forskolin-treated Schwann cells associate
within the same branch of the dendrogram as the nerve
samples.

Conclusion

This work aims to improve the knowledge of intracellular
signaling in mouse Schwann cells. Forskolin treatment of
primary Schwann cells confirmed the increased transcription
of genes involved in Schwann cell differentiation and the
reduced transcription of genes known in neural crest cells
and Schwann cell precursors. Comprehensive data analysis
of a whole-genome microarray further identified a number
of differentially regulated transcripts which have not yet
been reported in Schwann cells. We identified the expression
of both Olig1 protein and mRNA in myelinating and non-
myelinating Schwann cells, proposing it as a novel transcrip-
tion factor in the Schwann cell lineage. From our study, we
further conclude that a major effect of forskolin treatment
is the regulation of components of the ECM, underlining its
importance during Schwann cell differentiation. In addition,
transcripts that were reduced upon treatment were often as-
sociated with the MAPK and Rac1 signaling pathways, vali-
dating previous studies. We provide the whole data set of the
microarray study to offer an interactive search tool for genes
of interest.

AUTHOR CONTRIBUTION

Daniela Schmid and Nicole Schaeren-Wiemers designed the
study. Cell cultures, immunofluorescent stainings and qRT-
PCR were performed by Daniela Schmid, and the microar-
ray was performed by Thomas Zeis. Daniela Schmid and
Nicole Schaeren-Wiemers analyzed the data and wrote the
manuscript.

ACKNOWLEDGEMENTS

We thank K.R. Jessen and R. Mirsky (Department of Cell and
Developmental Biology, University College London, U.K.) for
initial support with Schwann cell cultures, C.D. Stiles (De-
partment of Cancer Biology, Dana-Farber Cancer Institute,
Harvard Medical School, Boston, U.S.A)) for helpful discus-
sions, and U. Certa (Molecular Toxicology, Pharmaceutical
Division, F. Hofmann-La-Roche AG, Basel, Switzerland) for
access to the microarray facility.

FUNDING

This work was supported by the Swiss National Science
Foundation [grant numbers 31003A-125210 and 31003A-
141185).

154

© 2014 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/) which permits unrestricted use, distribution

and reproduction in any medium, provided the original work is properly cited.



Effect of forskolin on mouse Schwann cells

ESSNEURO

REFERENCES

Afshari FT, Kwok JC, White L, Fawcett JW (2010) Schwann cell migration is
integrin-dependent and inhibited by astrocyte-produced aggrecan. Glia
58:857-869.

Archipoff G, Beretz A, Bartha K, Brisson C, de la Salle C, Froget-Leon C,
Klein-Soyer C, Cazenave JP (1993) Role of cyclic AMP in promoting the
thromboresistance of human endothelial cells by enhancing
thrombomodulin and decreasing tissue factor activities. Br J Pharmacol
109:18-28.

Arnett HA, Fancy SP, Alberta JA, Zhao C, Plant SR, Kaing S, Raine CS, Rowitch
DH, Franklin RJ, Stiles CD (2004) bHLH transcription factor Olig1 is
required to repair demyelinated lesions in the CNS. Science
306:2111-2115.

Arthur-Farraj PJ, Latouche M, Wilton DK, Quintes S, Chabrol E, Banerjee A,
Woodhoo A, Jenkins B, Rahman M, Turmaine M, Wicher GK, Mitter R,
Greensmith L, Behrens A, Raivich G, Mirsky R, Jessen KR (2012) c-Jun
reprograms Schwann cells of injured nerves to generate a repair cell
essential for regeneration. Neuron 75:633-647.

Barradas M, Gonos ES, Zebedee Z, Kolettas E, Petropoulou C, Delgado MD,
Leon J, Hara E, Serrano M (2002) Identification of a candidate
tumor-suppressor gene specifically activated during Ras-induced
senescence. Exp Cell Res 273:127-137.

Bender AT, Beavo JA (2006) Cyclic nucleotide phosphodiesterases: molecular
regulation to clinical use. Pharmacol Rev 58:488-520.

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc Ser B
57:289-300.

Birch AH, Quinn MC, Filali-Mouhim A, Provencher DM, Mes-Masson AM, Tonin
PN (2008) Transcriptome analysis of serous ovarian cancers identifies
differentially expressed chromosome 3 genes. Mol Carcinog 47:56-65.

Brennan A, Dean CH, Zhang AL, Cass DT, Mirsky R, Jessen KR (2000)
Endothelins control the timing of Schwann cell generation in vitro and
in vivo. Dev Biol 227:545-557.

Buchstaller J, Sommer L, Bodmer M, Hoffmann R, Suter U, Mantei N (2004)
Efficient isolation and gene expression profiling of small numbers of
neural crest stem cells and developing Schwann cells. J Neurosci
24:2357-2365.

Call K, Glaser T, Ito CY, Buckler AJ, Pelletier J, Haber DA, Rose EA, Kral A, Yeger
H, Lewis WH, Jones C, Housman DE (1990) Isolation and characterization
of a zinc finger polypeptide gene at the human chromosome 11 Wilms'
tumor locus. Cell 60:509-520.

Campagnoni AT, Pribyl TM, Campagnoni CW, Kampf K, Amur-Umarjee S,
Landry CF, Handley VW, Newman SL, Garbay B, Kitamura K (1993)
Structure and developmental regulation of Golli-mbp, a 105-kilobase
gene that encompasses the myelin basic protein gene and is expressed in
cells in the oligodendrocyte lineage in the brain. J Biol Chem
268:4930-4938.

Chavrier P, Zerial M, Lemaire P, Aimendral J, Bravo R, Charnay P (1988) A
gene encoding a protein with zinc fingers is activated during Go/G;
transition in cultured cells. EMBO J 7:29-35.

Cohen P, Frame S (2001) The renaissance of GSK3. Nat Rev Mol Cell Biol
2:769-776.

Crosby SD, Veile RA, Donis-Keller H, Baraban JM, Bhat RV, Simburger KS,
Milbrandt J (1992) Neural-specific expression, genomic structure, and
chromosomal localization of the gene encoding the zinc-finger
transcription factor NGFI-C. Proc Natl Acad Sci USA 89:6663.

D'Antonio M, Michalovich D, Paterson M, Droggiti A, Woodhoo A, Mirsky R,
Jessen KR (2006) Gene profiling and bioinformatic analysis of
Schwann cell embryonic development and myelination. Glia 53:501-515.

De Donatis A, Comito G, Buricchi F, Vinci MC, Parenti A, Caselli A, Camici G,
Manao G, Ramponi G, Cirri P (2008) Proliferation versus migration in
platelet-derived growth factor signaling: the key role of endocytosis. J
Biol Chem 283:19948-19956.

Feigenson K, Reid M, See J, Crenshaw IE, Grinspan JB (2011) Canonical Wnt
signalling requires the BMP pathway to inhibit oligodendrocyte
maturation. ASN Neuro 3:e00061.

Feltri ML, Scherer SS, Nemni R, Kamholz J, Vogelbacker H, Scott MO, Canal N,
Quaranta V, Wrabetz L (1994) Beta 4 integrin expression in myelinating
Schwann cells is polarized, developmentally regulated and axonally
dependent. Development 120:1287-1301.

Gao X, Daugherty RL, Tourtellotte WG (2007) Regulation of low affinity
neurotrophin receptor (p75(NTR)) by early growth response (Egr)
transcriptional regulators. Mol Cell Neurosci 36:501-514.

Gessler M, Poustka A, Cavenee W, Neve RL, Orkin SH, Bruns GA (1990)
Homozygous deletion in Wilms tumours of a zinc-finger gene identified
by chromosome jumping. Nature 343:774-778.

Grimes CA, Jope RS (2001) CREB DNA binding activity is inhibited by glycogen
synthase kinase-3 beta and facilitated by lithium. J Neurochem
78:1219-1232.

Hanemann CO, Kuhn G, Lie A, Gillen C, Bosse F, Spreyer P, Muller HW (1993)
Expression of decorin mRNA in the nervous system of rat. J Histochem
Cytochem 41:1383-1391.

Hanoune J, Defer N (2001) Regulation and role of adenylyl cyclase isoforms.
Annu Rev Pharmacol Toxicol 41:145-174.

Harrisingh MC, Perez-Nadales E, Parkinson DB, Malcolm DS, Mudge AW, Lloyd
AC (2004) The Ras/Raf/ERK signalling pathway drives Schwann cell
dedifferentiation. EMBO J 23:3061-3071.

Huang da W, Sherman BT, Lempicki RA (2009) Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources. Nat
Protoc 4:44-57.

Iglesias D, Fernandez-Peralta AM, Nejda N, Daimiel L, Azcoita MM, Oliart S,
Gonzalez-Aguilera JJ (2006) RIS1, a gene with trinucleotide repeats, is a
target in the mutator pathway of colorectal carcinogenesis. Cancer Genet
Cytogenet 167:138-144.

lino M, Ehama R, Nakazawa Y, lwabuchi T, Ogo M, Tajima M, Arase S (2007)
Adenosine stimulates fibroblast growth factor-7 gene expression via
adenosine A2b receptor signaling in dermal papilla cells. J Invest
Dermatol 127:1318-1325.

Itasaki N, Jones CM, Mercurio S, Rowe A, Domingos PM, Smith JC, Krumlauf R
(2003) Wise, a context-dependent activator and inhibitor of Wnt
signalling. Development 130:4295-4305.

Ito T, Ogura M, Morishita Y, Takamatsu J, Maruyama |, Yamamoto S, Ogawa K,
Saito H (1990) Enhanced expression of thrombomodulin by intracellular
cyclic AMP-increasing agents in two human megakaryoblastic leukemia
cell lines. Thromb Res 58:615-624.

Jessen KR, Mirsky R (2005) The origin and development of glial cells in
peripheral nerves. Nat Rev Neurosci 6:671-682.

Jesuraj NJ, Nguyen PK, Wood MD, Moore AM, Borschel GH, Mackinnon SE,
Sakiyama-Elbert SE (2012) Differential gene expression in motor and
sensory Schwann cells in the rat femoral nerve. J Neurosci Res 90:96-104.

Jiang H, Qu W, Li Y, Zhong W, Zhang W (2013) Platelet-derived growth
factors-BB and Fibroblast Growth Factors-base induced
proliferation of Schwann cells in a 3D environment. Neurochem Res 38:
346-355.

Kielbasa SM, Klein H, Roider HG, Vingron M, Bluthgen N (2010) TransFind -
predicting transcriptional regulators for gene sets. Nucleic Acids Res
38:W275-W280.

Kim HA, DeClue JE, Ratner N (1997) cAMP-dependent protein kinase A is
required for Schwann cell growth: interactions between the cAMP and
neuregulin/tyrosine kinase pathways. J Neurosci Res 49:

236-247.

Kinter J, Lazzati T, Schmid D, Zeis T, Erne B, Lutzelschwab R, Steck AJ,
Pareyson D, Peles E, Schaeren-Wiemers N (2013) An essential role of
MAG in mediating axon-myelin attachment in Charcot-Marie-Tooth 1A
disease. Neurobiol Dis 49:221-231.

Kobe B, Kajava AV (2001) The leucine-rich repeat as a protein recognition
motif. Curr Opin Struct Biol 11:725-732.

Laurikkala J, Kassai Y, Pakkasjarvi L, Thesleff I, Itoh N (2003) Identification of
a secreted BMP antagonist, ectodin, integrating BMP, FGF, and SHH
signals from the tooth enamel knot. Dev Biol 264:91-105.

Lemaire P, Revelant O, Bravo R, Charnay P (1988) Two mouse genes encoding
potential transcription factors with identical DNA-binding domains are
activated by growth factors in cultured cells. Proc Natl Acad Sci USA
85:4691-4695.

© 2014 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/) which permits unrestricted use, distribution

and reproduction in any medium, provided the original work is properly cited.

155



ESSNEURO

D.Schmid and others

Lemke G, Chao M (1988) Axons regulate Schwann cell expression of the major
myelin and NGF receptor genes. Development 102:499-504.

Li H, Lu Y, Smith HK, Richardson WD (2007) Olig1 and Sox10 interact
synergistically to drive myelin basic protein transcription in
oligodendrocytes. J Neurosci 27:14375-14382.

Maruyama |, Soejima Y, Osame M, Ito T, Ogawa K, Yamamoto S, Dittman WA,
Saito H (1991) Increased expression of thrombomodulin on the cultured
human umbilical vein endothelial cells and mouse hemangioma cells by
cyclic AMP. Thromb Res 61:301-310.

Mayer SI, Thiel G (2009) Calcium influx into MIN6 insulinoma cells induces
expression of Egr-1 involving extracellular signal-regulated protein kinase
and the transcription factors Elk-1 and CREB. Eur J Cell Biol 88:

19-33.

Mayer SI, Willars GB, Nishida E, Thiel G (2008) Elk-1, CREB, and MKP-1
regulate Egr-1 expression in gonadotropin-releasing hormone stimulated
gonadotrophs. J Cell Biochem 105:1267-1278.

Meijer D (2009) Neuroscience. Went fishing, caught a snake. Science
325:1353-1354.

Mikol DD, Hong HL, Cheng HL, Feldman EL (1999) Caveolin-1 expression in
Schwann cells. Glia 27:39-52.

Mikol DD, Scherer SS, Duckett SJ, Hong HL, Feldman EL (2002) Schwann cell
caveolin-1 expression increases during myelination and decreases after
axotomy. Glia 38:191-199.

Monje PV, Bartlett Bunge M, Wood PM (2006) Cyclic AMP synergistically
enhances neuregulin-dependent ERK and Akt activation and cell cycle
progression in Schwann cells. Glia 53:649-659.

Monje PV, Rendon S, Athauda G, Bates M, Wood PM, Bunge MB (2009)
Non-antagonistic relationship between mitogenic factors and
cAMP in adult Schwann cell re-differentiation. Glia 57:

947-961.

Monje PV, Soto J, Bacallao K, Wood PM (2010) Schwann cell dedifferentiation
is independent of mitogenic signaling and uncoupled to proliferation: role
of cAMP and JNK in the maintenance of the differentiated state. J Biol
Chem 285:31024-31036.

Monk KR, Naylor SG, Glenn TD, Mercurio S, Perlin JR, Dominguez C, Moens
CB, Talbot WS (2009) A G protein-coupled receptor is essential for
Schwann cells to initiate myelination. Science 325:1402-1405.

Monk KR, Oshima K, Jors S, Heller S, Talbot WS (2011) Gpr126 is essential for
peripheral nerve development and myelination in mammals. Development
138:2673-2680.

Monuki ES, Weinmaster G, Kuhn R, Lemke G (1989) SCIP: a glial POU domain
gene regulated by cyclic AMP. Neuron 3:783-793.

Morell P, Radin NS (1969) Synthesis of cerebroside by brain from uridine
diphosphate galactose and ceramide containing hydroxy fatty acid.
Biochemistry 8:506-512.

Morgan L, Jessen KR, Mirsky R (1991) The effects of cAMP on differentiation
of cultured Schwann cells: progression from an early phenotype (04 +) to
a myelin phenotype (PO +, GFAP-, N-CAM-, NGF-receptor-) depends on
growth inhibition. J Cell Biol 112:457-467.

Nagarajan R, Svaren J, Le N, Araki T, Watson M, Milbrandt J (2001) EGR2
mutations in inherited neuropathies dominant-negatively inhibit myelin
gene expression. Neuron 30:355-368.

Napoli I, Noon LA, Ribeiro S, Kerai AP, Parrinello S, Rosenberg LH, Collins MJ,
Harrisingh MC, White 1J, Woodhoo A, Lloyd AC (2012) A central role for
the ERK-signaling pathway in controlling Schwann cell plasticity and
peripheral nerve regeneration in vivo. Neuron 73:729-742.

Nickols JC, Valentine W, Kanwal S, Carter BD (2003) Activation of the
transcription factor NF-kappaB in Schwann cells is required for peripheral
myelin formation. Nat Neurosci 6:161-167.

Niu J, Mei F, Wang L, Liu S, Tian Y, Mo W, Li H, Lu QR, Xiao L (2012)
Phosphorylated olig1 localizes to the cytosol of oligodendrocytes and
promotes membrane expansion and maturation. Glia 60:1427-1436.

Ogata T, lijima S, Hoshikawa S, Miura T, Yamamoto S, Oda H, Nakamura K,
Tanaka S (2004) Opposing extracellular signal-regulated kinase and Akt
pathways control Schwann cell myelination. J Neurosci 24:6724-6732.

Omori K, Kotera J (2007) Overview of PDEs and their regulation. Circ Res
100:309-327.

Othman A, Frim DM, Polak P, Vujicic S, Arnason BG, Boullerne Al (2011) Olig1
is expressed in human oligodendrocytes during maturation and
regeneration. Glia 59:914-926.

Parkinson DB, Dickinson S, Bhaskaran A, Kinsella MT, Brophy PJ, Sherman DL,
Sharghi-Namini S, Duran Alonso MB, Mirsky R, Jessen KR (2003)
Regulation of the myelin gene periaxin provides evidence for
Krox-20-independent myelin-related signalling in Schwann cells. Mol Cell
Neurosci 23:13-27.

Patwardhan S, Gashler A, Siegel MG, Chang LC, Joseph LJ, Shows TB, Le Beau
MM, Sukhatme VP (1991) EGR3, a novel member of the Egr family of
genes encoding immediate-early transcription factors. Oncogene
6:917-928.

Peters A, Muir AR (1959) The relationship between axons and Schwann cells
during development of peripheral nerves in the rat. Q J Exp Physiol Cogn
Med Sci 44:117-130.

Pribyl TM, Campagnoni CW, Kampf K, Kashima T, Handley VW, McMahon J,
Campagnoni AT (1996) Expression of the myelin proteolipid protein gene
in the human fetal thymus. J Neuroimmunol 67:125-130.

Rezajooi K, Pavlides M, Winterbottom J, Stallcup WB, Hamlyn PJ, Lieberman
AR, Anderson PN (2004) NG2 proteoglycan expression in the peripheral
nervous system: upregulation following injury and comparison with CNS
lesions. Mol Cell Neurosci 25:572-584.

Salzer JL (2012) Axonal regulation of Schwann cell ensheathment and
myelination. J Peripher Nerv Syst 17 (Suppl 3):14-19.

Schneider S, Bosse F, D'Urso D, Muller H, Sereda MW, Nave K, Niehaus A,
Kempf T, Schnolzer M, Trotter J (2001) The AN2 protein is a novel marker
for the Schwann cell lineage expressed by immature and nonmyelinating
Schwann cells. J Neurosci 21:920-933.

Schworer CM, Masker KK, Wood GC, Carey DJ (2003) Microarray analysis of
gene expression in proliferating Schwann cells: synergistic response of a
specific subset of genes to the mitogenic action of heregulin plus
forskolin. J Neurosci Res 73:456-464.

Scott TL, Christian PA, Kesler MV, Donohue KM, Shelton B, Wakamatsu K, Ito
S, D'Orazio J (2012) Pigment-independent cAMP-mediated epidermal
thickening protects against cutaneous UV injury by keratinocyte
proliferation. Exp Dermatol 21:771-777.

Shin YK, Jang SY, Park JY, Park SY, Lee HJ, Suh DJ, Park HT (2013) The
Neuregulin-Rac-MKK7 pathway regulates antagonistic
c-jun/Krox20 expression in Schwann cell dedifferentiation. Glia
61:892-904.

Srinivasan R, Sun G, Keles S, Jones EA, Jang SW, Krueger C, Moran JJ, Svaren J
(2012) Genome-wide analysis of EGR2/SOX10 binding in myelinating
peripheral nerve. Nucleic Acids Res 40:6449-6460.

Stewart HJ, Bradke F, Tabernero A, Morrell D, Jessen KR, Mirsky R (1996)
Regulation of rat Schwann cell Po expression and DNA synthesis by
insulin-like growth factors in vitro. Eur J Neurosci 8:553-564.

Tan W, Rouen S, Barkus KM, Dremina YS, Hui D, Christianson JA, Wright DE,
Yoon SO, Dobrowsky RT (2003) Nerve growth factor blocks the
glucose-induced down-regulation of caveolin-1 expression in Schwann
cells via p75 neurotrophin receptor signaling. J Biol Chem
278:23151-23162.

Thiel G, Mayer SI, Muller I, Stefano L, Rossler OG (2010) Egr-1-A
Ca(2 +)-regulated transcription factor. Cell Calcium 47:397-403.

Thomas SL, De Vries GH (2007) Angiogenic expression profile of normal and
neurofibromin-deficient human Schwann cells. Neurochem Res
32:1129-1141.

Vigo T, Nobbio L, Hummelen PV, Abbruzzese M, Mancardi G, Verpoorten N,
Verhoeven K, Sereda MW, Nave KA, Timmerman V, Schenone A (2005)
Experimental Charcot-Marie-Tooth type 1A: a cDNA microarrays analysis.
Mol Cell Neurosci 28:703-714.

Voyvodic JT (1989) Target size regulates calibre and myelination of
sympathetic axons. Nature 342:430-433.

156

© 2014 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/) which permits unrestricted use, distribution

and reproduction in any medium, provided the original work is properly cited.



Effect of forskolin on mouse Schwann cells

ESSNEURO

Wilkins PL, Suchovsky D, Berti-Mattera LN (1997) Immortalized schwann cells
express endothelin receptors coupled to adenylyl cyclase and
phospholipase C. Neurochem Res 22:409-418.

Wolfer DP, Lang R, Cinelli P, Madani R, Sonderegger P (2001) Multiple roles of
neurotrypsin in tissue morphogenesis and nervous system development
suggested by the mRNA expression pattern. Mol Cell Neurosci
18:407-433.

Woodhoo A, Alonso MB, Droggiti A, Turmaine M, D'Antonio M, Parkinson DB,
Wilton DK, Al-Shawi R, Simons P, Shen J, Guillemot F, Radtke F, Meijer D,
Feltri ML, Wrabetz L, Mirsky R, Jessen KR (2009) Notch controls
embryonic Schwann cell differentiation, postnatal myelination and adult
plasticity. Nat Neurosci 12:839-847.

Xin M, Yue T, Ma Z, Wu FF, Gow A, Lu QR (2005) Myelinogenesis and axonal
recognition by oligodendrocytes in brain are uncoupled in Olig1-null
mice. J Neurosci 25:1354-1365.

Yamada H, Komiyama A, Suzuki K (1995) Schwann cell responses to forskolin
and cyclic AMP analogues: comparative study of mouse and rat Schwann
cells. Brain Res 681:97-104.

Yang Y, Loy J, Ryseck RP, Carrasco D, Bravo R (1998) Antigen-induced
eosinophilic lung inflammation develops in mice deficient in chemokine
eotaxin. Blood 92:3912-3923.

Yoon C, Korade Z, Carter BD (2008) Protein kinase A-induced phosphorylation
of the p65 subunit of nuclear factor-kappaB promotes Schwann cell
differentiation into a myelinating phenotype. J Neurosci 28:3738-3746.

Received 1 July 2013/16 January 2014; accepted 5 February 2014

Published as Immediate Publication 18 March 2014, doi 10.1042/AN20130031

© 2014 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/) which permits unrestricted use, distribution

and reproduction in any medium, provided the original work is properly cited.

157



RESEARCH ART'CLE ASN NEURO 6(3):art:e00142.d0i:10.1042/AN20130031
ENXNEURO d b OPEN ACCESS

Dlementary S

Transcriptional regulation induced by
cAMP elevation in mouse Schwann cells

Daniela Schmid*, Thomas Zeis* and Nicole Schaeren-Wiemers*'
*Neurobiology, Department of Biomedicine, University Hospital Basel, University of Basel, Hebelstrasse 20, CH-4031 Basel, Switzerland

SUPPLEMENTARY DATA

Supplementary Tables S1-S4 and the Interactive Excel
file can be found at http://www.asnneuro.org/an/006/
an006e142add.htm

PMP22 I
PO
(MPZ)
MAG
PLLP
Krox204
(Egr2)

Sox10 — OCIGT
(Pou3f1) @
Id2 £
SCP i
iSC
5 —N

NCC
AP2a
(Tetap2a)
NCad | ; '
(Cdh2) Endothelin : p75™ i
p?snm 3 (Edn1) ¥ Ngty ¥
v Cadherin19
o (Cdh19) 1 Gap43 l
NCad
(cand) l Ncam1 ‘[
p75'™ H K
v rox24
(Mgt} (Egr1) I
Gapd3d | Neam1{
Ncam1 I
Figure S1 Schematic illustration of genes implicated in the Schwann cell lineage

Selected genes of Table 1, which are specific for a distinct Schwann cell stage, were schematically grouped. Genes implicated in neural
crest cells, Schwann cell precursors or immature Schwann cells showed reduced mRNA expression levels upon forskolin treatment (blue
arrows), whereas increased expression could be detected for myelin-related genes (red arrows). Dashed arrows indicate only slightly
differentially expressed transcripts. Red line: basal lamina. NCC: neural crest cell, SCP: Schwann cell precursor, iSC: immature Schwann
cell, mSC: myelinating Schwann cell, nmSC: nonmyelinating Schwann cell. Schematic drawing was adapted from Jessen et al. (2005).
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Figure S2 Localization of p75N™ in nonmyelinating Schwann cells
Immunofluorescent stainings of transversal (A) and longitudinal (B) tissue sections of sciatic nerves from P7 mice revealed p7
immunofluorescence in nonmyelinating Schwann cells (arrows) localized around a bundle of small diameter axons. Myelinating Schwann
cells were p75"™R-negative (arrowhead). NF: neurofilament. Bar: A: 100 jum, B: 20 um.
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