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ABSTRACT
The central and peripheral nervous system (CNS and PNS, respectively) differ in their ability to regenerate after
injury. This difference has been attributed both to intrinsic differences in the properties of the neurons and to the
extracellular environment. Several studies have provided evidence that PNS regeneration is dependent upon the
interaction between members of the extracellular protein family known as laminins and their cellular receptors called
integrins. Neurons projecting to the PNS such as motoneurons upregulate their expression of integrins after axonal
injury. This has been interpreted as a sign of a switch from a transmission mode to a regenerative mode where focus is
to regrow the injured axon and reestablish the lost connection with its target.
The dorsal root ganglion (DRG) neurons are unique in the sense that they have two branches with different
regenerative ability. The peripheral branch conveys information from sensory organs and the central branch projects
from the DRG into the spinal cord. The peripheral branch can regenerate after injury, whereas the central branch
cannot. We determined that integrin mRNA is upregulated after peripheral, but not central branch injury, indicating
that this could partly explain the poor outcome after central branch injury. We also examined the regulation of
neuronal integrin expression after a “pure” CNS injury: axotomy of neurons located in the red nucelus. In doing so,
we could not detect similar upregulations as described for sensory or motoneurons. Interestingly, we could se an
increase in integrin β1 after axotomy if the neurotrophic factor NT-3 was administered. The combined results of these
experiments give further support to the notion that integrin upregulation is an important feature of neuronal
regeneration. Also, the results indicate that integrin production can be manipulated by trophic factors and could
therefore constitute a possible way to increase the regenerative ability of CNS neurons.
The most abundant laminins in the peripheral nerve are laminin-2 (α2β1γ1) and laminin-8 (α4β1γ1). Loss
of laminin-2 leads to a hereditary muscular dystrophy, affecting both muscles and peripheral nerves. We examined,
for the first time, the phenotype of peripheral nerves of mice deficient for laminin-8. We found that these mice have a
pronounced dysmyelinating phenotype with thinner sheaths and bundles of unsorted and unmyelinated axons. Using
cell cultures, we found that Schwann cells adhere to laminin-8 via integrin α6β1 and that they grow longer processes
on laminin-8 compared to laminin-2 which might explain the inability of Schwann cells to properly sort and ensheath
axons in laminin-8 mutant mice.
Next, we examined the growth of adult DRG neurons on four laminin isoforms. Growth was extensive on
laminin-1 and -10, but very poor on laminin-2 and -8 where addition of nerve growth factor was necessary to achieve
substantial growth. By use of function blocking antibodies, we saw that DRG neurons interact with laminin-1 and -2
via integrins α7β and α3β1 and with laminin-8 and -10 via α6β1.
Finally, in order for integrins to be functional in neuronal outgrowth, they need to be transported to the tip
of the growing neurite. A motorprotein called myosin-X was recently shown to be essential for growth of cellular
processes by binding and transporting integrins. We therefore examined the regulation of myosin-X in neurons and
found that the mRNA was upregulated in both sensory and motoneurons after axotomy. Reducing protein levels in a
motoneuron cell line by use of RNA interference decreased neurite growth on laminin. These results indicate that
myosin-X could be important for successful axonal regeneration.
In summary, the results presented here show that integrins are upregulated after injury by neurons with a
regenerative capability. Also, the interaction between laminins and integrins are of fundamental importance for
neurite growth from peripheral neurons and for myelination of the peripheral nerve. Finally, the motor protein
myosin-X is upregulated after axonal injury and is essential for integrin-mediated neurite growth.
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1 INTRODUCTION
1.1

PREFACE: CELL-MATRIX INTERACTIONS

In multicellular organisms, behavior of individual cells is regulated by contact with
other cells and by interaction with the surrounding extracellular matrix (ECM). The
ECM is an intricate network of molecules present in tissues throughout the body.
The structure of the ECM can be quite irregular, such as that seen in some forms of
connective tissue, or highly organized into thin, flexible mats known as basement
membranes (BMs), which can be observed in epithelial tissue, muscles and in the
peripheral nerve endoneurium. Matrix biology aims at elucidating the functions of cellmatrix interactions. Since these interactions influence and/or control several basic
cellular processes such as adhesion, differentiation, survival, growth and migration,
matrix biology spans virtually all aspects of development, tissue maintenance and
pathological reactions. This thesis focuses on cell-matrix interaction in neuronal
regeneration, with special emphasis on the ECM protein family called laminins and
their receptors, known as integrins.
1.2

INTERNAL AND EXTERNAL PROCESSES INFLUENCE THE
OUTCOME AFTER NERVOUS SYSTEM INJURY

The processes required for successful neuronal regeneration can be roughly divided into
(at least) six different groups:
-Neuronal survival: the injured neuron must be able to switch from a transmission mode
to a survival mode in order not to succumb to deleterious processes such as depravation
of trophic factors or excitotoxic injury.
-Axonal elongation: the neuron must be able to mount a regenerative response
including an increase in expression of relevant genes and protein transport to form an
extruding process known as a growth cone with the objective to grow back to its
original target.
-Clearing of debris: debris from dead cells at the site of injury must be efficiently
removed, this is carried out to a large extent by inflammatory cells invading the
lesioned area.
-Navigation to target: the growth cone must successfully navigate back to its target by
reacting to inhibitory and permissive cues in its surrounding.
-Reestablishment of proper connections: once the growing axon has reached its target, it
needs to reestablish proper connection to the target organ, also, any improper
connections must be eliminated.
-Remyelination: finally, in order for optimal neurotransmission to occur, the
regenerated nerve fiber must be remyelinated by glial cells.
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1.3

GENERAL FEATURES OF INJURY AND REGENERATION IN THE
PNS AND CNS

The peripheral nervous system (PNS) is composed of the spinal nerves, their roots, the
cranial nerves, the peripheral nerves and the peripheral ganglia. The successful
regrowth of damaged axons commonly seen in the PNS is in sharp contrast to the
regenerative failure normally observed after a lesion to central nervous system (CNS).
This difference is attributed both to intrinsic mechanisms within the neurons and
extrinsic factors such as the ECM. The difference in regenerative capacity between the
CNS and PNS and the different intrinsic and extrinsic mechanisms will be recurring
themes throughout this thesis. As a general rule, the regenerative capacity is also
diminished with age in both CNS and PNS (Condic, 2001; Blackmore and Letourneau,
2006a, b). Also, within both CNS and PNS, there are clear differences in growth
capacity and injury response between different types of neurons (Borisoff et al., 2000;
Leclere et al., 2007).
When a peripheral nerve is injured, a series of cellular events collectively
referred to as Wallerian degeneration occur in the injured nerve. After injury, the axon
in the distal stump degenerates and the proximal part retracts. Macrophages invade the
site of injury and, in a coordinated effort together with Schwann cells, start to clear the
injured area of debris. Soon after axonal retraction, a new neuronal growth cone is
formed and starts to advance towards its original target. The denervated Schwann cells
proliferate and differentiate to a phenotype that aids regeneration by producing
neurotrophic molecules, basement membrane components and cell adhesion receptors
such as L1 and N-cadherin. Schwann cells subsequently align along tubes of remaining
endoneural basal lamina forming so-called bands of Bungner. The growth cone
advances in close contact with Schwann cells and the basal lamina which is rich in
molecules that promote axonal growth (Martini, 1994).
Although PNS lesions generally heal better than CNS lesions, PNS lesions still
cause significant physical impairment, especially when the injury is associated with
significant nerve tissue loss and/or the distance that needs to be traveled by the growth
cone is long. After a CNS lesion, retrograde neuronal cell death is generally more
pronounced than after a PNS lesion where cells survive relatively well, although
neonatal motoneurons seem particularly vulnerable to certain types of axotomy
reviewed by (Carlstedt and Cullheim, 2000) Wallerian degeneration is slower and less
complete in the CNS, although the inflammatory response is pronounced. In the CNS
other factors contribute to the regenerative failure: I, formation of fluid filled cysts, II,
the CNS lacks an organized basal lamina like the one seen in the PNS, and III, the
astroglial scar that is formed after a lesion inhibits growth cone advancement. The
inhibitory nature of the glial scar is partly attributed to a collagenous meshwork that is
impenetrable to growth cones by its physical structure. Also, several inhibitory
molecules such as Nogo, MAG, OMgp and chondroitin sulphate proteoglycans
(CSPGs) are found within the glial scar (Fawcett and Asher, 1999). It should be noted,
however, that undisturbed adult white matter may not be inhibitory. Transplanted DRG
neurons can grow for considerable distances within the CNS when a transplant
procedure that minimizes glial scarring is employed. Also, in some cases an injured
neuron can overcome the inhibitory nature of the glial scar. The spinal motoneurons
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have been shown to possess remarkable regenerative capacity in that they can generate
new axons and grow through a lesion site in the spinal cord ventral funiculus. This new
axon will thereafter grow through the peripheral nerve and reinnervate the muscle. This
capacity has been exploited with positive results in surgery after ventral root avulsion
(VRA) reviewed by (Cullheim et al., 1989; Cullheim et al., 1999). Whereas Schwann
cells proliferate after injury and will subsequently remyelinate axons, production of
CNS myelin is slower and this is likely to contribute to the poor functional outcome
(Siegenthaler et al., 2007).
1.4

GROWTH CONE FORMATION AND AXON GUIDANCE

After an axon has been severed, the distal stump dies and the proximal part retracts.
From the end of the retracted axon, new sprouts occur, and a so-called growth cone is
formed. The formation of this structure sometimes occurs within hours after the injury.
The growth cone is a highly complex and mobile structure that senses the environment
and integrates signals from the outside into the cytoplasm, with the ultimate goal of
growing back to its original target. The typical growth cone structure as it appears in
vitro, is seen in figure 1.

Figure 1. Appearance of a neuronal growth cone, the pioneering structure of a growing
neurite.
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The central region, which is rich in cytoplasmic organelles, is surrounded by
lamellipodia from which small microspikes called filopodia continuously extend and
retract to sample the environment. Microtubuli from the axon extend into the center of
the lamellopodia, whereas actin filaments are located in the distal parts of the
lamellopodia and the filopodia. Vesicular transport along the microtubuli continuously
supplys the growth cone with material needed for further growth. Actin is assembled at
the leading edge of the filopodia and disassembled towards the lamellopodia, this
combined with force generated by the interaction of flowing actin and myosins, which
are plentiful in the growth cone ((Brown and Bridgman, 2004) is likely to be the
primary mechanisms of growth cone advancement. Growth cones sense directional cues
by use of receptors located on the filopodia. Guidance cues come in several forms;
ECM-bound, soluble and cell surface bound. In addition to the integrin-laminin
interaction, which will be covered in following sections of this introduction, several
other receptor-ligand systems are known to function in the growth cone such as EphEphrin, Neuropilin-Semaphorin and homophilic N-CAM interactions. Binding of the
guidance cue to the receptor induces intracellular signaling cascades that influence
cytoskeletal rearrangements, making the growth cone advance, turn or collapse. It is
noteworthy that the classical division into permissive and inhibitory cues is not
absolute, since some cues can be either permissive or inhibitory depending on
intracellular factors such as the level of cyclic AMP (Hopker et al., 1999; Lemons and
Condic, 2006).
From the perspective of regeneration it is important to consider the distance that
needs to be traveled by the growth cone. During development, the axon grows to its
destination over a relatively short distance. Once the appropriate target has been
reached, the axon will then adapt to the overall size of the organism (a process referred
to as interstitial growth (Rossi et al., 2007)). During adult regeneration, the growth cone
must travel the entire distance, which in many cases can be considerable. One such
exmple is the human motoneurons that have axons that can extend up to one meter in
length. The speed of axonal elongation varies greatly, for peripheral nerves it is
estimated to about 1mm/day. The initial growth cone formation is generally faster in
neurons from the PNS compared to neurons from the CNS (Chierzi et al., 2005; Verma
et al., 2005). Developmental stage also appears to be important since young
(embryonic) neurons form growth cones faster than older neurons in vitro (Chierzi et
al., 2005). In addition to the rich intracellular cascades active in the growth cone, it has
become increasingly clear that local protein translation (Verma et al., 2005; Willis et al.,
2005; Twiss and van Minnen, 2006), and even RNA interference (Hengst et al., 2006)
is functioning in axons and neuronal growth cones, although not much is known about
the contribution of these factors to neuronal regeneration in vivo.
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1.5

INCREASING THE INTRINSIC GROWTH CAPACITY: PRECONDITIONING LESIONS AND REGENERATION ASSOCIATED
GENES

In a seminal paper by Richardson and colleague (Richardson and Issa, 1984) it was
shown that after a lesion to the peripherally projecting branch of DRG neurons, a cut
central branch could regenerate into a peripheral nerve implant. Employing a similar
approach, ascending sensory fibers of DRG neurons could also be primed to grow
through a lesion in the dorsal column (Neumann and Woolf, 1999) or cross the
normally inhibitory dorsal root entry zone and extend into the spinal cord (Chong et al.,
1999). However, if the injury to the peripheral nerve was performed at the same time as
a dorsal root injury or dorsal column hemisection no regeneration could be observed.
This indicates that the DRG neurons need to be pre-conditioned in order to raise this
regenerative response. Basbaum and colleagues recently introduced yet another lesion
paradigm to increase CNS regeneration: they found that if the peripheral nerve was cut
at the same time as a CNS lesion was performed, regeneration could be observed if a
second “postpriming” PNS lesion was made one week later (Neumann et al., 2005).
The mechanism behind the phenomenon of pre-conditioning lesions is likely to
be multi-facetted, but is believed to start with an early calcium influx and a decreased
axonal retrograde transport, reviewed by (Raivich and Makwana, 2007; Rossi et al.,
2007). The concept of the preconditioning lesion can also be mimicked by
intraganglionic injection of neurotrophic factors, IL-6, cAMP or by inducing
inflammation, reviewed by (Rossi et al., 2007).
The fact that DRG neurons react differently to peripheral or central axotomy
makes them a great tool to identify so called regenerative associated genes (RAGs). A
hallmark of successful neuronal regeneration is the switch from a transmission mode to
one of survival and axonal regrowth. This metabolic shift is accompanied by
upregulation or de novo expression of RAGs. The regulation of RAG expression has
been investigated in several types of neurons such as DRG neurons, motoneurons.
Retinal ganglion cells (RGC), corticospinal- and rubrospinal neurons. These genes
belong to several different classes of molecules such as neurotrophic factor receptors,
cytoskeletal components and associated molecules, transcription factors, neuropeptides
and cell adhesion molecules. A detailed description of all of these RAGs lies outside the
scope of this thesis, but has been thoroughly reviewed in several recent papers (Plunet
et al., 2002; Raivich and Makwana, 2007; Rossi et al., 2007). Members of the ECM
receptor family known as integrins have also been regarded as RAGs. Given the
fundamental importance of the integrins in this thesis, this family of receptors will be
covered in the following section.
1.6

INTEGRINS
1.6.1 General structure and functions of integrins

Integrins are heterodimeric cell-surface receptors composed of one α and one β subunit.
Both subunits are type I transmembrane proteins with large extracellular and short
intracellular domains (with the exception of integrin β4, which has a comparatively
6

long intracellular domain). Non-covalent bonds hold the two subunits together and both
the α and the β chain contribute to ligand interaction. The extracellular domain of the β
subunit contains several metal ion-binding sites that are important for integrin
activation and ligand binding (figure 2.).

Figure 2. Schematic representation of an integrin.
Integrins are expressed on all celltypes and are phylogenetically conserved throughout
the metazoa. Plants, fungi and prokaryotes do not express integrin homologues (Hynes,
2002). In mammals, 18 α and 8 β genes have been identified, and to date 24 different
receptor combinations have been identified (figure 3). The phenotype of knockout
animals ranges from very severe to apparently normal and ten published knockouts are
lethal, namely: α3, α4, α5, α6, α8, α9, αV, β1, β4 and β8 (Bouvard et al., 2001). The
effects of integrin deletions have been thoroughly reviewed elsewhere (Hynes, 1996;
De Arcangelis and Georges-Labouesse, 2000; Bouvard et al., 2001), and will not be
further addressed unless the phenotype involves changes in the nervous system.
Historically, the ability of integrins to mediate adhesion and cell spreading led
to the idea that their function was to serve as a link between the ECM and the
cytoskeleton via linker proteins such as talin, paxillin and α-actin, reviewed by (Miranti
and Brugge, 2002). This is indeed the case, but integrins also play a role in initiating
intracellular signalling. Integrins lack catalytic activity, but after ligand binding they are
able to initiate intracellular signalling cascades by activating kinases such as integrin
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linked kinase (ILK), focal adhesion kinase (FAK), PI3-kinase, and protein kinase C ,
reviewed by (Hynes, 2002; Miranti and Brugge, 2002).
1.6.2 Integrin ligands
Integrins as a whole bind a variety of proteins, such as ECM molecules, cell-surface
receptors or blood proteins. Whereas some α-β combinations display a high degree of
specificity in their ligand, others are much more promiscuous. Integrins containing the
β1 or αV subunits bind ECM proteins such as collagen, laminin and fibronectin,
whereas β2-integrins, which are found on immune cells, bind cell surface receptors
such as ICAM. Integrins containing subunits α4, α5, α8, αIIb, and αV subunit bind
proteins and peptides carrying the RGD (Arg-Gly-Asp) sequence such as fibronectin
and vitronectin (van der Flier and Sonnenberg, 2001). Integrins containing α1, α2, α3,
α6 and α7 have long been known to bind members of the ECM proteins known as
laminins. This picture is, however, constantly changing. For example α9β1 has been
shown to bind laminin (Forsberg et al., 1994), α1β1 has recently been shown to bind
Semaphorin 7A (Suzuki et al., 2007) and α7β1 binds fibronectin-repeats (but not naïve
fibronectin) of Tenascin-C (Mercado et al., 2004). Finally, α6β4 and α3β1 have both
been shown to bind Netrin-1 (Yebra et al., 2003).

Figure 3. Integrins and their ligands. Image compiled from (Forsberg et al., 1994;
DeFreitas et al., 1995; Tiger et al., 2001; Hynes, 2002; Milner and Campbell, 2002;
Yebra et al., 2003; Mercado et al., 2004; Suzuki et al., 2007). Abbreviations: laminin
(Ln), Collagen (Coll), Tenascin (Ekstrom et al.), Osteopontin (Opn), Fibronectin (Fn),
Vitronectin (Vn), Fibrinogen (Fb), Thrombospondin (Th), von Willebrand Factor
(vWF), Netrin-1 (N-1) and Semaphorin 7A (Sem7A).

1.6.3 Expression of integrins in the nervous system
Although expression of integrins has been detected in the developing nervous system
(Cousin et al., 1997), information on the expression of these molecules in the adult
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brain was largely lacking until a very thorough mapping study was performed by
Pinkstaff and colleagues (Pinkstaff et al., 1999). They used in situ hybridization to
examine the expression of 14 different integrin mRNAs in the adult rat brain and
brainstem. Notably, they were unable to detect any expression of integrins α2, β2 and
β3, and very restricted expression of β4 and α4. In contrast, they described a
widespread expression of integrins α1, α3 α6, α7, αV and β1. Motoneurons in the
facial nucleus and in the sciatic motor pool express integrins α3 and α6 and particularly
high amounts of α7 and β1 (Pinkstaff et al., 1999; Hammarberg et al., 2000; Werner et
al., 2000). DRG neurons have been found to express a number of integrins: α1, α3, α4,
α5, α6, α7 and β1 (Tomaselli et al., 1993; Vogelezang et al., 2001; Ekstrom et al.,
2003; Gardiner et al., 2005; Gardiner et al., 2007). Glial cells of both the CNS and PNS
express several integrins, which are thought to function in migration, survival and
myelin formation reviewed by (Clegg et al., 2003). The function of integrins in
myelination will be addressed in section 1.7.3 –Laminins in the peripheral nerve.
1.7

LAMININS
1.7.1 General introduction to laminins

Laminins are heterotrimeric ECM proteins composed of one α, one β and one γ chain.
Currently five α, three β and three γ chains are known and 16 αβγ combinations have
been described in mammals (Aumailley et al., 2005). Laminins are large and range in
size from approximately 400 to 900 kDa. Laminins containing α chains 1, 2, 5 and 3B
form crosslike structures, whereas laminins containing α chains 4 and 3A form Tshaped molecules, see figure 4. All laminins have a coiled structure where all three
subchains intertwine, and a series of five globular domains in the α chain C-terminal.

Figure 4. Laminin structure and chain composition.
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Laminins are prominent constituents of basement membranes and ECM throughout the
body and since the discovery of the first laminin in 1979 (Timpl et al., 1979), the field
of laminin research has expanded rapidly, using the search term “laminin” gives
approximately 16 500 hits on Pubmed as of Januari 2008. Over the years, the laminin
nomenclature has changed several times, the latest (and probably most convenient)
being published in 2005 (Aumailley et al., 2005). Since the majority of papers included
in this thesis were published prior to the introduction of the new nomenclature, we have
used the names laminin-1, -2, -4 and -10 corresponding to α1β1γ1, α2β1γ1, α4β1γ1
and α5β1γ1 respectively, and will for the sake of convenience do so also in this
introduction. A list of new and previous nomenclature is given in table 1.
Table 1. Laminin nomenclature and subunit composition.

Laminin

Chain composition

Laminin-1
Laminin-2
Laminin-3
Laminin-4
Laminin-5 or 5A
Laminin-5B
Laminin-6 or 6A
Laminin-7 or 7A
Laminin-8
Laminin-9
Laminin-10
Laminin-11
Laminin-12
Laminin-14
Laminin-15

α1β1γ1
α2β1γ1
α1β2γ1
α2β2γ1
α3Aβ3γ2
α3Bβ3γ2
α3Aβ1γ1
α3Aβ2γ1
α4β1γ1
α4β2γ1
α5β1γ1
α5β2γ1
α2β1γ3
α4β2γ3
α5β2γ2
α5β1γ3

New nomenclature
(Aumailley et al.,
2005)
111
211
121
221
332 or 3A32
3B32
311 or 3A11
321 or 3A21
411
421
511
521
213
423
522
523

1.7.2 Laminin-integrin interactions
Arguably, the most important laminin receptors are members of the aforementioned
integrin family. Integrins α1β1, α2β1, α3β1, α6β1, α6β4 and α7β1 have all been
shown to act as laminin receptors (see figure 3). Over the years, specific lamininintegrin interactions have been determined using several techniques such as cell
adhesion in the presence of blocking antibodies or affinity determinations using purified
integrin and laminin proteins. Each method has its own advantages and disadvantages.
Moreover, laminins extracted from various tissues and used for these studies can be
contaminated, degraded or in complex with other ECM molecules. It is therefore not
10

surprising that several conflicting results concerning laminin-integrin interactions exist.
For example: the preferred receptor for recombinant laminin-8 (α4β1γ1) has been
reported to be either integrin α6β1 (Kortesmaa et al., 2002; Kortesmaa et al., 2002) or
α3β1 (Fujiwara et al., 2001). Also, some studies indicate that α3β1 is a receptor for
laminin-1 (α1β1γ1) e.g. (Gehlsen et al., 1989) whereas others indicate this is not the
case e.g. (Nishiuchi et al., 2006). Several laminins possess more than one ligand
binding motif and different handling or purifying procedures might expose a normally
cryptic site, which could influence ligand interaction. With the recently developed
methods for production of recombinant integrins and laminins, the possibility to
perform systematic analyses has increased in recent years. A most elegant study was
recently performed by Nishiuchi and colleagues (Nishiuchi, et al, 2006). Using
recombinant integrins they determined the binding affinity between a number of
laminins and integrins. They noted particularly strong interaction between laminin-10
and integrins α3β1,α6β1 and α7X1β. Integrin α7X2β1 on the other hand showed high
affinity for laminin-1 and -2/-4. Using cultured embryonic neurons, Tomaselli and
colleagues described that DRG neurons use primarily α3β1 to interact with laminin-2
and α1β1 to bind laminin-1 (Tomaselli et al., 1993). In contrast, adult mouse DRG
neurons use α7β1, but not α6β1 to grow on laminin-1 (Gardiner et al., 2005).

1.7.3 Laminins in the peripheral nerve
The peripheral nerve is made up of bundles of axons surrounded by Schwann cells and
fibroblasts. The outermost layer of connective tissue is called the epineurium and
surrounds the entire nerve. Bundles of nerve fibers are covered by the perineurium and
finally, each individual Schwann cell and the axon it unsheathes is covered by a layer
called endoneurium. The basement membrane in the endoneurium is a highly organized
structure containing a number of ECM proteins such as laminins, heparansulfate
proteoglycans, fibronectin and collagen type IV. The BM is produced by Schwann cells
and its components are essential for several aspects of early peripheral nerve
development. Processes such as migration of Schwann cells and the so-called radial
sorting procedure where bundles of axons are separated by Schwann cells and a 1:1
relationship is established are all dependent on Schwann cell-BM interactions, reviewed
by (Clegg et al., 2003). Much of our understanding of ECM function in myelination has
come form results using elegant in vitro techniques developed in the Bunge laboratory.
They found that when ascorbic acid was added to co-cultures of Schwann cells and
DRG neurons, triple helical collagen was formed, a basement membrane was
assembled and myelination was observed (Eldridge et al., 1987). Using a similar model
(Podratz et al., 1998) implicated that myelination can take place in the absence of
basement membrane formation if laminin is supplied, indicating that laminin signaling
and not basal lamina assembly per se is required for myelin formation. It should be
noted however, that when the culture dishes were placed on a rotating table,
myelination in absence of BM could not be detected, indicating that BM is critical for
myelin formation, by providing a structural support when movement is present (which
may better mimic the in vivo situation) (Podratz et al., 2001).
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Expression of laminins α2, and α4, β1 and γ1 (thus enabling assembly of
laminin-2 and -8) has been detected in both developing and adult peripheral nerves
(Lentz et al., 1997; Wallquist et al., 2002). It was also found that laminin subunits α2,
α4, β1 and γ1 were all upregulated in the proximal stump of injured sciatic nerve in the
rat (Wallquist et al., 2002), possibly as part of a regenerative response in providing a
suitable substrate for axonal outgrowth. Loss of laminin α2 leads to peripheral
neuropathy as seen in several animal models such as the dy/dy mice, reviewed by
(Feltri and Wrabetz, 2005) and in the human condition known as merosin-deficient
congenital muscular dystrophy (MDCMD) (Helbling-Leclerc et al., 1995). In the
peripheral nerve, the lack of laminin α2 is manifested as reduced myelination,
discontinuous basal lamina, atypical Schwann cell ensheathment and abnormal impulse
propagation, reviewed in (Uziyel et al., 2000). In addition to laminin-2 and -8,
expression of laminin α1 (possibly forming laminin-1, α1β1γ1) has been detected in
trigeminal nerve bundles (Fried et al., 2005), indicating that Schwann cells in some
locations express this subunit. Also, in peripheral nerves of laminin α2 deficient mice,
laminin α1 can be detected (Occhi et al., 2005; Yang et al., 2005) but the functional
effects of this compensatory upregulation are not clear. Finally, expression of laminin
α5 (thus possibly forming laminin-10, α5β1γ1) has also been described in peripheral
nerves (Occhi et al., 2005; Gawlik et al., 2006), although less abundant than laminin-2
or -8. After genetic deletion of laminin α4, the main finding was that synapses in the
NMJ were formed in normal numbers but with a misalignment between active zones
and junctional folds (Patton et al., 2001).
1.7.4 Laminin-integrin interactions in neuronal outgrowth
The observation that ECM produced by nonneuronal cells could stimulate neurite
growth was made in the early 1980´s (Collins, 1980) and after the initial discovery of
laminin (Timpl et al., 1979) several studies showed that this molecule is a potent
stimulator of outgrowth from several types of peripheral and central nervous system
neurons in vitro, see (de Curtis et al., 1991) and references therein. In vivo, addition of
blocking antibodies against integrin β1 reduces motoneuron survival and regenerative
growth into grafts composed of cell-free basement membrane scaffolds derived from
sciatic nerve (Wang et al., 1992). Owing to their lethality, studies of adult neuronal
regeneration in animals deficient for the integrins α3, α6 or β1 have not been possible
to perform. In the integrin α6 knockout cortical and retinal lamination is disturbed, but
since these mice die at an early age, a thorough examination of regeneration or
developmental has not been possible (Georges-Labouesse et al., 1998). Creating a
conditional knockout should be interesting since in vitro studies using RGC have shown
an essential role for integrin α6β1 in growth on laminin (de Curtis et al., 1991; Ivins et
al., 2000). Deletion of integrin α7 is not lethal, and these mice exhibit impaired
regeneration of PNS neurons (Werner et al., 2000; Ekstrom et al., 2003; Gardiner et al.,
2005).
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1.7.5 Integrin signaling and cytoskeletal interactions in neurite growth
Integrins are known to activate various signaling pathways and several members of the
protein kinase family, such as FAK, ILK, and PI3-K, have been shown to affect neurite
extension, axonal guidance and branching, reviewed by (Lemons and Condic, 2008)
and (Clegg et al., 2003). Likewise, members of the Rho GTPase family such as Rac1
and Cdc 42, known to affect cytoskeletal dynamics and neurite growth, can function
both up- and downstream of integrins (Lemons and Condic, 2008). Directional
transport of integrin β1 in growth cones has been suggested to be an important feature
of axonal pathfinding (Schmidt et al., 1995). Transport in growing axons is probably
dependent on molecules like the unconventional myosins (Brown and Bridgman, 2004).
NGF increases the forward transport of β1 integrin in neuronal growth cones and this
process is reduced in the presence of a broad-spectrum myosin inhibitor (Grabham and
Goldberg, 1997). A recently cloned member of the myosin family, myosin-X binds the
intracellular domain of integrins and is essential for the formation of filopodia (Zhang
et al., 2004). Myosin-X is also upregulated in DRG neurons after peripheral nerve
injury (Tanabe et al., 2003), suggesting that this molecule might be of importance in
integrin-based growth of axons.
1.7.6 A role for integrins in the age-related diminishing growth capacity of
neurons
As mentioned in the introduction, embryonic neurons have a higher capacity for axonal
growth compared to their older counterparts. The declining ability of developing
neurons to extend neurites on laminin has been attributed to reduced expression and/or
activation of integrins (de Curtis et al., 1991; Ivins et al., 2000; Ivins et al., 2004). When
embryonic DRG neurons are cultured on a surface coated with both laminin and an
inhibitory molecule such as a CSPG, they can overcome the inhibitory effect by upregulating integrins (Condic et al., 1999; Lemons et al., 2005). This ability is lost in
more mature neurons, but importantly, can be restored by genetic over-expression of a
single α-chain (Condic, 2001).
Embryonic DRG neurons respond to low levels of laminin by increasing
surface-presentation of integrin α6β1, whereas levels of total protein and mRNA
decrease (Condic and Letourneau, 1997). These effects were also correlated to
increasing outgrowth of neurites, indicating that these neurons regulate the amount of
integrins in order to maintain a delicate balance in adhesion that does neither cause
detachment nor infringe on the growth of processes. However, early (24 hours) growth
of adult DRG neurons in vitro has been shown to be independent of mRNA
transcription (Smith and Skene, 1997). Collectively, these studies highlight the effects
of neuronal maturation and stress the importance of using neurons of a proper
developmental stage when trying to elucidate the mechanisms of regeneration in the
adult.
1.7.7 Laminins in the CNS
During development, expression of laminin has been detected in areas that would
suggest they function in axonal guidance (Letourneau et al., 1988). Cultured embryonic
13

CNS neurons from the cerebellum (Powell et al., 1998) and retinal ganglion cells (Ivins
et al., 2000; Ivins et al., 2004) extend neurites on laminin and laminin-binding integrins
are still expressed at relatively high levels in several areas of the adult brain and spinal
cord (Pinkstaff et al., 1999). Some of the most convincing evidence of expression, and
for a neuroprotective function, of non-BM laminins in the adult CNS comes from
studies of the hippocampus. Expression of mRNA for laminin α5, β1 and γ1 chains
(suggesting formation of laminin-10), has been detected in adult mouse hippocampus
(Indyk et al., 2003). The same group also found that loss laminin expression precedes
kainate-induced neuronal death (Chen and Strickland, 1997) and that infusion of
soluble laminin-1, which disrupts the normal laminin matrix, made hippocampal
neurons sensitive to exictotoxic injury in tissue-plasminogen activator (tPA)-deficient
mice, which are normally resistant to this type of challenge (Chen et al., 2003). Finally,
mutations in the laminin α2 gene cause defects in CNS white matter (Chun et al.,
2003). The mechanism behind this is not entirely clear, but laminin has been proposed
to be involved in signalling that mediates several aspects of oligodendrocyte survival
and development (Clegg et al., 2003; Decker and ffrench-Constant, 2004).
1.7.8 Non-laminin ECM molecules and neuronal growth
In addition to laminin, several other ECM molecules have been found to support growth
of neurites (see table).
Table 2. Non-laminin ECM proteins found to stimulate neurite growth in vitro.
ECM protein

Neuronal type & age

Species

Integrin

References

Collagen IV

SCG (P0)

rat

α1β1

(DeFreitas et al., 1995)

Tenascin-C

CGN (P8)

rat

α7β1

(Mercado et al., 2004)

DRG (E7-8), MN (s 19)

chick

α8β1

(Varnum-Finney et al., 1995)

NB cell line

rat

α1β1

(Bamdad et al., 2004)

Vitronectin

RGC (E7)

chick

αvβ8?,?β1

(Neugebauer et al., 1991)

Osteopontin

RGC (E15)

mouse

α4β1

(Hikita et al., 2003)

SCG (E21)

rat

ND

(Osterhout et al., 1992)

SCG (P0)

rat

α3β1

(DeFreitas et al., 1995)

RGC (E7)

chick

αvβ8?,?β1

(Neugebauer et al., 1991)

RGC (E15)

mouse

α4β1

(Hikita et al., 2003)

SCO-spondin
(TSR)

Thrombospondin

Fibronectin

Finally, the vast majority of studies have shown that integrin mediated interaction with
the ECM supports neurite growth. However, there are also instances when growth is
inhibited by integrin activation. Osteopontin (OPN) is an acidic glycoprotein with both
RGD and non-RGD integrin-bindig sites (reviewed in (Hikita et al., 2003)). OPN is
expressed by Schwann cells (Jander et al., 2002) and macrophages. Production is
upregulated by macrophages after crush of the optic nerve, but not after sciatic nerve
crush (Kury et al., 2005). OPN stimulates neurite growth from E15 RGC via integrin
α4β1 in vitro (Hikita et al., 2003). Contrary to this, Küry et al. (Kury et al., 2005)
reported that OPN inhibits neurite growth via αV integrins. In a recent study, it was
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found that binding of fibrinogen to integrin αVβ3 leads to cross-phosphorylation of the
epidermal growth factor receptor (EGFR), with neurite growth inhibition as a result
((Schachtrup et al., 2007)).
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2 AIMS
The specific aims of this thesis were as follows:

To compare the expression of integrin subunits in DRG neurons after lesion of the
centrally or peripherally projecting branch.
To study the regulation of neuronal integrin mRNAs after a CNS lesion.
To examine the phenotype of the peripheral nerve in laminin α4 deficient mice.
To determine the neurite growth-promoting potential of different laminin substrates.
To map the receptors mediating growth of neurites from adult DRG neurons on
different laminin isoforms.
To examine the injury-induced regulation and function of the integrin-binding protein
myosin-X in peripheral neurons.
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3 MATERIALS AND METHODS
3.1

METHODOLOGICAL CONSIDERATIONS
3.1.1 Sciatic nerve and dorsal root lesions

The centrally projecting branch of the sensory neurons located in the DRG enters the
spinal cord via the dorsal root. The peripheral branch runs through the peripheral nerve
and terminates at cutaneous or proprioceptive sensory organs. The spinal motoneurons
are located in the ventral horn and project via the ventral root through the peripheral
nerve to muscle fibers. The DRG and motoneurons at lumbar level 4 and 5 send their
axons through the sciatic nerve. Therefore, a lesion to this nerve will injure both
sensory and motor fibers, whereas a lesion to the dorsal root (or ventral root) will only
injure DRG- and motoneurons respectively.

Figure 5. Peripheral nerve lesions used in this thesis
3.1.2 The rubrospinal tract as a CNS injury model
The red nucleus (RN) is located in the brainstem, where it receives input from the
cerebral cortex and the cerebellum. The neurons of the magnocellular part of the RN
project to motoneurons located in the cervical spinal cord and function in the control of
distal limb movements (in humans, monkeys and apes however, much of this function
has been adopted by the corticospinal tract). Like most other CNS pathways,
spontaneous regeneration after injury is very limited in the rubrospinal tract. Two
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distinct features of the rubrospinal tract make this structure attractive for experimental
studies of the cellular response to axotomy: the neurons of the RN are large and easily
identified in histological preparations and the RN shows a clear left-right division and
the descending projections run laterally in the spinal cord making it possible to
selectively injure only one side of the tract, see figure 6. The rubrospinal tract has been
utilized to examine several questions regarding neuronal regeneration, such as injury
induced gene regulation, the effects of trophic factor administration, grafting of
peripheral nerve segments, and implantation of supportive cells (Tetzlaff et al., 1991;
Tetzlaff et al., 1994; Kobayashi et al., 1997; Liu et al., 1999; Novikova et al., 2000;
Storer et al., 2002; Storer et al., 2003; Storer and Houle, 2003; Tobias et al., 2003). In
paper II, the spinal cord was transected at the C3 level, which is close enough to the cell
soma to cause neuronal degeneration and microglial activation (Novikova et al., 2000).

Figure 6. Unilateral transection of the rubrospinal tract
3.1.3 In situ hybridization and immunohistochemistry.
To determine neuronal gene regulation, we routinely use radioactive in situ
hybridization. The advantage of this method is that the mRNA upregulation as
determined by silver grain density can be quantified with great reliability (Piehl et al.,
1995). It does not, however determine if the mRNA is translated to protein.
Immunohistochemistry on the other hand does not tell which cells are actually
responsible for synthesis of the protein of interest and quantification is generally not as
accurate. However, concerning axotomy induced changes in integrin expression, there
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seems to be a good correlation between in situ and immunohistochemical data
concering subunits β1 and α7 (see table 3.)
3.1.4 Histological methods vs. large scale screening methods to determine
mRNA regulation
Although large-scale microarray techniques are extremely useful to identify individual
genes upregulated after neuronal injury they do have several drawbacks and should in
many cases merely be regarded as a starting point in further examination. First of all,
they do not reveal the cellular identity of the gene of interest, unless the starting
material is produced from carefully identified elements by laser microdissection. This is
particularly important for DRGs since changes in gene expression after peripheral nerve
lesion are also known to occur in neighbouring cells such as satellite cells e.g.
(Hammarberg et al., 1996). Histological techniques can also reveal if a change in
expression is a global phenomenon or if it only applies to a subset of neurons. Notably,
in a recently published paper a statistically significant upregulation of integrin α7 could
not be detected (Stam et al., 2007), in contrast to paper I and (Ekstrom et al., 2003;
Gardiner et al., 2005).
3.1.5 Cell cultures
DRG neurons are one of few neuronal populations that can be cultured from adult
animals. The use of adult neurons is particularly important since the regenerative
capacity is clearly different from embryonic neurons (see introduction). As opposed to
other neurons DRG neurons survive in culture in the absence of serum or neurotrophic
factors (Lindsay, 1988). DRG neurons in culture also display an increase in growth
after a pre-conditioning lesion (Smith and Skene, 1997).
Cultured Schwann cells used in paper III were acutely dissociated and used for analysis
without any pre-cultivation. The majority of contaminating fibroblasts were removed by
preplating and the purity of the cultures was approximately 95% (as determined by S100-IR). The reason for using this approach is that currently, no study has examined if
expression of cell-surface receptors such as integrins may be affected by prolonged
periods of pre-cultivation.
The cell line MN1 were used in paper V as an alternative to primary motoneuron
cultures. Although these cells are hybrid cells they display several motoneuron-like
features such as CHAT expression (Salazar-Grueso et al., 1991) and increased neurite
growth in response to GDNF-treatment (Paratcha et al., 2001).
3.2

EXPERIMENTAL PROCEDURES

All animal experiments were approved by the local ethics committee.
3.2.1 Spinal cord hemisection
Adult female Sprague-Dawley rats (Møllegaard, Denmark) were anaesthetized with
ketamine and xylazine (both 10 mg/kg intravenous), followed by spinal hemisection at
the C3 level. Retrograde labeling was performed by placing a small piece of
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Spongostan soaked with a 2% solution of Fluoro-Gold in the lesion cavity.
Recombinant human BDNF or NT-3 (Regeneron Pharmaceuticals Inc., Tarrytown,
New York, USA) was delivered into the lumbar subarachnoidal space via a
polyethylene catheter connected to an osmotic minipump (Alza Corp., Palo Alto,
California, USA), implanted subcutaneously in the neck. The infusion rate was
9.61±0.09 µg/day of BDNF and 9.70±0.16 µg/day of NT-3. After survival for 1 or 3
weeks, animals were killed with an overdose of sodium pentobarbital.
3.2.2 Peripheral nerve injury
Sprague-Dawley rats (180-220g) were anesthetized with chloral hydrate (40 mg/100 g
body weight). During surgery, the rats were kept on a heating pad. To compensate for
loss of fluid and to provide analgesia, the rats were given a subcutaneous injection of
saline (3 ml; 0.9 mg/ml NaCl) containing buprenorphine (0.05 mg/kg; Temgesic;
Schering Plough, Kenilworth, NJ) post operation. After surgery, the animals were
allowed to survive for up to 14 days. For sciatic nerve transection, a 5-7-mm segment
from the sciatic nerve was unilaterally resected below the obturator tendon. For dorsal
root transection, a half-sided laminectomy was performed at the lumbar level of the
spinal cord. After the dural sac was cut open, one large dorsal root was identified and
cut. The wounds were closed with sutures. After the animals were killed, the DRG were
examined in a dissection microscope to verify that only axotomized DRG were used.
Lastly, regeneration was examined using sciatic nerve crush and axonal tracing. The
sciatic nerve was crushed below the sciatic notch and allowed to regenerate for 3 d and
thereafter treated according to two different protocols. Either a new crush was
performed 3 mm proximal to the first lesion and neurobiotin tracer (Vector
Laboratories, Burlingame, CA) was injected into the second crush or the mice were
killed without further surgery. In the case in which the mice had another crush lesion,
they were killed after 5 hr.

3.2.3 In situ hybridization histochemistry
In situ hybridization was performed as previously described (Dagerlind et al., 1992).
Briefly, the animals were killed with an overdose of pentobarbital (15 mg/100 g body
weight), and the tissue of interest was taken out and fresh-frozen on a chuck. Transverse
sections were cut in a cryostat (Microm, Heidelberg, Germany), thawmounted onto
Probe-On slides (Fisher Scientific, Pittsburg, PA), and stored in sealed black boxes at 70°C until use. Synthetic oligonucleotides, complementary to the mRNA of interest
were designed using the OLIGO primer analysis software (Medprobe, Oslo, Norway).
The sequences of the probes were run in a GenBank database search to exclude
significant homology with other related as well as unrelated genes. Individual probe
sequences and their complementary mRNAs are listed in paper I, II, IV and V. Probes
were synthesized by Cybergene AB (Huddinge, Sweden). The probes were labeled at
the 3-end with deoxyadenosine-alpha[thio]triphosphate[35S] (NEN, Boston, MA) or
deoxyadenosine-alpha-triphosphate[33P] (Perkin-Elmer, Waltham, MA, USA) to a
specific activity of 7-10 × 108 cpm/g with terminal deoxynucleotidyl transferase

20

(Pharmacia, Uppsala, Sweden) and hybridized to the sections without pretreatment. The
hybridization mixture contained 50% formamide (G.T. Baker Chemicals BW,
Deventer, The Netherlands), 4× SSC (1× SSC = 0.15 M NaCl and 0.015 M sodium
citrate), 1× Denhardt's solution [0.02% each of polyvinyl-pyrrolidone, bovine serum
albumin (BSA), and Ficoll], 1% sarcosyl (N-lauroylsarcosine; Sigma, St. Louis, MO,
USA), 0.02 M phosphate buffer (pH 7.0), 10% dextran sulfate (Pharmacia), 250 g/ml
yeast tRNA (Sigma), 500 g/ml sheared and heat-denatured salmon sperm DNA
(Sigma), and 200 mM dithiothreitol (DTT; LKB, Bromma, Sweden). After
hybridization for 16-18 hours at 42°C, the sections were washed six times in 1× SSC at
55°C, dehydrated in increasing concentrations of ethanol, and dipped in NTB2 nuclear
track emulsion (Kodak, Rochester, NY). After 3-5 weeks, sections were developed in
D-19 developer (Kodak), counterstained in 0.001% Bisbenzimide (Riedel-deHaën,
Seelze, Germany), dehydrated and mounted in Mountex (Histolab, Göteborg, Sweden).
Neuronal profiles were identified using the fluorescent counterstaining and bright-field
illumination.
Semiquantitative measurements were performed as previously described (Piehl
et al., 1995). Briefly, the hybridization signal was recorded with a PL-Apo objective in
a Leica DM RBE microscope equipped with darkfield condenser (Leica, Wetzlar,
Germany) and digitized at a final linear magnification of ×400 with a Kappa video
camera (Mikroskop System, Näsviken, Sweden) and a Perceptics PixelBuffer image
grabber card (Parameter AB, Stockholm, Sweden). The gray scale of the darkfield
image was adjusted and segmented by using the enhance contrast and density slicing
feature of the NIH Image software (version 1.55; NIH, Bethesda, MD). Sections to be
measured were blind-coded and separated by at least 75 µm to ensure that the same
cells were not measured twice. For each animal, the average cellular mean grain density
on the injured side was divided by the corresponding value of the contralateral side to
achieve a ratio of the observed change in signal intensity.
3.2.4 Immunohistochemistry of animal material
All rats or mice were killed by an overdose of pentobarbital as previously described and
transcardially perfused with Tyrode's solution, followed by fixative containing 4%
formaldehyde and 0.4% picric acid in 0.16 M phosphate buffer (pH 7.2). The tissues of
interest were quickly dissected out, and the specimens were postfixed for 2-3 hours at
4°C and transferred into a 0.01 M PBS solution. Prior to sectioning, the tissue was
transferred into PBS containing 10% sucrose and stored overnight at 4°C and then cut
in a cryostat (Microm).The slides were incubated with primary antibodies overnight at
4°C and the following antibodies were used: CD49f to mouse integrin 6 (BD
PharMingen, San Jose, CA), L-16 to rat integrin 1 (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA), and O26 to integrin 7 and rabbit polyclonal antibodies to the 7A
integrin (antibody 7CDA2) and 7B integrin (7CDB2), which recognize the respective A
and B cytoplasmic domains, neurofilament-H (200 kDa; C terminus; antibody 1989;
Chemicon, Temecula, CA), galanin, and calcitonin gene-related peptide (CGRP)
(Peninsula Laboratories, Belmont, CA).
After three 5-minute rinses in 0.01 M PBS, the sections were incubated for 1 hour at
room temperature with Cy2-secondary antibodies (1:200, Jackson Immunoresearch,
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West Grove, PA) and/or Cy3-secondary antibodies (1:400; Jackson Immunoresearch)
or streptavidin Cy3 fluroescent marker (1:250; Jackson Immunoresearch). Sections of
nerves traced with neurobiotin tracer were incubated at room temperature with
streptavidin cyanine 3 (Cy3) fluorescent marker (Jackson ImmunoResearch, West
Grove, PA).After being rinsed in PBS, sections were mounted in a mixture of PBS and
glycerol (1:3), in some cases containing 0.1% p-phenylenediamine to prevent fading of
immunofluorescence. The slides were examined in a Bio-Rad Radiance Plus confocal
laser scanning system (Bio-Rad Laboratories, Hercules, CA) The excitation
wavelengths were 488 nm for Cy2- and 543 nm for Cy3-induced fluorescences. The
images were captured at the same confocal microscopic settings for each antibody used.
Unmerged and merged color images were generated by using Adobe Photoshop 6.0
software (Adobe Systems, Inc., San Jose, CA).
3.2.5 Immunohistochemistry of human tissue
Procurement of human tissue was carried out at the Department of Hand Surgery,
Karolinska Institutet. Sodersjukhuset, in Stockholm, Sweden and at the Department of
pediatric surgery at Karolinska sjukhuset. This was done in association with surgery of
traumatic injuries to hands, fingers or in association with nerve grafting after obstetrical
brachial plexus injury. This study was approved by the ethics committee
(Forskningsetiskkommitté syd, Huddinge universitetssjukhus). Sections were doublelabelled with antibodies against neurofilament H (NFH) (Chemicon) and one of the
following antibodies: EB7 and DG 10 (against laminin α1 and laminin β1, generously
provided by Dr Ismo Virtanen, University of Helsinki, Helsinki, Finland) (Fried et al.,
2005), 2E8 and 4C7 (against laminin γ1 and α5, generously provided by Dr Eva
Engvall, the Burnham Institute, La Jolla, CA, USA) (Fried et al., 2005), 5H2, ASC-9
and P1B5 (against laminin α2, integrin β4 and integrin α3, Chemicon) and 3H2
(against laminin α4) (Fried et al., 2005). After immunohistochemistry, sections were
examined in a Zeiss LSM 5 Pascal confocal laser-scanning microscope (Carl Zeiss
GmbH, Göttingen, Germany), equipped with argon/HeNe lasers. Cy-2 was visualized
with 488 nm and Cy-3 with 543 nm excitation, using a 505-530-nm bandpass filter
(green) and a 560-nm longpass filter.
3.2.6 Immunocytochemistry of cell cultures
To visualize neurites cultures were fixed in 4% paraformaldehyde for 15 minutes,
rinsed in 0,1 M phosphate buffered saline (PBS) and incubated with antibodies raised
against the pan –neuronal marker PGP 9.5 (DAKO, Glostrup, Denmark, dilution 1:300)
over night at 4°C, followed by several rinses in PBS and incubation for 1 hour at room
temperature with Cy-3 conjugated anti-rabbit abs (Jackson, dilution 1:500). Finally, the
slides were rinsed in PBS and coverslipped with glycerol.
The purity of motoneuron cultures was evaluated with neuron-specific
antibodies, neuron-specific nuclear protein (NeuN), microtubule-associated protein
(MAP-2) (clone HM-2; Sigma), motoneuron-specific antibodies against Islet-1 (mouse,
IgG, clone 2D6; Developmental Studies Hybridoma Bank) , and low-affinity
neurotrophin receptor (p75, clone MC 192) and found to be >95-99.5% MAP-2-positive
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and NeuN-positive cells, 90-95% p75-positive, and 84-90% Islet-1-positive which
suggests that also the contamination of nonmotoneuronal neurons was small.
Schwanncells were immunolabeled with antibodies raised against S-100
(DakoCytomation) and Cy2-conjugated secondary antibodies. The length of the longest
process was measured using a PL-APO objective in a Leica DM RBE microscope
(Leica) and digitized at a final linear magnification of 6700x using a Kappa video
camera (Mikroskop System) and a Perceptics PixelBuffer image grabber card
(Parameter). The measurements were made with NIH Image software (version 1.55;
National Institutes of Health).
3.2.7 Generation and analysis of laminin α4 deficient mice
Mice lacking laminin α4 were produced by replacement of the promoter and first two
coding exons of the lama4-/- gene with a neomycin resistance gene, using homologous
recombination in embryonic stem cells. After germline transmission of the mutant
allele, heterozygotes were backcrossed to C57BL/6 mice for 10 generations, then
crossed to generate homozygotes. Lama4-/- mice. They displayed hemorrhages at birth,
but matured normally and were fertile as adults. Phenotypes of two independently
derived lines were similar. Wild-type (wt) C57BL/6 mice were used as controls.
Mutant and wild-type controls were examined using the SHIRPA protocol for
behavioral analysis. The swim test was performed in a 50 x 30 cm bowl filled with
lukewarm water at a level where the animals were unable to reach the bottom of the
bowl. Eight animals in both groups were observed for 60 s each. In addition, the
animals were observed while lifted into the air by the tail and while walking. To assess
motor behavior, the hindpaws were dipped in Indian ink, and the animals were allowed
to walk 60 cm on a paper sheet. The distance between the right and left paw was
measured as the step length. To test spasticity, an electromechanical approach was used.
The left hindpaw of the mice was fixed to an electromechanical transducer, and the
hindleg was flexed and extended six times. The mean amplitude of the tracings,
recorded over time, was used as a measurement of the force required to flex or extend
the leg.
For morphological analysis of peripheral nerves and CNS, the mice were killed
and perfused as previously described.The sciatic nerves, spinal roots, the dorsal column
of the spinal cord, and the corpus callosum were dissected out, postfixed with osmium
tetroxide (2%), buffer-rinsed, and alcohol-dehydrated for embedding in Durcupan
(Fluka, Chemie, Buchs, Switzerland). Transverse semithin (0.5 µm) sections were
obtained and stained with toluidine blue for light microscope analysis. Ultrathin
sections were then obtained for ultrastructural analysis. Neonatal mice (0, 6, and 12 d
old) were not perfused, but the specimens were fixed after dissection in the
glutaraldehyde solution overnight and otherwise treated in the same way as specimens
from adult mice. Sciatic nerves of uninjured adult mice as well as after 6 weeks and 5
months of regeneration after a crush lesion were studied. Axon area, circumference, and
myelin thickness of 500 axons per slide was measured on semithin sections using a PLAPO objective in a Leica (Wetzlar, Germany) DM RBE microscope and digitized at a
final linear magnification of 6700x using a Kappa video camera (Mikroskop System,
Näsviken, Sweden) and a Perceptics PixelBuffer (Parameter, Stockholm, Sweden)
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image grabber card. The measurements were made with NIH Image software (version
1.55; National Institutes of Health).
3.2.8 ECM proteins for cell culture studies
The production of recombinant laminin-8 and -10 have been described in detail
(Kortesmaa et al., 2000; Doi et al., 2002). Laminin-1, collagen type IV, fibronectin,
vitronectin and thrombospondin were purchased from Sigma. Laminin-2 was purchased
from Chemicon.
3.2.9 Motoneuron cultures
Spinal cords from embryonic day 15 Sprague Dawley rat embryos (BK Universal) were
taken out and dissected free of meninges. The lumbar segments of the ventral columns
were cut clean from the dorsal parts, and the floor plate was trypsinized and dissociated.
The resulting cell suspension was separated by centrifugation on a metrizamide (6.5
mg/ml; Sigma) density gradient. Large, low-density cells were collected and further
enriched by immunopanning. The cell suspension was panned onto an immobilized
monoclonal antibody layer derived from a mouse hybridoma (MC192, protein-A
purified, 2.5 µg/ml. The antibody is directed against the low-affinity nerve growth factor
receptor [protein of 75 kDa (p75)], which is highly expressed by motoneurons at this
developmental stage. Free-floating cells were washed away, and antibody-bound
motoneurons were subsequently released by addition of a 10-fold excess of MC192
antibody. The cells were collected and plated onto cell culture dishes (4-well; 10 mm;
Greiner Bio-One International AG, Kremsmuenster, Austria) precoated with poly-DLornithine (0.5 µg/ml in 0.15 M sodium boric acid) and various ECM proteins
3.2.10 Schwann cell cultures
Schwann cells were prepared from sciatic nerves from postnatal day 4 rat pups. Pups
were anesthetized with carbon dioxide and decapitated. The sciatic nerves were
removed under aseptic conditions and stored in calcium- and magnesium-free (CMF)
PBS, on ice. Nerves were freed of contaminating tissue, washed twice in PBS, and
teased apart. After this, the teased nerves were incubated in 0.2% collagenase (Sigma)
in CMF HBSS at 37°C for 30 min. To this solution, trypsin (Sigma) was added to a final
concentration of 0.125% followed by incubation for 20 min (37°C). Enzymatic activity
was stopped by the addition of fetal bovine serum (to a final concentration of 15%), and
finally DNase (Invitrogen) was added. Nerves were dissociated by gentle shaking for 2
min followed by two or three triturations using a flame-polished Pasteur pipette. The
cell suspension was centrifuged through a 4% bovine serum albumin (BSA) cushion
(1200 rpm, 10 min), the supernatant was removed, and the pellet was dissociated in
prewarmed medium. Cells were preplated for 2 h (to allow reexpression of surface
proteins cleaved by trypsin and to remove the majority of contaminating fibroblasts),
and nonadherent cells were collected, centrifuged, and resuspended in medium.The
purity of the preparation was assessed using immunostaining with antibodies raised
against S-100 (DakoCytomation, Glostrup, Denmark) to label Schwann cells and
Thy1.1 (Cedarlane, Hornby, Ontario, Canada) to label fibroblasts, and secondary
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antibodies conjugated to Cy2 and Cy3 to distinguish between the two. Cells were
counted under fluorescent illumination with the appropriate filter setting. The purity of
Schwann cells obtained by the procedure described above was 95%.
Cell adhesion was assessed by coating small areas of an untreated 100 mm Petri
dish (Corning, Acton, MA), with PBS containing 10 µg/ml ECM protein poly-D-lysine
(PDL) (Sigma), or PBS. Dishes were coated for 2 h in 37°C and blocked with 0.3%
BSA for 30 min before adhesion of cells. Cells were added in 50 µl drops at a
concentration of 20 x 106 cells/ml, left to adhere for 1 h in 37°C. Nonadherent cells
were washed away, and the cells were fixed for 20 min in 4% paraformaldehyde, rinsed,
and counted under inverted microscope. For each area, a minimum of two grids were
counted, and during each experiment, five areas were counted, the values represent the
average ± SEM of three such experiments.
For blocking experiments, cells were incubated with antibodies against integrin
6 (clone GOH3; Santa Cruz Biotechnology, Santa Cruz, CA), integrin β1 (anti-CD29;
BD Biosciences, San Jose, CA), and integrin β4 (anti-CD104; Chemicon). To block
RGD-interacting integrins, echistatin (Sigma) was tested at 1 and 5 µM. Blocking
agents were added at the final wash and present during the adhesion phase. For
migration assays, Schwann cells were obtained as previously described and resuspended
at a concentration of 50 x 106 cells/ml in Neurobasal medium with B27 supplement
(NBB27) with 50% Growth Factor Reduced Matrigel (Invitrogen). One drop of 1.5 µl
was added to each well in 4-well dishes (Cellstar, Greiner, Germany). The dishes were
incubated for 15 min at 37°C, to allow the Matrigel to set. After this, 50 µl of NBB27
medium containing 10 µg/ml of laminin-2, laminin-8, and PDL (Sigma) was added to
each well. The dishes were incubated for 2 h. Thereafter 1.5 ml of medium was added to
each dish, and the cells were cultured at 37°C, 5% CO2. The distance from the edge of
the drop to the leading edge of the migrating cells was measured on four sides of the
drop, on daily intervals.

3.2.11 Adult DRG neuron cultures
DRGs were removed from adult female C57/BL6 mice (Charles river, Uppsala,
Sweden) and cleaned from connective tissue and rootlets, before being chemically
dissociated in 0,2 % collagenase (Sigma, St. Louis, MO, USA) for 45 minutes,
followed by 0,25% trypsin (Sigma) for 45 minutes. Enzyme activity was stopped by
addition of fetal bovine serum (to approx. 15%). Thereafter, DRGs were gently
dissociated using a fire-polished Pasteur pipette. To remove debris and non-neural cells,
the cell suspension was layered on top of a 15% bovine serum albumin- (BSA, Sigma)
cushion and centrifuged for 5 min at 900 rpm. The pellet was thereafter resuspended in
Neurobasal medium (Invitrogen, Carlsbad, CA, USA) with B27 supplements
(Invitrogen) and the centrifugation was repeated.
Adhesion of DRG neurons to ECM proteins was assessed using a similar
protocol as that described for Schwann cells. For neurite growth assays, DRG neurons
prepared as described above were resuspended in NB/B27 medium and seeded onto 8well Lab-Tek Permanox chamber slides (Nunc). Culture chambers were coated with
PDL and ECM protein for 2 hours. After plating, cells were left to adhere for 2 hours
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before addition of blocking antibodies (anti-β1 integrin; Ha 2/5, BD Biosciences; antiα3 integrin, Ralph 3:2, Santa Cruz biotechnology; anti-α6 integrin; GOH3, Santa Cruz
Biotechnology and anti-α7 integrin, CY8, Dr Randall Kramer UCSF. As negative
control R35-95 (Rat IgG, BD Biosciences) or normal mouse IgG (Santa Cruz
Biotchnology) was used. Antibodies containing sodium azide were dialyzed using the
slidealyser® system (Pierce, Rockford, IL, USA), according to the manufacturers
instructions prior to use. Neurons were cultured for 24 hours before fixation. Since the
Ralph 3:2 antibody has a higher affinity for rat α3 compared to mouse α3, we used adult
female Sprague-Dawley rats (Scanbur B&K, Sollentuna, Sweden) for these
experiments. Neurons were examined in a Leica DM RBE (Leica, Wetzlar, Germany)
microscope equipped with appropriate fluorescence-filter for Cy-3 fluorescence.
Neurons with processes longer than one soma diameter were considered positive, at
least 150 cells per condition from four randomly selected areas were counted and the
percentage of neurite bearing cells was determined. For measurements of the length of
longest neurite, photomicrographs were taken using a Coolpix 990 camera (NIKON,
Tokyo, Japan) and imported into the Image J software (NIH, available at
http://rsb.info.nih.gov/ij/), where the length of longest neurite was measured for at least
40 neurons per condition.
3.2.12 MN1 cells and RNA interference
Cell culture dishes were coated with 10 µg/ml of laminin-1 (Sigma, St Louis, MO,
USA) in PBS for at least 2 hours prior to addition of cells. MN1 cells were grown in
minimum essential medium, supplemented with 10% fetal calf serum, L-glutamine and
penicillin-streptamycin. Prior to transfection, cells were lifted using trypsin-EDTA,
spun down and resuspended at a concentration of approximately 5 million cells/100 µl.
The cell suspension was mixed with siRNA oligonucleotides (to a concentration of
500nM) directed against Myosin-X or a scramble sequence, both from Santa Cruz
biotechnology (Santa Cruz, CA, USA). Nucleofection was performed using the Amaxa
(Cologne, Germany) system according to the manufacturers instructions. Transfection
rate was approximately 80% as determined using fluorescent RNA (Ambion) or a
Green fluorescent protein-encoding expression vector (Amaxa). Twenty four hours
post-transfection, cells were rinsed and counted under phase-contrast microscopy. Cells
with neurites longer than one cell diameter were considered positive. At least 150 cells
per condition were counted from four randomly chosen fields of view. For integrinblocking experiments, cells were allowed to adhere for 2 hours before addition of β1blocking antibodies (Ha 2/5, BD Biosciences) or control (R35-95 Rat IgG, BD
Biosciences), both used at a concentration of 40 µg/ml.
3.2.13 Real time-PCR
RNA was extracted using the Quiagen miniprep kit (Quiagen), treated with DNAse
(Invitrogen) and, reverse-transcribed using Superscript III (Invitrogen) according to the
manufacturer´s instructions. Realtime PCR was performed using an ABI-Prism 7000
instrument (Applied Biosystems, Stockholm, Sweden). Myosin-X levels were
normalised to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using the
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comparative Ct-method. Primers and probes used were designed using the mouse
musculus sequences (GAPDH accession number: XM_888028 and myosin-X:
NM_019472) and were as follows: GAPDH forward:
CCGTGTTCCTACCCGAAATGT, reverse: TGTCATCATACTTGGCGTGTTTCT,
and TaqMan® Probe: TCTGTTGTGGATCTGACGTGCCGC. Myosin-X forward:
TGTCGGGCTGATTGATTCTG, reverse: CCGGTTGGCTGTGATGATC, and
TaqMan® Probe: CCTCTGACAGCCCTGATAGACCCAACTCAT.
3.2.14 Immunocytochemistry
Cell cultures were fixed for 10 minutes in 4% paraformaldehyde, rinsed in PBS and
incubated with antibodies raised against myosin-X (Santra Cruz, CA, USA) either alone
or in combination with antibodies against Neurofilament (FNP7, Zymed) over night.
Cultures were rinsed in PBS and incubated with Cy-3- (for single staining) and Cy-3and Cy-2- conjugatred secondary antibodies (Jackson Laboratories) for 1 hour at room
temperature. Cultures were rinsed in PBS, mounted in glycerol and examined under
fluorescent microscope equipped with appropriate filers.
3.2.15 Statistical analysis
Statistical calculations were carried out in Graph Pad Prism (Graph Pad software, San
Diego, CA) using, one-way ANOVA for multiple group comparisons and students t-test
for single group comparisons.
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4 RESULTS AND DISCUSSION
4.1

UPREGULATION OF INTEGRIN mRNAS AFTER A PNS OR CNS
LESION IS CORRELATED WITH REGENERATIVE ABILITY (PAPER I
& II)

As mentioned in the introduction, neuronal upregulation of RAGs is considered a
hallmark of a regenerative response. Kloss and co-workers (Kloss et al., 1999) detected
an increase in integrin β1 immunoreactivity in facial nucleus neurons after peripheral
axotomy, but failed to detect any concomitant increase in expression of any of the α
chains studied (α5, α6 and αV). The same group later reported an increase in expression
of integrin α7, in the facial, vagus and hypoglossal nucleus and in small diameter
neurons in DRGs after axonal injury using IHC (Werner et al., 2000). Similarly
integrins α6, α7, β1 and, to a lesser extent, α3 were all upregulated after SNT and VRA
in spinal MNs (Hammarberg et al., 2000). These findings are particularly interesting
because in the case of VRA, the MNs upregulate integrins in the absence of contact
with the peripheral nerve ECM, arguing in favour of a cell-autonomous response. In
paper I, we examined the regulation of integrin subunits in DRG neurons after
transection of peripheral-and centrally projecting processes. Integrins α6, α7 and β1
were all upregulated 3 days after sciatic nerve injury, but levels were back to normal
after 14 days. In regenerating peripheral nerve, immunoreactivity of all three subunits
was found to overlap with Neurobiotin-labelled axons. Transection of the dorsal root,
an injury not associated with a regenerative response, did not lead to an increase in
expression of any of the studied integrin subunits.
In contrast to the results concerning integrins α6, α7 and β1, unpublished results
indicate that integrin α3 mRNA is not upregulated in DRG neurons after SNT (figure7).

Figure 7. Photomicrographs of integrin α3 mRNA in uninjured and injured DRGs.
Integrin α5 has been detected in the peripheral nerve (Lefcort et al., 1992) and in the
growth cones of cultured neurons (Yanagida et al., 1999). However, (Gardiner et al.,
2007)found that SNC did not increase the expression of integrin α5 in DRG neurons,
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but did increase the transportation of this integrin to the growth cone, with an increase
in neurite growth on fibronectin as a result . Whether or not the same holds true for
α3β1 and α4β1 (also expressed, but not upregulated, in DRG neurons after axotomy
(Vogelezang et al., 2001)) remains to be determined. Although in vitro experiments
have implicated integrin α1β1 as a laminin receptor in DRG neurons (Tomaselli et al.,
1993) studies regarding the regulation of the α1 subunit after injury or its function in
regeneration has not yet been published. In integrin α1 knockout animals no apparent
malformation of the brain was detected (Gardner et al., 1996) but a thorough
examination of the PNS either during development or after injury in this strain has not
been carried out. The expression of α1 in the adult brain is restricted and is absent from
peripherally projecting cranial nerve nuclei (Pinkstaff et al., 1999).
Since several genes differentially expressed in DRG neurons after SNT
compared to DRT code for transcription factors (Stam et al., 2007), analysis of
downstream targets of these proteins might reveal the mechanisms controlling integrin
expression. To date, very limited information on factors involved in the regulation of
neuronal integrin production is available. Two notable exceptions exist: c-jun and
ATF3. C-jun deficient mice do not upregulate integrin α7 in neurons after injury to the
same degree as wild type mice and display impaired regeneration of peripheral nerve
(Raivich et al., 2004). In contrast, neuronal overexpression of ATF3, which leads to an
increase in peripheral (but not central) regeneration (Seijffers et al., 2007), does not
show enhanced integrin α7 expression in DRG neurons compared to wild type mice.
Although several integrin subunits are expressed at high levels in the adult CNS
(Pinkstaff et al., 1999), very limited information on their regulation after injury is
available. No increase in immunoreactivity of integrin α7 or β1 could be detected in
axotomised RGC or cortical neurons (Werner et al., 2000). However it is important to
note that none of these subunits were expressed in the uninjured state. Neurons in the
red nucleus express integrins β1,β5, αV and α7 (in a subpopulation of neurons)
(Pinkstaff et al., 1999). In paper II, we could confirm the results regarding β1, αV and
α7, but we also detected expression of integrin α3. After axotomy we noticed a small
upregulation of integrin β1 mRNA. This upregulation of was further increased by
administration of NT-3, whereas BDNF did not have the same effect. On the other
hand, no change in expression of integrin α3, α7, αV or α6 (which is not expressed by
uninjured neurons) could be detected. This is in contrast to paper I and several other
publications (see table) where integrin β1 upregulation is accompanied by a matching α
subunit. At present, we can only speculate on the function of this somewhat puzzling
finding. One theory is that the β1 subunit is rate-limiting in the formation of functional
receptors and that the upregulation would thus increase integrin α3β1, α7β1 and αVβ1.
This would put CNS neurons in contrast to DRG neurons where β1 does not appear to
be limiting (Condic, 2001). Another possibility is that any β1 pairing α subunit not
examined in this study could be upregulated. It should be noted though, that axotomy
has not yet to our knowledge been shown to induce upregulation of any integrin subunit
not expressed in the uninjured state (see table). Administration of neurotrophic factors
to injured Red nucleus neurons increases expression of several RAGs (Plunet et al.,
2002). The treated neurons display an increase in regenerative ability and
sprouting/arborization (Tobias et al., 2003), if this is dependent on β1 integrin remains
to be determined.
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Collectively our results indicate that laminin-binding integrins are upregulated by
neurons with the capacity to regenerate after axonal injury, but not by nonregenerating
neurons. We have also shown that neuronal integrin β1 expression can be manipulated
by administration of trophic factors in CNS neurons.
Data presented in this thesis and previously published studies are summarized in table
3.
Table 3. Summary of axotomy-induced changes in neuronal integrin expression.
Integrin

Neuron

subunit

Lesion

Change in

Detection

model

expression

method

References

post-injury
β1

α3
α4

α5
α6

α7

MN (spinal)

SNT, VRA

↑

ISH

(Hammarberg et al., 2000)

MN (facial)

FNT

↑

IHC

(Werner et al., 2000)

RN

SCH

(↑) ↑ (NT-3)

ISH

paper II

DRG

SNT

↑

ISH

paper I

DRG

DRT

→

ISH

paper I

RGC

ONC

→*

ICH

(Werner et al., 2000)

DRG

SNT

→

ISH

Plantman, unpublished

RN

SCH

→

ISH

paper II

MN (facial)

FNT

→*

IHC

(Kloss et al., 1999)

DRG

SNC

→*

IHC, RT-PCR

(Gardiner et al., 2007)

DRG

SNT, SNC

→

ISH, IHC

(Vogelezang et al., 2001)

MN (spinal)

SNT, SNC

→*

ISH, IHC

(Vogelezang et al., 2001)

DRG

SNC

→

RT-PCR, IHC

(Gardiner et al., 2007)

MN (facial)

FNT

→*

IHC

(Kloss et al., 1999)

MN

SNT, VRA

↑

ISH

(Hammarberg et al., 2000)

DRG

SNT

↑

ISH

paper I

DRG

DRT

→

ISH

paper I

RN

SCH

→*

ISH

paper II

MN (spinal)

SNT, VRA

↑

ISH

(Hammarberg et al., 2000)

MN (facial)

FNT

↑

IHC

(Werner et al., 2000)

DRG

SNC

↑

IHC

(Gardiner et al., 2005)

DRG

SNT

↑

ISH

paper I

DRG

DRT

→

ISH

paper I

RN

SCH

→

ISH

paper II

RGC

ONC

→*

IHC

(Werner et al., 2000)

Abbreviations: MN (motoneuron), DRG (dorsal root ganglion neuron), RN (red nucleus
neuron), RGC (retinal ganlion cell), SNT (sciatic nerve transection), VRA (ventral root
avulsion), FNT (facial nerve transection), SNC (sciatic nerve crush), SCH (spinal cord
hemisection), VRT (ventral root transection), ONC, (optic nerve crush),
↑ (upregulation), → (no change), * not expressed in uninjured neurons
ISH (in situ hybridization), IHC (immunohistochemistry)
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4.2

DELETION OF THE LAMININ α4 SUBUNIT CAUSES PERIPHERAL
NEUROPATHY (PAPER III)

The initial analysis of the laminin α4 -/- mouse revealed two distinct features
presumably caused by the absence of laminin-8 from basement membranes: I, a
misalignment of the active zones and the junctional folds in the NMJ (Patton et al.,
2001) and II, impaired micro vessel formation (Thyboll et al., 2002). In paper III, we
performed behavioural and histological studies of the same strain of mice. In doing so,
we found a spastic behaviour and a possible proprioceptive defect in the hind limbs.
Histological analysis showed reduced myelin thickness and large bundles of unsorted,
unmyelinated axons in the peripheral nerve, suggesting a defect in the so-called radial
sorting procedure during development. Strikingly odd myelination was also seen:
several axons could be ensheathed by a single Schwann cell, and occasionally
myelinating Schwann cells were found inside such bundles. We also examined the
remyelination after sciatic nerve crush, and found that after 5 weeks there was no
difference in myelin thickness, but after 6 months the thinner myelin observed in
uninjured knockout animals was again present.
No obvious myelination defects were observed in the spinal cord or corpus
callosum, in contrast to laminin α2 deficient mice, where thinner myelin segments in
the corpus callosum has been described (Chun et al., 2003). The peripheral neuropathy
described in paper III, resembles the phenotype in laminin α2 deficient nerve, reviewed
in Feltri and Wrabetz, 2005. In double knockouts of laminin α2 and α4, an almost
complete amyelination was observed in sciatic nerves (Yang et al., 2005), indicating a
coordinate effort by these two laminins. However it was suggested that these two
laminins influence myelination by different mechanisms: α2 deficiency affects BL
formation, whereas α4 deficiency does not, but laminin-8 was found to be a more potent
mitogen for Schwann cells in vitro.
By selectively inactivating laminin γ1 in Schwann cells (and thus ablating all
laminin trimers), starting from approximately E17,5, severe motor dysfunction, muscle
weakness, muscular atrophy and in some cases complete hind leg paralysis develops
(Chen and Strickland, 2003). Moreover, defective BL and severe dysmyelination, but
no increase in apoptosis or reduction in Schwann cell proliferation was detected.
Impaired regeneration of spinal motoneurons after crush injury was also noted, in
contrast to results from paper III, where no obvious reduction in peripheral nerve
regeneration could be detected. It is noteworthy that the γ1-deficient strain also has a
reduced expression of γ1 in hippocampus and spinal cord, but did not display any
apparent abnormities in these regions ((Chen and Strickland, 2003), unpublished
results). An earlier inactivation of laminin γ1 in Schwann cells, starting at E13,5-14,5,
traps the Schwann cells in a pre-myelinating stage and induces apoptosis, probably by
interfering with the PI3-kinase pathway (Yu et al., 2005).
The importance of the laminin-BM –Schwann cell interaction has also been
highlighted by studies of the ECM-receptors expressed by Schwann cells. Addition of
antibodies directed against integrin β1 blocked myelination in DRG-Schwann cell cocultures (Fernandez-Valle et al., 1994). Similarly, mice with a directed mutation in
integrin β1 in Schwann cells display a dysmyelination with severe radial sorting defects
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(Feltri et al., 2002). Integrin α7 expression in Schwann cells appears late in
development and inactivation of integrin α7 does not alter the appearance of peripheral
nerve (Previtali et al., 2003). It was noted that in β1-mutant mice some Schwann cells
were still able to form myelin, indicating that an alternative laminin receptor could be
functioning (Feltri et al., 2002). Integrin α6β4 is one likely candidate, but myelination
in cultures using tissue from β4 deficient mice did not display abnormal myelination
(Frei et al., 1999). Integrins are, however, not the only laminin receptors present on
Schwann cells. Mice deficient in dystroglycan, an extracellular laminin-binding protein
that is mutated in one form of Charcot-Marie-Tooth disease (Feltri and Wrabetz, 2005)
also display impaired myelination (Saito et al., 2003) and needs to be considered when
examining receptors involved in myelin formation.
Blocking experiments indicate that integrin α6β1 is the receptor used by
Schwann cells to interact with laminin-8 (paper III and (Yang et al., 2005)). Schwann
cells cultured on laminin-8 extended longer processes compared to laminin-2, which
could explain the radial sorting defects (paper III). It was also noted that the rate of
proliferation of Schwann cells was higher on laminin-8 compared to laminin-1 or -2
(Yang et al., 2005). Recently, this issue was explored and it was found that Schwann
cells adhere to laminin-8 via integrin α6β1 and to laminin-2 via α7β1(Chernousov et al.,
2007). The same group also found that α7β1, but not α6β1, co-immunoprecipitated with
FAK, indicating that although both laminin-2 and -8 mediate adhesion of Schwann
cells, they interact with different receptors and induce different intracellular signalling
pathways. Deletion of FAK in Schwann cells, on the other hand, causes primarily a
decrease in Schwann cell proliferation (Grove et al., 2007), contrary to what might be
expected from the combined results from (Yang et al., 2005) and (Chernousov et al.,
2007). This discrepancy is likely to result from the fact that in vivo, several other
signalling pathways cooperatively regulate the behaviour of Schwann cells during
myelin formation.
The obvious need for cytoskeletal rearrangements during myelination has
recently been addressed in vivo. Interestingly, in an elegant rescue experiment, it was
demonstrated that expression of constitutively active Rac1in integrin β1 deficient mice
largely ameliorates the original dysmyelination (Nodari et al., 2007). Also, inactivation
of Cdc42 produced a dysmyelinating phenotype (more severe than Rac1) and greatly
reduced Schwann cell proliferation (Benninger et al., 2007).
4.3

THE PREFERRED SUBSTRATE FOR NEURITE GROWTH (PAPER III
& IV)

Several studies have shown that ECM molecules stimulate growth from cultured
neurons (see section 1.7), but no systematic comparison of the effects of different ECM
molecules or different laminin isoforms on adult DRG neurons has been performed. In
paper III we examined the growth of cultured embryonic motoneurons from rat on four
different laminins. Our results indicate that laminin-2 is the most potent promoter of
growth whereas growth on laminin-8 is very poor, although all are better than collagen
type IV. Contrary to these findings, it was observed that laminin-8 but not laminin-2
stimulated growth of neurites from rat trigeminal ganglion neurons (Fried et al., 2005).
This apparent discrepancy between motor and sensory neurons led us to examine this
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issue further. In paper IV, we compared the effects of laminin-1, -2, -8 and -10 on
cultured adult DRG neurons. Growth was very extensive on laminins -1 and -10, both
in the absence and presence of NGF. On laminins -8 and -2 growth was very poor in the
absence of NGF. The percentage of neurite-bearing cells on laminin-8 was slightly
higher than on laminin-2, but no difference in the length of longest neurite could be
detected. In light of the observation that laminin -2 and -8 are by far the most
abundantly expressed isoforms in peripheral nerve (Lentz et al., 1997; Patton et al.,
1997; Wallquist et al., 2002), it is striking that they are the least potent inducers of
growth and that neurons cultured on these laminins require neurotrophic factor support.
At current, no clear explanation for this has been presented, but speculatively, our
results could imply that in order to avoid aberrant growth or sprouting of regenerating
nerve fibers, growth needs to be tightly controlled by integration of signaling pathways
induced by laminin (present in the basal lamina) and growth factors, several of which
are upregulated in the injured peripheral nerve (Heumann et al., 1987; Funakoshi et al.,
1993). The addition of NGF has been shown to increase growth from DRG neurons on
laminin, but not on the L1 molecule (Liu et al., 2002), indicating that neurotrophin- and
integrin- (but not L1) signaling cooperate to increase growth. Tucker and co-workers
(Tucker et al., 2005) detected an additive effect of integrin activation and addition of
NGF on Src and Akt activity, but not on FAK activity.
Several lines of evidence suggest that laminin-2 supports neurite growth under
certain conditions: adult DRG neurons extend neurites on laminin-2 in the presence of
NGF (paper IV), Schwann cells from laminin α2 deficient mice are less supportive of
growth from embryonic DRG neurons (Uziyel et al., 2000) and addition of α2 blocking
antibodies reduces growth of DRG neurons on nerve sections (Agius and Cochard,
1998). However, studies of adult regeneration, similar to those performed on knockouts
for laminin γ1 (Chen and Strickland, 2003) integrin α7 (Werner et al., 2000) or laminin
α4 (Paper III), using laminin α2 deficient mice have thus far not been performed. In
paper IV, we made a comparison between laminin and other ECM molecules regarding
their ability to support neurite growth in vitro. Adult DRG neurons were cultured on
fibronectin, vitronectin, collagen IV and thrombospondin (all known to support neurite
growth, see section 1.7.8). In our hands, none of these molecules produced growth
resembling that seen with any of the laminin isoforms tested.
Concerning motoneurons, several papers implicate laminin signaling via β1
integrin(s) in axonal growth and regeneration (paper III; Chen and Strickland., 2003;
Werner et al., 2000; Low et al., 2003). Particularly, the observation that integrin β4 is
not expressed by motoneurons (Pinkstaff et al., 1999; Hammarberg et al., 2000)
supports this theory. In contrast, mice with a conditional integrin β1 knockout in
motoneurons do not display any severe impairment of axonal growth or NMJ formation
during development (Schwander et al., 2004), although regeneration after injury has not
been studied in this mouse line. These results could indicate either that motoneurons
express several other cell-surface receptors during development that compensate for the
lack of integrin-laminin interactions or that the issue of distance plays a major role. If
integrin β1-deficient motoneurons grow effectively over long distances (as seen in adult
regeneration) remains to be determined.
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Since sensory and motoneurons showed different growth patterns on different
substrates, especially concerning laminin-2 and -8, we examined the expression of
laminin α2 and α4 in dorsal and ventral roots (paper IV). We did however not find any
apparent difference in mRNA levels of these subunits, making it unlikely that laminin
expression is the explanation for the modality-specific growth observed by (Hoke et al.,
2006), who showed that grafts taken from pure sensory or motor nerves maintain the
ability to support preferentially sensory or motor innervation. In paper IV, we also
found expression of all laminin subchains needed to assemble laminins -1, -2, -8 and 10 in sensory organs of the epidermis. Much of the biology of the specialized Schwann
cells around sensory organs is currently unknown, compared to the current knowledge
on the NMJ.
Finally, astrocytes in vivo are usually considered inhibitory to neuronal
outgrowth, but in instances where they support axonal growth, this has been attributed
to expression of laminin on their cell surface (Frisen et al., 1995; Costa et al., 2002). In
contrast, growth of DRG neurons on sections from the corpus callosum (which was low
in laminin immunoreactivity) was instead dependent on the expression of fibronectin
(Tom et al., 2004). Also, during development in the chick a group of DRG neurons
destined to innervate proprioceptive organs express higher levels integrin α4 and α5
and prefer fibronectin as a substrate for outgrowth (Guan et al., 2003).

4.4

RECEPTOR USAGE PREFERENCES OF ADULT DRG NEURONS
CULTURED ON DIFFERENT LAMININ ISOFORMS (PAPER IV)

In paper IV, we used blocking antibodies to map the different integrin-laminin
interactions mediating neurite growth from adult DRG neurons. We found that
antibodies against integrins α7, α3 and β1 all reduced growth on laminin -1 and -2,
whereas growth on laminin-8 and -10 was blocked by antibodies against integrin α6
and β1. Our findings concerning laminin-1 are in agreement with those reported by
(Gardiner et al., 2005). Our observation that blocking integrin α6 reduces growth on
laminin-8 is in agreement with the results that integrin α6 is the main receptor for this
laminin isoform (Kortesmaa et al., 2000). Since laminin-2 is abundant in the peripheral
nerve, our finding that α7 interacts with laminin-2 extends the findings by (Werner et
al., 2000) who reported impaired regeneration in integrin α7 -/- mice. We were
intrigued by the fact that laminin-10 seems to be the most potent promoter of DRG
neuron growth, given its limited expression in the PNS (Occhi et al., 2005; Gawlik et
al., 2006). It has been suggested that laminin-10 may participate in the positioning of
sodium channels in the nodes of Ranvier (Occhi et al., 2005), if this bears any relevance
to the return of function after axonal injury remains to be determined. The laminin α1
chain does not seem to be expressed in normal sciatic nerve, but is upregulated in
nerves of laminin α2 deficient mice (Yang et al., 2005). Even though this does not seem
to compensate for the loss of laminin α2, it does show that Schwann cells are capable of
expressing this subunit under certain conditions. Given the different response of
neurons cultured on different laminin isoforms, caution should be taken when
extrapolating the physiological relevance of in vitro studies using laminin-1.
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When explaining why a particular laminin isoform is a good (or poor) promoter of
neurite growth, the most obvious explanation is that they interact with different
integrins. Our findings do not support this theory. We found it particularly intriguing
that growth on the two most abundant laminin isoforms in the peripheral nerve
(laminin-2 and –8) is mediated by different integrins. Likewise the laminins which were
most potent as initiators of neurite growth, laminin-1 and -10, also bound to different
integrins, indicating that the difference lies elsewhere.
When studying DRG neurons, one should always be aware that these are a
heterogeneous group of neurons, and it is possible that integrin expression and/or usage
may be vary among different subtypes. In paper IV, we did observe growth from NFH, CGRP- and IB4- positive neurons on all four laminin isoforms. Also, in paper I, we
did not see any apparent difference in expression of integrin subunits in relation to cell
size. Contrary, some studies have shown that IB4-postitive neurons do not express
integrin α7 and are less capable of regeneration (Gardiner et al., 2005; Leclere et al.,
2007). At current, no clear explanation for these results exist, but is should be taken into
account that some authors have argued that IB4-labellig is not exclusive to small,
GDNF-sensitive neurons (Kashiba et al., 2001) and technical differences in the staining
procedure could thus at least partly explain these conflicting results.

4.5

INJURY-INDUCED NEURONAL EXPRESSION AND FUNCTION OF
MYOSIN-X (PAPER V)

In this study we examined the neuronal expression of intracellular integrin-binding
protein myosin-X after injury. In uninjured neurons, the mRNA levels were not
significantly higher than the background, but robustly upregulated in both DRG and
motoneurons after peripheral nerve injury. It is noteworthy that the temporal expression
of myosin-X and integrin β1 after peripheral nerve transcection is dissimilar. In DRG
neurons, integrin β1 expression is elevated after injury, but returns to normal after two
weeks (paper I), whereas myosin-X is still elevated after 2 weeks. A possible
explanation for this could be that the neuron would require an initial boost of integrin
protein and that the subsequent axonal extension is dependent upon a sustained
expression of myosin-X, to transport or recycle the integrins at the growth cone.
Although expression of myosin-X is widespread in the adult CNS (Berg et al., 2000),
the copynumber per cell is low (Berg et al., 2000). Our results are in agreement with
this, since we were only able to detect significant expression in injured DRG and
motoneurons. Preliminary results indicate that rubrospinal neurons do not upregulate
myosin-X after axotomy (figure 8) and this could be interpreted as a clear intrinsic
difference between PNS and CNS neurons and partly explain the regenerative failure of
the latter.
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Figure 8. Scatter plot of ISH signal in uninjured (control) and injured red nucleus
neurons, seven days post injury.
In addition to injury-induced upregulation, it was also noted that embryonic DRGs
express high amounts of myosin-X (Tanabe et al., 2003). We could not see similar
results using ISH (unpublished), possibly indicating that the detection limit is lower for
ISH. We could however detect expression along the embryonic spinal cord midline
(unpublished), a location possibly corresponding to commissural neurons, a population
where myosin-X function is crucial for proper axonal guidance (Zhu et al., 2007).
Besides axotomy, factors regulating myosin-X expression in neurons remain unknown.
However, two candidates have recently emerged: vascular endothelial growth factor
(VEGF) and, bone morphogenetic protein 6 (BMP6).
In a recent study, it was shown that treatment with VEGF increased the
expression of myosin-X in endothelial cells (Pi et al., 2007). Since this factor has
neurotrophic effects on DRG (Sondell et al., 1999) and motoneurons (Oosthuyse et al.,
2001) it would be interesting to examine VEGF-induced regulation/function of myosinX in neurons. Similarly BMP6, increased the expression of myosin-X in endothelial
cells to an even greater extent than VEGF (Pi et al., 2007). Since the former protein has
also been reported to increase motoneuron survival in vitro (Wang et al., 2007), further
studies on the regulation of myosin-X by BMP6 should be performed.
Having found that myosin-X mRNA is upregulated in DRG and motoneurons
after injury, we next sought to determine if myosin-X was also functional in integrindependent axonal outgrowth. By use of RNAinterference, we knocked down the
expression of myosin-X in MN1 cells (paper V). This led to a substantial reduction in
neurite outgrowth on laminin (which was shown to be entirely dependent on integrin
β1) arguing in favor of a role for myosin-X in integrin β1 dependent axonal growth.
Myosin-X has been suggested to function downstream of Cdc42 (Bohil et al.,
2006), a member of the Rho GTPase family know to be important for growth cone
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advancement. Finally, myosin-X has thus far been shown to bind integrins (Zhang et
al., 2004), deleted in colorectal cancer (DCC) (Zhu et al., 2007), and ALK6 (Pi et al.,
2007) but it is likely that new cargos will be identified. If these could also be of interest
concerning neuronal outgrowth remains to be determined.
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5 GENERAL CONCLUSIONS AND FUTURE
DIRECTIONS
5.1

GENERAL CONCLUSIONS

The results presented here have contributed to our understanding of integrin-laminin
interaction in neuronal regeneration and myelination. More specifically, we have shown
that:
-Upregulation of integrin mRNAs in neurons is closely correlated with regenerative
ability.
- Absence of laminin α4 results in a pronounced dysmyelinating neuropathy.
-Laminin-1 and -10 are superior to laminin-2 and -8 in supporting neurite growth from
adult DRG neurons.
-Adult DRG neurons use integrins α7β1 and α3β1 to grow on laminin-1 and -2, and
α6β1 to grow on laminin-8 and -10.
-Neuronal myosin-X is upregulated after peripheral nerve injury and mediates growth
of neurites on laminin.

5.2

FUTURE DIRECTIONS

5.2.1 Laminin α4 and peripheral neuropathy
Our results strongly imply that absence of laminin α4 impairs development and
function of peripheral nerves. So far no description of mutations of this laminin subunit
in humans has been published, but the fact that that mutations in the laminin α2 gene is
the cause of approximately 30% of all cases of congenital muscular dystrophies in the
European population (Allamand and Guicheney, 2002) suggest it could be motivated to
screen for mutations in the α4 gene in hereditary neuropathies with unknown causes.
One way to correct the symptoms of laminin α2 deficiency is to overexpress
another α chain. It was recently shown that in order for a complete reversal of
symptoms in to occur, the α-chain used (in this case α1) needs to be overexpressed in
both nerves and muscle (Gawlik et al., 2004; Gawlik et al., 2006). As of yet, no
correction of the white matter deficiencies in α2 mutants using genetic rescue
experiments has been published.
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5.2.2 Laminins in peripheral nerve surgery
In spite of advances in surgical techniques, severe injuries of peripheral nerves are still
associated with poor outcome. In treating these types of injuries, allograft surgery is
commonly performed. This does however require the sacrifice of another nerve (usually
the sural nerve) and of course multiple surgery. Several other natural materials have
been tried instead of nerve grafts, but with limited success. Therefore, attempts to
develop alternatives such as artificial nerve conduits have attracted much interest
(Schmidt and Leach, 2003). Our findings that laminins are the most potent promoters of
neurite growth from adult DRG neurons indicate that laminins should be considered as
a suitable component of a scaffold designed to improve axonal growth. Particularly
laminin-10 should be examined since this was the most potent inducer of growth for
DRG neurons (paper IV), and improves innervation in artificial skin grafts (Caissie et
al., 2006).
Also, the observation that sensory and motor neurons prefer different laminin
isoforms for optimal growth should be verified in vivo. Further, optimal peripheral graft
material should also support Schwann cells since their function are of uttermost
importance for successful regeneration. Our results in paper III indicate that Schwann
cells migrate equally well on laminin-2 and -8, but other laminins have not yet been
tested.
Although the experiments presented in this thesis focused on ways to increase
axonal growth and regeneration, one important factor we have not addressed is the
development of neuropathic pain resulting from incomplete regeneration or aberrant
growth. Blocking integrin function by use of RGD-containing peptides has been shown
to relieve neuropathic pain (Dina et al., 2004; Fu et al., 2004). Before any attempts are
made to utilize our current knowledge on integrin signalling to promote regeneration in
peripheral nerve, the risk of developing neuropathic pain must be examined.

5.2.3 Manipulation of integrin function in neuronal regeneration
One way to improve the regenerative capacity of CNS neurons is to increase the
expression of RAGs. Our results that NT-3, but not BDNF, increases β1 integrin
expression in red nucleus neurons is interesting because they show that different
neurotrophins exert different effects on gene regulation in these neurons even though
both NT-3 and BDNF improve survival (Novikova et al., 2000). The mechanism behind
this is yet unknown and the effects of neurotrophins concerning integrin expression in
other neurons after injury has not been examined.
An alternative way to increase peripheral and central regeneration is to
manipulate intercellular signalling pathways initiated by integrins. Our findings that
DRG neurons interact with laminins via different integrins in combination with studies
showing initiation of different signalling cascades by different laminin isoforms in
Schwann cells (Chernousov et al., 2007), indicates that this issue should be examined
further.
It should be noted that increasing the expression of integrins might not have
only beneficial effects. When an upregulation of integrins occurs without availability of
a matching ligand, a process known as “integrin mediated death” has been observed in
cultured cells (Stupack et al., 2001). Through largely unknown mechanisms, the
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cytoplasmic tail of integrin β subunits is able to activate the pro-apoptotic enzyme
caspase-8. Whether this also occurs in neurons is not known, but could be interesting to
investigate, especially in the CNS where access to laminins is much more restricted
than in the PNS.
Our knowledge on the function of the integrin binding protein myosin-X is still
in its infancy. So far, myosin-X has not been studied in relation to axonal guidance or
myelination during peripheral nerve development. Further studies on the regulation of
this protein after neuronal injury and during regeneration should also be performed.
Functional assessment of this protein awaits the generation of (conditional) knockout
animals.
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