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AC Adenylate cyclase 
bACT β-actin 
bFGF Basic fibroblast growth factor  
BMP Bone morphigenic protein 
BrdU Bromodeoxyuridine  
Brn3a Brain-specific homeobox/POU domain protein 3A 
bTUB β-tubulin 
CAM Cell adhesion molecule 
cAMP Cyclic adenosine monophosphate 
cDNA Complementary DNA 
CNP 2',3'-cyclic nucleotide 3' phosphodiesterase 
CNS Central nervous system 
CNTF Cilary neurotophic factor  
CREB cAMP-responsive element binding protein 
CYCLO Cyclophilin 
DAPI 4',6-diamidino-2-phenylindole 
DRG Dorsal root ganglia 
EGF Epidermal growth factor  
EGFP Endogenous green fluorescent protein 
ES Embryonic stem 
FGF Fibroblast growth factor  
GABA Gamma aminobutyric acid  
GAD Glutamate decarboxylase  
GAPDH Glyceraldehyde 3-phosphate dehydrogenase 
GCPR G-protein coupled receptor  
GFAP Glial fibrillary acidic protein 
GOI Gene of interest 
H3b Histone protein 3 
HKG Housekeeping gene 
IGF Insulin-like growth factor 
LIF Leukemia inhibitory factor 
MAG Myelin-associated glycoprotein 
MAPK Mitogen-activated protein kinase 
MBP Myelin basic protein  
NF-κB Nuclear factor-κB 
NG2 Chondroitin sulphate proteoglycan 



 

NRG1 Neuregulin 1 
NSC Neural stem cell 
NSCP Neural stem/precursor 
P0 Protein zero 
PCR Polymerase chain reaction 
PDGF Platelet-derived growth factor 
PI3K Phosphatidylinositol 3-kinase 
PKA Protein kinase A 
PMP22 Peripheral myelin protein 22 
qPCR Quantitative PCR 
RA Retinoic acid  
RPL19 Ribosomal protein 19 
SCP Schwann cell precursor 
SDCA Succinate dehydrogenase complex, subunit A 
Shh Sonic hedgehog  
SVZ Subventricular zone 
T3 Tyroid hormone triiodothyronin 
TGFβ Transforming growth factor beta 
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Introduction 

Cell communication is fundamental for the development and maintenance of 
multicellular organisms. The nervous system, including the brain is, without 
doubt, the most sophisticated organ in the mammalian body. Cell communi-
cation governs most developmental processes as stem cell fate determina-
tion, migration, differentiation, synapse formation, myelination and the 
maintenance of a steady state in the fully developed mature organism. Many 
of these events are critical, and small errors can lead to growth retardation, 
malformations or diseases. Understanding the normal progress of nervous 
system development may help the discovery of new treatments for such dis-
orders. 

Cell communication 
Cells communicate with several hundreds of different signalling molecules, 
including proteins, small peptides, amino acids, nucleotides, steriods, retin-
oids, fatty acid derivatives, and gases such as nitric oxide and carbon oxide. 
These molecules are commonly secreted by signalling cells either by exocy-
tosis or by diffusion through the cell membrane. The signalling molecule 
binds to receptors on target cells which in turn activate an intrinsic signalling 
cascade that alters the behaviour of these cells (Alberts et al., 2002). These 
signals can either be soluble factors that are excreted to the surroundings or 
stay as membrane-bound molecules that mediate their signals by direct con-
tact (Fig. 1). Soluble factors that are released to the surroundings can be 
carried over large distances to influence target cells. This type of signalling 
is called endocrine signalling. Other molecules only reach over short dis-
tances to affect neighbouring cells. This is called paracrine signalling, or 
autocrine signalling if the molecules are affecting the cells that emit the mol-
ecules (Lodish et al., 2004). Membrane-bound molecules can only affect 
other cells that are in direct contact. Such molecules are important for migra-
tion and assembly of distinct tissues and organs i.e. cell-cell adhesion (Lod-
ish et al., 2004). 



 12 

 

Development of the nervous system 
During gastrulation of the fertilized mammalian egg, three germ layers are 
formed: endoderm, mesoderm and ectoderm that generate the whole embryo. 
The endoderm gives rise to the lining of many internal organs, and the mes-
oderm becomes muscle and bone, while the ectoderm develops the skin and 
the nervous system. Neurulation is the stage when a large sheet of ectoder-
mal cells forms the neural plate, which in turn folds and develops into the 
neural tube. During neurulation some cells of the neural plate are pinched off 
and give rinse to the neural crest (Fig. 2). This change is called the epitheli-
al-mesenchymal transition. The neural tube develops into the brain and spi-
nal cord i.e. central nervous system (CNS), while the neural crest gives rise 
to all the nerve tissue in the rest of the body i.e. peripheral nervous system 
(PNS) (Kandel et al., 2000). 

Development of the central nervous system 
For proper development of the brain, the precursor cells of the neural tube 
must establish identity along the dorsal-ventral, anterior-posterior and left-
right axis. This positional identity is acquired by various morphogens that 
are secreted from adjacent tissues (Fig. 2). The anterior-posterior axis is 
specified by factors such as basic fibroblast growth factor (bFGF) (Lamb and 
Harland, 1995), Wnt (McGrew et al., 1995) and retinoic acid (RA) (Papa-
lopulu and Kintner, 1996), while the dorsal-ventral axis is specified by an-
tagonistic signalling of bone morphogenic protein (BMP) and sonic hedge-
hog (Shh). This patterning results in the anterior part of the neural tube form-
ing the brain, and the posterior part forming the spinal cord (Panchision and 
McKay, 2002). 

Figure 1. The major types of cell signalling. A: Soluble factors are released and 
mediate autocrine signalling (1), paracrine signalling (2) or molecules that are 
transported long distances to reach peripheral cells via blood vessels (3). B: In 
membrane-bound signalling molecules are anchored in the cell membrane. 

1 2 3

A B
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Once the cells of the neural tube are specified they migrate and develop 

into different parts of the nervous system. The most complex migration pro-
cess is found in the region where the cerebral cortex is formed (Nadarajah 
and Parnavelas, 2002). The cortical cell layers are built from the inside out, 
where young neurons migrate from the subventricular zone (SVZ) and turn 
into different types of mature neurons (Fig. 3). These migrating neurons are 
guided by so-called radial glial cells which are in contact with both the ven-
tricular zone and the pial surface of the developing cortex (Rakic et al., 
1974; Nadarajah and Parnavelas, 2002).  The SVZ is also the origin of the 
glial cells of the CNS i.e. oligodendrocytes and astrocytes (Kandel et al., 
2000).

 
 
 

Development of the peripheral nervous system 
The neural crest cells that arise from the dorsal part of the neural tube mi-
grate along three different pathways in the periphery (Kandel et al., 2000). 

Figure 2. Establishment of the positional identity of the cells in the 
neural tube (NT). Dorsally migrating neural crest (NC) cells give 
rise to the peripheral nervous system. 
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Figure 3. The radial glial cells guide the migrat-
ing young neurons in the developing cortex. 
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Cells that migrate along the superficial pathway develop into pigment cells 
of the skin. Those that take the intermediate pathway via the somites form 
sensory ganglia and the ones taking a more medial pathway develop into 
sympathetic ganglia and the cells of the adrenal medulla. Neural crest cells 
thus give rise to all neurons and glial cell in the periphery; sensory, sympa-
thetic and parasympathetic neurons, satellite cells, myelinating and nonmye-
linating Schwann cells, and enteric neurons and glia and also smooth muscle 
cells and melanocytes of the skin (Kandel et al., 2000). 

Glial cells of the nervous system 
Glial cells are essential for the nervous system to develop, function and 
communicate.  Rudolf Wirchow, a German anatomist. first described this 
new cell type in the mid-nineteenth century and called it glia, believing that 
these cells provided a form of glue for the nervous system (Webster and 
Aström, 2009). Today’s knowledge about glial cells is of course far more 
refined. Neurons are dependent on their association with glia, not only for 
their physical support, supply of nutrients and clearance of extracellular 
molecules but also for enhancement and modulation of signal transmission 
(Fields and Stevens-Graham, 2002; Perea and Araque, 2010). In fact, every 
neuron is ensheathed by some kind of glial cell (Russell, 1990). The glial 
cells are divided into several cell types depending on localization and func-
tion.  

Glial cells of the central nervous system 
The two major glial cell types present in the CNS are astrocytes and oli-
godendrocytes. Astrocytes are the most numerous glial subtype and are in 
constant contact with most other cell types in the CNS. They are irregular 
and star-shaped with long processes (Kandel et al., 2000) (Fig. 4A). Astro-
cytes bring nutrients to the neurons. They are also associated with synapses 
where they have an important role in maintaining the homeostasis in the 
extracellular space between the nerve terminals by effectively take up the 
excess of potassium ions and neurotransmitters after neuronal firing (Kandel 
et al., 2000). Moreover, astrocytes are an important part of the blood-brain-
barrier, which protects the brain from unwanted substances. 

Oligodendrocytes originate from migrating oligodendrocyte precursors in 
the SVZ and populate the white matter in the brain (Orentas and Miller, 
1998). The oligodendrocytes, together with the Schwann cells of the PNS, 
form the most specialized cellular structure in the body, the myelin sheath 
(Kandel et al., 2000). This is a multilayered roll of cell membrane that insu-
lates axons. The myelin sheath increases speed of nerve conductance, by 
making the electrical signal jump between nodes (saltatory conduction), and 
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functions as a physical barrier at the same time (Kandel et al., 2000). An 
oligodendrocyte makes an average of fifteen myelin internodes and can 
myelinate several axons simultaneously (Fig. 4C). 

 
 

The CNS also contains microglia, but this cell type is not related to oli-
godendrocytes and astrocytes (Fig. 4B). Microglia are resident macrophage-
like cells originating from blood monocytes and are associated with the im-
mune system. This cell type functions as the brain’s immune cells and 
screens the local environment for any sign of pathogen intrusion (Kandel et 
al., 2000). 

Glial cells of the peripheral nervous system 
The major type of glial cells in the PNS are the Schwann cells. They 
ensheath all axons and exists in two subtypes; myelinating and nonmyelinat-
ing Schwan cells. The myelinating Schwann cells form the insulation sheath 
around axons similar to oligodendrocytes, but in a 1:1 relationship of large 
calibre axons, whereas the nonmyeliating Schwann cells ensheath multiple 
thin calibre axons in so called Remak bundles (Fig. 5). 

 

 
Satellite cells are specialized glial cells that form a tight envelope around 

the neurons of the peripheral ganglia. Apart from their morphology, they 
share many properties with astrocytes of the CNS, supporting neurons with 

Figure 5. Schwann cells of the PNS. A myelinating Schwann 
cell (A) enwrap a segment of a large calibre axon while a 
nonmyelinating Schwann cell ensheath several thin calibre 
axons simultaneously (B). 

Figure 4. The major glial cell types of the CNS. Astrocyte (A), microglia 
(B) and myelinating oligodendrocyte (C). 

A B C

A

B
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essential molecules for neural transmission and clearance of extracellular 
neurotransmitters (Hanani, 2005). In response to injury satellite cells act 
with an upregulation of glial fibrillary acidic protein (GFAP), and may have 
a neuroprotective role (Hanani, 2010). Extensive research of satellite cell 
function indicates that these cells may be involved in pain modulation 
(Dubový et al., 2010; Jasmin et al., 2010; Villa et al., 2010). 

Another type of PNS glia is found in the enteric nervous system (ENS). 
These cells are relatively unknown but ensheath axons and neural cell bod-
ies, just like Schwann cells and satellite cells, without producing myelin. 
Protein marker expression and morphology is more similar to that of astro-
cytes (Rühl et al., 2004). The enteric glial cells are a crucial part in the net-
work of neurons, epithelial cells, mesenchymal cells and immune cells, all of 
which are essential for a functional intestine (Rühl et al., 2004). 

Schwann cell  development 
Schwann cells undergo three major transition stages to mature. First from 
neural crest stem cells to Schwann cell precursors (SCP), then SCPs develop 
into immature Schwann cells and finally these cells diverge into either mye-
linating or nonmyelinating Schwann cells. These different transition stages 
are characterized by different cell morphology and specific pattern of gene 
expression (Jessen and Mirsky, 2005) (Fig. 6). The SCPs that originate from 
the migrating neural crest stem cells are dependent on the activation of the 
transcription factor Sox10 (Britsch et al., 2001). When SCPs proliferate and 
migrate along the developing peripheral axons on embryonic day 14 (E14) in 
rat, the axon-derived protein neuregulin 1 (NRG1) is necessary for cell sur-
vival and proliferation (Dong et al., 1995). Two days later (E16) the SCPs 
develop into immature Schwann cells, a transition that is accelerated by re-
ceptors sensitive to fibroblast growth factor 2 (FGF2) and Notch proteins
(Dong et al., 1999; Morrison et al., 2000). 

 Figure 6. The three major transition stages in Schwann cell develop-
ment. Reprinted by permission from Macmillan Publishers Ltd: Nature 
Reviews Neuroscience (Jessen and Mirsky, 2005), copyright (2005). 
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Schwann cell  proliferation 
Both SCPs and immature Schwann cells proliferate extensively during de-
velopment. This proliferation is dependent of an axon-Schwann cell interac-
tions, with the axon molecule neuregulin 1 (NRG1) type II as a signal ligand 
(Dong et al., 1995; Morrissey et al., 1995; Dong et al., 1999; Maurel and 
Salzer, 2000). The primary receptor for NRG1 is a heterodimer composed of 
the transmembrane tyrosine kinases ErbB2 and ErbB3 (Morrissey et al., 
1995; Vartanian et al., 1997; Buonanno and Fischbach, 2001), which induce 
two known intracellular signal cascades: phosphatidylinositol 3-kinase 
(PI3K) pathway and mitogen-activated protein kinase (MAPK) pathway. 
Both of these pathways are involved in Schwann cell proliferation (Kim et 
al., 1997; Maurel and Salzer, 2000; He et al., 2011; Newbern et al., 2011). 
The protein kinase A (PKA) pathway is also associated with Schwan cell 
proliferation. The PKA pathway is commonly utilized in vitro, where ade-
nylate cyclase (AC) can be activated by forskolin or cholera toxin. This, in 
turn increases the activity of cyclic adenosine monophosphate (cAMP) and 
thus the PKA pathway (Raff et al., 1978; Sobue et al., 1986). PKA phos-
phorylates the transcription factor cAMP-responsive element binding protein 
(CREB) which leads to gene expression (Gonzalez et al., 1989). Another 
signal pathway associated with PKA has also been found. PKA can enhance 
the action of NRG1 type II, by the phosphorylation of the Erb2/3 receptor 
(Monje et al., 2008). This increases MAPK activity (Kim et al., 1997). Other 
factors that are implicated in Schwann cell proliferation, at least in vitro, 
either alone or together with cAMP analogs, are FGF2, transforming growth 
factor beta (TGFβ), platelet-derived growth factor (PDGF) and insulin-like 
growth factor (IGF) (Davis and Stroobant, 1990; Eccleston et al., 1990; 
Schumacher et al., 1993; Guénard et al., 1995; Fex Svenningsen and Kanje, 
1996; Stewart et al., 1996). 

Myelination 
The divergence of immature Schwann cells into the two mature Schwann 
cell types has been extensively studied, particularly the myelinating process. 
In rats, Schwann cells start the myelination process around birth, postnatal 
day 0 (P0) and the neurons of the PNS are fully myelinated at P30 (Brown 
and Asbury, 1981; Arroyo et al., 1998). The axonal thickness was believed 
to be the sole determining factor for Schwann cells myelination for decades. 
It was not until recently that NRG1 type III was found to be the key mole-
cule regulating myelination (Michailov et al., 2004; Taveggia et al., 2005). 
Similar to Schwann cell proliferation, the NRG1 type III is expressed on the 
axon surface (Fig. 7) and acts via Erb2 and 3 receptors on the Schwann cells 
(Brinkmann et al., 2008). Here, the downstream signalling may be mediated 
by the PI3K/Akt pathway thus activating the transcription factor NF-κB 
(Limpert and Carter, 2010). 
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NRG1 type III may also regulate the formation of nonmyelinating 
Schwann cells and the formation of Remak bundles. When the Nrg1 gene 
was conditionally ablated in small unmyelinated sensory C-fibres and thinly 
myelinated A-δ fibres, the Remak bundles became abnormally large (Fricker 
et al., 2009). 

 
 
 

 
Elevation of cAMP is implicated in Schwann cell differentiation during 

non-proliferative conditions (Morgan et al., 1991), and in several other stud-
ies activation of cAMP in cultured Schwann cells has lead to an induction of 
myelin proteins such as galactocerebroside (Gal-C), 04 antigen, periaxin, 
Krox-20, NF-κB, protein zero (P0) and myelin basic protein (MBP) (Sobue 
and Pleasure, 1984; Lemke and Chao, 1988; Monuki et al., 1989; Mirsky et 
al., 1990; Morgan et al., 1991; Parkinson et al., 2003; Magnaghi et al., 2004; 
Yoon et al., 2008; Monje et al., 2009). Downstream of cAMP, PKA phos-
phorylates the p65 subunit of the transcription factor NF-κB, which is neces-
sary for myelination in Schwann cell/neuron co-cultures, while NRG1 type 
III activates NF-κB during myelination (Nickols et al., 2003; Yoon et al., 
2008; Limpert and Carter, 2010). Both the cAMP/PKA pathway and the 
PI3K/Akt pathway converge by phosphorylating and activating NF-κB. A 

Figure 7. The level of neuregulin 1 type III expressed on the axons 
determin if Schwann cells will myelinate or not. Reprinted by permis-
sion from Macmillan Publishers Ltd: Nature Neuroscience (Nave and 
Schwab, 2005), copyright (2005). 
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recent study shows that activating the cAMP/PKA pathway with forskolin 
while adding NRG1 type III increased the expression of myelin markers 
remarkably in Schwann cell cultures (Arthur-Farraj et al. 2011). 

Stem cells 
Stem cells are immature cells that either self-renew i.e. undergo symmetric 
division, or divide asymmetrically to form one new stem cell and one differ-
entiated cell. Stem cells are subdivided into different groups according to 
their differential potential; totipotent, pluripotent and multipotent (Baizabal 
et al., 2003) (Fig. 8). The fertilized egg is a totipotent stem cell of that forms 
the entire embryo including the placenta. After a number of cell divisions, 
the egg enters the developmental stage blastula.  Here, the inner cell mass of 
the blastula consists of embryonic stem (ES) cells. These cells are complete-
ly undifferentiated. The ES cells develop into the whole embryo, except the 
placenta, and are referred to as pluripotent (Smith, 2001.). As the embryo 
develops, stem cells undergo asymmetric cell divisions and different cell 
lineages are formed. These are the kind of stem cells that can be isolated 
from different parts from the developing or adult body and are referred to as 
somatic stem cells (from the Greek word ‘soma’ meaning body). They are 
multipotent and are defined by being able to differentiate into two or more 
different mature progenies, but must still produce identical copies of them 
selves (Knoblich, 2001).  

 

Neural stem cells 
During early embryonic CNS development, neural stem cells (NSCs; also 
referred as neural stem/precursor cells, NSPCs) are the major cell type in the 
neural tube. However the number declines rapidly as the neural stem cells 
divide and differentiate to supply the developing brain with neurons and glia 
(Temple, 2001). The NSPCs are located to the ventricular zone of the brain 

Fertilised egg Blastula Embryonic somatic
stem cells

Adult somatic
stem cells

Totipotent Pluripotent Multipotent Multipotent

Figure 8. The different types of stem cells. 
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and spinal cord. Initially they form neurons but switch gradually over to 
produce different types of glia (Temple, 2001).  

Neurogenesis occurs only in discrete areas such as in the SVZ or the den-
tal gyrus of the hippocampus (Altman and Das, 1965; Eriksson et al., 1998; 
Gould et al., 2001). These are also the two regions from which NSPCs can 
be isolated. In paper I, NSPCs were isolated from the fetal SVZ. 

In vivo, the fate choice of NSPCs is highly regulated with different sig-
nals, intrinsic as well as extrinsic. The timing of these regulatory factors is 
also crucial for proper development. In vitro as in vivo, fibroblast growth 
factor 2 (FGF2) and epidermal growth factor (EGF) are required for NSCs 
self-renewal proliferation (Johe et al., 1996; Panchision and McKay, 2002). 
The withdrawal of these mitogens leads to spontaneous differentiation into 
neurons and glia and addition of PDGF increases the neuronal differentiation 
(Johe et al. 1996). Other potent mitogens that regulate fate determination are 
cilary neurotophic factor (CNTF), bone morphogenic proteins (BMP) and 
leukemia inhibitory factor (LIF), which are involved in the formation of 
astrocytes (Gross et al., 1996; Johe et al., 1996; Mehler et al., 2000), and 
tyroid hormone triiodothyronin (T3) that increases the proportion of oli-
godendrocytes (Johe et al., 1996) (Fig 9). 

Stem cell plasticity 
Until recently most scientists believed that the differentiation of stem cell 
lineages was restricted to their organotypic fate. However, several recent 
reports indicate that somatic stem cells have a much broader repertoire 
(Björklund and Svendsen, 2001). For example, progenitor cells isolated from 
the adult bone marrow can transdifferentiate into brain cells, muscle cells or 
liver cells (Ferrari et al., 1998; Petersen et al., 1999; Alison et al., 2000; 

NSPC

T3CNTF
BMPs
LIF

FGF2
EGF

- FGF2
- EGF
PDGF

Figure 9. The fate determination of NSPCs. Different mitogens direct 
the differentiation of NSPCs  into neurons (N), astrocytes (A) or 
oligodendrocytes (O) of the CNS. 
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Brazelton et al., 2000; Mezey et al., 2000). Adult neural stem cells can also 
become blood cells, muscle cells or give rise to the cell types of the three 
germ layers (Bjornson et al., 1999; Clarke et al., 2000; Galli et al., 2000). 
These findings indicate that somatic stem cell lineages can be dedifferentiat-
ed and reprogrammed when subjected to the appropriate local environment. 
A new example of this is fibroblasts that are reprogrammed into functional 
NSPCs with the ability to differentiate into neurons, astrocytes and oli-
godendrocytes (Tokumoto et al., 2010; Kim et al., 2011; Ogawa et al., 2011; 
Wang et al., 2011). 

Other studies contradict the transdifferentiation hypothesis and suggest 
that the change of cell fate is instead a result of cell fusion (Terada et al., 
2002; n.d.). These studies show that coculturing somatic stem cells with ES 
cells may result in cell fusion with tetraploid cells expressing specific cell 
markers for both cell types. However, in most tissues cell fusions are ex-
tremely rare, but when studying transdifferentiation of cell types that nor-
mally fuse, such as muscle cells or liver cells, special care must be taken.  
(Tsai et al., 2002).  

Transdifferential potency of NSCs and PNS progenitor cells 
The strict cell fates of the stem cell lineages of CNS and PNS-derived cells 
are currently disputed. In spinal cord lesions, demyelinated axons are often 
spontaneously remyelinated by Schwann cell-like cells. It has been assumed 
that these cells are PNS-derived Schwann cells that migrate into the spinal 
cord after the demyelination has occurred. It has been demonstrated, howev-
er, that such Schwann cell-like cells may have a CNS origin (Blakemore, 
2005). Also, CNS precursors that are grafted into similar demyeliated lesions 
will spontaneously generate myelinating Schwann cell-like cells as well as 
astrocytes and oligodendrocytes, but only in astrocyte-free areas (Keirstead 
et al., 1999; Akiyama et al., 2001). There are also several reports showing 
that CNS stem cells have the ability to differentiate into cells of the PNS in 
vitro. NSCs generated from rat embryonic spinal cord or embryonic and 
adult cortices, can differentiate into peripheral neurons, Schwann cells and 
smooth muscle cells (Mujtaba et al., 1998; Sailer et al., 2005). Multipotential 
progenitor cells found in dorsal root ganglia are also able to transdifferenti-
ate into CNS-like neurons, astrocytes and oligodendrocytes (Fex Svennings-
en et al., 2004; Dromard et al., 2007). This suggests that a common progeni-
tor may exist within the CNS and the PNS. These cells are most likely part 
of the satellite cell population of the dorsal root ganglia (DRG) (Åsa Fex-
Svenningsen’s unpublished observation). Another multipotential cell popula-
tion is boundary cap cells, which also originate from the neural crest, and 
give rise to Schwann cells and satellite glia. These cells arrest transiently at 
the dorsal root entry zone for sensory neurons and the ventral root exit point 
for motor neurons (Maro et al., 2004). In vitro studies show that boundary 
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cap cells can generate both astrocytes and oligodendrocytes (Zujovic et al., 
2010; 2011). Recently, it was shown that embryonic neural crest stem cells 
transplanted into the embryonic or adult mouse CNS have the ability to dif-
ferentiate into cells of the oligodendrocyte lineage and can contribute to 
myelin repair in shiverer mice (Binder et al., 2011). 

It is likely that both soluble environmental factors and membrane-bound 
molecules drive the differentiation, though only few of these factors are 
known.  

Cell adhesion 
Practically all cells in the body are arranged together into tissues and organs. 
This strict arrangement would not be possible without cell adhesion. Cells 
adhere either directly with cell-cell adhesion molecules or indirectly with 
cell-matrix adhesion molecules. The molecules responsible for these proper-
ties are the cell adhesion molecules (CAMs). These can be divided into four 
different superfamilies; cadherins, immunoglobulins, integrins and selectins 
(Lodish et al., 2004). The CAMs are composed of an extracellular domain, 
which has several repeated sequences, a transmembrane domain that anchors 
the molecule in the plasma membrane, and an intracellular domain that ei-
ther is bound to elements of the cytoskeleton or to mediate intracellular sig-
nalling. The cadherins form homophilic interactions, while the immuno-
globulin-superfamily can form both homophilic and heterophilic interac-
tions. Selectins bind to extra cellular matrix components, such as fibronectin, 
and recognize special sugar components on glycoproteins or glycolipids on 
adjacent cells (Lodish et al., 2004). 

The cadherin superfamily 
The cadherin superfamily consists of a large number of related molecules 
(Hulpiau and van Roy, 2009). Their common feature is that their homophilic 
interaction is Ca2+-dependant and fundamental in establishing and maintain-
ing multicellular structures, especially in embryonic stages of vertebrate 
development (Takeichi, 1990). Cadherins share two regions of common 
amino acid sequences, one in the cytoplasmic domain and the other in the 
extracellular domain. The cytoplastic domain is found to be associated with 
cytoskeletal components (Hirano et al., 1987; Hatta et al., 1988; Hulpiau and 
van Roy, 2009) and the extracellular domain is arranged into two or more 
tandem repeats of Ca2+-binding motifs (Takeichi, 1990) (Fig. 10). Cadherins 
can be divided into seven subfamilies: classical cadherins (type I and type 
II), fat-like cadherins, sevenpass transmembrane cadherins, DCad102F-like 
cadherins, Protein kinase cadherins, desmosomal cadherins and the most 
recently identified subfamily, protocadherins (Tepass et al., 2000; Frank and 
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Kemler, 2002; Goodwin and Yap, 2004; Yin and Green, 2004; Tanoue and 
Takeichi, 2005; Takeichi, 2007).  

 

 
There are five known classical type I cadherins that all share five repeated 

tandem motifs where the outermost tandem repeat has a conserved amino 
acid sequence, His-Ala-Val (HAV), responsible for the homophilic interac-
tion (Blaschuk et al., 1990; Takeichi, 1990; Stemmler, 2008; Hulpiau and 
van Roy, 2009).  The cadherins are named after the tissues where they were 
first identified: neural, epithelial, retinal and vascular-endothelial cadherins 
(Stemmler, 2008; Hulpiau and van Roy, 2009). The type II cadherins are 
similar to that of type I, but lack the HAV-binding motif (Stemmler, 2008; 
Hulpiau and van Roy, 2009). The second paper of this thesis will focus on 
the classical cadherin type I neural cadherin (N-cadherin). 

N-cadherin 
N-cadherin is predominantly expressed in the nervous system and is impli-
cated in several essential developmental events. N-cadherin expression dis-
appears during the epithelial-mesenchymal transition in the neural tube at the 
time when the neural crest cells start to migrate into the periphery (Akitaya 
and Bronner-Fraser, 1992). At the end of this migration period, N-cadherin 
expression increases in re-aggregating cells, just before the formation of the 
dorsal root and the sympathetic ganglia (Akitaya and Bronner-Fraser, 1992; 
Nakagawa and Takeichi, 1998). These data suggest that N-cadherin is in-

Extra cellular domain
Ca2+

Intracellular signalling
actin

Figure 10. N-cadherin is composed of five extra cellular domains, a trans-
membrane domain and an intracellular domain.  For proper function calci-
um must be present. The intracellular domain interacts with actin cytoskele-
ton or mediate intracellular signals. 
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volved in migratory control (Akitaya and Bronner-Fraser, 1992; Xu et al., 
2001). In the neural tube, N-cadherin is abundantly expressed by neuroepi-
thelial cells in the ventricular zone and may be responsible for CNS progeni-
tor cells retaining their position (Duband et al., 2009; Yagita et al., 2009). In 
CNS, N-cadherin is also expressed in synaptic junctions and implicated in 
synaptic strength and stability (Fannon and Colman, 1996; Mysore et al., 
2008). 

N-cadherin has been extensively studied in the process of axonal growth 
and guidance in vitro, in both the CNS and the PNS (Tomaselli et al., 1988; 
Letourneau et al., 1990). In CNS, astrocytes that express N-cadherin mediate 
axon outgrowth and guidance of CNS neurons (Tomaselli et al., 1988). Oli-
godendrocytes also express N-cadherin at all developmental stages in contact 
with other oligodendrocytes, astrocytes or neurons. However, the expression 
decreases with development and is concentrated on the major processes 
emerging from the soma in mature oligodendrocytes (Payne et al., 1996; 
Schnädelbach et al., 2001). N-cadherin is also implicated in oligodendrocyte 
precursor migration, axon-oligodendrocyte contact and myelination 
(Schnädelbach et al., 2000; 2001). 

N-cadherin has been widely investigated in early PNS development. N-
cadherin is involved in neurite outgrowth (Bixby and Zhang, 1990) and in 
cocultures of Schwann cells and DRG neurons: growth cones rapidly mi-
grates on top of the Schwann cells (Letourneau et al., 1990), analogous to 
astrocytes in the CNS previously described by Tomaselli et al. (Tomaselli et 
al., 1988). This Schwann cell-axon interaction ceases when the cells are sub-
jected to low calcium conditions or by using specific blocking antibodies or 
peptides (Letourneau et al., 1990; Wanner and Wood, 2002; Wanner et al., 
2006; Gess et al., 2008). N-cadherin is also expressed in Schwann cell pre-
cursors during the prenatal development of the sciatic nerve (Wanner et al., 
2006). The expression is focused at the areas where the cells associate with 
axonal growth cones and decreases as the precursors develop into mature 
Schwann cells (Wanner et al., 2006). N-cadherin has also been implicated in 
Schwann cell proliferation, were blocking of N-cadherin decreased the axon-
Schwan cell interaction and thereby the axon-induced Schwann cell prolifer-
ation (Gess et al., 2008). N-cadherin expression persists in Schwann cells of 
the adult sciatic nerve but to a lesser extent (Cifuentes-Diaz et al., 1994; 
Wanner and Wood, 2002). In the adult sciatic nerve, N-cadherin may be 
localized to both myelinating Schwann cells and nonmyelinating Schwann 
cells (Cifuentes-Diaz et al., 1994; Shibuya et al., 1995; Dolapchieva et al., 
2001). In Paper II we describe a new morphology of nonmyelinating Schwan 
cells that not only encapsulate thin calibre axons but also hold on to mye-
linating Schwann cells. 
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GABA and GABA receptors 
The amino acids glutamate, aspartic acid, gamma aminobutyric acid 
(GABA) and glycine are the major neurotransmitters of CNS. Glutamate and 
aspartic acid are excitatory neurotransmitters while GABA and glycine are 
inhibitory. GABA is the predominant inhibitory neurotransmitter in adult 
mammalian CNS. In the brain about 25%-40% of the synapses use GABA 
while in the PNS the presence of GABA is more restricted (Li and Xu, 
2008). GABA is synthesized by glutamate decarboxylase (GAD) 65 and 67 
(Kaufman et al., 1986; Martin and Rimvall, 1993). GAD65 is associated 
with the membrane and believed to be responsible for synthesis of vesicular 
GABA, important for neural transmission, while GAD67 is more widely 
distributed in the cytoplasm where GABA is used for general metabolic ac-
tivity (Soghomonian and Martin, 1998). When the GABAergic neurons are 
active, GABA is released from their nerve terminals into the synaptic cleft 
and binds to GABA receptors located presynaptically or postsynaptically on 
adjacent neurons. GABA activates two types of receptors; the ionotropic 
receptors GABAA and GABAA-ρ (previously known as GABAC), and the 
metabotropic G-protein coupled GABAB receptor (Dunlap and Fischbach, 
1978; Bowery et al., 2002; Bettler et al., 2004; Nicoll  1988).  

In addition to being a neurotransmitter GABA can act as a neurohormone, 
a paracrine signalling molecule, a metabolic intermediate, and a trophic fac-
tor in many organs such as heart, liver, lungs, intestine, urinary bladder, ad-
renal, testis and ovary (Ong and Kerr, 1990; Gladkevich et al., 2006; 
Hayasaki et al., 2006). During the early development of the CNS, GABA 
also acts as a non-synaptic differentiation factor, regulating proliferation and 
migration of, for example, cortical neurons (Owens and Kriegstein, 2002; 
Lujan et al., 2005). Later in development, when synapses have been formed, 
GABA acts as an excitatory neurotransmitter (Lin et al., 1994; Ganguly et 
al., 2001). With time, at about P9, GABA switches from excitatory transmit-
ter to inhibitory transmitter (Li and Xu, 2008). 

GABAA receptor 
The GABAA receptor is a fast ionotropic receptor. These receptors are mem-
bers of the ligand-gated ion channel family and are composed of five subu-
nits; α1-6, β1-3, γ1-3, δ, ε, π, and θ for GABAA and ρ1-3 for GABAA-ρ 
(Whiting et al., 1997; Olsen and Sieghart, 2008). The GABAA receptor can 
be blocked by the specific antagonists bicuculline and picrotoxin and stimu-
lated by benzodiazepines, barbiturates, a variety of general anaesthetics and 
neuroactive steroids (Belelli and Lambert, 2005; Olsen and Sieghart, 2008). 
Many of these compounds are commonly used in clinics. Activation of the 
GABAA and GABAA-ρ receptors leads to an increase in chloride ion con-
ductance, which in turn leads to a rapid hyperpolarization of the neuron and 
an inhibition of action potentials (Olsen and Sieghart, 2008). 
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The GABAA receptor is widely distributed in the adult mammalian CNS, 
in neurons as well as in astrocytes (Berger et al., 1992; Hösli et al., 1997; 
Kang et al., 1998; Sieghart and Sperk, 2002; Israel et al., 2003) and in cer-
tain oligodendrocyte progenitor cells (Gilbert et al., 1984; Kirchhoff and 
Kettenmann, 1992). In the PNS, sensory neurons, both myelinated and un-
myelinated fibres posses GABAA receptors (Brown and Marsh, 1978; Brown 
et al., 1979; Morris et al., 1983). Schwann cells of the sciatic nerve and in 
culture express GABAA receptors (Magnaghi et al., 2006).  

GABAB receptor 
The metabotropic, GABAB receptor is a G-protein coupled receptor (GPCR) 
that transduces signals mainly via Giα and G0α and mediates a slower and 
more prolonged physiological effect. The G-proteins open calcium and po-
tassium ion channels or inactivate adenylyl cyclase and thus inhibit the 
cAMP pathway (Kaupmann et al., 1998; Kuner et al., 1999; Bowery et al., 
2002; Bettler et al., 2004; Bettler and Tiao, 2006; Taniura et al., 2006; Rait-
eri, 2008) (Fig. 11).  

The GABAB receptor shares the family class C of G-protein coupled re-
ceptors with metabotrophic glutamate receptors, calcium sensing receptors, 
taste receptors and a family of orphan receptors (Bettler et al., 2004). The 
GABAB receptor is composed of two seven-transmembrane domain subunits 
which must be assembled into a heterodimer to be active (Bowery et al., 
2002). The GABAB1 receptor subunit is primarily responsible for agonist 
binding, whereas the GABAB2 receptor subunit is essential for trafficking of 
the heterodimer complex to the cell surface (Calver et al., 2000; Charles, 
Deuchars, et al., 2003a). The GABAB1 receptor subunit exists in two splice 

Ca  channel 
GABAB R K+ K+

K+ Adenylyl Ca2+ 

K+ cyclase Ca2+ 
Ca2+ 

i/o  i/o i/o  

B1 B2 
cAMP ATP 

2+K channel +

GABAB R

Figure 11. The GABAB receptor and its effector molecules. The GABAB recep-
tor is assembled with the B1 and B2 subunits as a hetereodimer. When GABA 
binds to the receptor it activates the G proteins. Gγβ modulate potassium chan-
nels positively and calcium channels negatively, while Giα and G0α inhibit the 
adenylyl cyclase activity from further downstream signalling. Reprinted from 
Advances in Pharmacology, 58, Padgett, C.L. and Slesinger P.A., GABAB Re-
ceptor Coupling to G-proteins and Ion Channels, 123-147, Copyright (2010), 
with permission from Elsevier. 
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variants; B1a and B1b (Bowery et al., 2002) The GABAB receptor is widely 
distributed throughout the CNS, though primarily localized to the thalamic 
nuclei, the molecular layer of the cerebellum, the cerebral cortex, the hippo-
campus, the interpeduncular nucleus and the dorsal horn of the spinal cord 
(Charles et al., 2001; Bowery et al., 2002; Chu et al., 1990). The GABAB 
receptors modulate GABAergic synapses, and glutamatergic synapses in 
particular by inhibiting neural transmission presynaptically and postsynapti-
cally (Kornau, 2006). In CNS, GABAB receptors are implicated in various 
brain diseases, such as spasticity, pain (Balerio and Rubio, 2002), epilepsy 
(Prosser et al., 2001; Schuler et al., 2001), anxiety and depression (Mom-
bereau et al., 2004), schizophrenia (Mizukami et al., 2000) and drug addic-
tion (Tao and Auerbach, 2002). In the spinal cord, GABAB receptors are 
involved in primary afferent transmission (Fox et al., 1978) and GABA ago-
nists can modulate nociceptive signalling inhibiting the release of the neuro-
transmitters substance P and glutamate (Patel et al., 2001). Treatments using 
GABA agonist and antagonists are limited. Only a few agonists have 
reached the drug market and they all have side effects (Leo, 2005; Magsalin 
and Khan, 2010). Although the agonist baclofen is clinically used as a mus-
cle relaxant of spastic movement disorders and to treat spinal cord injuries, 
multiple sclerosis, amyotrophic lateral sclerosis, peripheral neuropathies and 
alcohol withdrawal (Addolorato, 2002; Rizzo et al., 2004). 

Many glial cells possess GABAB receptors. GABAB receptors in astro-
cytes potentiate inhibitory synaptic transmission in the hippocampus and 
regulate adenylyl cyclase (Kang et al., 1998; Oka et al., 2006). In microglia 
the GABAB receptor modulates the immune response upon activation (Kuhn 
et al., 2004). GABAB receptor stimulation also increases migration and pro-
liferation in oligodendrocyte precursors (Luyt et al., 2007), though this is not 
the case in mature oligodendrocytes that lack this receptor type (Charles, 
Calver, et al., 2003b; Luyt et al., 2007).  

GABA and GABAB receptors in PNS 
In the DRG, small nociceptive neurons with myelinated A-δ fibres and un-
myelinated C-fibres possess GABAB receptors (Désarmenien et al., 1984; 
Poorkhalkali et al., 2000; Towers et al., 2000; Charles et al., 2001). The 
GABAB receptor is expressed in the soma but is also transported to the nerve 
terminals where it inhibits neurotransmitter release in the spinal cord 
(Poorkhalkali et al., 2000; Towers et al., 2000; Yang et al., 2001). Some 
DRG neurons also produce GABA (Szabat et al., 1992; Stoyanova et al., 
1998; unpublished observations), though it is not clear whether it functions 
as a neurotransmitter or is released in primary afferent terminals. GABA in 
the PNS is implicated in pain modulation in the dorsal horn of the spinal 
cord (McCarson and Enna, 1999; Enna and McCarson, 2006), although a 
recent study contradicts this hypothesis (Gangadharan et al., 2009).  
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Satellite cells, the glia present in DRGs, store large quantities of GABA 
and have a high affinity for GABA up-take from the extracellular space 
(Young et al., 1973; Schon and Kelly, 1974; Hösli and Hösli, 1978; un-
published data). The satellite cells provide a barrier between the neurons and 
the extracellular matrix which prevents the neurons from accumulating 
GABA (Hösli and Hösli, 1978). 

GABAB receptor function in Schwann cells 
GABAB receptors have been found in both satellite cells and Schwann cells 
of the sciatic nerve and DRG (Poorkhalkali et al., 2000; Magnaghi et al., 
2004). The function of the GABAB receptors has primarily been studied in 
neonatal Schwann cells in vitro. Such Schwann cells display both GABAA 
and GABAB receptors and generate GABA (Magnaghi et al., 2004; 2010). 
The involvement of GABAB receptors in both proliferation and myelination 
has also primarily been investigated in vitro, The GABAB receptor agonist 
baclofen reduced the forskolin-stimulated proliferation in Schwann cells 
(Magnaghi et al., 2004). Adding the GABAB receptor antagonists 
CGP55499A, GCP62349 or CGP55485 to the cultured Schwann cells, in-
creased the cAMP induced proliferation. A prolonged treatment of baclofen 
in pure Schwann cell cultures decreased the synthesis of the myelin proteins 
myelin-associated glycoprotein (MAG), peripheral myelin protein 22 
(PMP22) and P0 (Magnaghi et al., 2004). 

In paper III we have investigated the GABAB receptor involvement in 
proliferation and myelination in fetal dissociated DRG cultures. Interesting-
ly, Schwann cell proliferation in such cultures is not dependent on GABAB 
receptor stimulation. However, stimulation of the GABAB receptors may be 
involved in the myelination process. 
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Aims 

Paper I: To investigate if the fate determination of NSPCs is influenced by 
environmental factors from the CNS, PNS and ENS feeder cultures and to 
determine if molecules responsible are soluble or contact mediated.  
 
Paper II: To study the function of N-cadherin in postnatal developing and 
adult peripheral nerve by studying the distribution and function of this pro-
tein in vivo and in vitro. 
 
Paper III: To investigate the function and distribution of the GABAB recep-
tor in adult sciatic nerve and DRG in vivo and in vitro. 
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Materials and methods 

This section briefly presents and discusses the experimental procedures used 
in this thesis.  Detailed information can be found in the respective paper. 

Animals 
To investigate the nature of glial cell development, the studies in this thesis 
are based on cells and tissues from rats and mice. All procedures were ap-
proved by the local ethical committees (Uppsala, Sweden; Montreal, Cana-
da; Odense, Denmark). Wild-type Sprague-Dawley rats were used for prepa-
ration of primary cell cultures and tissue analysis (Paper II and III). In paper 
I, heterozygous embryos from C57BL/6-β-actin-EGFP transgenic mice 
(Jackson Laboratories, Bar Habour, Maine, USA) (Okabe et al., 1997), were 
used. In these animals all cells express the endogenous green fluorescent 
protein (EGFP) driven by the actin promoter. This property is used to study 
the differentiation of NSPCs in co-culture with littermate wild-type cells. 

Dissection and cell cultures 
NSPC co-cultures 
Cerebral cortices were dissected from E14.5 EGFP mice, and dissociated 
cells were cultured as neurospheres. Medium was changed at the passages, 
every 4-5 days. Care was taken to sustain small neurospheres and maintain 
as high a proportion of immature cells within the neurospheres as possible 
(Suslov et al., 2002). Primary cultures from E14.5 cerebellum, DRG and 
intestine were dissected and plated on Lab-Tek Chamber slides at a density 
of 100 000 cells/ml. Some DRG cultures were treated with the antimitotic 
agent 5-fluoro-2´-deoxyuridine to remove proliferating glia. Medium was 
changed twice a week and the conditioned media was collected and frozen 
for later use. Then dissociated EGFP-positive NSPCs were added to the pri-
mary feeder cultures or grown with the conditioned media from respective 
feeder culture. Cultures were fixed after 5 days or 4 weeks using 4% para-
formaldehyde. 
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Schwann cell development in DRG primary cultures 
Schwann cell development can be studied in detail in dissociated fetal DRG 
cell cultures. Within days the Schwann cells proliferate, make contact with 
neurons and axons and start to myelinate. This model system is therefore 
unique when studying neuron-glial interaction in PNS development and re-
flects the natural occurring processes seen in vivo. Nevertheless many stud-
ies of the Schwann cell’s biology have been made with pure Schwann cell 
cultures, without the presence of neurons. The advantage of pure Schwann 
cell cultures prepared from neonatal sciatic nerve or brachial nerve (Brockes 
et al., 1979), is that they can be easily expanded and the reproducibility is 
high. However, the drawback is that these Schwann cells may lose their nat-
ural behaviour when cultured without neurons for so long. Because of these 
issues the DRG primary cultures are used in this thesis. In papers II and III 
comparisons of Schwann cell development in these two types of culture sys-
tems are made regarding the expression and function of the proteins N-
cadherin and GABAB receptor. The functional studies were performed by 
treating the DRG cultures with antagonists and agonist for the two proteins.  

In Paper II, N-cadherin was blocked by adding 130 µM of INPISGQ eve-
ry second day. The cultures were then subjected to immunocytochemistry 
and analysed under a microscope. In short-term cultures the Schwann cell-
axon and Schwann cell-Schwann cell contacts were investigated and in long-
term cultures the myelination process was observed. 

In Paper III the GABAB receptor was investigated in DRG cultures treat-
ed with 100 µM baclofen or 10 µM CGP55485. The proliferation and differ-
entiation were studied. In the proliferation assay, bromodeoxyuridine (5-
bromo-2'-deoxyuridine, BrdU) was added for the last 2 hours to get incorpo-
rated in the DNA of dividing cells. The cultures were then subjected to im-
munochemistry and analysed under a microscope. To examine the GABAB 
receptors’ function during Schwann cell differentiation and myelination, 
DRG cultures received a prolonged treatment with baclofen or CGP55845. 
After four weeks, when Schwann cells were myelinating axons the cultures 
were harvested for RNA isolation and subsequent quantitative real-time 
PCR. 

Western blot 
Standard protein measurement was made to study the developmental chang-
es of protein levels (Paper II and III). Lysates from rat sciatic nerves from 
P1, P5, P10, P15 and P20 were resolved under reducing conditions on a 4-
12% Bis-Tris polyacrylamide gradient gel. A lysate from the cerebellum 
served as a positive control. Proteins were blotted onto a nitrocellulose 
membrane and blocked in 5% bovine serum albumin followed by incubation 
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with either monoclonal anti-N-cadherin (1:2000), in Paper II, or with rabbit 
anti-GABAB1 receptor (1:1000), guinea pig anti-GABAB2 receptor (1:1000) 
and rabbit anti-GABA (1:1000) in Paper III, overnight at 4°C. After washes, 
the membrane was incubated for 1 hour at room temperature with horserad-
ish peroxidase-labelled donkey anti-mouse immunoglobulins (1:5000). 
Bands were visualized with chemiluminescent substrate and developed on 
photo film. To show that equal amounts of protein were loaded the mem-
brane was stripped and labelled against β-actin (1:5000). 

Immunochemistry 
Fixed tissues were cryoprotected overnight and stored in the freezer until 
sectioning on a cryostat. The sections as well as cultures were pre-incubated 
with blocking solution for 1 hour and then incubated overnight at 4°C with 
primary antibodies (Table 1) diluted in blocking solution. After washing, the 
slides were incubated with appropriate secondary antibodies for 2 hours at 
room temperature. The slides were then rinsed and analysed in a fluores-
cence microscope.  

Paper I 
Investigating and comparing cells of CNS and PNS using antibodies is diffi-
cult since many antibodies that are specific for PNS also label cells of the 
CNS and vice versa. Most neuronal markers label neuronal populations in 
both the CNS and PNS. The same is true for glial markers, with the excep-
tion of the makers P0 and PMP22 that are specific for myelinating Schwann 
cells, and PDGF alpha receptor, GalC and PLP which are specific for oli-
godendrocytes. However these antibodies could not be utilized for examin-
ing the differentiation of NSPC since the experiments were too short for the 
development of myelin sheaths and some antibodies are not commercially 
available or not reliable enough. Because of these problems, it is very im-
portant to complement immuno-labelling with morphological observations, 
as we have done in Paper I. Neurons may sometimes be difficult to distin-
guish between the CNS and PNS but a general rule is that CNS neurons have 
dendrites while PNS and ENS neurons do not. However, PNS and ENS neu-
rons are often bipolar and multipolar. Oligodendrocytes and astrocytes have 
distinctly different morphology in comparison to Schwann cells or enteric 
glia. 

Brn3a and p75 were used as general peripheral markers, and were previ-
ously used by us (Brännvall et al., 2006). We also tested if these markers 
were present in the cerebellar cultures or after spontaneous differentiation of 
NSPCs in normal medium without FGF2 and EGF but they were not. 
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Table 1. Primary antibodies for immunochemistry 
Antigen Antibody Species Dilution Source 
α-internexin polyclonal rabbit 1:200 Millipore 
β-III-tubulin monoclonal mouse 1:500 BabCO 
β -III-tubulin polyclonal rabbit 1:200 Sigma-Aldrich 
BrdU-FITC polyclonal rat 1:75 BioSite 
Brn3a Monoclonal mouse 1:500 Millipore 
Caspr1 Polyclonal Rabbit 1:1000 Dr. Colmans laboratory, New York, USA 
CNP Monoclonal mouse 1:500 Sigma-Aldrich 
CNP Monoclonal mouse 1:500 Sternberger Monoclonals 
GABA monoclonal mouse 1:400 Sigma-Aldrich 
GABAB1-R polyclonal guinea pig 1:400 Millipore 
GABAB2-R polyclonal guinea pig 1:400 Millipore 
GABAB2-R polyclonal rabbit 1:200 Abcam 
GAD65/67 polyclonal rabbit 1:500 Abcam 
GFAP monoclonal mouse 1:200 Sigma-Aldrich 
GFAP polyclonal rabbit 1:250 Dako 
GFAP monoclonal mouse 1:1000 Sigma-Aldrich 
GFAP polyclonal rabbit 1:1000 Sigma-Aldrich 
L1 polyclonal rabbit 1:500 Millipore 
Mash1 monoclonal mouse 1:100 Becton-Dickinson 
Math monoclonal mouse 1:200 Developmental studies hybridoma bank 
MBP polyclonal rabbit 1:1000 Dr. Colmans laboratory, New York, USA 
MBP monoclonal mouse 1:1000 Sternberger Monoclonals 
N-cadherin monoclonal mouse 1:400 BD transduction labs 
N-cadherin polyclonal rabbit 1:1000 Abcam 
Nestin monoclonal mouse 1:200 Millipore 
Neurofilament polyclonal rabbit 1:1000 Sigma-Aldrich 
Neurofilament polyclonal chicken 1:1000 Abcam 
NG2 polyclonal rabbit 1:500 Millipore 
p75 polyclonal rabbit 1:500 Sigma-Aldrich 
Peripherin polyclonal rabbit 1:500 Millipore 
Rip monoclonal mouse 1:1000 Developmental studies hybridoma bank,  
S100 polyclonal rabbit 1:200 Dako 
S100β monoclonal mouse 1:250 Millipore 
SMA monoclonal mouse 1:1000 Millipore 

Papers II and III 
The primary antibodies used in Paper II and Paper III were selected by their 
usage in previous studies and their commercial availability. In Paper II, the 
antibodies for N-cadherin have previously been used in many labs (Wanner 
and Wood, 2002; Fairless et al., 2005; Wanner et al., 2006; Crawford et al., 
2008; Gess et al., 2008) The GABAB receptor antibodies have also been used 
by others (Magnaghi et al., 2004). To determine the cellular distribution of 
these proteins in tissue preparations and cell cultures, co-labelling of the cell 
type is essential. For co-staining of peripheral neurons, neurofilament 100kD 
and peripherlin, was used to label most DRG neurons and the axons of the 
sciatic nerve. The glial cell can be divided into nonmyelinating Schwann 
cells and satellite glia that express GFAP, and myelinating glia were co-
labelled with the early myelin markers CNP and Rip and the late myelin 
marker MBP. Both proteins of interest, N-cadherin and GABAB receptor, are 
membrane-bound when active and were expected to be visible in the cell 
membranes. Therefore markers for specific organells were not needed. 



 34 

To quantify Schwann cell behaviours in culture Green CellTracker was 
used in Paper II instead of a specific glial marker. This made it easier to la-
bel and count the Schwann cells in culture than normal immuno-labelling. 
Similar was done in Paper III, where proliferating cells were co-labelled 
with the common nuclei staining DAPI. Counting neurons by mistake would 
lead to a systemic error but is unlikely to affect the result since the neurons 
does not divide and the glial cells greatly outnumber the neurons. 

Quantifications and cell culture analysis 
Paper I 
For quantification of NSPCs that have chosen neural crest fate, Brn3a and 
p75 expression was analysed. Pictures were taken with a × 20 objective on a 
Zeiss Axioplan2 microscope in 7-10 randomly chosen fields and counted 
blindly. The ratio of Brn3a and p75 positive NSPCs was calculated in the 13 
days old co-cultures and 6 days old NSPC cultures that had received condi-
tioned medium. 

Paper II 
Images were taken with Zeiss LSM 510 META confocal microscope. The 
slides with sections and cultures were analysed using an Olympus fluores-
cent microscope. Quantification of cultured Schwann cells with or without 
contact with other Schwann cells or axons was performed using Volocity 
software. Three pictures taken at random from each culture chamber, with 
six cultures chambers for each group, were analysed. A ratio between the 
number of unattached Schwann cells and the total number of Schwann cells 
was calculated for each culture chamber. The number of attached Schwann 
cells on axons was counted and divided by the number of axons in each cul-
ture chamber. The difference between the mean values of treated cultures 
compared to controls was statistically analysed (unpaired t-test, two-tailed 
distribution). 

Paper III 
An identical setup of microscopes to the one in Paper II was used. To quanti-
fy the proliferation rate in DRG cultures treated with baclofen and 
CGP55485, eight pictures taken at random were analysed from each culture 
chamber. A mean value of the ratio BrdU labelled cell/total number of cells 
was calculated for each eight wells for every treatment group. The difference 
between the mean values of treated cultures compared to controls was statis-
tically analysed (unpaired t-test, two-tailed distribution). 
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mRNA expression analysis 
Studying protein expression is the final proof of a gene transcription. How-
ever a combination of the small number of cells and a lack of myelin mark-
ers for western blot for the primary DRG cultures made us use mRNA ex-
pression analysis (Paper III). With real-time PCR (RT-PCR; also called 
quantitative PCR) several mRNA transcripts could be examined from the 
same sample. The technique is based on PCR and during amplification a 
fluorescent dye (SYBR green) is incorporated into the DNA in each cycle. 
The fluorescence is detected when the DNA gets double stranded and the 
signal intensity increases with number of cycles, in real-time. The cycle at 
which the signal reaches a certain threshold value may then be used to calcu-
late the original concentration. 

After RNA extraction of four weeks old DRG cultures, treated with bac-
lofen or CGP55485 and DMSO controls, reverse transcriptase (RT) was used 
to transcribe mRNA into complementary DNA (cDNA). In this reaction 
random hexamers were used as primers allowing all RNA to be transcribed 
into cDNA. The cDNA was then subjected to RT-PCR with specially de-
signed primers that would amplify only the segments of the genes of interest 
(GOI; table 2).  

Table 2. Primers for qPCR 

Reference genes 
To correct for variation in the total amount of cDNA due to differences in 
cell numbers, RNA extractions, reverse transcription reactions or pipetting 
errors, it was essential to use an internal reference. Seven reference genes or 
housekeeping genes were used in this thesis (table 2). The GeNorm protocol 
described by Vandesompele et al. was used for identifying the most stable 
HKGs out of a set of seven tested for each sample (Vandesompele et al., 
2002). The GOIs were subsequently normalized to the geometric means of 
these HKGs. The delta-Ct method was used to transform Ct values into rela-

Transcript Accession Forward primer Reverse primer 
Reference (housekeeping) genes 
βACT NM_031144 cactgccgcatcctcttcct aaccgctcattgccgatagtg 
βTUB NM_173102 cggaaggaggcggagagc agggtgcccatgccagagc 
CYCLO NM_19533 gagcgttttgggtccaggaat aatgcccgcaagtcaaagaaa 
GAPDH X02231 acatgccgcctggagaaacct gcccaggatgccctttagtgg 
H3b NM_053985 attcgcaagctcccctttcag tggaagcgcaggtctgttttg 
RPL19 NM_031103 tcgccaatgccaactctcgtc agcccgggaatggacagtcac 
SDCA NM_130428 gggagtgccgtggtgtcattg ttcgcccatagcccccagtag 
Genes of interest 
CNP NM_012809 tgctcagtaacaggacct gggattaacacgatttatttcagt 
GFAP NM_017009 atgactatcgccgccaactgc tcctggtaactcgccgactcc 
MAG NM_017190 agaagccagaccatccaa ctgattccgctccaagtg 
MBP NM_017026 cgcatcttgttaatccgttctaat gagggtttgtttctggaagtttc 
P0 NM_001007728 aacctagactacag aagacatagagcgt 
PMP22 NM_017037 tgtaccacatccgccttg cctggacagactgaagcc 
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tive quantities with SD, and the highest expression for each primer pair was 
set to 100 (Vandesompele et al., 2002). Differences in gene expression be-
tween groups were analysed using one-way analysis of variance (ANOVA) 
followed by Dunnett’s post-hoc test. 
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Results and discussion 

For pictures please see individual papers. 
 

Paper I: 
Environmental factors are of great importance for the fate choice of stem 
cells (Brüstle et al., 1995; Kitazawa and Shimizu, 2005). Earlier experiments 
grafting EGFP positive NSPCs into intact or injured DRG show that the 
surrounding cells influenced the EGFP-positive cells and that the NSPCs had 
the capacity to develop into neurons and glia with a PNS morphology, but to 
a limited extent (Brännvall et al., 2006). In this paper, the NSPCs fate deter-
mination was studied in vitro, by culturing fetal mouse NSPCs together with 
CNS, PNS or ENS fetal primary mouse cell cultures, or with conditioned 
media collected from these cultures. NSPC differentiation was investigated 
by analysing their morphology and expression of peripheral markers. In the 
CNS environment, most EGFP-expressing NSPCs cocultured with cerebellar 
cultures remained immature, while the feeder culture showed clear signs of 
maturation. Only a small amount of the EGFP-positive NSPCs developed 
into neurons, astrocytes or oligodendrocytes. However, no CNPase-positive 
oligodendrocytes were found, even after 14 days of coculture. This devel-
opmental delay may be attributed to the presence of endogenous progenitor 
cells in the feeder culture, which possibly produce factors to maintain an 
immature cellular state. One such factor could be PDGF-BB (Erlandsson et 
al., 2006).  

NSPCs were then cocultured with PNS or ENS primary cultures. In these 
cocultures the EGFP-positive cells differentiated rapidly into neurons and 
glia with a peripheral or enteric morphology respectively, indicating that the 
NSPCs had chosen a PNS-like or ENS-like cell fate. In the PNS cocultures, 
the majority of EGFP-positive cells turned into Schwann cell-like bipolar 
cells expressing both S100 and GFAP. A number of these Schwann cells 
also aligned with axons in a one-to-one manner as if they were ready to start 
to myelinate. Some NSPCs had differentiated into neurons resembling en-
dogenous DRG neurons. In the ENS environment, the EGFP-positive cells 
differentiated into stellate shaped GFAP-positive cells and small peripheral 
neurons with extended processes, both strikingly similar to the endogenous 
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enteric glia and neurons. In the enteric cultures a large number of the NSPCs 
had also become SMA-positive smooth muscle-like cells. This was not sur-
prising since ENS cultures, which are made of dissociated complete intes-
tine, contain a majority of smooth muscle cells. Apparently these influence 
fate choice in the NSPCs population. In both PNS and ENS cocultures a few 
oligodendrocytes were found. This could be a result of an incomplete envi-
ronmental control of the NSPCs.  

Interestingly, when NSPCs were cocultured with DRGs devoid of glia, 
the stem cells remained morphologically immature, demonstrating that the 
Schwann cells are important for NSPC differentiation. This characteristic 
has also been seen in other studies. CNS precursors differentiate into 
Schwann cell-like cells instead of oligodendrocytes when astrocytes are ab-
sent in spinal cord lesions (Blakemore, 2005) and astrocytes also secrete 
factors important for the formation of hippocampal neurons (Song et al., 
2002).  

To determine whether the differentiation of NSPCs into PNS-like and 
ENS-like cells depends on soluble factors or if this process is contact medi-
ated, the stem cells were cultured with conditioned media from all the feeder 
cultures; CNS, PNS and ENS. In conditioned medium from CNS cultures, 
most of the EGFP-positive cells remained undifferentiated and nestin-
positive, while control cultures, cultured in fresh medium, differentiated into 
more mature cells. This indicates that the molecules keeping the NSPCs 
undifferentiated are primarily soluble factors.  

In cultures with PNS and ENS conditioned media the NSPCs differentiat-
ed readily. The EGFP-positive cells differentiated into neurons and glia with 
PNS or ENS morphology respectively. These data indicate that soluble fac-
tors secreted from the PNS and ENS feeder cultures into the medium influ-
enced differentiation and fate determination of NSPCs, but to a lesser extent 
than when NSPCs were cultured with the feeder cultures. The decrease in the 
number of NSPCs displaying peripheral characteristics in response to the 
conditioned media may imply that direct contact is needed for NSPC fate 
choice or that the important soluble factors in our conditioned media were 
depleted before new conditioned medium were added to the cultures. 

Paper II: 
Adhesion properties are essential for all kinds of tissue development, espe-
cially during cell proliferation, migration and differentiation. The adhesion 
molecule N-cadherin is important in both development and maintenance of 
the nervous system but its direct function in these events is not completely 
clear. In PNS, N-cadherin is expressed by Schwann cell precursors and asso-
ciated with axonal growth cones (Letourneau et al., 1991; Wanner and 
Wood, 2002). When the Schwann cell precursors matured the N-cadherin 
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expression level decreased. However, it never completely disappeared and 
N-cadherin persists in the adult sciatic nerve (Cifuentes-Diaz et al., 1994; 
Wanner and Wood, 2002). In this paper the spatio-temporal pattern of N-
cadherin was investigated in postnatal and adult rat sciatic nerve, DRG and 
intestine. 

N-cadherin was expressed in neuron-glial and glial-glial adhesion in all 
tissues investigated; satellite cells envelop neural cell bodies of peripheral 
ganglia, nonmyelinating Schwann cells ensheath thin calibre axons and en-
teric glia ensheath, adhere and encapsulate both neurons and axons of the 
intestine. 

The cellular distribution of N-cadherin in satellite cells of the DRG as 
well as in the nonmyelinating Schwann cells of the sciatic nerve changed in 
postnatal development. At P1, the cells expressed N-cadherin diffusely over 
the cell membrane, an expression pattern previously described in Schwann 
cell precursors (Wanner et al., 2006). Five days later, a distinct change in N-
cadherin distribution had occurred. It was restricted to glial-glial or axon-
glial contacts and the pattern observed appeared to be stable throughout life. 
This reorganization coincides with the decrease of N-cadherin seen in the 
western blot analysis of protein homogenates of sciatic nerves from different 
postnatal ages. This distributional change may implicate a functional shift 
from proliferation and migration to that of adhesion. The change may be 
analogous to the one observed in the dorsal neural tube where N-cadherin 
expression diminishes in migrating neural crest cells but reappears when the 
migration ends and the dorsal roots are being formed (Akitaya and Bronner-
Fraser, 1992). 

Nonmyelinating Schwann cells in the adult sciatic nerve were strongly N-
cadherin positive, corroborating previous findings in adult sciatic nerve from 
chickens and rats (Cifuentes-Diaz et al., 1994; Shibuya et al., 1995; Dolap-
chieva et al., 2001). Some of these cells were also highly branched and en-
veloped myelinating Schwann cells as well as multiple thin calibre axons, a 
morphology that has not previously been described. These data may imply 
that nonmyelinating Schwann cells form a stable tubular structure in the 
peripheral nerve. Not only do these these cells encapsulate thin calibre axons 
but also, at the same time, they provide support and hold on to myelinating 
Schwann cells. 

To further investigate the cellular localization of N-cadherin, dissociated 
E17 DRG cultures were examined. Such cultures contain neurons and en-
dogenous Schwann cells that develop similarly to what is seen in vivo, con-
cerning proliferation, migration, alignment and myelination of Schwann 
cells (Fex Svenningsen et al., 2003). In freshly plated cultures, most 
Schwann cells expressed N-cadherin when in contact with other glial cells or 
axons. After a few days, when the Schwann cells had aligned with the axons, 
N-cadherin was accumulated at the axon-glial contacts. Whether this axon-
glial expression is at the actual contact points between the attaching 
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Schwann cell and the adjacent axon, or if it is the enveloping Schwann cell 
that adheres to itself, is not clear. Expression of N-cadherin in neurons or 
axons without the glial contact was not detected, although other studies show 
that sensory neurons may express N-cadherin (Wanner et al., 2006). Interest-
ingly, after 7 to 14 days of culture, the expression of N-cadherin decreased in 
the Schwann cells that had started their myelin program. Some myelinating 
Schwann cells expressed N-cadherin on the outer loop of the myelin sheath 
when in contact with other glial cells. 

The function of N-cadherin in these cultures was investigated next. Both 
pure Schwan cells and dissociated DRG cultures were treated with the potent 
N-cadherin blocking peptide INPISGQ (Williams et al., 2000). After 48 
hours of culture the initial Schwann cell-Schwann cell interactions decreased 
in both types of cultures, in agreement with previous findings (Letourneau et 
al., 1991; Wanner and Wood, 2002; Wanner et al., 2006; Gess et al., 2008). 
No difference in the number of Schwann cells attached to axons was found 
comparing cultures treated with INPISGQ and controls. This antagonist had 
no impact on the myelination in similar cultures compared to control. 

 The distribution of N-cadherin during development together with the data 
concerning functional adhesion indicates that initial adhesion of Schwann 
cell attachment to axons and subsequent myelination is not affected by N-
cadherin blocking. The adhesion between glial cells is clearly affected by the 
INPISGQ treatment.  

In conclusion, the main function of N-cadherin in the postnatal PNS is 
that of glial adhesion; to stabilize the structure of the ganglia, the intestine 
and the sciatic nerve as coordinated cellular arrangements. The relatively 
high expression of N-cadherin maintains the integrity of the growing sciatic 
nerve. In the adult sciatic nerve the nonmyelinating Schwann cells use N-
cadherin-mediated adhesion to form a tubular structure, encapsulating thin 
calibre axons, at the same time providing support and holding onto myelinat-
ing Schwann cells. N-cadherin is thus a crucial adhesive molecule binding 
the components of the nerve tightly together as one unit. 

Paper III 
GABAB receptors normally operate as an inhibitory neurotransmitter in neu-
rons but have recently been found to be involved in Schwann cell develop-
ment (Magnaghi et al., 2004). In Paper III, protein localization of GABA, 
GAD65/67 and the GABAB receptor was studied in the adult sciatic nerve 
and in developing DRG cultures. During development of the sciatic nerve 
the protein levels of GABAB receptor subunit 1, 2 and GAD65/67 decreased. 
This decrease coincides with an increase in myelination, suggesting that 
Schwann cells that start their myelin program downregulate the expression 
of these proteins. The adult sciatic nerve was then investigated using im-
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munohistochemistry. All nonmyelinating Schwann cells expressed GABAB 
receptors, GABA and GAD65/67, while GABA and its B receptor were vir-
tually absent in the majority of the myelinating Schwann cells. Surprisingly, 
a small population of myelinated fibers displayed GABAB receptors as well 
as GABA and GAD65/67 at the node of Ranvier. The fibres surrounded by 
these Schwann cells were labelled primarily with neurofilament, but also 
contained a population that was labelled with peripherin. All the fibres origi-
nated from sensory neurons of the DRG. The neurofilament labelling indi-
cates that the population may not be one including pain fibres but rather 
α and/or β fibres. The nodal distribution of the GABAB receptor did not 
overlap with that of GAD65/67 and GABA. The GABAB receptor was pre-
sent on the glial side of the node, while GAD65/67 was localized to the ax-
on. The localization of GABA was somewhat difficult to interpret but may 
be restricted to the microvilli of the Schwann cell covering the node of 
Ranvier. These data imply that this population of myelinating Schwann cells 
can both act on and store GABA which is generated locally on the axonal 
side of the node. 

It has previously been shown that Schwann cells in culture possess func-
tional GABAB receptors and generate GABA (Magnaghi et al., 2004; 2010). 
These experiments were performed in pure Schwann cell cultures where 
neurons were absent. In such cultures the endogenous supply of GABA, as 
well as other factors important for proliferation and differentiation, cannot be 
provided by neurons. Proliferation is induced by forskolin, a potent activator 
of the cAMP/PKA pathway (Raff et al., 1978; Porter et al., 1986; Sobue et 
al., 1986; Jessen et al., 1991). To better mimic the environment of the PNS, 
we instead investigated the GABAB receptor mediated actions of GABA in 
primary fetal DRG cultures that contain a mixture of sensory neurons and 
Schwann cells. The Schwann cells in these cultures develop and differentiate 
with time, without the addition of growth promoting agents (Fex Svennings-
en et al., 2003). 

The distribution of GABAB receptors in the Schwann cells of the primary 
DRG cultures correlated well with the western blots and the immunohisto-
chemical results from the sciatic nerve; premyelinating and nonmyelinating 
Schwann cells all possessed both GABAB receptor subunits. When the 
Schwann cells started their myelin program, the GABAB receptor was down-
regulated and in complete compacted myelin sheaths the expression was 
very low or absent. GABA as well as GAD65/67 also decreased with devel-
opment and thus myelination. These data show that premyelinating and 
nonmyelinating Schwann cells not only have the ability to generate GABA, 
but may also act on this protein. 

In pure Schwann cell cultures, both the proliferation and the expression of 
myelin proteins are affected by the activation of the GABAB receptor using 
the GABA agonist baclofen (Magnaghi et al., 2004). Similar experiments 
were performed using our DRG primary cultures. Surprisingly, neither the 
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GABAB receptor agonist baclofen nor the GABAB receptor antagonist 
CGP55485 had an effect on Schwann cell proliferation. These results sug-
gest that the initial Schwann cell proliferation seen in DRG cultures is inde-
pendent of the cAMP/PKA signalling pathway and thus the inhibiting activi-
ty of cAMP by the GABAB receptor. 

The effect of baclofen and CGP55485 on myelination in the DRG cul-
tures was also investigated. The mRNA levels of myelin markers MAG, 
PMP22 and P0 decreased in the presence of baclofen, indicating a functional 
GABAB receptor which signals downstream and affects transcription of 
myelin proteins. These data confirm previous studies in pure Schwann cell 
cultures (Magnaghi et al., 2004). The mRNA level of GFAP instead in-
creased in response to baclofen demonstrating that the glial cells in the cul-
ture stayed in a nonmyelinating state. CGP55485 had a reverse effect in the 
myelinating cultures and instead showed a slight increase of MAG, PMP22 
and P0 mRNA. In analogy with these findings the mRNA level of GFAP 
decreased.  

It has previously been shown that GABAB1 receptor deficient mice have 
irregularities of the myelin sheaths and an increased expression of myelin 
markers PMP22 and P0 (Magnaghi et al., 2008). These findings also 
strengthen the hypothesis that the GABAB receptor is involved in the mye-
lination process. Interestingly, these mice are not particularly affected by the 
lack of the GABAB1 subunit. Only a small number of myelinated axons actu-
ally show a decrease in the myelin thickness. Could this population of axons 
be the same as in our data that display GABAB receptors at the glial com-
partment of the node of Ranvier? These glial cells may for some reason be 
more dependent on GABA’s direct actions via their B-receptors and thus be 
more vulnerable in a mouse lacking the GABAB1 receptor subunit. 
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Future perspectives 

Paper I: 
The cellular environment most likely controls NSPCs using different soluble 
molecules. These molecules are apparently different, depending on what part 
of the nervous system that the NSPCs encounter. NSPCs are plastic and have 
the capacity to differentiate as a result of such environmental cues. Some of 
these molecules are identified (Sailer et al., 2005), though not all. Molecule 
identification is a difficult task but an investigation would nevertheless be 
interesting. In an attempt to do this, we separated the conditioned medium 
from ENS cultures into five different molecular weight groups (<10 kDa, 10-
30 kDa, 30-50 kDa, 50-100 kDa and >100 kDa). NSPCs were then cultured 
in complete ENS conditioned medium and with the different fractions for ten 
days in order to differentiate. Unfortunately the experiment was not feasible 
due to several unsuccessful pilot experiments and a lack of time. The idea 
was to analyse the mRNA expression of the NSPCs with real-time PCRs, 
investigating CNS and ENS specific mRNAs. Using this method we hoped 
to find one or several fractions that have a fate determining effect on the 
NSPCs, together or by themselves. The fractions of interest could then be 
analysed using 2D gel electrophoresis-separation of proteins and mass spec-
trometry. Yet, another research group have studied the NSPCs differentiation 
potential in ENS environment and found that the generated ENS-like neu-
rons shared several characteristics of the classical ENS neurons, indicating 
that the differentiation into ENS neurons was complete (Kulkarni et al., 
2011).  

It has been suggested that stem/progenitor cells derived from neural crest 
also can differentiate to CNS cells. In cultures of fetal rat and mouse DRG, 
multipotential cells, with the capacity to become both PNS Schwann cells, 
CNS astrocytes and oligodendrocytes, have previously been found (Fex 
Svenningsen et al., 2004). Similarly, Dromard et al. (Dromard et al., 2007) 
reported that cells from the fetal DRG have the capacity to develop into CNS 
cells when exposed to FGF2 and EGF in vitro (Dromard et al., 2007).  

We are currently investigating if PNS and ENS stem/progenitor cells have 
the ability to become CNS cells. With an improved protocol for isolating and 
culturing ENS stem/progenitor cells we can study these cells with the same 
methods previously used for NSPCs. 
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A better understanding of what signals determine the differentiation of 
neural stem cells may contribute to the development of strategies for stem 
cell based cell therapy for a number of neurological diseases or lesions. Cells 
taken from the more easily accessible PNS or a piece of the intestine of a 
patient, may be cultured in vitro to acquire neural stem cells, be multiplied 
and subsequently differentiated into a larger number of a desired cell type. 
These cells could then be grafted into the injured or demyelinated CNS of 
the same patient and, hopefully, develop into mature healthy neurons or glia. 
The use of auto-transplantation utilizing autologous cells would have the 
major advantage of immunological compatibility and completely abolish the 
need of fetal stem cells. 

Paper II: 
To further investigate the function of N-cadherin in Schwann cells develop-
ment complementary functional analysis should be done. This could be done 
by, for example, an siRNA transfection of Schwann cell cultures to block the 
effect of N-cadherin. In fact we have attempted to do so, but with poor re-
sults. We have used several different transfection methods, both electro-
poration and chemical based transfections. The primary DRG cultures used 
in our experiments were very fragile and after transfection the viability was 
reduced dramatically with a combination of a low transfection rate in gen-
eral. Another method that may be more successful is to use retroviral lenti 
viruses as carriers for transfections with siRNA (Lewallen et al., 2011). 

The postnatal relocalization of N-cadherin from the cytoplasm to the cell 
membrane should also be further studied.  Such reorganizations of proteins 
are often a sign of cell polarization and a change of cell function. There are 
numerous polarization events in glial cell development (Etienne-Manneville, 
2008). An example of such an event is the axonal radial sorting and mye-
lination of Schwann cells (Chan, 2007). Such polarization events can also be 
observed with N-cadherin. Since N-cadherin appears to be important to cell 
adhesion, it is possible that migration requires a change in the distribution of 
this protein. This can also be seen in Schwann cell precursors that deposit N-
cadherin in the cytoplasm while migrating. When the migration ceases and 
the cells develop into more mature cells, N-cadherin is once again relocated 
to the plasma membrane for adhesion purposes (Akitaya and Bronner-Fraser, 
1992; Nakagawa and Takeichi, 1998).  

In a recent study, N-cadherin has been found to colocalize with partition-
ing defective protein 3 (PAR-3). This molecule is involved in the establish-
ment cell polarity (Lewallen et al., 2011). A knockdown of N-cadherin in 
mice led to a disruption to the N-cadherin/PAR-3 complex. This. however, 
only delayed the onset of myelination without leaving any detectable mye-
lination defects in these mice.  
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Paper III: 
Can the GABAB receptor control the myelination of Schwann cells? Does its 
activity prevent the nonmyelinating Schwann cells from myelinating? To 
answer these questions I would like to investigate the GABAB receptor’s role 
in the downstream signalling of the cAMP/PKA pathway and how it effects 
Schwann cell differentiation. As described in the introduction, two signalling 
pathways are important for the induction of myelin proteins: the PI3K/Akt 
pathway activated by NRG1 type III, and the cAMP/PKA pathway. Both of 
these pathways converge and phosphorylate NF-κB. A recent study show 
that activating cAMP/PKA pathway while adding NRG1 type III generates a 
stronger expression of myelin markers in Schwann cell cultures (Arthur-
Farraj et al., 2011). If I can show that the activation of the GABAB receptor 
generates a reduction of phosphorylated of NF-κB, this would confirm that 
the same pathway is used in Schwann cells. This would also connect GABA 
as a key signal in preventing Schwann cell differentiation. 

During my thesis project investigating the function of GABAB receptors 
we also found that many DRG neurons expressed both GAD65/67 and ve-
sicular inhibitory amino acid transporter (VIAAT) that store and transport 
GABA and glycine. This implies that GABA is produced in these neurons 
and transported to nerve terminals for signalling. Further studies in our lab 
have shown that some of these neurons co-express vesicular glutamate 
transporter 2 (VGlut2) and VGlut3 (unpublished data). This data is some-
what surprising since GABA and glutamate have opposing actions in the 
adult mammalian nervous system.  

In the CNS, GABA and glutamate have been found to be generated by the 
same neurons, but in most cases this co-expression is transient during devel-
opment and is important for synaptic organization and strengthening (Gutiér-
rez et al., 2003; Seal and Edwards, 2006; Noh et al., 2010). In very few in-
stances the co-expression is stable in adult animals, as in the case of glu-
tamatergic granule cells in the dentate gyrus, that release GABA after high 
frequency firing that occurs in epilepsy (Lehmann et al., 1996; Nadler, 
2003). This type of co-transmission of both an excitatory and an inhibitory 
neurotransmitter is very rare. For this reason we would like to investigate the 
function and the impact of this finding on transmission in the PNS.  
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