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Chapter 1

PREFACE

The nervous system is a highly complex integration of individual classes of neurons,
interconnected through their fibers. The cell bodies of these neurons are located in defined
structures within the adult nervous system. These structures are generated during embryonic
development. Progenitor cells from the neural tube migrate to defined places and differentiate to
become specific neurons in defined neuronal structures. During the period of neurite outgrowth
their fibers follow specific routes to connect with target cells, for example other neurons,
hormone secreting cells or peripheral tissues. Finally, the neurons obtain an adult
neurotransmitter phenotype and their fibers obtain adult electrophysiological properties due to
connections with glial cells that have developed simultaneously. By directing gene expression,
homeobox genes are involved in patterning of the nervous system, in specification and
differentiation of neurons, in directing outgrowth, pathfinding and maturation. The peripheral
nervous system (PNS) is comprised of sensory ganglia and nerves that provide the central
nervous system (CNS), i.e. the brain and spinal cord, with sensory information from the skin,
muscles, joints and viscera. Unlike the central nervous system, the peripheral nervous system is
able to regenerate after nerve injury. Regeneration seems to involve processes and gene
expression programs similar to those used during development. This thesis will deal with the
question whether regeneration is a recapitulation of development by investigating homeobox
gene expression in the sciatic nerve crush model.

1. HOMEOBOX GENES AND NERVOUS SYSTEM DEVELOPMENT

1.1. The homeodomain binds to specific sequences in the DNA

Homeobox genes encode homeodomain proteins that act as transcription factors regulating the
expression of specific target genes. The homeodomain is a DNA-binding domain that binds to the
promoters of genes in a sequence-specific manner. This domain is generally 60 amino acids in
size and is composed of 3 alpha helices organized in a helix-loop-helix configuration [Biirglin,
1994; Gehring et al, 1994]. The third helix is called the recognition helix and binds in the major
groove of the DNA via amino that interact specifically with bases in the DNA (Figure 1 A&B).
The N-terminal arm of homeodomain proteins reaches into the minor groove and a part of helix 2
also contributes to DNA binding. Most of the homeodomain proteins bind the core motif ATTA.
The actual binding site of a specific homeodomain protein to the DNA depends on additional
nucleotides bound by specific amino acids. For example, a very critical amino acid that
determines sequence specificity is located at position 50 of the homeobox, in helix 3 [Biirglin,
1994; Gehring et al, 1994). To increase binding specificity, some homeodomain protein classes
have additional DNA binding domains or interact with other (homeodomain) proteins via protein
interaction domains (see section 1.2.2.).

1.2. Homeobox genes can be divided into classes

1.2.1. The Hox complex superclass

Homeobox genes were first identified in Drosophila, where so called homeotic mutations lead to
transformations of body segments. The first homeotic gene identified was Antennapedia (Antp)
the mutation of which resulted in the transformation of the antennae on the head of the fly into
legs. More genes were found that bore great similarity with An#p in the region of the gene that
was called the homeobox. Homeotic homeobox genes in Drosophila were present in two genetic
clusters, called the HOM-C complex. Soon their vertebrate counterparts were identified, which
were called Hox genes in the Hox complex [Gehring, 1994; Kenyon, 1994]. Figure 2A shows the
alignment of the Hox complex with the HOM-C genes.
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1.2.2. The dispersed superclass

Several other classes of homeobox genes were defined that are not present in the Hox complex
but are largely dispersed in the genome. The subdivision into classes is based upon the presence
of additional domains, the positions of introns and on certain amino acid characteristics
[Banerjee-Basu and Baxevanis, 2001; Biirglin, 1994; Gehring et al, 1994]. These classes are
outlined in figure 2B; the classes that are important for this thesis are described here. The paired
class of homeobox genes contains a second DNA binding domain, the paired domain. In addition,
some paired class proteins have an octapeptide motif between the paired domain and the
homeodomain. All paired homeodomains have a serine residue at position 50. Some paired genes
do not have a homeobox but only contain a paired box. The paired-like class of homeodomains
is most similar to paired homeodomains, but lacks the serine 50 residue and is not associated with
a paired domain. The POU class of homeodomain proteins contains two DNA binding domains:
the POU-specific domain and the POU-homeodomain. Position 50 characteristically is a cysteine
residue [He et al, 1989]. LIM class proteins contain in addition to the homeodomain two LIM
motifs of about 60 amino acids, with conserved cysteine and histidine residues. These LIM motifs
play major roles in protein-protein interactions [Hobert and Westphal, 2000]. Other classes
include the Msh class, which does not have any conserved domains outside of the homeodomain;
the Gsh class that maps outside the Hox complex but belongs to the same class and the Zinc
finger class, consisting of 9 to 17 zinc fingers and 1 to 4 homeodomains [Biirglin, 1994; Gehring
et al, 1994].

1.3. Homeobox sequences are conserved and are present in all species

The homeodomain is highly conserved: there is extensive sequence homology between
homeodomain sequences (Figure 1C&D). Homeodomain proteins of the same class often share
more than 85% of their homeodomain amino acids. There can be up to 57% homology between
homeodomains of different classes [Banerjee-Basu and Baxevanis, 2001; Biirglin, 1994; Galliot
et al, 1998; Gehring et al, 1994]. Outside the homeodomain the amino acid sequence is more
variable, but the additional domains in certain classes are also conserved between members of the
same class. This sequence homology, however, does not necessarily imply that members of the
same class bind to the same target genes or have similar functions. One amino acid difference in
the homeodomain can completely change the function of the protein. This was shown by Smith et
al (1997), who demonstrated that the mutation of one single amino acid in the homeodomain of
Brn3b was sufficient to convert Brn3b function into that of Brn3a. This also illustrates that a
homeodomain protein can be identified based upon its homeodomain sequence. Moreover, at the
DNA level, the homeobox sequences contain polymorphisms that do not encode amino acid
differences, but can be used for identifying specific homeobox genes.

Homeobox genes are evolutionary conserved between species. They are present in all species
ranging from yeast to hydra, from C. elegans (worm) to Drosophila to mammals, and have
similar functions in embryonic development. More complex organisms, like mammals, need
more complex regulation and therefore have a greater number of different homeobox genes. This
can be due to duplications in the genome, which is the case for the Hox complex [Kenyon, 1994]
(Figure 2A). After gene duplication the homologues are thought to diverge in function due to
mutations leading to new close homologues. For example, there is only one Brn3 homologue
(Unc-86) in C. elegans, whereas there are 3 highly related Brn3 homologues in the mouse -
Brn3a, Brn3b, and Brn3c [Xiang et al, 1995]. Only one Is/ gene is present in Drosophila, whereas
vertebrates have Is// and —2 [Hobert and Westphal, 2000].
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Figure 1: Structure of the homeodomain

(A) Amino acid consensus sequence based upon 346 homeodomain sequences. Standard numbering
scheme and position of the three helices [Biirglin, 1994]. (B) Schematic drawing of the Antennapedia
homeodomain-DNA complex. View along the axis of the recognition helix (IILLIV). Amino acids that
interact with the DNA are indicated by black circles. Nucleotide-specific contacts are indicated by arrows
[Gehring, 1998]. (C) Alignment of the homeodomain families of the complex superclass and (D) the
dispersed superclass with the consensus homeodomain sequence. Dots indicate positions where the
proteins are similar to the consensus sequence. Boxed amino acids are shared between adjacent families
[Gehring et al, 1994]. Amino acid residues that are shared among all families are marked with asterisks.
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Figure 2: The homeodomain classes

(A) Alignment of the vertebrate Hox complex with the Drosophila
four Hox clusters, that are thought to have arisen through duplications in the genome [Kenyon, 1994].
Genes with the same numbers have shared properties and are therefore called paralogues. Solid lines
denote the relationship of the Hox genes with the HOM-C genes. The polarity of transcription is indicated
at the bottom. Genes at the 5° end of the complex are expressed earlier and more anteriorly than genes at
the 3” end [Cappechi, 1997; De Robertis, 1994; Gehring, 1998; Krumlauf, 1994].

(B) Schematic representation of homeobox gene classes. The homeodomain is depicted in black; other
conserved domains are in gray. The length of the boxes is approximately proportional to the size of the
domains; the linking lines can be variable in size. Based upon Biirglin, 1994; Gehring et al, 1994.

HOM-C complex. Vertebrates have
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1.4. The functions of homeobox genes in development of the nervous system

1.4.1. The early nervous system is patterned by homeobox genes

The function of the Hox genes in anteroposterior patterning of the nervous system is well
described. Hox genes are induced by retinoic acid (RA) and are expressed along the axis of the
embryo starting posterior with anterior expression boundaries, depending on their sensitivity to
RA [Cappechi, 1997; Deschamps et al, 1999; Krumlauf, 1994]. Hox genes that are located more
3’ in the Hox complex are expressed to a more anterior boundary than Hox genes at the 5’ end,
resulting in spatially restricted domains (or segments) which express different combinations of
Hox genes (Figure 3A). A combination of Hox genes leads to a phenotype appropriate to that
specific segment. When a Hox gene is lost, the combination of Hox genes in a segment is similar
to that of a more anterior segment resulting in an anteriorization of the phenotype. A gain-of-
function mutant has a posteriorized phenotype because the segment anterior to the boundary
normally does not, but in the case of a gain-of-function does contain that Hox gene [Gehring,
1998; Jessell and Lumsden, 1997; Krumlauf, 1994]. Pax genes are also thought to play a role in
anteroposterior patterning, because they are also expressed in a longitudinal way with anterior
expression limits. Unlike Hox genes, which are expressed posterior to the midbrain-hindbrain
border, Pax genes are expressed more anteriorly in the developing brain (Figure 3B) [Chalepakis
et al, 1993]. The nervous system is not only patterned in an anteroposterior manner by the Hox
and Pax genes, but during development also undergoes dorsoventral patterning. Cells generated
from the ventral neural tube become floor plate cells, motor neurons, and ventral interneurons;
cells that arise at the dorsal neural tube develop into neural crest cells, roof plate cells and dorsal
sensory relay interneurons. A gradient of bone morphogenic proteins (BMPs), produced by the
dorsal epidermal ectoderm, and Sonic hedgehog (Shh), secreted from the ventral notochord,
results in the specification of these different cell types, marked by different homeobox genes
(Figure 3C) [Jessell and Lumsden, 1997; Lee and Jessel, 1999; Shirasaki and Pfaff, 2002; Tanabe
and Jessell, 1996].

1.4.2. Homeobox genes guide differentiation of neurons

At the stage of development described in the former section, signaling molecules from the
cellular environment (i.e. RA, BMPs, and Shh) turn on homeobox genes, inducing the cells to
become specific neuronal types, like interneurons, motor neurons, or sensory neurons. As
development proceeds, homeobox gene cascades take place further promoting the differentiation
of the neurons into specialized neuronal subtypes. Subclasses of spinal cord motor neurons, for
example, are organized into columns. Motor neurons within such a column project to specific
peripheral target muscles. These subclasses of motor neurons can be distinguished by the
combinatorial expression of different LIM class homeobox genes (Figure 3D) [Shirasaki and
Pfaff, 2002; Tanabe and Jessell, 1996].

1.4.3. Homeobox genes regulate outgrowth and pathfinding

Neurons that have migrated and differentiated grow out using defined pathways to find the targets
they innervate. In this stage of development homeobox genes also play important roles. For
example, in Is/ mutant Drosophila, motor neurons exhibit pathfinding defects resulting in
innervation of the wrong muscles, and fibers of interneurons fail to fasciculate. s/ is required not
only for pathfinding in Drosophila but also for the neurotransmitter phenotype of neurons:
interneurons that normally produce serotonin and dopamine fail to do so in the mutant [Thor and
Thomas, 1997]. In Lmx1b mutant mice, the axons of specific motor neurons cannot sense the
guidance cues that direct their axons to their appropriate targets: they randomly project into the
dorsal and ventral limb. The downstream genes regulated by Lmx /b may be receptors recognizing
guidance cues [Shirasaki and Pfaff, 2002].
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Previous page:

Figure 3: The functions of homeobox genes in the developing nervous system

Anteroposterior patterning of the nervous system: (A) Simplified scheme of Hox gene expression along
the anteroposterior axis. Hox genes that are located more 3’ in the Hox complex are expressed to a more
anterior boundary than Hox genes at the 5’end [from: Jessell and Schacher, 1991]. (B) Pax genes are
expressed more anteriorly than Hox genes. Pax3, -5, and -7 are expressed in the mesencephalon; Pax3, -6,
and -7 in the diencephalon. In the telencephalon, only Pax6 can be detected [Chalepakis et al, 1993].

d = diencephalon, ms = mesencephalon, PC = posterior commissure, RI = rhombencephalic isthmus,
sc = spinal cord, t = telencephalon

Dorsoventral patterning of the nervous system: (C) Early in development, a gradient of BMPs, produced
by the epidermal ectoderm, and Shh, produced by the notochord, results in the induction of dorsal and
ventral cell types, marked by different homeobox genes. In the dorsal neural tube, Pax3 and Pax7, MsxI
and Msx2 are expressed, inducing dorsal cell types. In the ventral cell types, the expression of the
homeobox genes Pax3/7, Msx1/2 is inhibited by Shh, whereas expression of Nkx2.1, Nkx2.2, and Pax6 is
induced. Later in development, L/IM homeobox genes are involved in the specification of cell types along
the dorsoventral axis. Developing motor neurons are dependent on the expression of the LIM homeobox
gene Is/] and -2. Dorsal and ventral interneurons contain different combinations of LIM3, Gsh-4, and
LIM1/2. Neural crest cells are marked by the zinc finger transcription factor Slug, dorsal commissural
neurons by the LIM genes LH2a and -b. Finally, dorsal association neurons contain Is// [Jessell and
Lumsden, 1997; Shirasaki and Pfaff, 2002; Tanabe and Jessell, 1996]. BMP = bone morphogenic protein,
F = floor plate, N = notochord, R = roofplate, Shh = sonic hedgehog.

Differentiation and pathfinding of neurons: (D) After neural induction and specification, homeobox genes
are involved in differentiation of neurons. Subclasses of spinal cord motor neurons, for example, are
organized into columns. Motor neurons within such a column project to specific peripheral target muscles.
Motor neurons in the MMCm express Is// and -2 together with Lim3 and innervate axial muscles close to
the vertebral column. Motor neurons in the LMCI are marked by Lim!I and Is/2. These neurons project
their axons to limb muscles. [Shirasaki and Pfaff, 2002; Tanabe and Jessell, 1996]. CTv = preganglionic
motor column of Terni, LMCI = lateral subdivision of the lateral motor column, LMCm = medial
subdivision of the lateral motor column, MMCI = lateral subdivision of the medial motor column,
MMCm = medial subdivision of the medial motor column

1.5. Some homeobox genes remain expressed in the adult nervous system

The role of homeobox genes in the embryonic development of the nervous system has been
extensively studied, but homeobox genes are also expressed in adult neurons. In the developing
nervous system, many homeobox genes are widely expressed and they undergo different patterns
of subsequent restriction during maturation. For example, Pax genes, involved in anteroposterior
and dorsoventral patterning of the neural tube and in early brain regionalization, are also
expressed in adult brain structures, mainly in some brainstem nuclei and in several domains of the
limbic system [Stoykova and Gruss, 1994]. In the brainstem, the thalamus and hypothalamus,
POU gene expression is distributed in different combinations in different nuclei [He et al, 1989].
Isl1, of the LIM class, is maintained in subsets of motor and sensory neurons (see section 4.3.),
and in nuclei of the brain involved in autonomic and endocrine control [Thor et al, 1991]. The
function of homeobox genes in the adult is largely unknown. They are thought to play a role in
the maintenance of specific neuronal phenotypes.
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Summarized, homeobox genes are involved in anteroposterior and dorsoventral patterning
specifying cells to become certain neuronal types. As development proceeds, homeobox genes
are important for the differentiation of specific neuronal subtypes. Neuronal outgrowth and
pathfinding are the next processes in which homeobox genes play important roles and finally,
homeobox genes are also expressed in the adult nervous system where they are thought to play a
role in maintenance of the mature neuronal phenotype.

The involvement of homeobox genes in developmental processes and their expression in the adult
nervous system, has lead to the notion that in the adult organism, developmental processes may
still be playing until now unknown roles. Structural plasticity, i.e. regeneration of injured nerve
fibers, may be a process in which homeobox genes could be involved. In the next sections, the
role of homeobox genes in the developing and adult peripheral nervous system will be described
as well as the process of regeneration and the hypothesized role that homeobox genes might play
therein.

2. THE PERIPHERAL NERVOUS SYSTEM: DORSAL ROOT GANGLIA

2.1. Dorsal root ganglia contain sensory neurons

The peripheral nervous system (PNS) is comprised of ganglia and peripheral nerves and provides
the central nervous system (CNS), i.e. the brain and spinal cord, with information about the body
and its environment. Sensory information from the skin, muscles, joints, and viscera is conveyed
to the spinal cord by the sensory neurons of the PNS. The cell bodies of these neurons are located
in sensory ganglia, which comprise dorsal root ganglia (DRGs) or spinal ganglia associated with
peripheral nerves, and cranial sensory ganglia associated with some of the cranial nerves.

Sensory neurons in the adult DRGs are pseudo-unipolar neurons that have a central and a
peripheral branch. The peripheral fiber terminates in the target tissue as a free nerve ending or
innervates a specialized structure that acts as a receptor for a certain stimulus. The central fiber
enters the spinal cord through the dorsal root. A stimulus from the periphery is thus conveyed to
the CNS by sensory nerve fibers. The spinal cord receives sensory fibers in the dorsal horn and
sends motor nerves from the ventral horn in a segmented fashion. Each spinal cord level is
innervated by DRGs of the same level. The peripheral fibers of the DRG neurons together with
the motor fibers of the spinal cord motor neurons form peripheral nerves that innervate skin,
muscles, and joints that correspond to that spinal cord level [Augustine et al, 1997a; Larsen,
1993; Le Douarin and Kalcheim, 1999; Scott, 1992].

2.2. There are several DRG neuronal subpopulations

Several types of DRG neurons can be distinguished according to their peripheral targets, their
receptors and their fiber types. Neurons innervating skeletal muscle are proprioceptive neurons
that relay information about position and movement of the limbs and joints. Their peripheral
nerve endings innervate mechanoceptors: muscle spindles and Golgi tendon organs. Cutaneous
DRG neurons innervating skin are associated with a variety of mechanoceptors involved in the
tactile sensation (touch). Other cutaneous neurons have thermoceptors detecting changes in
temperature. Information from the viscera, i.e. movement of intestine, bladder wall tension and
renal blood vessel pressure is detected by visceral DRG neurons with mechanoceptors.
Nociceptive neurons in all target tissues described above respond to mechanical and/or thermal
painful stimuli [Bergman et al, 1999; Caterina and Julius, 1999; Lawson, 1992; Martin and
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Jessell, 1991a; Perl, 1992]. Touch and limb proprioception are mediated by large-diameter
thickly myelinated Ao/B-fibers with a high conduction velocity. Large-diameter fibers enter the
lateral aspect of the dorsal columns and ascend to the brain either directly or indirectly via second
order neurons in the deeper laminae (III-IV) of the dorsal horn. Some large-diameter fibers
terminate in motor nuclei (lamina IX) and mediate stretch reflexes. Slower conducting small-
diameter unmyelinated C-fibers and thinly myelinated Ad-fibers mediate sensation of pain and
temperature as well as visceral stimuli. Small-diameter fibers enter the gray matter through the
tract of Lissauer and terminate in the superficial layers (I and II) of the dorsal horn innervating
second order neurons that ascend to the brain [Hunt et al, 1992; Martin and Jessell, 1991b].

3. DEVELOPMENT OF THE DORSAL ROOT GANGLION NEURONS

3.1. Precursors for DRGs arise from the neural crest

The embryonic nervous system starts to develop from a specialized region of the ectoderm, the
neural plate. Neural crest cells are located at the lateral edges of the neural plate. During the
process of neurulation the neural plate folds, leading to the formation of the neural tube. During
neural tube closure, neural crest cells detach and start to migrate to several locations in the body
where they form a variety of tissues and cell types (Figure 4). Neural crest derivatives include
glia and neurons in dorsal root ganglia, in some cranial sensory ganglia, and in sympathetic and
parasympathetic ganglia (Figure 4). Furthermore, cranial neural crest gives rise to several
craniofacial bones and muscles [Bronner-Fraser, 1995; Chambers and McGonnell, 2002; Hall,
1999; Larsen, 1993; Le Douarin and Kalcheim, 1999].

The trunk neural crest gives rise to the dorsal root ganglia and to sympathetic ganglia using the
ventral migration path. The first wave of neural crest cells migrates between adjacent somites,
reaches the dorsal aorta and forms the primary sympathetic ganglia. The second wave of
migratory neural crest cells enters the rostral half of the somites and gives rise to the DRGs and to
the Schwann cells of the peripheral nerves. The segmented pathway of neural crest migration
(through the rostral half of each somite) determines the segmented arrangement of DRGs,
peripheral nerves and sympathetic ganglia (Figure 5A) [Le Douarin and Kalcheim, 1999].

3.2. DRG neuronal outgrowth and target innervation

3.2.1. DRG neurons grow out to innervate peripheral and central targets

In the developing DRGs neural crest cells proliferate. DRG cells reach their final mitosis
(birthday) in waves: future mechanosensory cells are born early in development, peaking at E13
in the rat (about E11.5 in the mouse), whereas future nociceptive neurons are born later, peaking
at E14. A third wave of neurons is generated from EI15 to E16. Once born, neurons start to
differentiate and to grow out to innervate their targets. Sensory axons from the DRGs form spinal
nerves in a segmental fashion (Figure 5), using motor neurons that have grown out slightly earlier
as guides in order to innervate the same target muscles. The first outgrowing fibers reach the
hindpaw at E14, the toe region is innervated from onward E18 [Jackman and Fitzgerald, 2000;
Larsen, 1993; Le Douarin and Kalcheim, 1999; Scott, 1992]. Simultaneously, DRG neurons also
grow fibers that enter the spinal cord through the dorsal root, innervating interneurons in the
dorsal horn and motor neurons in the ventral horn. At E14.5 mechanosensory A-fibers enter the
gray matter of the spinal cord; nociceptive C-fibers appear later, at E17/18 [Jackman and
Fitzgerald, 2000].
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Neural crest derivatives

Neurons in:
Cranial sensory ganglia of nerves V, VII, IX, X
Peripheral sensory ganglia or dorsal root ganglia
Sympathetic and parasympathetic ganglia
Enteric plexuses

Schwann cells and satellite cells in:
All sensory ganglia including ganglia not derived from neural crest
Peripheral nerves
Sympathetic and parasympathetic ganglia

Endocrine and paracrine cells
Adrenal medulla
Calcitonin-producing cells
Carotid body cells

Mesectodermal structures (cranial neural crest)
Skeleton of face and branchial arches
Parts of the skeleton surrounding the brain
Connective and muscular tissues of the face, eyes, arteries and glands
Tooth papillae
Meninges

Additional cell types
Melanocytes

I

\. Dorsal root
ganglia A @

Sympathetic chain
ganglia

Some cranial nerve ganglia )
Glial cells

Arachnoid
& pia mater

Adrenal medulla Enteric ganglia Melanocytes

Figure 4: The major derivatives of the neural crest

Neural crest cells give rise to sensory neurons and glial cells in the ganglia of the peripheral nervous
system. Several endocrine and paracrine cell types are also derived from neural crest. The cranial neural
crest gives rise to many bones and tissues in the head, summarized as mesectodermal structures. The last
wave of migrating neural crest cells form melanocytes and other pigment cells. Some of the (structures
containing) neural crest derivatives are depicted in gray in the cartoons beneath the table. Based upon
Hall, 1999; Larsen, 1993; Le Douarin and Kalcheim, 1999.
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3.2.2. DRG neurons use guidance cues for pathfinding

Outgrowing neurons express B-50, also called GAP-43, a growth-associated protein that
accumulates in axonal growth cones. [Jackman and Fitzgerald, 2000; Oestreicher et al, 1997,
Woolf et al, 1990]. The growth cone is a specialized structure at the tip of the outgrowing axon,
which functions as a sensor for axonal guidance cues: proteins in the extracellular environment
(i.e. extracellular matrix, other neurites, Schwann cells and fibroblasts) that stimulate or inhibit
growth, attract or repel nerve fibers. This process is called pathfinding [ Augustine et al, 1997b;
Dodd and Jessell, 1988; Oestreicher et al, 1997]. Examples of guidance molecules used by DRG
neurons are the neurotrophins described in the next section [Bibel and Barde, 2000; Song and
Poo, 1999] and cell adhesion molecules like L1 and NCAM [Augustine et al, 1997b; Davies and
Lumsden, 1990; Reichardt, 1992]. Signals from guidance molecules trigger intracellular
transduction pathways (for example by phosphorylation of B-50), leading to remodeling of the
cytoskeleton in order to allow neurite outgrowth and changes in direction of outgrowth
[Oestreicher et al, 1997].

3.3. Neurotrophic factors are essential for DRG neurons to survive

DRG neurons are generated in excess. During the period of target innervation, the sensory
neurons depend on neurotrophic factors. By producing limited amounts of neurotrophic factors,
the target tissues select those neurons that are able to obtain sufficient amounts of neurotrophic
factors to survive. The neurons that do not get enough trophic support die by way of apoptosis
[Bibel and Barde, 2000; Davies, 1992; Le Douarin and Kalcheim, 1999]. After experimental
removal of a limb during early development, for example, cells migrate, proliferate and
differentiate normally, but die during this period of neurotrophin dependency [Caldero et al,
1998].

The different neuronal subpopulations (see section 2.1.) express different neurotrophin receptors
(Trks) and are dependent on different neurotrophins according to their function and the targets
they innervate (Figure 5C). Moreover, during the period of pathfinding each neuronal
subpopulation is attracted to the specific target tissue by gradients of neurotrophins. Nerve
growth factor (NGF) is present in the developing skin and is needed by TrkA-positive nociceptive
and thermoceptive neurons. Neurotrophin-3 (NT-3) is expressed in skeletal muscle, heart, skin,
gut and liver. Muscle-derived NT-3 is essential for limb proprioceptive neurons expressing TrkC.
TrkB-positive mechanoceptive neurons are supported by brain-derived neurotrophic factor
(BDNF) and neurotrophin-4/5 (NT-4/5) [Bibel and Barde, 2000; Chen and Frank, 1999; Chen et
al, 1999; Davies, 1994; Ernfors, 2001]. As development proceeds a population of small
nociceptive neurons switches from NGF dependence in embryonic life to dependence on GDNF -
glail cell line-derived neurotrophic factor - in postnatal life. These neurons express the GDNF
receptors cCRET and GDNF receptor-alpha [Molliver et al, 1997].

3.4. Maturation of DRG neurons

The neurons that have succesfully reached their targets survive and subsequently develop their
mature phenotype. At their peripheral end, sensory receptors develop and centrally, terminal
arbors and synaptic connections become mature. Peptidergic nociceptive neurons start expressing
neuropeptides, like calcitonin gene-related peptide (CGRP) and substance P (SP), only when
connection with the target tissue is established [Hall et al, 1997; Jackman and Fitzgerald, 2000].
The electrophysiological properties of the nerve fibers are dependent on the maturation of the
Schwann cells of the peripheral nervous system that develop simultaneously with sensory
neurons. Schwann cells provide trophic support for the neurons and the axons in turn produce
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factors that regulate Schwann cell development [Jessen and Mirsky, 1998; Scherer, 1997]. Some
neuronal subtypes, e.g. polymodal nociceptors with C-fibers, surrounded by non-myelinating
Schwann cells, have fully mature membrane properties at birth, whereas myelination of A-fibers
by myelinating Schwann cells occurs during early postnatal development. In the first two or three
postnatal weeks all sensory neurons have obtained their mature physiological properties
[Fitzgerald and Fulton, 1992. Jackman and Fitzgerald, 2000].

Neural crest migration Outgrowth
nc

v% Central connections
o0 {3

/_\js/x Metameric organization

Target innervation and neurotrophin dependency: subpopulations of DRG neurons

NGF-dependent
NT4/5. —

dependent
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Figure 5: DRG development: from neural crest to specific neuronal subpopulations

Upper panel: (A) Scheme of transverse sections of the early embryo at the trunk level. Neural crest cells
arise at the lateral edges of the neural plate and start migrating when the neural folds close to form the
neural tube. Neural crest cells that follow the ventral path of migration give rise to the enteric nervous
system, the adrenal medulla, the sympathetic ganglia and the dorsal root ganglia [Larsen, 1993; Le
Douarin and Kalcheim, 1999]. am = adrenal medulla, dm = dermamyotome, da = dorsal aorta, DRG =
dorsal root ganglion, eg = enteric ganglia, m = melanocytes, mnc = migrating neural crest cells, n =
notochord, nc = neural crest, nf = neural folds, nt = neural tube, pag = preaortic ganglia. Based upon
Larsen, 1993.

(B) In the period of outgrowth, sensory neurons in the DRGs extend their fibers to their central targets,
interneurons in the dorsal horn of the spinal cord, and to their peripheral targets, following the fibers from
outgrowing motor neurons in the ventral spinal cord. Metameric organization: each spinal cord level is
innervated by sensory neurons in DRGs of the corresponding level. an = association neuron, dh = dorsal
horn, dr = dorsal root, DRG = dorsal root ganglion, mn = motorneuron, sc = spinal cord, sn = sensory
neuron, spn = spinal nerve, vh = ventral horn, vr = ventral root. Based upon Larsen, 1993.

Lower panel: (C) At later stages during development outgrowing neurons get dependent on neurotrophins.
Neuronal subpopulations, connecting to different sensory receptors in skin or muscle depend on different
neurotrophic factors. Proprioceptive neurons, innervating muscle spindles, have thickly myelinated fibers
and are dependent on NT-3. Nociceptive neurons with free nerve endings and unmyelinated fibers
innervate the skin and are NGF dependent. Hair follicles and Merkel cells are innervated by thinly
myelinated mechanoceptive neurons and depend on NT4/5 and BDNF respectively. BDNF = brain-
derived neurotrophic factor; fne = free nerve endings, hf = hair follicle, m = myelin, mc = Merkel cell, ms
= muscle spindle, NGF = nerve growth factor; NT3 = neurotrophin3; NT4/5 = neurotrophin 4/5, s = skin.
Based upon Bibel and Barde, 2000.

4. HOMEOBOX GENES ARE EXPRESSED THROUGHOUT DRG DEVELOPMENT

4.1. The neural crest and its derivatives depend on homeobox genes

The role of homeobox genes in neural crest development is extensively studied in the cranial
neural crest. Neural crest cells arising in the hindbrain migrate into the branchial arches from
which several of the craniofacial neural crest derivatives develop (see figure 4). Gsc, for example,
is expressed in branchial arches 1 and 2. Gsc knock-out mice die after birth because of
craniofacial defects. Msx/ and -2 are expressed in the dorsal neural tube and in neural crest-
derived mesenchymal tissues. They are important for tooth development and the Msx null mutant
mouse displays defects in the head. Pax3 and -7 are also expressed in cephalic neural crest
derivatives. [Le Douarin and Kalcheim, 1999].

Hox genes play very important roles in patterning neural crest migration in the hindbrain, which
is divided into 8 segments called rhombomeres (r). Hoxal/Hoxbl double mutants show a
reduction in size of r4 and an inability of this rhombomere to generate neural crest cells [Gavalas
et al, 2001]. In the absence of Hoxa2, r2 neural crest cells produce a virtually complete first
branchial arch-type set of bones and mutations in Hoxal, -a2, and -a3 affect the formation of
neural crest-derived cranial ganglia [Capecchi, 1997; Larsen, 1993; Le Douarin and Kalcheim,
1999].
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The paired homeobox gene Pax3 is expressed in the dorsal neural tube - including neural crest -
and in adjacent somites. The Pax3 null mutant, called Splotch, is defective in neural tube closure
and crest cell emigration. Pigment cells, sympathetic and dorsal root ganglia, enteric neurons, and
cardiac structures are absent or severely reduced in this null mutant. The defect in emigration is
thought to be due to the lack of interaction between crest cells and the somites [Anderson, 1999;
Le Douarin and Kalcheim, 1999; Chalepakis et al, 1993].

4.2. Homeobox genes are involved in the development of DRG neurons

Pax3 is not only important for migration of crest cells, but is also involved in the generation of
DRG neurons themselves. Koblar et al (1999) showed a five-fold reduction in the ability of
Splotch neural crest cells to generate DRG neurons in vitro. In cultured DRGs Pax3 antisense
oligonucleotides resulted in a 90% inhibition of production of new sensory neurons [Koblar et al,
1999].

Brn3a and —3b, two members of the POU class, are both widely expressed in the DRGs during
development, Brn3c is expressed in a subset of developing DRG neurons [Akopian et al, 1996].
Knock-out studies have implicated an important role for Brn3a in DRG development although
there are conflicting data on the severity of the phenotype. Xiang et al and McEvilly et al reported
in 1996 the lack of neurotrophin receptors and the loss of specific subpopulations of sensory
neurons in Brn3a knock-out mice. More recently Eng et al (2001) developed Brn3a-deficient
mice expressing a LacZ reporter linked to the Brn3a regulatory region. They showed a
disorganization of DRG axon outgrowth and extensive DRG neuronal death. Brn3b and Brn3c
knock-out mice do not display any phenotype in DRG development [Gan et al, 1996; Erkman et
al, 1996].

The paired-like homeobox gene DRG11 was found in DRGs by Saito et al (1995) using RT-PCR.
DRG11 is specifically expressed in DRG neurons and in the dorsal horn of the spinal cord, where
interneurons are located which receive synaptic input from the DRG [Akopian et al, 1996; Saito
et al, 1995]. DRGI1 was hypothesized to play a role in specification of the neurotransmitter
phenotype of DRG neurons or in synapse formation. The DRGI 1 knock-out mouse, generated by
Chen et al (2001), display abnormalities in innervation of the lateral dorsal horn by DRG neurons
innervating the skin. Although at embryonic stages no significant DRG cell loss is found, in adult
mice, almost 30% of the DRG neurons are lost. The knock-out mice display abnormalities in pain
sensitivity. These data suggest that DRG 1 is required for the projections of nociceptive neurons
to the spinal cord and for maintenance of DRG neurons in adult DRGs [Chen et al, 2001].

4.3. Several homeobox genes remain expressed in adult DRGs

Isl] is expressed in adult DRGs, in a subset of neurons. Because of its expression in both
neuronal and endocrine adult tissues it is thought to be involved in specification and maintenance
of neural and endocrine properties of cells [Hol et al, 1999; Thor et al, 1991]. Brn3a, -3b, and -3¢
are also expressed in adult DRGs, Brn3a in most sensory neurons, Brn3b and -3¢ in small subsets
of neurons [Xiang et al, 1995]. Their function in the adult DRGs is not known. In immortalized
sensory cell lines Brn3a is involved in neurite outgrowth, induction of synaptic proteins and
neurofilament genes, and plays a role in protection against apoptosis. Injection of Brn3a into
neonatal sensory neurons also resulted in protection from apoptosis [Smith et al, 1997; Smith et
al, 2001]. Finally, DRGI1 is expressed in a subset of adult DRG neurons and data from the
DRG11 knock-out indicate a role in maintenance of the neurons [Chen et al, 2001].
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Process Embryonic age (rat)
Pax3  Neural crest migration E10-E11.5
Pax3 Differentiation into E12-E16
DRG neurons
V
Brn3a, Isl1 Outgrowth/pathfinding
?B
Bm:?;b v E12-E18/19
rmnsc DRG11 Target innervation
Brn3a Neurotrophin dependency
N t \t/t h t
Isl1 Neurotransmitter phenotype )
Brn3a, DRG11 Maintenance E18/19-P20
V
Brn3a/3b/3c, DRG11, Isl1 Adult DRG

Figure 6: Expression of homeobox genes during successive stages of DRG development
Homeobox genes that have a known function in a certain process in the development of DRG neurons are
typed in bold face. These include Pax3, involved in neural crest migration and differentiation of DRG
neurons [Koblar et al, 1999]; Brn3a, essential for neurite outgrowth, expression of neurotrophin receptors,
and neuronal survival (maintenance) [Eng et al, 2001]; and DRG1 1, involved in central target innervation
and neuronal maintenance [Chen et al, 2001]. The functions of Is// in DRG development are largely
unknown, but in other types of neurons it is involved in outgrowth and neurotransmitter phenotype [Hol et
al, 1999; Thor et al, 1991]. Brn3b and -3¢ are expressed in developing DRG, but their functions in DRG
development are unclear [Erkman et al, 1996; Gan et al, 1996]. Finally, adult DRG neurons express
Brn3a, -3b, -3¢, DRG11, and Isl1, but their functions in the adult DRG are unknown. See for more detail
sections 4.2. and 4.3.

In general, the function of homeobox genes in adult DRGs is largely unclear. In the next sections,
a speculative role for homeobox genes in regeneration of the peripheral nervous system will be
introduced.

5. THE PERIPHERAL NERVOUS SYSTEM IS CAPABLE OF REGENERATION

In general, the mammalian nervous system is limited in its capacity to regenerate. Once
differentiated, a neuron is too specialized to proliferate, so that there is little or no self-renewal of
neurons. Some neuronal structures, such as the hippocampus and the nasal epithelium, contain
stem cells that are able to give rise to new neurons, but in general, if there is an excess of neural
cell death, the nervous system is highly disturbed. After damage to the axon of the neuron,
therefore, the neuron has to survive and regenerate its fiber to reinnervate its target. In the CNS,
neurons are hardly able to regenerate their fibers mainly because of the formation of scar tissue
providing an inhibitory environment for outgrowth [De Winter et al, 2002; Fawcett et al, 2002;
Kiiry et al, 2001b; Stoll et al, 2002].
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Neurons of the peripheral nervous system, in contrast, are able to regenerate their peripheral
axons after injury, allowing complete functional recovery. The sciatic nerve, innervating the
hindpaw of the animal, is frequently used to study peripheral nerve regeneration. After crush
injury, the fibers distal to the lesion undergo Wallerian degeneration: the axon and myelin
degenerate and are ingested by Schwann cells and invading macrophages. Schwann cells
surrounding the distal fibers proliferate so that the endoneurial tubes surrounding the original
nerve fibers remain intact, providing the environment through which the regenerating axons can
grow (Figure 7). Axons begin to regenerate within a few hours after the crush lesion. Fibers in the
proximal nerve stump start to sprout and new axons extend through the distal endoneurial tube to
reinnervate their target organs [Allt, 1976; Fawcett and Keynes, 1990; Fu and Gordon, 1997;
Stoll et al, 2002]. In the course of regeneration Schwann cells remyelinate, a process that is
dependent on contact with regrowing axons. Finally, functional recovery has been shown
monitoring the return of sensory and motor function [Bridge et al, 1994; de Koning and Gispen,
1987]

5.1. DRG neurons respond to injury by changing their expression profile

Peripheral nerve regeneration is accompanied by a variety of changes in the cell bodies of the
DRG neurons: anatomical and morphological changes as well as changes in gene expression and
cellular metabolism. The main morphological reaction of the cell body is “chromatolysis”, the
disintegration of rough endoplasmic reticulum, normally packed in large granular condensations.
Furthermore, swelling of the cell body has been observed and the nucleus tends to move to the
periphery of the cell body. Nuclear volume increases and nucleoli enlarge indicating that the
response to injury is highly anabolic [Fawcett and Keynes, 1990; Lieberman, 1971].

Regeneration is associated with the expression of new genes and proteins [Aldskogius, 1992;
Fawcett and Keynes, 1990; Fu and Gordon, 1997] (Figure 7). In general, transcription and
translation of many proteins involved in neurite outgrowth during embryonic development are
upregulated after nerve injury. The synthesis and axonal transport of cytoskeletal proteins such as
actin, tubulin, and peripherin are induced by axon injury [Aldskogius, 1992; Fawcett and Keynes,
1990], as well as the growth-associated protein B-50 [Oestreicher et al, 1997; Plantinga et al,
1993a; van der Zee et al, 1989; Woolf et al, 1990]. The upregulation of neuropilinl (the
semaphorin receptor) in DRG neurons and netrin-1 in Schwann cells suggest a role for
developmental guidance molecules in regeneration [Gavazzi et al, 2000; Madison et al, 2000].
Neurotrophin production by Schwann cells is also upregulated after nerve crush, presumably
involved in stimulation of neurite outgrowth and neuronal survival [Fawcett and Keynes, 1990;
Fu and Gordon, 1997; Kiiry et al, 2001b; Lindsay et al, 1992; Verge et al, 1996]. On the other
hand, proteins that have in the adult organism a function in neurotransmitter release or more
general, in the adult phenotype of the neurons, are downregulated. Examples are the
neurotransmitters SP and CGRP, and neurofilament proteins, that are normally expressed only
late in development, when the neuron has reached its target [ Aldskogius et al, 1992; Fawcett and
Keynes, 1990; Hokfelt et al, 1994].

The observation that genes expressed during embryonic DRG development are upregulated and
genes involved in mature neuronal function are downregulated has lead to the hypothesis that
regeneration may be a recapitulation of developmental programs [Fawcett and Keynes, 1990;
Skene, 1989; Wong and Oblinger, 1990].

25



Chapter 1

Central terminals

Peripheral receptor

Myelinated nerve fiber

A
Wallerian degeneration
Macrophages
Crush lesion ) &
— ST @x el
B
DRG neuron response Schwann cell response
Sprouting, outgrowth, pathfinding Dedifferentiation, proliferation, myelin
Downregulation of the "functional mode" phagocytosis
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- Growth-associated genes - Growth factors: e.g. neurotrophins, cytokines
- Growth factor receptors - Growth factor receptors
- Receptors for guidance proteins - ECM genes, guidance proteins
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Restoration of the adult phenotype, target reinnervation, remyelination

Figure 7: Schematic picture of the regenerative processes after sciatic nerve crush

A neuron with myelinated fibers is drawn as a model, but the changes described occur either in all or in
certain neuronal subpopulations. (A) The adult system without a lesion. DRG neurons are pseudo-unipolar
neurons with terminals in the spinal cord (central) and sensory receptors in the skin and muscles
(peripheral). Picture from Martin and Jessell, 1991a (B) After a crush lesion, the peripheral fibers
degenerate and Schwann cells demyelinate. Myelin and axon debris are removed by macrophages. This
process is called Wallerian degeneration [Bridge et al, 1994; Fawcett and Keynes, 1990] (C) Schwann
cells proliferate so that the endoneurial tube surrounding the original fibers remains intact. The proximal
nerve stump starts to sprout and extend new fibers. Changes in gene expression occur such that genes
associated with the function of the neurons are downregulated, whereas genes associated with outgrowth
and pathfinding are upregulated [Aldskogius, 1992; Fawcett and Keynes, 1990; Fu and Gordon, 1997;
Hokfelt et al, 1994]. Schwann cells upregulate neurotrophic factors and guidance molecules in order to
support neuronal survival and pathfinding. Myelin genes are downregulated by the Schwann cells [Kiiry et
al, 2001b]. (D) Regeneration leads to reinnervation of the target tissue and remyelination of the nerve
fibers. The adult phenotype of the neurons is restored with respect to gene expression and function.
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5.2. Homeobox genes may play a role in regeneration

As described above, in response to nerve injury, there are numerous changes in gene expression
in DRG neurons, enabling the cells to downregulate their “functional mode” and to induce their
“growing mode”. Regeneration-associated changes in gene expression are likely to be mediated
by changes in the levels of transcription factors. Much research has been done on the involvement
of homeobox genes in the Schwann cell after nerve crush. It is generally proven that Schwann
cells repeat their developmental program after nerve injury as was shown by many studies on
gene expression, including studies on homeodomain proteins. Schwann cells in the distal stump
re-express the POU class homeobox gene Oct6/SCIP [Gondré et al, 1998; Sherer et al, 1994] and
the paired class gene Pax3 [Kiiry et al, 2001a]. Pax3 is known to be involved in the embryonic
differentiation of Schwann cells from neural crest cells, and is expressed in non-myelinating
Schwann cells during development. Oct6/SCIP is a marker for Schwann cell precursors in the
promyelinating stage: its upregulation again indicates a reinduction of the developmental
Schwann cell phenotype. Members of the Hox complex, Hoxb5, Hoxd3, and Hoxa6, were
reported to decline in Schwann cells after nerve crush [Kiiry et al, 2001a, and references therein].
In DRG neurons, Hol et al showed in 1999 a down-regulation of Is//. An upregulation of Oct2
was observed by Begbie et al (1996).

5.3. Gene expression changes do not always recapitulate development

Although at first sight, gene expression alterations in injured neurons seem to reflect
developmental gene expression, when examined in more detail this is not always the case. In
general, tubulin is upregulated, however, some of the developmentally expressed tubulin
subclasses are not [Moskowitz et al, 1993]. In line with this, the adult rather than the embryonic
pattern of microtubule-associated proteins (MAPs) is retained [Fawcett et al, 1994, Ma et al,
2000]. Schwann cells upregulate L1 and NCAM [Tacke and Martini, 1993], but DRG neurons do
not, inducing close homologue L1 (CHL1) instead, which is expressed predominantly during later
stages of development [Zhang et al, 2000]. These findings indicate that genes involved in
outgrowth and pathfinding during development are not always involved in these processes during
regeneration. Similarly, the involvement of neurotrophins seems not to fully recapitulate
development. Neurotrophins are known to be important attractants and survival factors for DRG
neurons during development, and exogenous application of neurotrophins during regeneration
have beneficial effects [Lewin et al, 1997; Mohiuddin et al, 1999; Raivich and Kreutzberg, 1993].
However, their high affinity (Trk) receptors are not upregulated after injury; TrkA is even
downregulated [Mohiuddin et al, 1999; Raivich and Kreutzberg, 1993; Verge et al, 1989]. Many
other (neurotrophic) growth factors are also involved in regeneration, like GDNF [Bennett et al,
1998], neuroactive cytokines [reviewed in Murphy et al, 1997; Unsicker et al, 1992], fibroblast
growth factor (FGF) [Grothe et al, 2001; Grothe and Nikkhah, 2001; Ji et al, 1995], insulin-like
growth factor (IGF) [Craner et al, 2002; Pu et al, 1995; Raivitch and Kreutzberg, 1993], and
transforming growth factor (TGF) [Xian and Zhou, 1999], some of which have known roles in
DRG development, others do not. Moreover, there are now many examples of genes not (reported
to be) expressed in developing DRGs, which are upregulated after injury, e.g. FGR receptor 3
(FGFR3) [Grothe et al, 2001; Oellig et al, 1995], vasoactive intestinal protein (VIP) and
neuropeptide Y (NPY) [Bergman et al, 1999; Hokfelt et al, 1994; Jazin et al, 1993; Villar et al,
1989], and small proline-rich repeat protein 1A (SPRR1A) [Bonilla et al, 2002]. Finally, some
genes are induced in large neurons, whereas they are involved in development of small DRG
neurons. Examples of these include neuropilinl [Gavazzi et al, 2000], peripherin [Lariviere et al,
2002; Wong and Oblinger, 1990], SP [Noguchi et al, 1994], and galanin [Holmes et al, 2000;
Villar et al, 1989].
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6. AIM OF THE THESIS

We are interested in the molecular mechanisms underlying regeneration-associated alterations in
gene expression of sensory neurons. As described above many studies on alterations in gene
expression after nerve crush suggest a reinduction of the developmental mechanisms in
regenerating DRG neurons. However, there are also many reports that contradict the
developmental recapitulation. The aim of this thesis is to answer the question whether the
molecular mechanisms of DRG neuron regeneration recapitulate developmental mechanisms. We
chose for homeobox genes as a tool since they have a fundamental role in regulating gene
expression during DRG development. Based upon the well-described recapitulation of
development in Schwann cells after injury, and the involvement of homeobox genes therein, we
hypothesize that, if developmental mechanisms are utilized by regenerating DRG neurons,
homeobox genes are likely to be involved. We expect that homeobox genes that are expressed in
DRG neurons during the time period of axonal outgrowth, pathfinding, and target innervation
would be reexpressed or upregulated after sciatic nerve crush. Homeobox genes expressed at later
time points or involved in other processes like determination of neurotransmitter identity or
maintenance of the adult phenotype should be downregulated after injury.

7. MODEL AND TOOLS

7.1. Model: sciatic nerve crush versus sciatic nerve transection

To study regeneration of the sciatic nerve several types of lesions can be used, with different
outcomes of regeneration. The crush lesion of the sciatic nerve allows full recovery of target
innervation and nerve function [de Koning et al, 1986; Bridge et al, 1994]; accompanying gene
expression changes generally return to normal when regeneration has been achieved. The second
lesion model used extensively is the complete transection of the sciatic nerve. Regenerating fibers
have to traverse a gap and find the endoneurial tubes in the distal nerve stump. Regeneration is
less complete, and often accompanied by neuronal cell death [Baranowski et al, 1993;
Schmalbruch, 1987]. In general, gene expression changes occur after transection similar as after
crush, sometimes more pronounced, but often the expression profile does not return to normal
levels after transection. The transection model, therefore, is often used, sometimes in combination
with ligation of the nerve stump, as a model allowing no regeneration. For these reasons, we have
chosen the sciatic nerve crush model to study regeneration. Although there are only a few reports
on cell death after crush, in general it is much less extensive than after transection [Baranowski et
al, 1993; Fu and Gordon, 1997]. Moreover, McKay Hart et al (2002) reported that neuronal death
following nerve transection was prevented by surgical nerve repair in rats, indicating that a
paradigm allowing regeneration (e.g. nerve crush) would prevent neuronal death.

7.2. Tissue: sciatic nerve versus DRG

The type of assay and the tissue used to analyze the changes in gene expression greatlydetermines
the type of data that is obtained. Studies on mRNA expression in sciatic nerve provide
information about the gene expression in Schwann cells, fibroblasts, or endothelial cells,
constituting the endoneurial tubes and of macrophages that are activated upon nerve injury.
Although there are reports on local mRNA in DRG axons in vitro, this has not yet been shown in
vivo. Moreover, only cytoskeletal proteins have been shown to be translated in the regenerating
axon in vitro [Zheng et al, 2001].
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As we are interested in the molecular mechanisms underlying regeneration-associated alterations
in gene expression of sensory neurons, we used the DRG itself for analysis. The DRG also
contains Schwann cells, but regeneration-associated changes in Schwann cells mainly occur in
the distal nerve stump. Some changes in gene expression are reported in satellite cells
surrounding the sensory nerve cell bodies, but most of the gene expression changes observed in
DRGs occur in the sensory neurons themselves. A drawback of using whole DRG homogenates
is that there are many subfamilies of sensory neurons, each with their own combination of
markers and with their own functions [Lawson, 1992]. Some regeneration-associated changes in
gene expression are subpopulation-specific and, therefore, may be diluted by using the whole
DRG. However, in general, the changes in gene expression in subpopulations of neurons can be
detected by RT-PCR or Northern blotting, and localized by in situ hybridization. There have been
only few reports on genes upregulated in one, and downregulated in another neuronal subtype
[Gavazzi et al, 2000; Noguchi et al, 1994]. In view of the aim of the study, we want to focus on
those responses to injury that are likely to be similar in all neuronal subpopulations, because they
all have to adopt a “growing mode” and downregulate their “functional mode” [Fawcett and
Keynes, 1990].

8. OUTLINE

The studies were initiated by a screen for homeobox genes expressed in adult dorsal root ganglia
of the rat (chapter 2) in order to identify those homeobox genes that could be used as tools in the
follow-up experiments and to obtain a full picture of the uninjured state of DRG neurons. Based
upon a similar screen for regeneration-associated changes in homeobox gene expression, it was
decided to specifically quantify a selected number of homeobox genes in the course of
regeneration. To quantify the candidate genes we switched to the mouse, in order to have the
opportunity to extend studies toward specific functions of homeobox genes due to the availability
of knock-out mice. Chapter 3 describes a functional characterization of sciatic nerve
regeneration in the C57BL/6J mouse strain. This strain was used for real-time quantitative PCR
on a selected number of homeobox genes in chapter 4. The putative involvement of Gsc in
development of the DRGs was examined in Gsc null mutant mice in chapter 5. Finally, in
chapter 6, the data obtained are discussed in relation to the hypothesis that the molecular
mechanisms of regeneration may be a recapitulation of developmental processes.
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Chapter 2

ABSTRACT

Homeobox genes encode transcription factors that play key roles in embryonic development of
the nervous system. Dorsal root ganglia are part of the peripheral nervous system that arises from
the neural crest. Several homeobox genes are known to play important roles in the development
of neural crest and dorsal root ganglia. Some of these remain expressed in the adult dorsal root
ganglia (DRGs). In order to get more insight into the homeobox gene repertoire in adult rat
DRGs, we performed RT-PCR with degenerate primers and identified twenty-two homeobox
genes. We found homeobox genes that were reported before in embryonic or adult DRGs, as well
as homeobox genes associated before with neural crest (derivatives). Some of the genes were not
reported in relation to neural crest or DRGs before. Two homeobox genes displayed sequence
differences with their mouse counterparts, possibly being close homologues. The diversity of
homeobox genes expressed in adult DRGs suggests that gene regulatory events initiated during
development remain operative in the mature DRG.

INTRODUCTION

Homeodomain (HD) proteins, encoded by homeobox genes, are transcription factors that exert
their DNA binding function via the highly conserved homeodomain. Several HD protein families
- like the paired, LIM, and POU families - are distinguished by the presence of additional
domains, which further specify their DNA binding properties and their interaction with other
proteins [Biirglin, 1994; De Robertis, 1994; Gehring et al, 1994]. During embryonic development
of the nervous system HD proteins are important for anteroposterior and dorsoventral patterning
[Lumsden and Krumlauf, 1996; Tanabe and Jessell, 1996] and play key roles in migration,
outgrowth, differentiation, and maintenance of neurons [Akopian et al, 1996; Chalepakis et al,
1993; Hobert and Westphal, 2000].

The peripheral nervous system originates from the neural crest, which forms at the lateral ridges
of the closing neuroepithelium. As the neural tube closes neural crest cells detach and follow
defined migration routes, finally reaching target embryonic sites where they settle and
differentiate [Le Douarin and Kalcheim, 1999]. Depending on their rostrocaudal position, neural
crest cells form a variety of tissues: from craniofacial mesectodermal structures to neurons and
glia in sensory and autonomic ganglia [Le Douarin and Kalcheim, 1999]. Homeobox gene
expression in the neural crest and its derivatives, especially in the cranial part, has been
extensively studied. Hoxal and Hoxa2 are thought to be important in patterning the neural crest
at thombomeric levels. Pax3, Gsc, DIx1-7, OtxI, and MsxI are, among others, essential for the
development of craniofacial derivatives of the neural crest [Le Douarin and Kalcheim, 1999].

Dorsal root ganglia (DRGs) contain the neurons that convey sensory information from the
periphery to the central nervous system. The sensory neurons as well as the supporting satellite
and Schwann cells are all derivatives of the neural crest [Le Douarin and Kalcheim, 1999].
Embryonic DRG neurons express the POU homeobox genes Brn3a and Brn3b [Akopian et al,
1996; He et al, 1989; Xiang et al, 1995], the paired/paired-like genes DRG1 1, Pax3 [Saito et al,
1995], Prx3 [Semina et al, 1998], and P#x2 (D.B. Jacoby, personal communication), and the LIM
homeobox genes Is/] and -2 [Akopian et al, 1996]. Brn3a is essential for outgrowth and survival
of sensory neurons during DRG development [Eng et al, 2001]. DRGI! is required for the
formation of projections from nociceptive neurons to their central targets [Chen et al, 2001].
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In general, the role of homeobox genes in embryonic development of the nervous system has
been widely investigated. Although the expression of homeobox genes in the adult animal has
been studied less intensively, evidence emerges that several of these remain expressed in the
adult nervous system [He et al, 1989; Stoykova and Gruss, 1994]. With respect to the DRGs, it
has been described that Brn3a and Brn3b [He et al,1989; Xiang et al, 1995], Is/l [Hol et al,
1999], and DRGII [Saito et al, 1995] are still expressed in adult ganglia. In this study, a
systematic characterization of the homeobox gene repertoire in adult DRGs was performed using
a PCR-based strategy.

MATERIALS AND METHODS

Experimental animals and surgery

Eight young adult male Wistar rats (Wistar: Unilever, Central Animal Faculty, Utrecht
University, the Netherlands), weighing 120-140 g were killed by decapitation. From six rats, the
DRGs from level L4-L6, corresponding to the sciatic nerve, were quickly dissected, cleaned from
surrounding tissue, pooled and frozen on dry ice for RNA isolation. From two rats the L5 DRGs
were embedded in TissueTek and frozen on dry ice for in situ hybridization. The animal
procedures were performed in accordance with the Ethical Committee on Animal Experiments of
the University Medical Center Utrecht.

RT-PCR and cloning

Total RNA (DNase-treated) from the pooled L4-L6 DRGs was subjected to RT-PCR with
degenerate primers. The HD PCR primers were located within the homeobox (Figure 1) [Asbreuk
et al, 2002a; van Schaick et al, 1997]: forward 5’-GMRSCGMSAVMGSACMMBCTTYAC-3’
and reverse 5’-CAYYTKGYGCDRCGRTTBYKRAACCA-3’. The forward primer of the POU
PCR was located in the POU-specific domain, the downstream primer in the homeobox (Figure
1): forward 5’-AASAACATGWKYRMDYTVAARCC-3’ and reverse 5’-TGBCKBYKRTTRC-
ARAACCARAC-3’. The annealing temperatures were 45-50 °C. The PCR products of the
appropriate lengths - 160 bp and 265 bp respectively - were ligated into pCR-Script SK(+) and
transformed into E. Coli XL10Gold ultra competent cells (Stratagene) according to the
manufacturer’s recommendations. The inserts were identified by sequencing, according to the
Beckman CEQ2000 Dye Terminator Cycle Sequencing Protocol.

POUf » Figure 1:

HDf . .
Schematic representation of
5’ %additional domain(s)H Homeobox ’7 3’ homeobox gene structure and

<«HDr position of the primers
«POUr Each homeobox gene contains a
o o homeobox, which encodes the
160 bp DNA binding homeodomain. In
addition, several homeodomain
265 bp protein families contain other

domains, like the POU-specific domain (POU family), the paired domain (paired family), and the LIM
domains (LIM family). The HD and POU PCR products are 160 and 265 basepairs (bp) in length.
f = forward, r = reverse
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RNA probes

Digoxygenin-labeled RNA probes were made using the DIG RNA Labeling Kit (Boehringer
Mannheim) according to the manufacturer’s recommendations. Antisense and sense probes were
used encoding Brn2*, Brn3a and —3b [Theil et al, 1994], Brn4*, DRG11*, Gbx2 [Bulfone et al,
1993], Gsc*, Gsh4 [Li et al, 1994], Hoxal (Urrutia, U93092), Hoxc5 [Gaunt et al, 1990], Lmx1b
[Chen et al, 1998], Octl (Hauschka, RNU17013), Oct6 [Zwart et al, 1996], Otp [Simeone et al,
1994], Pax3 (Goulding, NM 008781), Prx2 [Opstelten et al, 1991], Prx3 [van Schaick et al,
1997], Ptx2*, and Zfh4 [Kostich and Sanes, 1995]. The probe length varied from about 200 to
1300 bp. Probes marked with an asterisk are obtained from subcloned PCR products or cDNAs
available at our own facilities.

In situ hybridization

In situ hybridization was carried out as described by Schaeren-Wiemers and Gerfin-Moser
(1993), with minor changes. In brief, cryostat sections of the DRGs, cut at 8§ wm thickness, were
thaw-mounted onto SuperFrost®Plus slides (Menzel-Glaser), dried and fixed for 10 min in
freshly made 4% paraformaldehyde in phosphate-buffered saline (PBS). After washing with PBS
sections were acetylated for 10 min in a solution containing 245 ml H,O, 3.3 ml triethanolamine,
438 ul HCI (37%) and 625 ul acetic anhydride. Sections were then washed with PBS and
prehybridized for 2 h at room temperature in a hybridization solution (50% deionidized
formamide, 5*SSC, 5*Denhardt’s solution, 250 pg/ml baker’s yeast RNA and 500 pg/ml herring
sperm DNA). Hybridization was performed overnight at 72°C with 300-1300 ng/ml digoxygenin-
labeled RNA probe in 150 pl hybridization buffer, covered with Nescofilm. The Nescofilm strips
were removed by soaking in 5*SSC at 72°C and, following washing for 2 h at 72°C in 0.2*SSC,
the slides were transferred to 0.2*SSC at room temperature and washed for 5 min at room
temperature with buffer 1 (100 mM Tris HCI, pH7.4; 150 mM NacCl). Preincubation with 1.5 ml
buffer 1 with 10% heat inactivated fetal calf serum (hiFCS) was performed for 1 hour at room
temperature in a humidified chamber. The sections were then incubated overnight at 4°C with
alkaline phosphatase-conjugated mouse anti-digoxygenin Fab fragment (Boehringer Mannheim),
1:5000 diluted in buffer 1 with 1% hiFCS. Following washing with buffer 1 and equilibration
with buffer 2 (100 mM Tris HCL, pH9.5; 50 mM MgCl,; 100 mM NaCl), the color reaction was
performed in the dark for 24 h at room temperature with 200 ul NBT/BCIP solution (Boehringer
Mannheim) and 2.4 mg levamisole in buffer 2. The slides were then washed with TE buffer and
dH,0, dehydrated and coverslipped with Entellan.

RESULTS

Homeobox gene repertoire of adult rat DRGs

A systematic characterization of the homeobox gene repertoire in adult DRGs was performed
using a degenerate RT-PCR strategy to amplify expressed homeobox mRNAs in DRGs from
young adult rats. Two primer sets were used (Figure 1). The first set of primers was positioned
within the highly conserved homeobox and was originally designed to amplify members of the
paired and paired-like family of homeobox genes [Smidt et al 1997]. This PCR will be referred to
as the HD PCR.

The second set of primers was designed to amplify the POU family of homeobox genes, the
forward primer being positioned within the POU specific domain and the reverse primer in the
POU homeodomain. This second PCR will be referred to as the POU PCR (Figure 1).
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Homeobox genes in adult DRGs

To check for genomic DNA contamination, we performed control experiments adding RNA
instead of cDNA to the PCRs. These PCRs did not result in a product, indicating that there was
no DNA contamination (data not shown).

The HD PCR on DRGs from adult rats resulted in a DNA band of 160 basepairs (bp) that was
subcloned. Clones were sequenced and the inserts were identified resulting in 16 different
homeobox genes (Table 1). Ten of these clones were 100% identical to rat DRG11, Hoxal,
Hoxc5, Gsh4, MsxlI, Otp, Prx2, Prx3, Ptx2, and Zfh4 sequences in the Genbank nucleotide
database. Four clones, Gbx2, Gsc, Lmx1b, and Pax3 were most similar to mouse sequences. For
these genes no rat sequences are available in the Genbank, but the translated amino acid
sequences of the rat fragments were identical to the amino acid sequences of their mouse
homologues. To two more clones, no definitive homologues could be assigned. The rat Msx3-like
had 6 nucleotide differences with the mouse Msx3 sequence in the database, 2 of which resulting
in a leucine to serine transition at position 26 of the homeodomain. Vsx2-like had 3 different
nucleotides as compared to mouse Vsx2 (Chx10) yielding an isoleucine instead of a leucine at
position 40 (Figure 2).

Table 1: The homeobox genes expressed in adult rat DRGs

Homeobox Homeobox Genbank
nr gene class accession nr.
HD PCR
1 DRGII paired-like U29174
2 Gbx2 GBX class AF390072*
3 Gsc paired-like AY169318*
4 Gsh4 LIM S71659
5 Hoxal Hox complex U93092
6 Hoxc5 Hox complex U28071
7 LmxIb LIM AF390073*
8 Msxl Msx family  D83036
9 Msx3-like  Msx family  AF390078*
10 O paired-like J10413
11 Pax3 paired AF390074*
12 Prx2 paired-like X52875
13 Prx3 paired-like AJ002258
14 Pix2 paired-like AF039832
15 Vsx2-like paired-like AF390079*
16 Zfh4 zinc finger-HD 136173
POU PCR
17 Brn2 POU L27663
18 Brn3a POU AF390075% The homeobox genes identified using RT-PCR on
19 Brn3b POU AF390076* mRNA from DRG L4-L6. The homeobox gene
classes to which they belong and the Genbank
20 Brnd/RHS2  POU 211834 accession numbers areyshown ?n the right columns.
21 Octl POU Ul17013 Accession numbers marked with asterisks
22 Oct6 POU NM 011141 represent newly submitted sequences.
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The POU PCR resulted in a band of 265 bp containing 6 different POU-homeobox genes (Table
1). Four of these clones were identical to rat Brn2, Brn4, Octl, and Oct6 Genbank database
sequences. Two clones, Brn3a and Brn3b differed at 2 and 8 nucleotide positions respectively as
compared to their mouse homologues, with no rat-mouse amino acid differences.

Msx3-like

Mouse Msx3 (U62523) caccgcgcagctgctggecgettgagegcaagtttcaccagaagcaatadttafccatt
Rat Msx3-likke = ------------------ t--g-----mm oo - -cgf-----
Mouse Msx3 protein T A Q L L A L E R K F H Q K Q Y |L p I
Rat Msx3-like protein - - - - - - - - - - - - - - - - s} -
Mouse Msx3 (U62523) gcggagcgcgceccgagttetceccagecagettgagectcactgagactcaggtcaagate
Rat Msx3-like Gt a---------------
Mouse Msx3 protein A E R A E F §$ §$ 8 L S L T E T Q V K I

Rat Msx3-like protein T T T T T R

Vsx2-like

Mouse Vsx2 (NM_007701) cttcctaccagctagaggagctggagaaagcattcaatgaagcccactacccagatgt

Rat Vsx2-like @~ = @ ----mmmmmmme oo e
Mouse Vsx2 protein S ' Yy o0 L E E L E KA AUVFNE AUH Y P D V

Rat Vsx2-like protein .

Mouse Vsx2 (NM_007701) ctacgcccgggagatgctggccatgaaaacggadetcfpcagaagacaggatacaggtyg
Rat Vsx2-like =~ = @mmmmm e ] a-al -
Mouse Vsx2 protein Yy A R EM L A M K T E||L P E D R I Q V
Rat Vsx2-like protein e

Figure 2: The two rat homeobox genes that differed from their mouse homologues

Alignment of rat Msx3-like and Vsx2-like to mouse Msx3 and Vsx2. Hyphens indicate positions that are
similar in both sequences. The rat-mouse differences in Msx3-like and Vsx2-like result in one amino acid
difference each.

Cellular localization of the homeobox genes using in situ hybridization

In order to investigate the cellular distribution of the identified genes, we performed non-
radioactive in situ hybridization (ISH) on frozen sections of the DRGs. Six probes showed
positive staining within the DRGs (Figure 3): Lmx1b and Octl stained diffusely in most if not all
DRG neurons. Brn3a was also positive in all neurons, whereas Brn3b was only weakly expressed
in a small proportion of neurons. DRG] was present in a subpopulation of neurons and Prx3 was
expressed in almost all neurons. Finally, Brn2 was weakly expressed in a small group of neurons
(data not shown). The other probes did not result in any staining in the DRGs, although control
experiments on embryos indicated the probes to be intact. Control hybridizations using sense
probes gave no signal (data not shown).
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Homeobox genes in adult DRGs

Figure 3: Expression patterns of
homeobox genes in adult rat DRGs
Microphotographs of sections of the L5
dorsal root ganglion hybridized with
digoxygenin-labeled antisense probes
for (A) Brn3a, (B) Brn3b, (C) DRGI1,
(D) Lmx1b, (E) Octl, and (F) Prx3.
Brn3a, Lmx1b, and Oct] mRNAs are

AR ses? expressed in all neurons.

v o6’ 0% " Brn3b is expressed very weakly in a

B g -' A, KK * . subpopulation of neurons.
SR < % DRGII mRNA is present in a sub-
5 el | population of neurons and Prx3 mRNA
2 ,- ¥ L0 P '-“‘th; ! e Y v is expressed in all neurons except some

NG s ,, S ‘ large neurons.
LT E ' : “'F Bar, 100 um, applies to all panels.
DISCUSSION

In this study, a systematic characterization of the homeobox gene repertoire in adult DRGs was
performed using a PCR-based strategy. We identified 21 homeobox sequences from adult rat L4-
L6 DRGs. The HD PCR revealed to have a very broad scope as not only paired and paired-like
homeobox genes were shown to be expressed but also members of other homeobox gene families
like LIM, Msx, Hox complex, and Gbx. The POU PCR yielded only POU homeobox genes
because the forward POU primer is positioned within the POU-specific domain. The PCR
approach described above appeared to be a very powerful tool for a rough estimation of the
homeobox gene repertoire of a certain tissue. Still, it should be expected that the actual set of
expressed homeobox genes is larger, as the choice of primers introduces restricted specificity. For
example, we did not find the previously described genes Is// and Oct2 [Begbie, 1996; Hol et al,
1999]. The strategy described above is also well suited for the detection of new homeobox genes.
In general, homeobox genes are so well conserved between species, that the homeobox amino
acid sequence is likely to be similar for rats and mice. This was the case for all our fragments
except for Msx3-like and Vsx2-like. Former studies already indicated that single homeobox amino
acid differences can lead to opposite functions [Smith et al, 1997]. More detailed studies should
be performed, however, to further elucidate whether these genes are really different from their
homologues.
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We performed in situ hybridization in order to investigate the cellular distribution of the
identified genes. In general, the staining intensity of the homeobox genes was very low. We have
shown that six of the homeobox genes we detected with degenerate RT-PCR were expressed at
sufficiently high levels to stain using in sifu hybridization (ISH). Brn3a was positive in all
neurons, whereas Brn3b was only weakly expressed in a small proportion of neurons. This is in
accordance with Xiang et al (1995), who have shown Brn3a to be expressed in most of the DRG
neurons and Brn3b in fewer than 50% [Xiang et al, 1995]. DRG11 was present in a subpopulation
of small to medium-sized neurons, which fits well with Saito et al (1995) describing DRG]
expression in nociceptive 7rkA-positive neurons. Prx3 is known to be expressed in embryonic
DRGs [Semina et al, 1998] and is here shown in neurons of all sizes. Lmx/b and Octl stained
diffusely in all DRG neurons and have not been reported in adult or embryonic DRG neurons
before [He et al, 1989; Hobert and Westphal, 2000].

Several identified homeobox genes did not stain in the ISH experiments, but have been reported
to be expressed in the neural crest or in neural crest derivatives: Brn2, Gsc, Hoxal, Msx1, Oct6,
Pax3, Prx2, and Ptx2 [Conway et al, 1997; Gondré et al, 1998; Le Douarin and Kalcheim, 1999;
D.B. Jacoby, personal communication]. Brn2 stained inconsistently, indicating that the Brn2
expression level was probably at the threshold for detection (data not shown). Although Brn?2
expression has not been described in mouse or rat DRG neurons, Liu et al (2001) have detected
Brn2 protein in quail DRG neurons. Pax3 and Oct6 are well-known factors in Schwann cell
development and have not been detected in adult Schwann cells before [Gondré et al, 1998;
Zwart et al, 1996]. We found Pax3 and Oct6 expression in the adult DRGs, probably in Schwann
cells at levels too low to detect with in sifu hybridization. On the other hand, Pax3 is also
involved during early embryonic development in differentiation of DRG neurons [Anderson,
1999; Koblar et al 1999], so it may be that adult DRG neurons have retained low levels of Pax3.
Ptx2 is also expressed in embryonic DRGs at very low levels (D.B. Jacoby, personal
communication). In general, it is well known that expression levels of many homeobox genes
decline during maturation. Therefore, it is possible that in the adult, these genes are expressed
below the detection level of in situ hybridization. However, it remains to be elucidated whether
genes expressed at such low levels play any significant role in the adult tissue. We speculate that
homeobox genes, being transcription factors, are not needed at very high levels.

For several identified homeobox genes, i.e. Brn4, Gbx2, Gsh4, Hoxc5, Otp, and Zfh4 no ISH
signal was obtained and their expression has not been documented before in DRGs or neural
crest. The question that rises then is whether these genes were found due to contamination from
spinal cord. DRGs are very well defined structures. During the process of DRG isolation, we took
care to cut off the dorsal roots and to avoid touching the spinal cord. We think it would be more
likely to suggest that some of the genes we found originate from connective tissue, endothelial

cells or blood cells, which are also present in the DRGs, although these structures, too, were not
labeled by ISH.

Finally, the two genes that could not be given definitive names, Msx3-like and Vsx2-like, could
not be mapped specifically by ISH, because of the lack of appropriate probes. Mouse Msx genes,
however, are known to be expressed in cranial neural crest derivatives [Le Douarin and
Kalcheim, 1999], and we found Msx/ as well, so it is very well possible that the Msx-family is
well represented in neural crest/DRG development.
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Homeobox genes in adult DRGs

In conclusion, we identified by cloning 21 homeobox sequences from adult rat DRGs. Six of
these genes positively stained DRG neurons with in situ hybridization. Of these, Brn3a, Brn3b,
and DRG11 are well known transcription factors in embryonic and adult DRGs. Lmx1b and Octl
have not been reported in adult or embryonic DRG neurons before. Prx3 was shown before in
developing DRGs. Seven of the identified genes have been associated before with either neural
crest or embryonic DRGs and were probably too low abundant to stain. Finally, six genes were
unknown in either neural crest or DRGs and two genes displayed sequence differences with their
mouse counterparts, possibly being close homologues. The diversity of homeobox genes
expressed in adult DRGs suggests that gene regulatory events initiated during development
remain operative in the mature DRGs.

39






Chapter 3

Functional characterization of sciatic
nerve regeneration in C57BL/6] mice

Christina F. Vogelaar
Dorien H. Vrinten
Marco F.M. Hoekman
Jan H. Brakkee

J. Peter H. Burbach
Frank P.T. Hamers

Rudolf Magnus Institute of Neuroscience, Department of Pharmacology and Anatomy,
University Medical Center Utrecht, Universiteitsweg 100, 3584 CG Utrecht, The Netherlands.

submitted



Chapter 3

ABSTRACT

Peripheral nerve regeneration has been studied extensively in the rat sciatic nerve crush model,
both at the level of nerve function and of gene expression. In the past years, investigators started
to move towards the mouse as an important experimental animal in this field, especially with
respect to knock-out studies. However, there are substantial differences in the rate of regeneration
between different mouse strains, and conflicting data exist on the regenerative capacity of
C57BL/6J mice, a strain that is often used for the generation of knock-out mice. In this study we
performed a sciatic nerve crush in C57BL/6J mice and used the expression patterns of
neurotrophin receptors to discriminate between subpopulations of DRG neurons. Here we show
that the mice displayed normal recovery of sensory and motor function, similar to that observed
in rats. Both mice and rats developed a state of mechanical allodynia, which also recovered over
time. Furthermore, we show that there is no obvious loss of specific neuronal subpopulations and
that alterations in gene expression after crush are similar to those occurring in other mouse strains
or in rats. These data indicate that the C57BL/6J mouse is a useful strain to monitor regeneration-
related alterations in gene expression after sciatic nerve crush.

INTRODUCTION

The sciatic nerve crush model is a well-characterized model for peripheral nerve regeneration.
After a crush lesion, nerve fibers in the distal stump degenerate. Myelin and axon debris are
removed by the process of Wallerian degeneration. The endoneurial tubes remain intact, enabling
fast and qualitatively good anatomical and functional recovery [Allt, 1976; Fawcett and Keynes,
1990; Stoll et al, 2002]. Fibers in the proximal nerve stump start to sprout and new axons extend
through the distal endoneurial tube to reinnervate their target organs. During this process of
axonal regeneration numerous changes in morphology (chromatolysis) and gene expression occur
in the neuronal cell bodies [Aldskogius et al, 1992; Fawcett and Keynes, 1990; Hokfelt et al,
1994].

The process of regeneration has been studied extensively in the rat, both at the level of nerve
function and at the level of gene expression [for review see Fu and Gordon, 1997]. In the past
years, investigators started to move towards the mouse as experimental animal in this field, which
provides the opportunity to relate functional aspects to expressed genes due to the availability of
knock-out mice. The first regeneration-impaired knock-out mice with C57BL/6 background have
already emerged [Siconolfi and Seeds, 2001; Zhong et al, 1999]. However, the C57BL/6J strain
has been reported to be rather slow in nerve regeneration, as assessed by counting regenerating
fibers 10-15 mm distal from the lesion [Xin et al, 1990]. Excessive cell death was proposed to
underlie impaired regeneration after sciatic nerve transection in this mouse strain [Oliveira et al,
2001; Shi et al, 2001]. The transection paradigm, however, is also known to result in neuronal
death in rats [Baranowski et al, 1993; Schmalbruch, 1987]. Although there are only a few reports
on cell death after nerve crush, in general it is reported to be much less extensive than after
transection [Baranowski et al, 1993]. Furthermore, McKay Hart et al (2002) reported that
neuronal death following nerve transection was prevented by surgical nerve repair in rats,
indicating that a paradigm allowing regeneration (e.g. nerve crush) would probably limit neuronal
death.

Another reason for slow regeneration in C57BL/6J mice was thought to be defective recruitment
of macrophages leading to the absence of Wallerian degeneration. However, the defect in
Wallerian degeneration is reported in the C57BL/Ola [Brown et al, 1992] and C57BL/WId strains
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[Myers et al, 1996], which are derivatives from C57BL/6J. Groups studying these strains
generally regard C57BL/6J mice as normal with respect to regeneration [Bisby and Chen, 1990;
Carroll and Frohnert, 1998; Myers et al, 1996; Sommer and Schifers, 1998]. Summarized, there
are substantial differences in the rate of peripheral nerve regeneration between different mouse
strains, and conflicting data exist on the regenerative capacity of C57BL/6J mice.

In this study we performed a sciatic nerve crush in C57BL/6J mice. We demonstrate that full
functional recovery of sensory and motor function occurs in the C57BL/6J mouse after sciatic
nerve crush similar to that observed in rats. The expression patterns of the neurotrophin receptors
were used to check for differential loss of specific neuronal subpopulations in dorsal root ganglia
(DRGs) and to monitor gene expression changes known to occur after sciatic nerve injury in both
rats and other mouse strains. We found that there was no obvious loss of neuronal subpopulations
in the DRG in C57BL/6J mice and that changes in gene expression are as expected, indicating
that the C57BL/6J mouse is a useful strain to monitor regeneration-related alterations in gene
expression.

MATERIALS AND METHODS

Animals and surgery

All procedures in this study were performed in accordance with the Ethical Guidelines of the
International Association for the Study of Pain [Zimmerman, 1983] and approved by the Ethical
Committee on Animal Experiments of the University of Utrecht. A crush lesion was placed in
both rats and mice in the sciatic nerve of the right paw, at mid-thigh level, as described by de
Koning et al (1986). In short, Wistar rats (Charles River) were anesthetized with Hypnorm®
(Janssen Pharmaceutics, Tilburg, the Netherlands); C57BL/6J mice (Charles River) with O,/N,O
(1:2) and halothane. An incision was made at the thigh and the sciatic nerve was carefully
exposed. At a point immediately distal from the gluteus maximus muscle, the nerve was crushed
for 30 sec using a hemostatic forceps. Ten rats and six mice received a crush lesion; a similar
number of animals were sham-operated. The animals were followed for 70 (rats) and 32 days
(mice) and functional recovery of sciatic nerve function was monitored regularly.

For in situ hybridization experiments, 3 mice received a crush lesion; 3 other mice were sham-
operated. After 7 post-operative days (dpo) the mice were killed by cervical dislocation, and L5
DRGs were quickly dissected and cleaned from surrounding tissue. Ipsi- and contralateral DRGs
of both sham- and crush-operated animals were placed on a flat disc of frozen TissueTek, then
covered with TissueTek and frozen on dry ice. Cryostat sections, cut at 8 um thickness, were
thaw-mounted onto SuperFrost®Plus slides (Menzel-Glaser), dried and stored at -80°C. This
strategy made it possible to perform stainings of ipsi- and contralateral, sham- and crush-operated
DRGs on the same slide.

Functional tests

Foot reflex withdrawal test

Recovery of sensory function was measured by the foot reflex withdrawal test. A weak electric
current (0.1 mA) was applied to the central portion of the foot sole using two stimulation poles
(spaced 3 mm apart). Animals subjected to a nerve crush will not retract their paw upon skin
contact with the poles. As reinnervation proceeds, the reflex is restored. A reaction to a 0.1 mA
electric current is generally accepted as indication of complete sensory recovery [de Koning et al,
1986; van Meeteren et al, 1997]. The animals were tested daily until recovery was achieved.
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Locomotor patterns

Motor function was monitored daily (mice) or 3 days per week (rats) by analysis of the walking
pattern. For this purpose two strategies were used. First, hindlimb walking tracks were obtained
using the de Medinacelli method by dipping both hindpaws of the animals in photographic
developer (Eukobrom, Tetenal, Germany) and letting the animals walk over a strip of
photographic paper (semimatt, IIford, Paramus, NJ) [de Medinacelli et al, 1982].

Recently, a new method for gait analysis was developed by Hamers et al (2001), the CatWalk. In
short, the animals traverse a walkway with a glass floor through which light is sent from the long
edge. The floor functions analogous to an optic fiber in which light is completely internally
reflected. Only when the paw touches the floor light is deflected and exits the glass, so that only
the contact area is visible. The intensity of the spots is visualized by a DCC camera and depends
on the pressure exerted, so that the spot will appear brighter when more weight is put on the paw.
If no pressure is exerted on the paw, no print will be visible. Therefore, this technique is suitable
to detect whether the animal supports its weight upon the paw while walking. Animals crossing
the walkway are videotaped using a computer-assisted setup and digitized data are thresholded in
order to extract the paw-floor contact areas and remove background (mainly a faint image of the
animal due to stray light). Prints are then interactively labeled and many different parameters can
be measured. Outcome parameters that are used in this study are the print area, representing the
total floor area contacted by the paw during stance, and the maximum stand intensity, a measure
for the mean pressure exerted during floor contact. The main difference between the de
Medinacelli method and the CatWalk is that the former measures the ability to use the muscles in
the lower paw and foot, and the latter shows how the paw is used during locomotion.

Mechanical withdrawal thresholds

The paw withdrawal threshold in response to a mechanical stimulus was measured two days per
week in the rats using a series of von Frey filaments (Stoelting, Wood Dale IL). Pressure applied
ranged from 1.14 to 18.16 g. The rats were placed in a plastic cage on a metal mesh floor and
were allowed to get used to this set up prior to testing. Von Frey filaments were applied to the
mid-plantar surface of the right hindpaw (when it was in contact with the floor), for 6-8 sec
[Chaplan et al, 1994]. Filaments were applied in ascending order and the smallest filament
eliciting a foot withdrawal response was considered the threshold stimulus.

In situ hybridization

Digoxygenin-labeled RNA probes were made using the DIG RNA Labeling Kit (Boehringer
Mannheim) according to the manufacturer’s recommendations. Antisense and sense probes were
used for the markers 7rkA (derived from MS85214), TrkB (derived from NM 012731), TrkC
(derived from S60953), cRET (derived from X67812), and B-50 (obtained from a cloned PCR
product). The probe length varied from about 300 to 1500 bp.

In situ hybridization was carried out as described by Schaeren-Wiemers and Gerfin-Moser
(1993), with minor changes. In brief, sections were dried and fixed for 10 min in freshly made
4% paraformaldehyde in phosphate-buffered saline (PBS). After washing with PBS sections were
acetylated for 10 min in a solution containing 245 ml H,0O, 3.3 ml triethanolamine, 438 ul HCI
(37%) and 625 ul acetic anhydride. Sections were then washed with PBS and prehybridized for 2
h at room temperature in a hybridization solution (50% deionized formamide, 5*SSC,
5*Denhardt’s solution, 250 pg/ml baker’s yeast RNA and 500 pg/ml herring sperm DNA).
Hybridization was performed overnight at 72°C with 300-1100 ng/ml digoxygenin-labeled RNA
probe in 150 ul hybridization buffer, covered with Nescofilm. The Nescofilm strips were
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removed by soaking in 5*SSC at 72°C and, following washing for 2 h at 72°C in 0.2*SSC, the
slides were transferred to 0.2*SSC at room temperature and washed for 5 min at room
temperature with buffer 1 (100 mM Tris HCI, pH7.4; 150 mM NaCl). Preincubation with 1.5 ml
buffer 1 with 10% heat inactivated fetal calf serum (hiFCS) was performed for 1 hour at room
temperature in a humidified chamber. The sections were then incubated overnight at 4°C with
alkaline phosphatase-conjugated mouse anti-digoxygenin Fab fragment (Boehringer Mannheim),
1:5000 diluted in buffer 1 with 1% hiFCS. Following washing with buffer 1 and equilibration
with buffer 2 (100 mM Tris HCI, pH9.5; 50 mM MgCl,; 100 mM NaCl), the color reaction was
performed in the dark for 24 h at room temperature with 200 ul NBT/BCIP solution (Boehringer
Mannheim) and 2.4 mg levamisole in buffer 2. The slides were then washed with TE buffer and
H,0, dehydrated and coverslipped with Entellan.
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Figure 1: Walking track analysis in mice and rats

Panel A shows a cartoon of the footprint with the parameters that are important for analysis and the
equations used for calculating the toe spreading and footprint from the ipsilateral paw (I) relative to the
contralateral (C) paw. Toe spreading (TS) is a measure for the function of the intrinsic muscles of the paw.
The print length (pl) reflects the functions of the soleus muscle and the gastrocnemic muscles, which are
among others involved in raising of the ankle [de Koning and Gispen, 1987]. The factors 100 and 169 set
the TS and FP at —100% immediately after crush. The TS and FP are regarded as normal when they are
within the range of —10 to 10% [de Koning and Gispen, 1987]. its = inner toe spreading; ots = outer toe
spreading; pl = print length.

Panel B shows the walking tracks of the mice, assessed with the photographic papers (left) at 30 dpo, and
the subthreshold CatWalk prints at 24 dpo (right, outer toes not visible). Toe spreading and footprint were
normal, with no placement of the ankle on the floor. Panel C shows the walking tracks and subthreshold
prints for rats at 23 dpo for rats. Similar to the mice, the walking tracks of the rats showed recovery of toe
spreading and footprint.
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RESULTS

Recovery of sensory and motor function

Recovery of sensory function was assessed using the foot reflex withdrawal test. At 18 dpo, 5 of
the 6 mice and at 20 dpo all mice reacted to the 0.1 mA electric current. The mice tended to
generate very poor walking tracks with the de Medinacelli method, therefore, we only made
walking tracks from the mice at 30 dpo. At that time point, the prints of the lesioned paws were
normal with respect to toe spreading and print length (Figure 1B).

The automated CatWalk paradigm showed that the maximum stand intensity significantly
decreased after crush, and was around 75% at 25 dpo (Figure 2B). The stand intensity gradually
recovered and was not significantly different from the sham-operated paw from onward 28 dpo.
The print area was 30% at 25 dpo and then gradually recovered but remained different from the
sham-operated mice throughout the 32 days (Figure 2A). From the digital CatWalk recordings,
we were able to extract sub-threshold prints at 24 dpo, which showed no obvious difference in toe
spreading and footprint (Figure 1B), indicating functional reinnervation of the intrinsic foot
muscles.
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Figure 2: CatWalk analysis in mice and rats

Print area and maximum stand intensity of ipsilateral sham- and crush-operated paws shown as a
percentage of the contralateral paws during the follow-up period of 32 days in mice (A,B) and 70 days in
rats (C,D).

At 20 dpo 7 of the 10 rats and at 21 dpo all rats reacted to the 0.1 mA electric current, indicating
recovery of sensory function. The de Medinacelli method showed that motor function was
recovered in the rats at 23 dpo: the footprint en toespreading parameters were normal (Figure 1).
However, the automated CatWalk paradigm revealed that at this time point the rats did not put
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much pressure on the ipsilateral paw (Figure 2D). After the initial decrease, the maximum stand
intensity and the print area increased progressively, but were still not normal at 70 dpo (Figure
2C and D).

These observations point to a state of neuropathic pain [Vrinten et al, in press], which we
investigated in the rats measuring the response to mechanical stimuli using von Frey filaments.
Indeed, recovery of the CatWalk parameters paralleled the response of the rats to von Frey
filaments. The withdrawal threshold of the operated hindpaw decreased, indicating the presence
of mechanical allodynia. The first significant threshold decrease was observed at 21 dpo, which
correlates with the time point of recovery of sensory function. The threshold remained low for 2
weeks and generally increased. At 70 dpo the threshold was still slightly (but significantly)
different as compared to the sham-operated animals (Figure 3), an observation that correlated
with the CatWalk data.
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In situ hybridization using markers for specific neuronal subpopulations

Figure 4 shows the results of the in situ hybridization with TrkA, TrkB, TrkC, and cRET on DRGs
of C57BL/6J mice at 7 dpo. Ipsi- and contralateral DRGs of the sham-operated mice and
contralateral DRGs of the crush-operated mice were used as controls on the same slide as the
ipsilateral crush-operated DRGs. 7TrkA was expressed at high levels mainly in small to medium-
sized and in some large neurons. The distribution of 7rkA-positive neurons in the ipsilateral
crush-lesioned DRGs was similar, but the expression levels were lower as compared to the
contralateral and sham-operated DRGs. 7rkB mainly labeled satellite cells, surrounding the
neurons. Some medium-sized neurons also expressed 77kB. No difference was observed between
crush- and sham-lesioned DRGs. 77kC was expressed in medium to large neurons and was also
not affected by the crush lesion. Finally, cRET stained neurons of all sizes in the sham- and in the
contralateral crush-operated DRGs. In the ipsilateral crush-operated DRGs more large-sized
cRET-positive neurons were observed.

We used B-50 as a positive control for the regeneration-associated changes in gene expression.
Expression of B-50 was characteristically low in the contralateral and sham-operated DRGs,
being confined to small- to medium-sized neurons. B-50 was rapidly upregulated after crush, both
in small to medium neurons, where expression increased, and in large neurons, where expression
of B-50 was reinduced.
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Figure 4:

Expression patterns of
DRG neuronal markers

In situ hybridization on crush-
lesioned contralateral (left
column) and ipsilateral (right
column) DRGs at 7 dpo using
probes for TrkA (A,B), TrkB
CDD), TrkC (E,JF), cRET
(G,H), and B-50 (1,J).

Insets: larger magnifications
of areas of interest, showing
that 7rk4 (A,B) is expressed
in a similar number of cells
but at lower levels (filled
arrowheads) and that cRET
(G,H) is expressed in more
large-sized neurons (open
arrowheads) in  ipsilateral
DRGs.
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DISCUSSION

Because of the conflicting data that currently exist on the regenerative capacity of C57BL/6J
mouse strain, and the frequent use of this strain for studies on regeneration in knock-out mice, we
studied the effects of sciatic nerve crush on DRG neurons in C57BL/6J mice. We compared
recovery of sensory and motor functions in C57BL/6]J mice to that in rats. The footflick
withdrawal test showed that sensory function in the mice had returned to normal at 20 dpo,
slightly earlier than in rats, which had all recovered by 21 days. The walking tracks, obtained
using photographic paper, showed that the motor function of the rats was normal at 23 dpo,
slightly after the return of sensory function. Although we only had walking tracks of the mice at
30 dpo, we assumed that motor function of the mice also recovered around this time point of
return of sensory function. The subthreshold signals of the CatWalk measurements indeed
showed normal footprints at 24 dpo. Other studies on mice also showed recovery of motor
function around 24 dpo [Verdu and Navarro, 1997; Zhong et al, 1999].

Although these data indicate that recovery of motor function coincided with recovery of sensory
function, the CatWalk system showed that the animals did not support their weight on the
lesioned paw. The print area, although recovered on the photographic films, where one does not
need much pressure to get a print, did not return to normal in either rats or mice during the
follow-up period using the CatWalk system. This reduction in pressure applied during stance was
also shown by Vrinten and Hamers (in press) in rats with chronic constriction injury (CCI), a
model for neuropathic pain. Indeed, the response of crush-lesioned rats to von Frey filaments
indicated that following recovery of sensory (and motor) function, the rats developed mechanical
allodynia, a type of neuropathic pain in which normally non-painful stimuli lead to a pain
response. The von Frey measurements and the CatWalk data corresponded, both showing that at
70 dpo there was still a hypersensitivity of the previously injured paw. This is consistent with
Vrinten and Hamers (in press) who showed that pressure estimates recorded by these methods
correlated quite well in the CCI-model for chronic pain.

Neuropathic pain after peripheral nerve transection as well as chronic constriction injury (CCI) is
thought to be caused by sympathetic sprouting primarily around large neurons [Hu and
McLachlan, 2001; Jones et al, 1999; Shinder et al, 1999; Zhou et al, 1999] and by aberrant
sprouting of A-fibers into lamina II of the spinal cord [Mannion et al, 1996]. These structural
changes coincide with an upregulation of the neuropeptides SP and CGRP in large
mechanosensory neurons as opposed to small nociceptive neurons, which downregulate SP and
CGRP [Hokfelt et al, 1994; Hu and McLachlan, 2001; Noguchi et al, 1994; Woolf et al, 1992].
These changes are thought to lead to pain signaling of larger mechanosensory neurons in
response to normally non-painful mechanical stimuli [Campbell, 2001]. Furthermore,
proinflammatory cytokines produced by Schwann cells and invading macrophages are thought to
play a role in pain induced by nerve injury [Watkins and Maier, 2002]. It is likely that the
mechanical allodynia observed in the crush-lesioned rats follows the same mechanisms as in the
transection/CCI models. The CatWalk data in the mice indicate that, similar to rats, the mice also
developed mechanical allodynia after nerve crush, but they recovered faster than the rats. The
maximum intensity did reach control levels in the mice, after 28 days. This may be due to the
smaller weight and the faster gait of mice.

To check whether all neuronal populations were still present, we performed in situ hybridization

with probes for 77kA, -B, -C, and cRET, the receptors for NGF, BDNF, NT-3, and GDNF,
respectively. During development, specific subpopulations of sensory neurons depend on these
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neurotrophic factors and their receptors mark roughly all neuronal subtypes in the DRGs [Bibel
and Barde, 2000; Molliver, 1997]. We observed roughly equal cell numbers in sections through
the DRGs from unilaterally crush- or sham-operated mice at 7 dpo. The number of neurons
expressing 7rkB and TrkC did not change, whereas the intensity, but not the number, of 7rkA-
positive neurons was lower in ipsilateral crush-lesioned DRGs than in contralateral crush-
lesioned and sham-operated DRGs. In ipsilateral crush-lesioned DRGs an increase in cRET-
positive neurons was observed. These findings were consistent with other studies on neurotrophic
factor receptor expression in rats or other mouse strains [Bennett et al, 2000; Mohiuddin et al,
1999; Naveilhan et al, 1997; Verge et al, 1996]. Our data on 7rkB expression are consistent with
Kashiba et al (1996) showing a relatively small population of neurons (3-8%) positive for 7rkB
mRNA. Foster et al (1994) reported using immunohistochemistry a much larger number of TrkB-
immunoreactive neurons and a rise after injury. Because of the large number of TrkB-
immunoreactive neurons they observed in the uninjured state, we cannot compare our data with
their study. To date, no mRNA data on 77kB expression in DRG neurons after sciatic nerve crush
have been published. As a positive control for the regeneration-associated changes in gene
expression, we performed in situ hybridization with B-50 (also called GAP-43). The upregulation
of B-50 expression that is characteristic for nerve regeneration in the rat [Oestreicher et al, 1997;
Plantinga et al, 1993a; van der Zee et al, 1989; Woolf et al, 1990] was reproduced in the mouse
DRGs in our experiment. We conclude that in the C57BL/6J mouse strain, there is no obvious
loss of specific neuronal subpopulations and alterations in gene expression during regeneration
occur similar to those occurring in other mouse strains or in rats.

In conclusion, we showed that the mice displayed normal recovery of sensory and motor
function, similar to recovery in rats. Both mice and rats developed a state of mechanical
allodynia, which also recovered as regeneration proceeded. Furthermore, we showed that there is
no obvious loss of specific neuronal subpopulations after sciatic nerve crush in the C57BL/6J
mouse strain and that alterations in gene expression during regeneration occur similar to those
occurring in other mouse strains or in rats. These data indicate that the C57BL/6J mouse is a
useful strain to monitor regeneration-related alterations in gene expression after sciatic nerve
crush.
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Chapter 4

ABSTRACT

The adult peripheral nervous system is able to regenerate after injury. Regeneration is associated
with the expression of new genes and proteins. Proteins abundant in developing axons increase in
expression after injury, whereas proteins involved in neurotransmission are downregulated. It has
been hypothesized that molecular mechanisms underlying regeneration-associated alterations in
gene expression may be a recapitulation of developmental processes. These gene expression
changes are likely to be regulated by changes in the gene expression of transcription factors. As
homeobox genes play important roles in embryonic development of the nervous system, it makes
them candidates for a regulatory role in the process of regeneration. In a previous study, we
characterized the homeobox gene repertoire of the adult rat dorsal root ganglia (DRGs), which
contain sensory neurons. In the present study, we first screened for homeobox genes that might
display altered expression in the well-established rat sciatic nerve crush model. Next, we
quantified selected genes DRGI11, Gsc, Isll, Lmx1b, Otp and Pax3, during regeneration of the
sciatic nerve in the mouse using real-time quantitative PCR. Here we show that the relative
mRNA expression levels of Is// decreased shortly after crush, but those of DRGI1, LmxI1b, and
Pax3 did not change after crush. Gsc and Otp were highly variable between and within
experimental groups. These data indicate that the developmental expression patterns of the
homeobox genes studied here are not recapitulated during regeneration of the DRG neurons. We
conclude that developmental gene expression programs controlled by these homeobox genes are
not directly involved in sciatic nerve regeneration.

INTRODUCTION

Neurons of the adult peripheral nervous system are able to regenerate their peripheral axons after
injury. The sciatic nerve, which innervates the hindpaw of the animal, is frequently used as a
model to study peripheral nerve regeneration. After crush injury, the fibers distal to the lesion
undergo Wallerian degeneration: the axons and myelin sheets degenerate, and are ingested by
Schwann cells and invading macrophages. Schwann cells surrounding the distal fibers proliferate
so that the endoneurial tubes surrounding the original nerve fibers remain intact, providing the
environment through which the regenerating axons can grow. Sensory neurons in the dorsal root
ganglia (DRGs) make new fibers that regrow into the endoneurial tubes, a regenerative process
that leads to complete recovery [Bridge et al, 1994; Fawcett and Keynes, 1990; Stoll et al, 2002].

Regeneration is associated with the expression of new genes and proteins. Several studies
indicated that, in mature sensory neurons undergoing regeneration, the developmental phenotype
is reinduced. Proteins abundant in developing axons increase in expression after crush, whereas
proteins involved in neurotransmission are downregulated [Aldskogius et al, 1992; Fawcett and
Keynes, 1990; Hokfelt et al, 1994]. Cytoskeletal proteins, like tubulin and actin, are massively
produced and transported to the injured axon [Aldskogius, 1992; Fawcett and Keynes, 1990]. B-
50 (also called GAP-43), a growth-associated protein that is present in embryonic growth cones,
is also upregulated as well as proteins that are involved in axonal pathfinding during development
[Plantinga et al, 1993a; van der Zee et al, 1989; Woolf, 1990; Zhang, 2000].

Several neuropeptide genes, like substance P (SP) and calcitonin gene-related peptide (CGRP),
are decreased after nerve transection, which is generally regarded as a downregulation of the
functional (transmitting) phenotype of the neurons [Bergman et al, 1999; Hokfelt et al, 1994].
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These alterations in DRG neuronal gene expression after sciatic nerve injury were hypothesized
to be a recapitulation of developmental processes [Fawcett and Keynes, 1990; Skene, 1989;
Wong and Oblinger, 1990].

The molecular mechanisms underlying regeneration-associated alterations in gene expression are
likely to be driven by transcription factors. Homeobox genes encode transcription factors that
play important roles in development of the (peripheral) nervous system [Akopian et al, 1996;
Anderson, 1999; De Robertis, 1994; Gehring, 1998]. Since it has been hypothesized that
regeneration may be based on recapitulation of developmental mechanisms, we focused on
homeobox gene expression in the DRGs during sciatic nerve regeneration.

Some reports already indicated changes in homeobox gene expression during regeneration.
Particularly, Schwann cells in the distal stump dedifferentiate and reinitiate their developmental
program, re-expressing the POU class homeobox gene Oct6/SCIP and the paired class gene Pax3
[Kiiry et al, 2001a]. Members of the Hox complex, Hoxb5, Hoxd3, and Hoxa6, were reported to
decline in expression in Schwann cells after nerve crush [Gondré et al, 1998; Kiiry et al, 2001a;
Sherer et al, 1994]. In DRG neurons, it has been described that following sciatic nerve injury, the
LIM homeobox gene Is/-1 is slightly decreased at 7 days after injury [Hol et al, 1999] and the
POU homeobox gene Oct? is increased [Begbie et al, 1996].

In a previous study, we identified 22 homeobox genes expressed in adult DRGs of the rat
[Vogelaar et al, in press]. In the present study, we used a semi-quantitative approach to screen for
those homeobox genes that display altered expression after sciatic nerve crush. Next, we
determined the regulation of selected genes, DRGI1, Gsc, Isll, Lmx1b, Otp, and Pax3 in more
detail in the mouse using real-time quantitative PCR. Here we show that the developmental
expression patterns of the homeobox genes studied are not recapitulated during regeneration of
the DRG neurons. We conclude that the regeneration process does not depend on a recapitulation
of the developmental homeobox gene expression repertoire but involves separate mechanisms.

MATERIALS AND METHODS

Experimental animals and surgery

All animal procedures were performed in accordance with the Ethical Committee on Animal
Experiments of the University of Utrecht. We used the rat sciatic nerve crush model to screen for
homeobox genes that might display altered expression during regeneration. Six-weeks-old male
Wistar rats (Wistar: Unilever, Central Animal Faculty, Utrecht University, the Netherlands),
weighing 120-140 g were housed under standard conditions. The rats were anaesthetized with
Hypnorm (Philips Duphar, Amsterdam, the Netherlands) and had a unilateral mid-thigh sciatic
nerve crush or a sham operation [de Koning et al, 1986]. Eighteen rats received a unilateral crush
lesion of the sciatic nerve at mid thigh level and were killed by decapitation after 1 (n=6), 4
(n=6), and 7 (n=6) post-operative days (dpo) survival time. Six rats were sham-operated and
killed by decapitation after 1 day. Ipsilateral DRG L4-L6 were quickly dissected, cleaned from
surrounding tissue, pooled per group and frozen on dry ice for RNA isolation.

For real-time quantitative PCR, six-weeks-old male C57BL/6J mice (Charles River) were housed
under standard conditions. The mice were anaesthetized with O2/N20 (1:2) and halothane and
received a unilateral mid-thigh sciatic nerve crush or a sham operation. Twenty-seven mice had a
crush lesion and were killed by cervical dislocation after 1 (n=9), 4 (n=9), and 7 (n=9) post-
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operative days (dpo) survival time. Twenty-seven control mice were sham-operated and were
killed at similar time points. Contra- and ipsilateral DRG L4-L5 were quickly dissected, cleaned
from surrounding tissue, and frozen on dry ice for RNA isolation. In order to get sufficient
amounts of material the DRGs of 3 mice were pooled, resulting per experimental group in 3 vials
with ipsilateral DRGs and 3 vials with contralateral DRGs.

Screening for regeneration-associated homeobox gene expression

Total RNA was extracted from the rat DRGs following the TRIzol isolation method (Life
Technologies) according to the manufacturer’s protocol, treated with DNase and subjected to RT-
PCR with degenerate primers, as described previously [Vogelaar et al, in press]. The PCR
products were loaded on a 1% agarose gel and electrophoresed at 80V for 45 min. Blots were
made applying the downward blot procedure. Probes were synthesized by labeling specific
homeobox sequences with *’P using the Random Primed DNA Labeling Kit (Boehringer
Mannheim). The blots were prehybridized at 65°C for 1 hour with hybridization solution (0.5 M
NaHPO4, pH 7.2; 1% BSA; 1 mM Na,EDTA; 7% SDS). Then, the probes were denatured by
heating and added to the hybridization solution. Hybridization was performed overnight at 65°C.
The blots were washed at 65°C for 15 min with hybriwash5 (40 mM NaHPO,, pH7.2; 1 mM
NaEDTA; 5% SDS) and 4 times at 65°C for 20 min with hybriwashl (40 mM NaHPO,, pH7.2;
1 mM Na,EDTA; 1% SDS). Biomax MR films were exposed for 1-3 h, in some cases for 16-
60 h.

Quantification of homeobox genes using real-time quantitative PCR

Total RNA was extracted from the mouse DRGs following the TRIzol isolation method (Life
Technologies) according to the manufacturer’s protocol. To ensure purity of the RNA an
additional chloroform extraction step was performed and after the procedure the RNA was
purified with sodium chloride precipitation. First strand cDNA synthesis was performed on 2 g
of total RNA in a final volume of 100 pul containing 1x first strand buffer, 0.01 M DTT, 750 ng
random hexamers, 250 U Superscript II RNase H- reverse transcriptase, 500 uM dNTPs and 36 U
RNAguard and incubated at 42°C for 50 min. Reverse transcriptase was inactivated for 10 min at
70°C and the volume was increased to 200 pl.

Primers and fluorogenic probes for cyclophilin, B-50, DRGI1, Gsc, Isll, Lmx1b, Otp, and Pax3
(Table 2) were designed using Primer Express software (PE Biosystems), according to the
manufacturer’s guidelines as described previously [Bogerd et al, 2001]. Regarding the homeobox
genes the positions of primers and probes were chosen such that the homeobox was not included
in the PCR. Each set of primers was first tested on mouse E14.5 cDNA and products were
sequenced to check the specificity. Products were cloned into pGEM-T easy vectors following
the manufacturer’s protocol and colony PCRs were performed with primers directed to the T7
and SP6 sites in the vector. For optimization 10* copies of the purified colony PCR products were
produced and used as templates to determine the optimal concentration of primers and probes
(Table 2). Experiments to check the efficiencies of the PCRs were performed on cDNA dilutions
of 10° to 107 for cyclophilin, B-50, DRG11, Isl1, and Lmx1b or on a series of 10* to 10’ copies
for Gsc, Otp, and Pax3.

To assess the relative expression levels of the homeobox genes, Tagman PCR assays were
performed in triplicate on 5 pl of cDNA in a 25 pl reaction volume containing 1x Tagman
Universal PCR Master Mix (Applied Biosystems) and the appropriate concentration of primers
and probes. The ABI Prism 7700 Sequence Detection System (Applied Biosystems) was used and
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data were collected using the Sequence Detection Software (version 1.6.3) provided by the
manufacturer. For every sample, an amplification plot was generated, showing the increase in the
reporter dye fluorescence with each PCR cycle. The reporter signal was normalized to the
fluorescence of an internal reference dye. From each amplification plot, a threshold cycle (Cy)
value was determined, representing the PCR cycle number in the exponential phase of the PCR
[Bustin, 2000]. The C; value is inversely proportional to the log of the initial mRNA copy
number.

To correct for differences in cDNA load between the samples, the target PCRs (i.e. the homeobox
gene PCRs) were normalized to the reference PCR, cyclophilin, a housekeeping gene [Medhurst
et al, 2000]. The expression levels of the target genes (Xo target) relative to cyclophilin (Xo rer) were
calculated using the equation Xo grger/Xoer = E " &YE “f in which E is the PCR efficiency of
the individual genes (Table 2) as described by Kamphuis et al (2001). We used the Xo target/Xo ref
values of the sham-operated contralateral DRGs per time-point as a calibrator by dividing the
Xo,target/ Xoref Values of each of the samples with the mean Xo target/Xorer value of the three
contralateral sham samples. The resulting value represents the target gene expression levels of the
ipsilateral sham-operated and the ipsi- and contralateral crush-operated DRGs relative to the
contralateral sham-operated DRGs.

In situ hybridization

For in situ hybridization, 3 mice received a crush lesion, 3 other mice were sham-operated. At 1,
4, and 7 dpo, ipsi- and contralateral DRGs corresponding to spinal level L5 were quickly
dissected and cleaned from surrounding tissue. Per time point ipsi- and contralateral DRGs of
both sham- and crush-operated animals were placed on a flat disc of frozen TissueTek, then
covered with TissueTek and frozen on dry ice. Cryostat sections, cut at 8 um thickness, were
thaw-mounted onto SuperFrost®Plus slides (Menzel-Glaser), dried and stored at —80°C. This
strategy made it possible to perform in situ hybridization on ipsi- and contralateral, sham- and
crush-operated DRGs on the same slide. Digoxygenin-labeled RNA probes were made using the
DIG RNA Labeling Kit (Boehringer Mannheim) according to the manufacturer’s
recommendations. Antisense and sense probes were used for B-50 obtained from a cloned PCR
product. The probe length was 265 bp. In situ hybridization was carried out as described before
[Vogelaar et al, in press].

RESULTS

Screening for regeneration-associated homeobox genes

We investigated in rat DRGs after sciatic nerve crush whether regeneration-associated alterations
occurred in the expression of homeobox genes, identified before in non-lesioned DRGs [Vogelaar
et al, in press]. Using a semi-quantitative approach, we observed that the majority of the
homeobox genes expressed in adult DRGs did not change after crush. The data suggested that
only Otp, Gsc and Vsx2-like were increased, whereas Lmx1b was decreased (Table 1). To follow
up this screening, we aimed to quantify the expression of these genes during the regeneration
process using real-time quantitative PCR. Because of the availability of mouse gene sequences in
the databases and the potential to use mouse mutants as experimental animal in regeneration
experiments, we switched to the mouse sciatic nerve crush model.
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Table 1: Homeobox gene expression in regenerating rat DRGs

Homeobox Homeobox

gene Semi-q| |gene Semi-q

DRGI1 - Prx2 -

Gbx2 - Prx3 -

Gsc * Ptx2 -

Gsh4 - Vsx2-like A

Hoxal - Zfh4 -

Hoxc5 - Brn2 -

Lmx1b v Brn3a -

Msx1 - Brn3b - ) ] ) )

Mex3-like i Brnd/RHS2 ) The .hOI.neobox genes 1de.nt1ﬁed using semi-
quantitative measurements in sham- and crush-

Otp * Octl B operated rat DRGs.

Pax3 - Oct6 . - = no change, T = upregulated, | = downregulated

Validation of the quantitative PCR

We performed quantitative PCR using specific primers and Tagman probes (Table 2). We
initiated the studies using three housekeeping genes, cyclophilin, glyeraaldehyde-3-phosphate
dehydrogenase (GAPDH) and hypoxanthine-guanine phosphoribosyltransferase (HPRT), in order
to choose the housekeeping gene that fitted best for these experiments. Expression of GAPDH
revealed to be variable, which is not surprising because of the changed metabolic state of the
neurons [Fawcett and Keynes, 1990; Lieberman, 1971]. For HPRT, we obtained results similar to
cyclophilin, indicating that both genes are suitable as reference genes in the regeneration
paradigm.

Here we show the quantification of the growth-associated protein B-50 and of the homeobox
genes - DRG11, Gsc, Isll, Lmx1b, Otp, and Pax3 - relative to the levels of the housekeeping gene
cyclophilin. We first determined the efficiencies of the individual PCRs. Ten-fold dilutions (10° -
10*) of mouse DRG c¢DNA were used for this purpose. The measured cycle threshold (Cy) plotted
against the logarithm of the cDNA concentration was used to calculate the PCR efficiencies (E)
using the equation E = 10™"*°P® [Kamphuis et al, 2001]. Figure 1 shows the plots for cyclophilin,
B-50, DRG11, Isll, and Lmx1b with slopes ranging from -3.4 to -3.56, resulting in efficiencies of
1.91 to 1.97 (Table 2). Expression levels of Gsc, Otp, and Pax3, however, were extremely low in
undiluted cDNA — C;’s ranging from 35 to 38 (Figure 1) - making it impossible to determine
efficiencies of these PCRs on cDNA dilutions. Therefore, the efficiency measurements of these
PCRs were performed on dilutions of 10* to 10" copies of PCR product produced by colony PCR
on the cloned PCR fragments. The efficiencies of the Gsc, Otp, and Pax3 PCRs (Figure 1) were
between 1.93 and 2.02 (Table 1, Figurel). To check whether the efficiencies were constant with
different cDNA loads, we calculated the X arget/Xorer in the dilution series of cDNA or copies.
The XotargetXorer Were not significantly different between the dilutions, indicating that the
efficiencies of the reference and the target genes were constant (data not shown).
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d properties of primers and probes used for quantitative PCR

itions, an

Sequence, posi

Table 2
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Sequences are shown for the forward and reverse primers and for the Tagman probes. The probes were

synthesized with a 5 FAM reporter dye and a 3° TAMRA quencher. The primers and probes had a Tm of
60 and 70°C, respectively. Shown are also the optimal concentrations in the PCR, the PCR efficiencies

and the X target/ Xo ref Values of the genes in naive DRGs.
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Figure 1: Validation of the quantitative PCR

(A) Standard curves plotting the C, values against the logarithm of the ¢cDNA concentration for
cyclophilin, B-50, DRG11, Isll, and Lmx1b. (B,C,D) Standard curves of Gsc, Otp, and Pax3 assessed on
dilution series of copies of the PCR products.

Quantification of the homeobox genes in mouse DRGs after nerve crush

There were substantial differences in expression levels of the homeobox genes in naive DRGs.
DRGI1 and Isl] were the most highly expressed (Xo arget/Xorer around 0.03, corresponding to
levels about 30 times less than cyclophilin); Gsc, Otp, and Pax3 were present at very low levels
(Xo,target/Xorer around 1E-06, corresponding to levels about 1,000,000 times lower than
cyclophilin) (Table 2).

Figure 2 shows the expression levels of B-50, Isll, DRGI1I, LmxIb, and Pax3 relative to the
sham-operated DRGs at 1, 4 and 7 post-operative days (dpo). In general, expression levels in the
ipsilateral crush-lesioned DRGs were regarded as different only if they differed significantly from
each of the other samples at the same time point. It has been well established that the growth-
associated protein B-50 (or GAP-43) is upregulated after crush. Therefore, B-50 was used as
positive controls of the regeneration model. At 1 dpo, B-50 was not significantly changed,
whereas at 4 and 7 dpo, the relative B-50 levels were increased in crush-lesioned ipsilateral DRGs
(one way ANOVA, with posthoc LSD 0.001 and 0.020, respectively (LSD = least significant
difference)). The levels at 4 dpo were increased 3.8-fold as compared to the calibrator. At 7 dpo
the relative B-50 levels were more variable, the highest upregulation being 8.0-fold, the lowest
2.8-fold; on average B-50 was 5.4-fold increased. The increased expression levels of B-50 were
confirmed with in sifu hybridization (Figure 3). At 1 dpo Is// showed a significant 2.8-fold
decrease in crush-lesioned ipsilateral DRGs (one way ANOVA, with posthoc LSD 0.002) relative
to the sham-operated contralateral DRGs (calibrator). At 4 and 7 dpo, the relative levels of Is//
were not significantly different between experimental groups.
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Figure 2: Quantification of homeobox genes in mouse DRGs during regeneration

Quantitative PCR of the growth-associated protein B-50 (A) and the homeobox genes Is/] (B), DRGI1
(C), Lmx1b (D), and Pax3 (E) in sham- and crush-operated contra- and ipsilateral DRGs at 1, 4 and 7 dpo.
Each bar represents the average of three samples of three pooled mice per experimental group. Shown are
the expression levels relative to the sham-operated contralateral DRGs (hatched).

* = significant, p<0.05; # = borderline significant, p=0.053

No significant differences in DRG11 and Pax3 expression levels were observed between ipsi- and
contralateral sham- and crush-operated DRGs at all time points (Figure 2). Lmx1b was expressed
at intermediate levels in the DRGs and did not differ significantly between experimental groups
(Figure 2). Gisc and Ofp were expressed at more variable levels. The X target/ Xo ref Values for these
genes varied from ~6E-04 to ~1E-07 between and within experimental groups. These values
correspond to a difference in expression level of about 6,000-fold between the highest and lowest
expressing samples. Because of this variation, no expression levels relative to the calibrator were
calculated for these genes.

DISCUSSION

Based on the hypothesis that molecular mechanisms underlying regeneration might recapitulate
on developmental processes, we screened for alterations in homeobox gene expression after
sciatic nerve crush in the rat DRGs. The selected genes DRG1 1, Gsc, Isl1, Lmx1b, Otp, and Pax3
were quantified in the mouse using real-time quantitative PCR. Vsx2-/ike could not be quantified
because of the lack of sequence information to select primers on. This gene is not contented in the
available databases. We used the mouse sciatic nerve crush model, because of the availability of
mouse homeobox gene sequences in the databases and the potential to use mouse mutants as
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experimental animal in regeneration experiments [Cafferty et al, 2001; Siconolfi and Seeds, 2001;
Zhong et al, 1999]. We investigated the validity of this model before, showing that the mice
displayed normal regeneration-associated gene expression and normal recovery of sensory and
motor function [Vogelaar et al, submitted]|. Here we showed that homeobox genes expressed at
extremely low levels, about 1,000,000 times lower than cyclophilin, could be quantified
accurately, and we confirmed that B-50 was upregulated in the crush-lesioned mouse DRGs,
consistent with the known upregulation in rats [Hol et al, 1999; Plantinga et al, 1993a; van der
Zee et al, 1989; Woolf, 1990; Zhang, 2000]. Judging from this response of B-50 expression and
from the functional recovery [Vogelaar et al, submitted] of the mice, we concluded that the
regeneration-model in the mice was appropriate to measure alterations in homeobox gene
expression.

1 dpo

4 dpo o

Figure 3: B-50 expression in
regenerating mouse DRGs

In situ hybridization with B-50 probe on
contralateral (left column) and ipsi-
lateral (right column) DRGs, showing
that B-50 is expressed at higher levels
and in a larger number of neurons at 4
and 7 dpo.

L

7 dpo

The regeneration-associated changes in expression of the homeobox genes studied here appeared
to be very selective. First of al, Gsc and Otp displayed highly variable levels within and between
all experimental groups. This variability in levels was unlikely to be due to intrinsic variability of
the PCR, because of the extensive validation that preceded the experiment. Selective loss of
mRNA copies during the RNA isolation procedure was also not likely, judging from the
measurements of Pax3, which was expressed consistently at extremely low levels. We think that
the variation in expression levels of Gsc and Ofp is a biological phenomenon possibly related to a
variable expression level or number of cells expressing these genes. There may exist a small
subpopulation of neurons expressing high levels of Ges and Otfp, distributed variably over
different DRG levels.
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We detected a 2.8-fold decrease in Is// expression levels exclusively at 1 dpo, indicating a
transient effect of the crush lesion on the expression of this homeobox gene. Hol et al (1999)
reported a weak downregulation at 7 dpo using semi-quantitative RT-PCR in rats. This may
reflect a fast return of Is// expression to normal levels, which is in accord with our findings. The
function of Is// in developing DRGs, to date, is not known, although it is abundantly expressed in
many DRG neurons during development. In the spinal cord, Is// importantly contributes to the
combinatorial genetic network that controls motor neuron development [Shirasaki and Pfaff,
2002; Tanabe and Jessell, 1996]. Morcover, it has been indicated that Is// is involved in
outgrowth, pathfinding and neuroendocrine phenotypes of neurons [Thor et al, 1991; Thor and
Thomas, 1997]. The downregulation of Is// may be associated with the downregulation of the
neurotransmitter expression during regeneration.

In contrast to the change in Is// expression, we found that DRG] and Pax3 expression levels
were not different between experimental groups. This was unexpected, as both of these genes are
key players in DRG development. DRG] is expressed in many (if not all) embryonic DRG
neurons and is known to remain expressed in the adult DRGs, in a restricted subpopulation of
neurons [Saito et al, 1995, Vogelaar et al, in press]. The DRG11 knock-out mouse revealed that
DRG11 is important for the establishment of connections between DRG neurons and their targets,
and for the maintenance of adult neurons [Chen et al, 2001]. A recapitulation of developmental
processes during regeneration would suggest a role for DRGI 1 either in survival of the neurons
or in outgrowth/pathfinding after crush. However, DRGI1 expression was not upregulated after
nerve crush, as would be expected from its embryonic expression patterns.

Pax3 is involved in early migration of the neural crest cells, in Schwann cell development and in
DRG neuron differentiation [Anderson, 1999; Goulding et al, 1991; Koblar et al 1999].
Moreover, Pax3 induction during regeneration has been reported in the Schwann cells at the
distal nerve stump during regeneration. However, we show here that in the DRG itself, Pax3 does
not display alterations in expression levels after crush. This indicates that Pax3, present in
developing DRG neurons [Goulding et al, 1991], is not reinduced in regenerating DRG neurons.
These data indicate that, in contrast to Schwann cells, DRG neurons do not react to injury simply
by dedifferentiation. The neurons retain their adult expression levels of DRG11 and Pax3.

Finally, Lmx1b also points into the direction of persistence of adult homeobox gene expression
patterns in regenerating neurons. Examination of Lmx /b expression in embryonic DRGs revealed
that this gene is not expressed during development of the DRG [Asbreuk et al, 2002b]. Notably,
adult DRG neurons do express Lmx1b [Vogelaar et al, in press]. A recapitulation of development,
therefore, would be effectuated in the downregulation of Lmx1b, which, as shown here, does not
occur.

We conclude that the developmental expression patterns of the homeobox genes studied here are
not recapitulated during regeneration, indicating that the hypothesis that developmental processes
might play a role in regeneration of DRG neurons should be reconsidered. Our data indicate that
gene expression programs controlled by these homeobox genes during development are not
directly involved in sciatic nerve regeneration, but rather point to regeneration-specific
mechanisms.
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ABSTRACT

Goosecoid (Gsc) is a paired-like homeobox gene expressed in the early embryo during
gastrulation and at later stages during organogenesis. It is involved in the development of
craniofacial mesectodermal structures, which are derivatives of the neural crest. In a previous
study on homeobox gene expression in adult dorsal root ganglia (DRGs) we found Gisc
expression. As dorsal root ganglia are neural crest derivatives, we investigated if the Gsc null
mutation affected the expression of neurotrophin receptors in mouse DRGs, immediately after
birth. Since Gsc may be part of a transcription factor cascade in DRGs, we also investigated the
expression of the homeobox genes Brn3a, Brn3b, DRGI11, Isl1, Octl, and Prx3. No difference
was observed between wild type and null mutant animals in expression and distribution of the
genes studied. We conclude that Gsc does not play a predominant role in the development of the
major subpopulations of DRG neurons and that Gsc is not involved in the regulation of
expression of the other homeobox genes studied in the DRGs. This contrasts the role of Gsc in
other neural crest derivatives, like craniofacial mesectodermal structures, and points to tissue-
specific functions of Gsc in neural crest differentiation.

INTRODUCTION

Goosecoid (Gsc) is a paired-like homeobox gene originally identified in the initial stages of
development, specifically in the organizer region and the primitive streak responsible for
gastrulation. It has been implicated in the formation of axial structures, e.g. somites and the
neural tube [Blum et al, 1992; Niehrs et al, 1993]. Gsc is also expressed during organogenesis
(from day 10.5 onwards) in branchial arch 1 and in the anterior one-third of branchial arch 2
[Gaunt et al, 1993]. Tissues derived from these arches are specific structures in the head, the
limbs and the ventrolateral body wall. Gsc null mutants do not display abnormalities in
gastrulation but die soon after birth because of multiple craniofacial defects, including defects in
the lower mandible, palatine, nasal cavity, nasal capsules and turbinals. The nasal septum fails to
fuse with the palate. The orbital processes of the maxillary and frontal bones that support the eye
are reduced. Several structures in the ear are also affected [Belo et al, 1998; Yamada et al, 1995].

These structures, affected by the Gsc null mutation, are all mesectodermal derivatives of the
neural crest, a highly plastic structure that arises at the lateral edges of the neural plate [Belo et al,
1998; Gaunt et al, 1993; Le Douarin and Kalcheim, 1999; Yamada et al, 1995]. During the
process of neurulation, the neural plate folds to give rise to the neural tube. Neural crest cells
detach and migrate to multiple places in the body where they form many tissue types including
mesectodermal structures of the head, neurons and glia in the sensory ganglia (among others
dorsal root ganglia), sympathetic ganglia and the enteric nervous system. [Le Douarin and
Kalcheim, 1999; Hall, 1999]. The data from the Gsc null mutant mice suggest that Gsc is highly
important for the development of several craniofacial neural crest derivatives [Belo et al, 1998;
Le Douarin and Kalcheim, 1999; Yamada et al, 1995].

Previously, we identified Gsc amongst the homeobox genes expressed in the dorsal root ganglia
(DRGs) of adult rats [Vogelaar et al, in press]. Based upon this observation and based upon the
multiple abnormalities in neural crest derivatives in the Gsc null mutant mice, we hypothesized
that DRG development would be affected in the Gsc null mutant. We determined the expression
of the neurotrophin receptors, Trk4, TrkB, TrkC, and cRET, in order to investigate the distribution
and abundance of subpopulations of DRG neurons in the Gsc null mice. Furthermore, we
determined expression of B-50 (also known as GAP-43), a growth-associated protein [Oestreicher

64



Developing DRG neurons do not require Gsc

et al, 1997] and of two neuropeptides, galanin and cholecystokinin (CCK), to discriminate smaller
neuronal subpopulations [Bergman et al, 1999; Hokfelt et al, 1994]. Since Gsc may be part of a
transcription factor cascade in DRGs, we also included other homeobox genes expressed in
developing and adult DRGs. No difference was observed in DRGs between wild type and null
mutant animals in expression and distribution of the genes studied, pointing to a tissue-specific
role of Gsc in the development of different neural crest derivatives.

EXPERIMENTAL PROCEDURES
Breeding and genotyping

The animal procedures were performed in accordance with the Ethical Committee on Animal
Experiments of the University of Utrecht. Gsc heterozygous mice (C57BL/6J background) were
obtained from the European mouse mutant archive (EMMA, Italy) with permission of Prof. P.
Gruss, whose group originally made the knock-out [Yamada et al, 1995]. PO newborn pups were
killed by decapitation and frozen on dry ice. Transverse cryostat sections of 16 um were cut at
trunk levels to perform hematoxylin and eosin (HE) staining (following standard procedures) and
in situ hybridization. For genotyping, DNA was prepared from tail biopsies of the newborn mice.
Genotyping was performed using primers described by Belo et al (1998).

Real-time quantitative PCR

For quantitative analysis DRGs were isolated from PO null mutant, heterozygote and wild type
Gsc mice. Briefly, the spinal column was dissected and cleaned from surrounding tissue. The
spinal column was opened longitudinally along the back axis and the spinal cord was removed
using a P100 pipet. DRGs were isolated using sharp tweezers, pooled and frozen in an Eppendorf
vial in dry ice. Total RNA was extracted from the DRGs following the TRIzol isolation method
(Life Technologies) according to the manufacturer’s protocol. To ensure purity of the RNA an
additional chloroform extraction step was performed.

Directly after RNA isolation, first strand cDNA synthesis was performed in a final volume of 50
ul containing 1x first strand buffer, 0.01 M DTT, 750 ng random hexamers, 250 U Superscript 11
RNase H- reverse transcriptase, 500 uM dNTPs and 36 U RNAguard. Primers and fluorogenic
probes for cyclophilin and Gsc (Table 1) were used as described previously [Bogerd et al, 2001].
In short, optimal primer/probe concentrations were determined using 10* copies of cloned PCR
product and PCR efficiencies were measured with tenfold dilution series of these copies (Table
1). Quantitative measurements were performed in triplicate on 5 pl of cDNA during 50 cycles.
The ABI Prism 7700 Sequence Detection System (Applied Biosystems) was used and data were
collected using the Sequence Detection Software provided by the manufacturer. For every
sample, an amplification plot was generated, showing the increase in the reporter dye
fluorescence with each PCR cycle. The reporter signal was normalized to the fluorescence of an
internal reference dye. From each amplification plot, a threshold cycle (C,) value was determined,
representing the PCR cycle number in the exponential phase of the PCR [Bustin, 2000]. The C;
value is inversely proportional to the log of the initial mRNA copy number.

To correct for differences in cDNA load between the samples, the Gsc PCR was normalized to
cyclophilin, a housekeeping gene often used in quantitative studies [Medhurst et al, 2000]. The
expression levels of Gsc (Xogs) relative to cyclophilin (Xo,cye10) Were calculated using the
equation Xo Gye/Xo,cyeto = B SO/E Y in which E is the PCR efficiency of the individual genes
(Table 1) as described by Kamphuis et al (2001).
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Table 1: Sequence, positions, and properties of primers and probes used for quantitative PCR

Accession Optimal PCR
Gene number Primer positions Sequence 5'- 3' conc. (nM) Efficiency
cyclophilin - NM_008907.1 forward 19-35 GCTTTTCGCCGCTTGCT 300 1,91
reverse  86-69 CTCGTCATCGGCCGTGAT 300
probe  43-66 TGGTCAACCCCACCGTGTTCTTCG 200
Gsc NM 010351.1 forward 939-962 TTGCACAGACAGTCGATGCTACTT 900 1,93
reverse 1037-1014 TCCTGGGCCTGTACATTATTTACA 900
probe  984-964 CACACACCCTGCCTTGCGGGA 200

Optimal primer/probe concentrations were determined on 10* copies of cloned PCR products. Efficiency
measurements were done on a dilution series of these copies.

Probes and in situ hybridization

Digoxygenin-labeled RNA probes were made using the DIG RNA Labeling Kit (Boehringer
Mannheim) according to the manufacturer’s recommendations. Antisense and sense probes were
used for the markers 77kA (derived from M85214), TrkB (derived from NM 012731), TrkC
(derived from S60953), cRET (derived from X67812), B-50%*, galanin [Vrontakis et al, 1987], and
CCK [Deschenes, 1984] and for the homeobox genes encoding Brn3a and -3b [Theil et al, 1994],
DRGI1*, Gsc*, Lmx1b [Chen et al, 1998], and Prx3 [van Schaick et al, 1997]. The probe length
varied from about 300 to 1300 bp. Probes marked with an asterisk are obtained from cloned PCR
products or cDNAs available at our own facilities. In situ hybridization was carried out on 16 um
cryostat sections as described before [Vogelaar et al, in press].

RESULTS

Quantification of Gsc in DRGs of nhewborn mice

We performed quantitative PCR in order to check whether Gsc was expressed in DRGs of
newborn PO mice. We found Gsc expression in wild type as well as heterozygote and
homozygote null mutant DRGs, at equal levels. The mean Xo gy/Xo,cyet0 Was 1.7E-03, indicating
that Gsc is expressed about 590 times lower than cyclophilin, a housekeeping gene. However,
Gsc levels were too low to be made visible with in situ hybridization (data not shown).

Histological analysis and /n situ hybridization with DRG neuronal markers

Hematoxilin eosin (HE) staining of transverse sections at trunk levels of PO Gsc null mutant mice
showed normal location and size of the DRGs (Figure 1). We performed in situ hybridization
with the neurotrophin receptors, 7rkA, TrkB, TrkC, and cRET, to investigate the distribution of
the DRG neuronal subpopulations. 77k4 was expressed in many small-sized neurons and was
equally distributed over the wild type and null mutant DRGs. TrkB and TrkC marked medium- to
large-sized neurons and were also unaffected by the Gsc null mutation. cRET was expressed in
many neurons of both wild type and null mutant DRGs (Figure 2).The expression patterns of
three other markers, galanin, expressed at low levels in a subpopulation of neurons; CCK,
expressed in a very small number of neurons; and the growth-associated protein B-50, were also
normal (Figure 2).
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Figure 1: Histological analysis of Gsc null
mutant PO DRG

Hematoxylin eosin staining of transverse sections
through the spinal column and DRGs at trunk levels
of wild type (A,C) and null mutant (B,D) Gsc mice.
Boxed DRGs in A and B are enlarged in C and D.
No differences in DRG size and location were
observed.
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Expression of other homeobox genes in Gsc null mutant DRGs

In order to investigate whether Gisc would be involved in cascades of homeobox genes during
development, we performed in situ hybridization with probes for Brn3a, Brn3b, DRGI1, Islli,
Octl, and Prx3. In general, these homeobox genes were expressed at much lower levels than the
other markers (Figure 2). In the PO Gsc null mutant and wild type mice Brn3a, DRGI11, and Isl]
lightly stained many if not all DRG neurons. Octl was expressed ubiquitously in all embryonic
tissues, including DRGs. Brn3b was expressed in small neurons, whereas Prx3 expression was
highest in large, and low in small DRG neurons. There was no difference in the expression of
these homeobox genes between wild type and mutant mice (Figure 2).

DISCUSSION

Based upon the previous observation of Gsc expression in adult DRGs, and based upon the
known involvement of Gsc in development of neural crest derivatives, we hypothesized that Gsc
may be involved in development of DRGs. Using quantitative PCR, we confirmed expression of
Gsc mRNA in the DRGs of PO newborn mice. The Gsc PCR was positive in wild type as well as
heterozygote and null mutant DRGs, because the primers were located in a region of the gene that
was not deleted by the Neo insert. HE staining of Gsc null mutant DRGs showed normal location
and size, indicating no major role for Gsc in early developmental processes, like neural crest
migration, proliferation, and survival of DRG neurons.

Next page:

Figure 2: Distribution of DRG neuronal markers and homeobox genes

In situ hybridization on PO DRGs from wild type mice (first and third column) and Gsc null mutant mice
(second and fourth column) with Trkd (A,B); TrkB (C,D); TrkC (E,F); c¢RET (G,H); B-50 (1,J);
galanin (K,L); CCK (M,N); Brn3a (O,P); Brn3b (Q,R); DRGII (S,T); Is/l (U,V); Octl (W,X); and
Prx3 (Y,Z). Control stainings with a sense probe are shown in Aa and Bb.
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The expression patterns of the neurotrophin receptors were used to discriminate between the
different neuronal subpopulations in the DRGs. TrkA, the high affinity NGF receptor, is a marker
for developing nociceptive and thermoceptive neurons. 7rkC, the high affinity receptor for NT-3,
stains future proprioceptive neurons. 7rkB, the BDNF receptor, marks mechanosensory DRG
neurons [Bibel and Barde, 2000] and cRET is expressed in GDNF-dependent neurons [Molliver
et al, 1997]. No differences in the distribution and abundance of neurons positive for these
markers were observed, indicating that roughly, all subpopulations of DRG neurons are present.
To look more closely to smaller subpopulations of neurons, we stained with galanin and CCK,
two genes involved in nociception [Bergman et al, 1999; Hokfelt et al, 1994; Xu et al, 1996], but
these also showed no difference between wild type and null mutant DRGs. Expression of the
growth-associated protein B-50 [Oestreicher et al, 1997] was normal, indicating that the
mechanisms for outgrowth in these animals were probably intact.

Since Gsc may be part of a transcription factor cascade in DRGs, we included other homeobox
genes expressed in DRG development. Brn3a and Brn3b are known factors in embryonic as well
as adult DRGs [Akopian et al, 1996; Xiang et al, 1995]. Brn3a is essential for outgrowth and
survival of sensory neurons during DRG development [Eng et al, 2001]. DRGI1 is required for
the formation of projections from nociceptive neurons to their central targets and for the survival
of neurons after birth [Chen et al, 2001]. Is// remains expressed in adult DRGs and is thought to
be important for maintenance of the neuroendocrine phenotype [Thor et al, 1991; Hol et al,
1999]. Finally, OctI and Prx3, found in a previous study in adult DRGs [Vogelaar et al, in press]
were also included in this study. No difference in the expression of these homeobox genes was
observed between wild type and mutant mice, indicating that the expression of these transcription
factors does not require Gsc.

We show here that the Gsc null mutant mice do not have a phenotype in DRG location, size,
neuronal differentiation and transcription factor expression. These results are remarkable, since
Gsc has been shown to be essential for the development of other neural crest derived tissues, like
craniofacial mesectodermal structures [Belo et al, 1998; Le Douarin and Kalcheim, 1999;
Yamada et al, 1995]. It may be that cells with the same origin, in this case the neural crest, retain
low levels of genes originally expressed. We conclude that Gsc does not play a predominant role
in the development of the major subpopulations of DRG neurons and that Gsc is not involved in
the regulation of expression of the other homeobox genes studied in the DRGs. These data point
to a tissue-specific role of Gsc in the development of different neural crest derivatives.
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Chapter 6

OVERVIEW

In the past years many groups have investigated alterations in expression of genes after lesioning
the sciatic nerve. Cytoskeletal proteins, neurotransmitters (and/or neurotransmitter enzymes),
adhesion molecules, growth factors, cytokines, transcription factors and many more protein
families undergo transcriptional alterations after nerve damage (summarized in Table 1). These
proteins are thought to be functionally involved in regeneration processes and many participate in
the development of the peripheral nervous system. Therefore, it has been proposed that
developmental processes are recapitulated during regeneration. However, there are also reports
indicating a lack of developmental recapitulation or a difference in gene expression between the
regenerating and developing nerves. In this thesis, we aimed to use homeobox gene expression as
a tool to address the question whether the molecular mechanisms of DRG neuron regeneration
recapitulate developmental mechanisms.

The studies were initiated with a PCR-based screen for homeobox gene expression in the adult rat
DRGs in order to make an inventory of the homeobox gene repertoire used by this tissue
(chapter 2). Twenty-two homeobox genes were identified of which six were demonstrated to be
expressed in DRG neurons by in situ hybridization. This also revealed the major “problem” in
analyzing homeobox gene expression: their low abundance. The current methods used for
visualizing mRNAs or proteins in tissue sections seem not to be sufficiently sensitive to detect all
homeobox genes in the DRGs. In order to be able to analyze in more detail homeobox gene
expression during regeneration, therefore, we were limited to PCR-based methods. Therefore, we
think that the current knowledge about the expression of transcription factors in the DRGs may
be far from complete. More sensitive histological methods, like in situ PCR or single cell
expression analysis currently being developed might be very useful to overcome these problems.

For studies on the regulation of selected homeobox genes we used the mouse as experimental
animal, which provides the opportunity to relate functional aspects to expressed homeobox genes
due to the availability of genetically modified mice. We used the C57BL/6J mouse strain, often
used as background of knock-out mice. Chapter 3 describes the characterization of sciatic nerve
regeneration in this mouse strain, both at the functional and at the molecular level. We showed
that the injured mice displayed normal recovery of sensory and motor functions, similar to that
observed in rats. No obvious loss of specific neuronal subpopulations was observed, and
alterations in gene expression after crush were similar to those occurring in other mouse strains or
in rats. From chapter 3 we concluded that the C57BL/6J mouse is a useful strain to monitor
regeneration-related alterations in gene expression after sciatic nerve crush.

Chapter 4 describes the quantitative analysis of several homeobox genes at three time points
after crush. We confirmed that Is// decreased after sciatic nerve injury. Since Is// is expressed at
high levels in many neurons during DRG development, it was concluded that embryonic Is//
expression patterns were not recapitulated during development. Pax3 and DRG1 1, two homeobox
genes with well-characterized functions in DRG development, did not change in expression
levels after nerve crush, whereas an upregulation would be expected if embryonic expression
would have been recapitulated. Furthermore, the expression levels of Lmx1b, a homeobox gene
that is expressed in the adult but not in the embryonic DRGs, were also not altered; a
recapitulation of development would be reflected by a decreased expression of this gene. Finally,
Gsc and Otp showed highly variable expression levels, due to which no conclusion about
involvement of these two homeobox genes in regeneration could be made. Expression of Gsc and
Otp has not been described in DRGs before. We hypothesized that Gsc, being essential for the
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development of other neural crest derivatives, may be involved in DRG development as well.
However, in chapter 5 we showed that the major subpopulations of DRG neurons are present in
neonatal Gsc null mutant mice. Furthermore, in DRG development, Gsc was not involved in the
regulation of expression of the other homeobox genes studied. From chapter 5 we concluded that
Gsc 1s differentially involved in the development of different neural crest derivatives.

GENERAL DISCUSSION:
IS REGENERATION A RECAPITULATION OF DEVELOPMENT?

From the observations described in this thesis we conclude that the developmental expression
patterns of the homeobox genes are not just recapitulated during regeneration of adult DRG
neurons. Therefore, the hypothesis that developmental processes might play a role in regeneration
of DRG neurons will be reconsidered and discussed below in more detail.

Homeobox genes and the mechanisms of regeneration

The regulation of transcription factor expression in adult DRG neurons is likely to underlie the
molecular mechanisms of regeneration-associated gene expression alterations in injured neurons.
These molecular mechanisms were hypothesized to be recapitulating developmental processes, as
expected from the many developmentally expressed genes that are reexpressed after injury.
Homeobox genes were likely candidates for investigating the recapitulation of development,
because of their functions in neural development and their involvement in the Schwann cell
reaction to injury.

Our conclusion that regenerating DRG neurons do not just recapitulate their developmental
expression patterns has been based on the quantitative analysis of four homeobox genes, DRGI1,
Isll, Lmx1b and Pax3. DRG11 and Pax3 have known functions in DRG neuronal differentiation,
outgrowth and survival [Chen et al, 2001; Koblar et al, 1999; Patapoutian, 2001; Saito et al,
1995], and Is/l is likely to be involved in processes like outgrowth, pathfinding and
neuroendocrine phenotype [Hol et al, 1999; Thor et al, 1991]. In line with our experiments the
POU homeobox gene, Brn3a, known to be involved in embryonic DRG outgrowth and survival
[Eng et al, 2001], was reported to be downregulated after sciatic nerve injury [Begbie et al, 1996;
Kiiry et al, 2001a], suggesting that Brn3a, too, does not have the same function in regenerating
and developing DRGs. Oct2 was reported to be slightly upregulated after crush [Begbie et al,
1996], which could reflect both adult and embryonic mechanisms, as it is highly expressed in
both embryonic and adult DRGs [Begbie et al, 1996].

From the lack of a recapitulation of developmental homeobox gene expression it follows that the
transcriptional mechanisms for DRG neuron differentiation, outgrowth and survival are different
between regenerating and developing DRG neurons. This indicates that, in contrast to Schwann
cells, the reaction of DRG neurons to injury is not simply a dedifferentiation followed by
redifferentiation. The phenotype adopted by the injured neurons to initiate regeneration,
therefore, is not an embryonic phenotype, but reflects adult mechanisms for outgrowth and
pathfinding. This can be considered as a regeneration-specific mechanism reflected by specific
changes in gene expression, summarized in Table 1. This may not be surprising since the cellular
environment and the connectivity of the neurons is profoundly different in the adult versus the
embryo. DRG neurons develop in the vicinity of their developing targets, i.e. dermamyotome,
which develops from differentiating somites. Thus, the distance traveled and the access to target-
derived factors are dramatically different between development and regeneration. The axonal
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environment is also fundamentally different due to cytokines produced by invading macrophages
and Schwann cells (Table 1). The way external signaling molecules participate in the response of
injured DRG neurons may be an important aspect of the regeneration-specific mechanism. In the
following section, signaling and transcription processes relevant for the molecular mechanisms of
regeneration will be addressed.

Signal transduction pathways used during regenerative outgrowth

The mechanisms underlying regenerative growth are likely to involve neurotrophic factors. The
decrease in availability of NGF, due to the disruption of the nerve fibers and the decrease in the
rate of retrograde transport [Lee et al, 1998; Raivich and Kreutzberg, 1993], is generally regarded
as the main trigger for the response of DRG neurons to injury [Aldskogius et al, 1992; Fawcett
and Keynes, 1990; Verge et al, 1996]. This is supported by Shadiack et al (2001) showing
induction of axotomy-like changes in neuropeptide expression in DRG neurons after the
application of NGF antiserum. It seems likely that the upregulation of neurotrophins by Schwann
cells and satellite cells (Table 1) observed after injury play important roles in the mechanisms
underlying regeneration. However, as described in chapter 3 of this thesis, the Trk receptors
(TrkA, -B, and -C) on DRG neurons are not induced. 7rkA4 is even downregulated, indicating that
developmental Trk expression patterns are not recapitulated (Table 1). Moreover, the signal
transduction pathways used by DRG neurons during development and regeneration have been
recently been reported to be different. Extracellular signal-related kinase (ERK) and
phosphatidylinositol-3 kinase (PI3-K), the major signal transduction pathways activated by the
Trk receptors [for review, see Kaplan and Miller, 2000], were shown to be involved in axonal
outgrowth from embryonic DRGs, but not from lesioned DRGs [Liu and Snider, 2001]. ERK
phosphorylation after injury has been reported in Schwann cells, but not in DRG neurons [Abe et
al, 2001; Sheu et al, 2000].

If neurotrophins are not directly involved in regenerative outgrowth, what proteins then are?
Although their role in inflammatory responses is well known, cytokines also have effects on the
nervous system. The so-called neuroactive cytokines include ciliary neurotrophic factor (CNTF),
leukemia inhibitory factor (LIF), interleukin-6 (IL-6), fibroblast growth factor (FGF) and
transforming growth factor (TGF) [Gadient and Otten, 1997; Grothe and Nikkhah, 2001; Murphy
et al, 1997, Unsicker et al, 1992]. Of these, only CNTF expression has been reported to decrease
after nerve injury, the others are all upregulated (Tablel) [for review, see Murphy et al, 1997;
Markus et al, 2002]. Neuroactive cytokines signal through gp130 receptors upstream of signaling
molecules like JAK2 and STAT3. In contrast to the apparent disuse of neurotrophin signaling in
regenerative outgrowth, Liu and Snider (2001) observed that JAK2 and STAT3 are involved in
regenerative outgrowth from lesioned DRGs, but have no effect on embryonic DRGs. Moreover,
the transcription factor STAT3 is phosphorylated in DRG neurons after nerve injury [Liu and
Snider, 2001].

These data indicate that cytokines may be important in controlling regeneration-associated gene
expression in DRG neurons through the JAK/STAT signal transduction pathway [Markus et al,
2002]. In line with this, genes known to be induced by LIF and IL-6, galanin, peripherin, and
Reg-2 [Cafferty et al, 2001; Livesey et al, 1997], are upregulated in DRG neurons (Table 1)
[Averill et al, 2002; Villar et al, 1989; Wong and Oblinger, 1990]. Genes known to be induced by
NGF, among others SP and CGRP [Lindsay and Harmar, 1989; Mohiuddin et al, 1999; Verge et
al, 1995], are downregulated in response to nerve injury (Table 1) [Henken et al, 1990; Hokfelt et
al, 1994; Villar et al, 1989].
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Moreover, LIF null mutant mice have no phenotype in the development of DRG neurons, but in
the adult null mutants sciatic nerve regeneration is impaired and small peptidergic neurons die
after injury [Cafferty et al, 2001].

The mechanisms of cell survival may also differ between regenerating and developing neurons.
The upregulation in DRG neurons of both neuroactive cytokines, like TGFf and basic FGF, and
their receptors suggest autocrine mechanisms for survival after injury. NGF and BDNF are also
upregulated in DRG neurons after nerve injury [Sebert and Shooter, 1993] (also pointing to an
autocrine loop), but as mentioned before their receptors are not, indicating again a less important
role for neurotrophins. The dependency for survival on target-derived neurotrophic support seems
to be absent in adult and regenerating neurons [Lindsay, 1992].

These above data corroborate the notion that the molecular mechanisms underlying gene
expression alterations during regeneration are different from those used in development.
Observations point to a regeneration-associated role of cytokines, rather than neurotrophins, in
outgrowth and survival of DRG neurons (Figure 1) [Markus et al, 2002]. However, it is important
to note that this does not rule out a function for neurotrophins in regeneration, but that it does
contradict a direct effect of neurotrophins on DRG neurons. The enhanced production of
endogenous neurotrophins by Schwann cells, may not have direct effects on DRG neurons, but
are thought to indirectly stimulate regeneration through effects on Schwann cells [Mohiuddin et
al, 1999] (Figure 1).
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"
_— ==

Figure 1: Neurotrophic support of DRG neurons and Schwann cells after sciatic nerve crush
Upon injury, dedifferentiated Schwann cells produce high amounts of neurotrophins and cytokines, the latter also
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produced by macrophages. Studies on signal transduction pathways revealed that the regenerating DRG neurons
utilize neuroactive cytokines rather than neurotrophins for support of regenerative outgrowth [Liu and Snider, 2001;
Markus et al, 2002]. The cytokines are retrogradely transported to the cell body [Curtis et al, 1994] and signal via
JAK to the transcription factor STAT3, thus influencing gene expression in the regenerating neurons [Cafferty et al,
2001; Liu and Snider, 2001]. Neurotrophins seem to play only a minor role in outgrowth and survival of the injured
neurons and are thought to be more important for the support of Schwann cells in the distal sciatic nerve [Mohiuddin
et al, 1999].
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Transcriptional mechanisms other than homeobox genes

The above-described differences in the signal transduction pathways utilized during regeneration
and development are likely to result in different transcriptional regulation of genes. Naturally,
certain developmentally expressed genes, like genes involved in cytoskeletal reorganization and
stabilization, are regulated during regeneration, because these changes are necessary for the
structural regrowth of axons of the DRG neurons. However, the transcriptional mechanisms
utilized to regulate the expression of these genes should then be linked differently to signal
transduction pathways during regeneration and development. Indeed, Udvadia et al (2001)
showed in the zebrafish that a 1 kb fragment of the B-50 promoter of the rat, directing B-50
expression during development, was not capable of reactivating B-50 during regeneration. This
indicates that a different part of the B-50 promoter is used during regenerative axon outgrowth as
compared to development. Although this work has been done on zebrafish optic nerve, the same
mechanisms may be true for the mammalian sciatic nerve, as CNS neurons in zebrafish are
capable of regeneration [Udvadia et al, 2001].

As stated before, differences in signal transduction pathways are likely to result in differences in
gene transcription between regeneration and development. There are not many reports on
regeneration-associated transcription factors in DRG neurons (Table 1). The first transcription
factor that has been shown to be upregulated in DRG neurons after nerve crush was c-jun.
Interestingly, c-fos is not upregulated in DRG neurons [Leah et al, 1991; Plantinga et al, 1994;
Soares et al, 2001]. c-Jun and c-Fos are known to be upstream of genes with activator protein-1
(AP-1) binding sites in their promoter, among which is B-50 [de Groen et al, 1995]. This finding
also marks B-50 as an important target gene of c-Jun with respect to regeneration [Herdegen and
Leah, 1998 and references therein]. The increase in c-jun is among the earliest reactions
described and seems to coincide with the onset of the cell body response to injury. During
development subsets of DRG neurons show only moderate expression of c-Jun, retained at
constitutively low levels in adulthood [Herdegen and Leah, 1998, and references therein]. The
upregulation of c-jun in virtually all injured cells, therefore, does not reflect a recapitulation of
development.

Another transcription factor described in regeneration is activating transcription factor 3 (ATF3).
ATEF3 is closely related to c-jun, and activates transcription as a heterodimer with c-jun. ATF3
mRNA is not expressed in embryonic or adult DRGs, but is induced after nerve injury, mostly in
the same cells that upregulated c-jun. In general, ATF3 expression is induced in many cell types
in response to stress signals, indicating that its activation is not specific to nerve injury [Tsujino
et al, 2000]. Finally, a recent report of Kabos et al (2002) on basic helix-loop-helix transcription
factors, showed that Sharp2 and HES1, negative regulators of developmental neurite outgrowth,
are downregulated in DRG neurons, but positive regulators, neurogenins, are not induced (Table

).

Conclusions

Taken together, in this thesis I have demonstrated that during regeneration of the crushed sciatic
nerve, DRG neurons do not simply recapitulate the developmental expression patterns of
homeobox genes that are functionally involved in the embryonic DRGs in neuronal
differentiation, axonal outgrowth, pathfinding, and neuronal survival. The transcriptional
regulation of these processes during regeneration is, therefore, fundamentally different from
development. There is evidence that adult DRG neurons utilize neuroactive cytokines rather than
neurotrophins for regenerative outgrowth and survival (Figure 1).
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The preferential induction of target genes downstream of cytokine rather than neurotrophin signal
transduction pathways underscores this notion. Transcription factors other than homeobox genes
that are induced during regeneration also reflect a difference between regenerating and
developing DRGs.

I would like to propose that in the adult DRGs, regeneration-specific mechanisms exist, inducing
regeneration-specific gene expression in DRG neurons. These mechanisms may reflect adult gene
regulation rather than developmentally controlled gene expression, and are partly imposed by the
different context of adult versus embryonic DRG neurons. Differences in the neuronal
environment implicate different signaling molecules and different signal transduction, leading to
a different gene expression program in regenerating as opposed to developing DRG neurons. In
future studies, further unraveling of the signal transduction pathways in regenerating DRG
neurons should provide more insight into those mechanisms that are regeneration-specific. This
may result in novel strategies to promote the regeneration process.
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Table 1: Regeneration-associated alterations in gene expression in specific cell types after
injury of the sciatic nerve.

Genes are classified according to their function and ordered chronologically according to their date of
publication. Only the genes expressed in DRGs and sciatic nerve cells are shown; the spinal cord motor
neurons are left aside. The types of injury are also not considered, assuming that similar gene expression
changes occur after crush lesion, transection, ligation or other types of injury to the nerve fibers. Most of
the changes shown here are based upon mRNA studies, some are based on immunocytochemical studies,
or on phosphorylation (P) or activity (A) measurements. Finally, studies using microarrays or differential
display were not included in this table unless the cell types in which gene expression alterations occurred
were checked. For detailed information from gene expression profiling studies see Bosse et al, 2001;
Costigan et al, 2002; and Xiao et al, 2002.

SN = DRG neurons

SC = Schwann cells

sat = satellite cells

m¢ = macrophages

en = endothelial cells

F = fibroblasts

# = Sciatic nerve, cell type not specified.

* = Dual response: upregulation in small SN, downregulation in large SN
** = Dual regulation: first up- then downregulated

*#% = Dual regulation: first down- then upregulated

If conflicting data exist these are indicated in the references column

78



Table 1

T00T ‘T 10 0BrX 7O ‘e 12 uesnso) NS x VST-dVNS
2002 ‘18 39 [OMIA JS X [-UIjosAE)
200T Te 19 e[[iuog NS X D001 pue v ujord yeadar your-aurjoid jfews
700 T8 12 uosey NS X €¢dVD Pue 01DDS
L661 ‘T8 19 1Z11qeq S X T- Pue ‘- Juswe[yoInaN
6661 B[IAY pue 0jon)-uowey ‘9661 Te 10 ysng OS‘NS X 11 opow uonejArodsoyd g1dVIA
6661 ‘B[IAY pue 0jon)-uowey ‘9661 T8 10 ysng OS ‘NS X 1 epowr uone[Krodsoyd g1dvIN
000C ‘T8 19 BN JS‘NS d X (d1dvIN) g1 uroroxd pareroosse-o[nqniodtjy
9661 ‘& 19 BINWNE], NS x S/de/ve/dl/vidr
9661 “OLIBNOOA pue pun-| NS X unoe-e)eg
¥661 ‘9nqOS pue exeue], JS X utjosfeH
3unoIJuod ‘GHE1 T8 19 SBIYION 1661 T8 310 193u1[qO NS -X neJ y3om Jenosjowr y3ryg
0661 “123UI[qQ pue SuoAy NS X uttoydirag
QeEE61 ‘T8 10 BSUnUR[d (0661 T8 10 JIOOM ‘6861 T8 10 297 Iop UeA OS ‘NS X £r-dvD/06-4
6861 ‘SY00IqUIO) puE 19519qNAN JS X 001-S pue ¥
3unoIJuos ‘9gg1 Tk 10 muens) (6861 ‘SN00IqUIO)) pue 19FIqNIN DS X X dviD
6861 ‘Sy00IqUIO) puE I9FIqNAN JS X UNUAWI A
P661 “Te 10 SUBI[ S0661 ‘T8 10 BWNIA S686] ‘Te 10 198UI[qQ ‘8861 ‘PUB[OAS[) PUE UBULJOH NS X T~ PUB ‘- ‘H- JUSWER[JOINN]|
6861 ‘Te 19 I[N NS X [ 2d&) ‘urnqni-eydyy
9661 “BUSNPNT PUE UBUYJOH ‘G661 “10SUIqQ PUe ZIMONSON 4661 ‘e 10 Suelf
€661 ‘T 12 ZUMOYSOI J0661 ‘Te 10 BUNA {6861 ‘T€ 19 1OSUIIQQ 8861 ‘PUB[AR]D PUE UBUIFOH NS X 111 ‘T1 2d4) ‘urnqni-ejog
8861 ‘U993 pue YoSPIN NS X unoy
surdjo.1d (pajerdosse-) (8IS0}
SAIUAIYIY sad£y 19D W. SAUIN)

Down

79



Chapter 6

8661 ‘Te 10 dwexIased Yim SunoIuod ‘g00g Ie 10 1zzeaen) NS X 1-uridoinap
000€ ‘T8 32 UOSIPEIN IS X [-ULDON
$10)dd93.1 pue syudfpdar ‘syueydeany|
000 ‘[ 10 Sueyy NS X (1THO) 171J0 anojowoy as0[)
000C IPUBIq[IA PUe DRIy JS X guLmfuiN|
#xx100C ‘T8 12 BPRL ‘9661 ‘[€ 10 eMeSoseH JS X X # %+ ULIOYPBO-H
0661 T8 19 e oS d X UIOSBUS /[ [
0661 ‘TUDIBIA PUB 9YOB], 886 “IOUYORYDS PUB [UILIBIA N X 11 Pue INWVON
SI[NII[OW UOISIYPE [[PD)
00 ‘Te 32 3smbirepy # X (1319t7®) 8- pue ([A1g70) Z-ururure
000T Te 30 DyeseN oS X zeydre-ururue||
000T Te 30 DyeseN JS X ueok[SonsAp-e10g
6661 ‘®3YS,0 pue uewyjoy N X urpuodsoquioxy,
6661 Te 10 SueZ3[dS0A oS X syueLIRA 90T[dS UNOOUOIQL]
6661 ‘Te 10 AosnouIay) JS X 00¢d u19101dooA[3 aa1saype Surpuiq-urredoy;
8661 ‘Te 10 usyo)H-ukysing # X urpuods-
S661 ‘T 10 neag o 1es “OS ‘NS X 7e32q ururwe |
S661 ‘T8 19 udunyse], d X undoyur | vlog
9661 Te 19 uIIEeng IS X unSojul ¢ vlog
qz661 ‘Te 19 uduolg d X 1€39q UruIue |
L661 Te 12 YIeN ‘qez66 1 ‘Te 10 uduollg d X Al 11 ‘T 2d4} ‘usgeyjopn
$.103d393.1 pue sujo.ad XLijew Je[n[[PIe.)X]
SIIUAIJIY sad£y 19D m M. SoUdn)
I~
a

80



Table 1

SunoIFuod ‘7OOT ‘e 19 QH 0007 T& 10 nouudg NS X X z-eydie (Y4D) 101dada1 INAD)

T00T ‘T8 32 QH “000T T¢ ¥ nouuag NS X €- pue -eqdye (Y4D) 103d20a1 ANAD

6661 ‘NOYZ pue uery NS X (41D7) 101dosar 10308] YImoiI3 [europrdy

200T T8 19 [[LOAY (661 ‘Te 10 AoseAr] NS X (GEN|

L661 ‘Te 19 uey[roAeN NS X N |

L661 Te 32 ueyroneN oS X eydie (JINGD) 103da0d1 INAD

L661 Te 1 uomy 1661 Te 19 [[oLe) DS d X €999 ‘799iq ‘s103dadar urpn3anoN]|

L661 ‘Te 39 [[o11e) IS X urn3aImaN

9661 ‘T¢ 12 3udy) o X (sdg4D1) § ureroxd Surpuiq 407

S661 ‘810 nd oS X (II-4D1) 11-10308) [1MOI3 O¥I[-ul[nsuj

9661 ‘Te 10 SudYD (G661 ‘Te 10 nd dw DS X (I-4DD) 1-1030%] )moI3 SNI[-urmsu]

L66T T8 39 UBY[IOABN ‘6661 ‘T8 30 ddniy, oS X (ANAD) 10308 o1ydonoINSU PIALIIP-UI] [[99 [BI[D)

7661 ‘[e 10 eWO], JS ‘A X (41D7) 101dosar 10308] YImoiI3 Jeuroprdy

$.103d393.1 pue $.1039€] YIM0.I3 1Y)

9661 ‘I 10 noyz NS X G, d 103dooar urydonomau Ayurgje-mor|

€661 Te 10 1ysoyeunj 0SS X (poyeounn) Dy 103dooar ¢- 1 N Anuyye y3iyg

€661 Te 10 1ysoyeuny JS X (poreounn) gyix 103dooar yNAg ANuigge-ysiy

9661 ‘[B 19 NOYZ €661 “19100YS pue uljog IS X 6. d 103dooar urgdonomdu Ajruyge-mo]

¢ 191deyo ypm Sunorfjuod ‘AyAndeaIoUNWWI ‘4661 T8 19 191S0 NS X (yp8u9y [ny) g1 J0adasar ANA9g Anunyge-ysiyg
€661 ‘1819 1ysoxeuny IS X (-1LN) p-urgdonomaN

8661 ‘Te 19 1D (€661 ‘Te 19 Iysoyeung os x (¢-1LN) ¢-urydononaN

€661 ‘12100US PUE 119GS ‘€661 T 12 Tysoyeuny <7661 T8 10 JOASN NS ‘DS X (AN@g) 10308} o1ydon0INoU POALIdP-UTRIg
9661 ‘e 19 9BIOA 6861 T€ 19 9BIA NS x VL 101d00a1 JON Anutije-ySiy

€661 ‘191007S PUE 119728 866 T 19 997 7661 T8 12 AN <£86] ‘€ 12 UuBWINOy NS ‘1es ‘DS X (ADN) 10308 IMOIT dAION]|
$.10)dd99.1 pue surydoajoanaN

SIUIYY sad£y 19D W. SUdD)

Down

81



Chapter 6

700T ‘Te 10 BAQ OS X X %5UTRYD g- (IDAJ) 10398] YIMOIT POALIOP-13[)e[d
T00T ‘I8 10 yseweys S X eloqapeydre -1
T00T ‘T8 32 Jopuef oS X unuodoaisQ
1002 ‘Te 30 1818 NS X 78190- (D A1) 10308] [IM0I3 Juruiojuel],
100T I& 30 OIe[1BOS IS X G- (4DJ) 10308] YIMoI3 ISe[qoIqr]
1002 Te 32 301D NS X ¢ 101dadar (JD) 10398} IMO0I3 ISB[qOIqL]
100T ‘T€ 10 95U w X 81-T1
000T ‘T8 12 01 # X eydre 10ydooar 11-11
000€ ‘T8 32 0] # X uneISOouQ pue | [-T]
0002 ‘eNA0Yy pue usumse], Ouw “\J ‘uo X SAINVY
000 T& 12 0Ky # X €304 1- ("T1) UBNOLIAU]
6661 ‘Te 12 Sursmo( S X 0¢1 uro101dooA[S pue e1oq yungns 103dadax 17T
000T ‘enAoy pue USUSB] 6661 T8 32 OIYSIN uo ‘g ‘OS ‘NS X (A1) Ioroey Kronqryur uonerdiw a3eydordey]
6661 ‘NOYZ pue uery 1S X eyde-(1D 1) 10308} 3mo0I3 Suruiojsuel ],
000T ‘eNA0Y pue USUISB] ‘8661 MULOL] PUB [[OLIR)) 66 T8 10 SMI0], uo ‘DS X (1-dDIN) 1-uraz0ad Jue)ORINEOWAYD AJAIOUOIN
200T ‘T2 19 yseweys ‘9661 ‘[e 12 o[ ] dw OS X eydye (JNLL) 1019B] SISOI0SU Jown |,
661 ‘e 3 urjog NS OS X (9-1D) 9-upnapIuY
L661 U101 pue IFUISIIN ‘G661 T 9 If 1es “JS ‘NS X (1D:19) 10308} YImOIS 1SB[qOIqLY dIseg
000T ‘Te 30 J0KY 9661 ‘Te 10 INd[J B H661 ‘Te 10 1yny ow DS X [199- (D) 10108) (1M013 Jurwiofsuel|,
6661 ‘T& 19 Buismo( ‘F661 ‘Te 10 snn) oS X (417) 30308y AI0)1qIYUT LI NS
€661 ‘Te 10 YIS “TE61 ‘T8 19 ULWPALL] (T66] Te 10 Asaoulqey JS X (4LND) Tojoey orydonomau Arer[i)
6861 ‘S 00IqUI0)) pue JAZIOqNIN JS X (Vd3) Ioreanoe uddourwseld anssiy,
$103d323.1 pue saUN[0IL)
SIOUIY sdypd £ 5 SoUIN)
S
a

82



Table 1

700T ‘Te 10 097 NS 103dadar gg urunjApelq

700T ‘Te 30 oery NS 103dooar surdazerpozuaq [eroydriog

T00T ‘I8 19 OBrY NS yungns ¢0 10)dooay YvgvD)

700¢ ‘e 30 oerY NS jungns /0103da0a1 SUI[OYd]A)99Y JTUTI0IIN]

700T ‘T 32 oerx NS 1 Azd 103dooa1 ouring

200T ‘Te 30 uednso) L661 T8 19 1pox NSOS X $101do0a1 UII0j0I0g

L661 ‘119d pue 1opig NS 101daoai o1310u01pe yzeydyy

Q286661 TUONSIY PULR ZOPUBUIOH-ZI[BZUOL) ow (SONI) 9sBYIUAS 9PIXO JLBIU S[qIoNpU]|

qQ2BE66] TUOIISITY PUR ZOPURUIIH-ZO[BZUOL) ud (SON®) 2seyIuAS 9pIXO OLHIU [BI[OYIOPUT

8661 ‘Te 12 jeur[[en oS e] 103dooal ursusjoIduy

8661 ‘e 10 Jeul[en DS ‘NS 7 pue q 103dooa1 uIsusjoIuy

8661 ‘Te 10 Amqgpeig NS X £Xzd 103dooar suLmng

L66T ‘Te 30 IopIN NS X (ddv1) epndadAjod projAwe 39]s]

9661 ‘Te 10 1008 oS (NaO) apndadomauedape1d(

6661 T8 19 10087 (9661 ‘Te 30 109e] dw ‘DS (49gd) 103daoar surdozerpozuaq [eroydirog

9661 ‘T8 19 S3A0ID H661 T8 19 AJQH NS X (D)) apndad pajerar-ouss uruooe)

q9B666]1 ‘TUOTISIY PUB ZOPUBUISH-ZI[BZUOD) ‘€66 ‘€ 19 Bpens-so[[el] NS (SONU) 9seyjuAks 9pIxo OLIIU [BUOINAN]
1661 ‘Te 19 eyesniepy NS (AdN) apudadoinay]

+7661 ‘T8 19 TYONSON ‘0661 ‘e 19 USUSH 6861 ‘T8 19 Ie[[IA NS X (dS) d 2oueIsqng / 4 (erdd) urunjfyoerordaiyg
UB[YORTON PUB NH (0661 T8 190X ‘6861 T8 19 IB[[IA NS utueresy

0661 ‘[B 10X ‘6861 T8I IB[[IA ‘9861 ‘UOSUDIY Pue qeqays NS (dIA) spndad£od [eunsajur sAn0BOSEA
9861 ‘UOSUD)Y pue qeqays NS X (INOS) uneisojewiog

9861 ‘UOSUD)Y PuE qeqays NS X (3100) utuyoskasjoy )y

$.103d293.1 pue sapndad- ‘sIapIusue.1)oandN

SIIUIIJY sad£y 19D W. LEIETS)

Down

83



Chapter 6

100Z ‘T8 32 99V 000 ‘T8 32 NdYs IS d /1>dad
100C ‘T8 310 91X 8661 ‘€ 19 yromeH NS X (V1) 10ydaoar asejeydsoyd sursoiAy
urojoid pajejar-usdnue uowwod 9A20NI |
8661 ‘T 12 [IomeH NS X ewiS1s (d.1d) osereydsoyd aurso1k) urdjoid
8661 T& 10 yromeH NS X eydre (d1d) osereydsoyd aursoik) urejoid
8661 “O[SNPOJ PUE S SIUOYI[EM os v ose[okd [K[Auopy
8661 “O[SNPOJ PUE S SIUONI[EAM oS VX aserdysarpoydsoyd JIN VO
00T ‘T8 10 WY {661 ‘T8 19 UOSSUIAS NS ‘OS X I-dVIN) oseury urejoid pajeanoe uaSolA|
7661 ‘T8 19 1Z[ou3] 1661 T8 10 nedg o] NS OS dx s19381e) pue 01s-009dd aseury auIs01£}-urejoid
uondnpsue) [eudis ‘saseyeydsoyd ‘saseuryy
Q100 T8 1 1T d X aseurpordp ¢ % g 2dLL
100T ‘Te 30 Ioyoewnyos 1007 ‘e 19 1oqoy S X oseuaS0IpAYap proIdISAXopAy-eloq ¢
L661 ‘19eA\-1eyeIRg PUB T IOSNEID) (€661 T8 10 1[ep -Teyeleq S X s10)doo01 suourIoy ProIAy) Jed[onN
$.103d323.1 pue SOUOWLIOH
T00T ‘Te 10 soqey] NS x [ (SHH) ¥ds jo 1eoueyuo/Arey ‘zdreys
000 ‘Te 12 nays JS d €LVIS
©100T ‘e 10 Ay JS X 9BXOH ‘€PXOH ‘SqX0H
B100T ‘Te 10 Ay IS X CUseN
000¢ ‘Te 32 outlnsg, NS X €dLY
6661 ‘1819 [OH NS X LI8T
9661 ‘[B1221939g NS egulg
9661 ‘I& 10 91q8og NS X a0
8661 ‘I& 10 QIPUOD 661 ‘T8 39 12I0YOS oS X (d1DS) NOd 1qnpul-dA Vo passaiddng
100T ‘T8 19 S3180S €661 T8 19 SUDUS[ ‘€661 ‘T8 10 BPRUSH-SO[[BL] 1661 T8 19 yes] NS X unf
s103ouy uondrsue.L],
SIOUIY sdypd £ 5 SoUIN)
S
a

84



Table 1

9661 ‘[& 19 Ud[1D oS X urdijousey

0661 ‘O[snpod pue due[ga] JS X d

€661 ‘Te 10 ®dnD 10661 ‘Te 10 [[PYNMIA ‘0661 O[SNpod pue due[ga] JS X (DVIN) u10301d00A[S pajerdosse-urAN
€661 ‘e 12 B1dnD S0661 ‘I8 12 [[PYMNIA ‘0661 O[SNPOJ pue due[go] JS X (sddIN) surdzoid orseq urfeA
€661 ‘Te 10 ®dnD 10661 ‘Te 10 [[PYMIN ‘0661 O[SNpod pue due[ga] JS X 0d
surdjoad urpPAA

700 ‘Te 10 03] NS X (gNIQ) osepndodopus [euomau paonpur-ogewreq

100T ‘Spe9S pue 1J[Ou0dIS NS X Ss10JeAT}OR UdZOUTWSE[J|

0002 ‘Te 30 9ssog NS OS X (STOa@N) uLdausip asesjordoeiow Je[nye)

9661 ‘Te 10 9 & dw DS X (1-dINLL) SdINIA JO 1031qIyul anssL],

000 ‘TN pue uosn3idg 9661 ‘[e 30 Id[ e ouwr ‘Dg X 6- Pue ¢- ‘- (JININ) soseurdjordoqielowr XImep

S661 ‘Te 19 1ssnory| oS x 11"y¢-esepndadopuy

6861 T8 19 BN oS X UTXOU PIALIOP-TRT[D)

s10)e[n3a.1 Isedjo.ad pue sasedjoaq

700T ‘Te 10 uesnso) NS X nungns Z-0[PUUBYD WNId[R)

200T ‘[e 10 OBIX NS X 79 1ouueyo wnipos

700T ‘Te 30 oery NS X [-QZOUURYD WINIO[BI-T

6661 ‘Te 10 eyoedeN # X X %59 TUIXAUUOD)

L661 Te 12 Temey] JS V X asedyy-+3 ‘+BN Jo suungns gelog pue geyd[y|

9661 ‘[e 12 ssoIpuey) IS X 9P UIXaUU0))

6661 ‘T8 19 BYORSEN (9661 ‘€ 19 SSoIpuey) d X cHuIXauuOo))

6661 Te 12 BYOBSEN ‘9661 ‘T€ 19 ssoIpuey) JS X zgurxauuo))

$661 ‘Te 12 nIyn) JS X TN PUe [N ‘S[QUUBYD WNISSeI0]

Su1)0.1d JUBIQUIdWSUR.I)/S[UUBYD)

SIUIYY sad£y 19D W. SUdD)

Down

85



Chapter 6

700  [® 30 uednso) NS X (ADA) urajoad 91qronpuI-10308) YIMO0I3 AION]
700T ‘ 18 19 ue3nso) NS X Al 2AISUOdSQI-WILIOS A[IB9-0)RIpot]
T00T ‘T8 19 uuag 11007 ‘T8 12 Wiy NS dx LT (dsH) urejoid yooys 1edy
100T ‘e 10 P{soseuely S X 1 urek)
L661 e 19 pieuuog # X $D 10308 Juowd[dwos pue ULIISN]D)
9661 ‘Te 10 noprewoy |, 0S X uaSnue ¢Op Apoquue [eUO[OOUOIA
9661 ‘Te 10 soA0ID NS X SOPLIBYIILBSOSI[O SALIAS0IIL ]
S661 Te 10 SUOAT] NS X Z1-dg3d
€661 ‘1819 uynyf Js X CCdINd
8661 ‘8 19 XNaLoqueD) 661 ‘T8 10 SI0PRIN <7661 T8 19 SHamS dw ‘g DS X urxadoway
1661 ‘e 12 nodog NS X (ddVv) urajoad Josmnoaid projAwre-ejog
100 ‘Te 30 Wry ‘0661 ‘Te 19 104Ka1dg d X a waroxdodijody
0661 “0|SNpod pue oue[ga] # X A urdajordodrjody
SOUIS SNOAUB[IISIA]
200T * [& 10 uesnso) NS X 9SB[OIPAYO[9AD J 1D
700 ‘Te 30 uays oS X A Pue [ ose1ojsuenjAsojoeed-*1-e10g
€661 ‘T8 19 BpRNSH-SO[[el] NS vV X aseroyderp-HdqvN
7661 ‘T8 19 due[go] S X aseraisarpoydsoyd-,¢ apnosjonu o1joL)-,€¢,2
7661 T8 19 Suom JS VX 9SB)ONPAI 9SOP[Y
SOWIAZUI SNOIUB[IISIIA
SIOUAIY sdiypd £ 5 SoUd)
1~
a

86



References



References

Abe K., Namikawa K., Honma M., Iwata T., Matsuoka 1., Watabe K., and Kiyama H., Inhibition of Ras
extracellular-signal-regulated kinase (ERK) mediated signaling promotes ciliary neurotrophic factor
(CNTF) expression in Schwann cells. J. Neurochem. 77 (2001) 700-703.

Akopian A.N., Abson N.C., and Wood J.N., Molecular genetic approaches to nociceptor development and
function. Trends Neurosci. 19 (1996) 240-246.

Aldskogius H., Arvidsson J., and Grant G., Axotomy-induced changes in primary sensory neurons.
In: Scott S.A. (Ed.), Sensory neurons. Diversity, development and plasticity. New York, Oxford, Oxford
University Press, 1992, pp. 363-383.

Allt G., Pathology of the peripheral nerve. In: Landon D.N. (Ed.), The peripheral nerve. London,
Chapman and Hall, 1976, pp. 701-728.

Anderson D.J., Lineages and transcription factors in the specification of vertebrate primary sensory
neurons. Curr. Opin. Neurobiol. 9 (1999) 517-524.

Araki T., and Milbrandt J., Ninjurin2, a novel homophilic adhesion molecule, is expressed in mature
sensory and enteric neurons and promotes neurite outgrowth. J. Neurosci. 20 (2000) 187-195.

Asbreuk C.H.J., van Schaick H.S.A., Cox J.J., Kromkamp M., Smidt M.P., and Burbach J.P.H., The
homeobox genes Lhx7 and Gbx1 are expressed in the basal forebrain cholinergic system. Neuroscience
109 (2002a) 287-298.

Asbreuk C.H.J., Vogelaar C.F., Hellemons A., Smidt M.P., and Burbach J.P.H., CNS expression pattern of
Lmx1b and co-expression with Ptx genes suggest functional cooperativity in the development of forebrain
motor control systems. Mol. Cel. Neurosci. 21 (2002b) 410-420.

Atanasoski S., Shumas S., Dickson C., Scherer S.S., and Suter U., Differential cyclin D1 requirements of
proliferating Schwann cells during development and after injury. Mol. Cell Neurosci. 18 (2001) 581-592.

Augustine G.J.,, Cant N.B., Casseday J.H., Einstein G., Fitzpatrick D., Katz L.C., Kauer J.,
LaMantia A.-S., Lo D.C., McNamara J.O., Mooney R.D., Nicolelis M.A.L., Purves D., Reinhart P.H.,
Simon S.A., The organization of the nervous system. In: Purves D., Augustine G.J., Fitzpatrick D., Katz
L.C., LaMantia A.-S., McNamara J.O. (Eds.), Neuroscience. Sunderland, Massachusetts, Sinauer
Associates Inc., 1997a, pp. 1-34.

Augustine G.J.,, Cant N.B., Casseday J.H., Einstein G., Fitzpatrick D., Katz L.C., Kauer J.,
LaMantia A.-S., Lo D.C., McNamara J.O., Mooney R.D., Nicolelis M.A.L., Purves D., Reinhart P.H.,
Simon S.A., Construction of neural circuits. In: Purves D., Augustine G.J., Fitzpatrick D., Katz L.C.,
LaMantia A.-S., McNamara J.O. (Eds.), Neuroscience. Sunderland, Massachusetts, Sinauer Associates
Inc., 1997b, pp. 1-34.

Averill S., Davis D.R., Shortland P.J., Priestley J.V., and Hunt S.P., Dynamic pattern of Reg-2 expression
in rat sensory neurons after peripheral nerve injury. J. Neurosci. 22 (2002) 7493-7501.

Banerjee S., and Baxevanis A.D., Molecular evolution of the homeodomain family of transcription
factors. Nucleic Acids Res. 29 (2001) 3258-3269.

Barakat-Walter ., Duc C., and Puymirat J., Changes in nuclear 3,5,3'-triiodothyronine receptor expression
in rat dorsal root ganglia and sciatic nerve during development: comparison with regeneration. Eur. J.
Neurosci. 5 (1993) 319-326.

88



References

Baranowski A.P., Priestley J.V., and McMahon S., Substance P in cutaneous primary sensory neurons — a
comparison of models of nerve injury that allow varying degrees of regeneration. Neuroscience 55 (1993)
1025-1036.

Begbie J.L., Wood J.N., Anderson P.N., and Latchman D.S., Specific up-regulation of the POU domain
transcription factor Oct-2 following axotomy. Neurosci. Lett. 207 (1996) 183-186.

Belo J.A., Leyns L., Yamada G., and De Robertis E.M., The prechordal midline of the chondrocranium is
defective in Goosecoid-1 mouse mutants. Mech. Dev. 72 (1998) 15-25.

Benn S.C., Perrelet D., Kato A.C., Scholz J., Decosterd 1., Mannion R.J., Bakowska J.C., and Woolf C.J.,
Hsp27 upregulation and phosphorylation is required for injured sensory and motor neuron survival.
Neuron. 36 (2002) 45-56.

Bennett D.L.H., Boucher T.J., Armanini M.P., Poulsen K.T., Michael G.J., Priestley J.V., Phillips H.S.,
McMahon S.B., and Shelton D.L., The glial cell line-derived neurotrophic factor family receptor
components are differentially regulated within sensory neurons after nerve injury. J. Neurosci. 20 (2000)
427-437.

Bergman E., Carlsson K., Liljeborg A., Manders E., Hokfelt T., and Ulfhake B., Neuropeptides, nitric
oxide synthase and GAP-43 in B4-binding and RT97 immunoreactive primary sensory neurons: normal
distribution and changes after peripheral nerve transection and aging. Brain Res. 832 (1999) 63-83.

Bibel M., and Barde Y.-A., Neurotrophins: key regulators of cell fate and cell shape in the vertebrate
nervous system. Genes Dev. 14 (2000) 2919-2937.

Birder L.A., and Perl E.R. Expression of alpha2-adrenergic receptors in rat primary afferent neurones after
peripheral nerve injury or inflammation. J. Physiol. 515 (1999) 533-542.

Bisby M.A., and Chen S., Delayed wallerian degeneration in sciatic nerves of C57BL/Ola mice is
associated with impaired regeneration of sensory axons. Brain Res. 530 (1990) 117-120.

Blum M., Gaunt S.J., Cho K.W., Steinbeisser H., Blumberg B., Bittner D., and De Robertis E.M.,
Gastrulation in the mouse: The role of the homeobox gene goosecoid. Cell 69 (1992) 1097-1106.

Bogerd J., Blomenrohr M., Andersson E., van der Putten H.H.A.G.M., Tensen C.P., Vischer H.F.,
Granneman J.C.M., Janssen-Dommerholt C., Goos H.J.Th., and Schulz R.W., Discrepancy between
molecular structure and ligand selectivity of a testicular follicle-stimulating hormone receptor of the
African catfish (Clarias gariepinus). Biol. Reprod. 64 (2001) 1633-1634.

Bolin L.M., and Shooter E.M., Neurons regulate Schwann cell genes by diffusible molecules. J. Cell Biol.
123 (1993) 237-243.

Bolin L.M., Verity A.N., Silver J.E., Shooter E.M., and Abrams J.S., Interleukin-6 production by Schwann
cells and induction in sciatic nerve injury. J. Neurochem. 64 (1995) 850-858.

Bonilla LE., Tanabe K., and Strittmatter S.M., Small proline-rich repeat protein 1A is expressed by
axotomized neurons and promotes axonal outgrowth. J. Neurosci. 22 (2002) 1303-1315.

Bonnard A.S., Chan P., and Fontaine M., Expression of clusterin and C4 mRNA during rat peripheral
nerve regeneration. Immunopharmacology 38 (1997) 81-86.

89



References

Bosse F., Petzold G., Greiner-Petter R., Pippirs U., Gillen C., and Miiller H.W., Cellular localization of
the disintegrin CRII-7/rMDC15 mRNA in rat PNS and CNS and regulated expression in postnatal
development and after nerve injury. Glia 32 (2000) 313-327.

Bosse F., Kiiry P., and Miiller H.W., Gene expression profiling and molecular aspects in peripheral nerve
regeneration. Restor. Neurol. Neurosci. 19 (2001) 5-18.

Bradbury E.J., Burnstock G., McMahon S.B., The expression of P2X3 purinoreceptors in sensory neurons:
effects of axotomy and glial-derived neurotrophic factor. Mol. Cell. Neurosci. 12 (1998) 256-268.

Bridge P.M., Ball D.J., Mackinnon S.E., Nakao Y., Brandt K., Hunter D.A., and Hertl C., Nerve crush
injuries - A model for axonotmesis. Exp. Neurol. 127 (1994) 284-290.

Bronner-Fraser M., Patterning of the vertebrate neural crest. Persp. Dev. Neurobiol. 3 (1995) 53-62.

Brown M.C, Lunn E.R., and Perry V.H., Consequences of slow Wallerian degeneration for regenerating
motor and sensory axons. J. Neurobiol. 23 (1992) 521-536.

Bulfone A., Puelles L., Porteus M.H., Frohman M.A., Martin G.R., and Rubenstein J.L., Spatially
restricted expression of DIx-1, DIx-2 (Tes-1), Gbx-2, and Wnt-3 in the embryonic day 12.5 mouse
forebrain defines potential transverse and longitudinal segmental boundaries. J. Neurosci. 13 (1993) 3155-
3172.

Biirglin T.R., A comprehensive classification of homeobox genes. In: Duboule D. (Ed.) Guidebook to the
homeobox genes. New York, Oxford, Oxford University Press, 1994, p 27-64.

Burstyn-Cohen T., Frumkin A., Xu Y.T., Scherer S.S., and Klar A., Accumulation of F-spondin in injured
peripheral nerve promotes the outgrowth of sensory axons. J. Neurosci. 18 (1998) 8875-8885.

Bush M.S., Tonge D.A., Woolf C., and Gordon-Weeks P.R., Expression of a developmentally regulated,
phosphorylated isoform of microtubule-associated protein 1B in regenerating axons of the sciatic nerve.
Neuroscience 73 (1996) 553-563.

Bustin S.A., Absolute quantification of mRNA using real-time reverse transcription polymerase chain
reaction assays. J. Mol. Endocrin. 25 (2000) 169-193.

Cafferty W.B.J., Gardiner N.J., Gavazzi 1., Powell J., McMahon S.B., Heath J.K., Munson J., Cohen J.,
and Thompson S.W.N., Leukemia inhibitory factor determines the growth status of injured adult sensory
neurons. J. Neurosi. 21 (2001) 7161-7170.

Cai F., Tomlinson D.R., and Fernyhough P. Effect of sciatic nerve crush on local and target tissue
production of neurotrophin-3 transcripts in rats. Neurosci. Lett. 52 (1998) 45-48.

Caldero J., Prevette D., Mei X., Oakley R.A., Li L., Milligan C., Houenou L., Burek M., and
Oppenheim R.W., Peripheral target regulation of the development and survival of spinal sensory and
motor neurons in the chick embryo. J. Neurosci. 18 (1998) 356-370.

Camborieux L., Bertrand N., and Swerts J.P., Changes in expression and localization of hemopexin and its
transcripts in injured nervous system: a comparison of central and peripheral tissues. Neuroscience 82

(1998) 1039-1052.

Campbell J.N., Nerve lesions and the generation of pain. Muscle & Nerve (2001) 1261-1273.

90



References

Capecchi M.R., The role of Hox genes in hindbrain development. In: Cowan W.M., Jessel T.M., and
Zipursky S.L. (Eds.) Molecular and cellular approaches to neural development. New York, Oxford,
Oxford University Press, 1997, p 334-355.

Carroll S.L., Miller M.L., Frohnert P.W., Kim S.S., and Corbett J.A. Expression of neuregulins and their
putative receptors, ErbB2 and ErbB3, is induced during Wallerian degeneration. J. Neurosci. 17 (1997)
1642-1659.

Carroll S.L., and Frohnert P.W., Expression of JE (monocyte chemoattractant protein-1) is induced by
sciatic axotomy in wild type rodents but not in C57BL/WId(s) mice. J Neuropathol. Exp. Neurol. 57
(1998) 915-930.

Caterina M.J., and Julius D., Sense and specificity: a molecular identity for nociceptors. Curr. Opin.
Neurobiol. 9 (1999) 525-530.

Chalepakis G., Stoykova A., Wijnholds J., Tremblay P., and Gruss P., Pax: Gene regulators in the
developing nervous system. J. Neurobiol. 24 (1993) 1367-1384.

Chambers D., and McGonnell I.M., Neural crest: facing the facts of head development. Trends in Genetics
18 (2002) 381-384.

Chandross K.J., Kessler J.A., Cohen R.I., Simburger E., Spray D.C., Bieri P., Dermietzel R., Altered
connexin expression after peripheral nerve injury. Mol. Cell. Neurosci. 7 (1996) 501-518.

Chaplan S.R., Bach F.W., Pogrel J.W., Chung J.M., and Yaksh T.L., Quantitative assessment of tactile
allodynia in the rat paw. J. Neurosci, Methods 53 (1994) 55-63.

Chen H.-H., and Frank E., Development and specification of muscle sensory neurons. Curr. Opin.
Neurobiol. 9 (1999) 405-409.

Chen H., Lun Y., Ovchinnikov D., Kokubo H., Oberg K. C., Peppicelli C. V., Gan L., Lee B., and Johnson
R. L., Limb and kidney defects in Lmx1b mutant mice suggest an involvement of LMX1B in human nail
patella syndrome. Nature Genet. 19 (1998) 51-55.

Chen W.-P., Chang Y.-C., and Hsieh S.-T., Trophic interactions between sensory nerves and their targets.
J. Biomed. Sci. 6 (1999) 97-85.

Chen Z.-F., Rebelo S., White F., Malmberg A. B., Baba H., Lima D., Woolf C.J., Basbaum A.I., and
Anderson D.J., The paired homeodomain protein DRGI11 is required for the projection of cutaneous
sensory afferent fibers to the dorsal spinal cord. Neuron 31 (2001) 59-73.

Cheng H.L., Randolph A., Yee D., Delafontaine P., Tennekoon G., and Feldman E.L., Characterization of
insulin-like growth factor-I and its receptor and binding proteins in transected nerves and cultured
Schwann cells. J. Neurochem. 66 (1996) 525-536.

Chernousov M.A., Scherer S.S., Stahl R.C., and Carey D.J., p200, a collagen secreted by Schwann cells, is
expressed in developing nerves and in adult nerves following axotomy. J. Neurosci. Res. 56 (1999) 284-

294.

Chiu S.Y., Scherer S.S., Blonski M., Kang S.S., and Messing A., Axons regulate the expression of Shaker-
like potassium channel genes in Schwann cells in peripheral nerve. Glia 12 (1994) 1-11.

Conway S. J., Henderson D. J., and Copp A. J., Pax3 is required for cardiac neural crest migration in the
mouse: evidence from the splotch (Sp2H) mutant. Development 124 (1997) 505-514.

91



References

Costigan M., Befort K., Karchewski L., Griffin R.S., Da’Urso D., Allchorne A., Sitarski J., Mannion J.W.,
Pratt R.E., Woolf C.J., Replicate high-density rat genome oligonucleotide microarrays reveal hundreds of
regulated genes in the dorsal root ganglion after peripheral nerve injury. BMC Neuroscience 3 (2002) 16.

Craner M.J., Klein J.P., Black J.A., and Waxman S.G., Preferential expression of IGF-I in small DRG
neurons and down-regulation following injury. Neuroreport 13 (2002) 1649-1652.

Curtis R., Scherer S.S., Somogyi R., Adryan K.M., Ip N.Y., Zhu Y., Lindsay R.M., and DiStefano P.S.,
Retrograde axonal transport of LIF is increased by peripheral nerve injury: correlation with increased LIF
expression in distal nerve. Neuron 12 (1994) 191-204.

Davies A.M., and Lumsden A., Ontogeny of the somatosensory system: origins and early development of
primary sensory neurons. Annu. Rev. Neurosci. 13 (1990) 61-73.

Davies A.M., Cell death and the trophic requirements of developing sensory neurons. In: Scott S.A. (Ed.),
Sensory neurons. Diversity, development and plasticity. New York, Oxford, Oxford University Press,
1992, pp. 194-213.

Davies A.M., The role of neurotrophins during successive stages of sensory neuron development. Prog.
Growth Factor Res. 5 (1994) 263-289.

De Groen P.C., Eggen B.J.L., Gispen W.H., Schotman P., Schrama L.H., Cloning and promoter analysis
of the human B-50/GP-43 gene. J. Mol. Neurosci. 6 (1995) 109-121.

De Koning P., Brakkee J. H., and Gispen W. H., Methods for producing a reproducible crush in the sciatic
and tibial nerve of the rat and rapid and precise testing of return of sensory function. Beneficial effects of
melanocortins. J. Neurol. Sci. 74 (1986) 237-246.

De Koning P., and Gispen W.H., Org.2766 improves functional and electrophysiological aspects of
regenerating sciatic nerve in the rat. Peptides 8 (1987) 415-422.

De Medinacelli L., Freed W.J., and Wyatt R.J., An index of the functional condition of rat sciatic nerve
based on measurements made from walking tracks. Exp. Neurol. 77 (1982) 634-643.

De Robertis E.M., The homeobox in cell differentiation and evolution In: Duboule D. (Ed.) Guidebook to
the homeobox genes. New York, Oxford, Oxford University Press, 1994, p 13-26.

Deschamps J., van den Akker E., Forlani S., de Graaff W., Oosterveen T., Roelen B., and Roelfsema J.,
Initiation, establishment and maintenance of Hox gene expression patterns in the mouse. Int. J. Dev. Biol.
43 (1999) 635-650.

Deschenes R.J., Lorenz L.J., Haun R.S., Roos B.A., Collier K.J., and Dixon J.E. Cloning and sequence
analysis of a cDNA encoding rat preprocholecystokinin. Proc. Natl. Acad. Sci. USA 81 (1984) 726-730.

De Winter T., Oudega M., Lankhorst A.J., Hamers F.P.T., Blits B., Ruitenberg M.J., Pasterkamp R.J.,
Gispen W.H., and Verhaagen J., Injury-induced class 3 semaphorin expression in the rat spinal cord. Exp.

Neurol. 175 (2002) 61-75.

Dodd J., and Jessell T.M., Axon guidance and the patterning of neuronal projections in vertebrates.
Science 242 (1988) 692-699.

Dowsing B.J., Morrison W.A., Nicola N.A., Starkey G.P., Bucci T., and Kilpatrick T.J., Leukemia
inhibitory factor is an autocrine survival factor for Schwann cells. J. Neurochem. 73 (1999) 96-104.

92



References

Eng S. R., Gratwick K., Rhee J. M., Fedsova N., Gan L., and Turner E. E., Defects in sensory axon growth
precede neuronal death in Brn3a-deficient mice. J. Neurosci. 21 (2001) 541-549.

Erkman L., McEvilly R.J., Luo L., Ryan AK., Hooshmand F., O’Connel S.M., Keithley E.M.,
Rapaport D.H., Ryan A.F., and Rosenfeld M.G., Role of transcription factors Brn-3.1 and Brn3.2 in
auditary and visual system development. Nature 381 (1996) 603-606.

Ernfors P., Local and target-derived actions of neurotrophins during peripheral nervous system
development. Cell. Mol. Life Sci. 58 (2001) 1036-1044.

Fabrizi C., Kelly B.M., Gillespie C.S., Schlaepfer W.W., Scherer S.S., and Brophy P.J., Transient
expression of the neurofilament proteins NF-L and NF-M by Schwann cells is regulated by axonal contact.
J. Neurosci. Res. 50 (1997) 291-299.

Fawcett J. W., and Keynes R. J., Peripheral nerve regeneration. Annu. Rev. Neurosci. 13 (1990) 43-60.

Fawcett J., Repair of spinal cord injuries: where are we, where are we going? Spinal Cord 40 (2002) 615-
623.

Fitzgerald M., and Fulton B.P., The physiological properties of developing sensory neurons. In: Scott S.A.
(Ed.), Sensory neurons. Diversity, development and plasticity. New York, Oxford, Oxford University
Press, 1992, pp. 287-306.

Ferguson T.A., and Muir D., MMP-2 and MMP-9 increase the neurite-promoting potential of Schwann
cell basal laminae and are upregulated in degenerated nerve. Mol. Cell. Neurosci. 16 (2000) 157-167.

Fiallos-Estrada C.E., Kummer W., Mayer B., Bravo R., Zimmermann M., and Herdegen T., Long-lasting
increase of nitric oxide synthase immunoreactivity, NADPH-diaphorase reaction and c-JUN co-expression
in rat dorsal root ganglion neurons following sciatic nerve transection. Neurosci. Lett. 150 (1993) 169-
173.

Foster E., Robertson B., and Fried K., trkB-like immunoreactivity in rat dorsal root ganglia following
sciatic nerve injury. Brain Res. 659 (1994) 267-271.

Friedman B., Scherer S.S., Rudge J.S., Helgren M., Morrisey D., McClain J., Wang D.Y., Wiegand S.J.,
Furth M.E., and Lindsay R.M., Regulation of ciliary neurotrophic factor expression in myelin-related
Schwann cells in vivo. Neuron 9 (1992) 295-305.

Fu S.Y., and Gordon T., The cellular and molecular basis of peripheral nerve regeneration. Mol.
Neurobiol. 14 (1997) 67-116.

Funakoshi H., Frisen J., Barbany G., Timmusk T., Zachrisson O., Verge V.M., and Persson H.,
Differential expression of mRNAs for neurotrophins and their receptors after axotomy of the sciatic nerve.
J. Cell Biol. 123 (1993) 455-465.

Gadient R.A., and Otten U.H., Interleukin-6 (IL-6)--a molecule with both beneficial and destructive
potentials. Prog. Neurobiol. 52 (1997) 379-390.

Gallinat S., Yu M., Dorst A., Unger T., and Herdegen T., Sciatic nerve transection evokes lasting up-
regulation of angiotensin AT2 and AT1 receptor mRNA in adult rat dorsal root ganglia and sciatic nerves.

Brain Res. Mol. Brain Res. 57 (1998) 111-122.

Galliot B., de Vargas C., and Miller D., Evolution of homeobox genes: Q50 paired-like genes founded the
paired class. Dev. Genes Evol. 209 (1999) 186-197.

93



References

Gan L., Xiang M., Zhou L., Wagner D.S., Klein W.H., and Nathans J., POU domain factor Brn3b is
required for the development of a large set of retinal ganglion cells. Proc. Natl. Acad. Sci. USA 93 (1996)
3920-3925.

Gaunt J.G., Blum M., and De Robertis E.M., Expression of the mouse goosecoid gene during mid-
embryogenesis may mark mesenchymal cell lineages in the developing head, limbs and body wall.
Development 117 (1993) 769-778.

Gaunt S.J., Coletta P.L., Pravtcheva D., and Sharpe P.T. Mouse Hox-3.4: homeobox sequence and
embryonic expression patterns compared with other members of the Hox gene network. Development 109
(1990) 329-339.

Gavalas A., Trainor P., Ariza-McNaughton L., and Krumlauf R., Synergy between Hoxal and Hoxb1: the
relationship between arch patterning and the generation of cranial neural crest. Development 128 (2001)
3017-3027.

Gavazzi 1., Stonehouse J., Sandvig A., Reza J.N., Appiah-Kubi L.S., Keynes R., and Cohen J., Peripheral,
but not central, axotomy induces neuropilin-1 mRNA expression in adult large diameter primary sensory
neurons. J. Comp. Neurol. 423 (2000) 492-499.

Gehring W.J., Affolter M., and Biirglin T., Homeodomain proteins. Annu. Rev. Biochem. 63 (1994) 487-
526.

Gehring W.J., A history of the homeobox. In: Duboule D. (Ed.) Guidebook to the homeobox genes. New
York, Oxford, Oxford University Press, 1994, p 3-12.

Gehring W.J., Master control genes in development and evolution: The homeobox story. New Haven and
London, Yale University Press, 1998.

Gillen C., Gleichmann M., Greiner-Petter R., Zoidl G., Kupfer S., Bosse F., Auer J., and Miiller H.W.,
Full-lenth cloning, expression and cellular localization of rat plasmolipin mRNA, a proteolipid of PNS and
CNS. Eur. J. Neurosci. 8 (1996) 405-414.

Glauser L., and Barakat-Walter 1., Differential distribution of thyroid hormone receptor isoform in rat
dorsal root ganglia and sciatic nerve in vivo and in vitro. .J Neuroendocrinol. 9 (1997) 217-227.

Gondré M., Burrola P., and Weinstein D.E., Accelerated nerve regeneration mediated by Schwann cells
expressing a mutant form of the POU protein SCIP. J Cell Biol 141 (1998) 493-501.

Gonzalez-Hernandez T., and Rustioni A., Expression of three forms of nitric oxide synthase in peripheral
nerve regeneration. J. Neurosci. Res. 55 (1999a) 198-207.

Gonzalez-Hernandez T., and Rustioni A., Nitric oxide synthase and growth-associated protein are
coexpressed in primary sensory neurons after peripheral injury. J. Comp. Neurol. 404 (1999b) 64-74.

Goulding M.D., Chalepakis G., Deatch U., Erselius J.R., and Gruss P., Pax-3, a novel murine DNA
binding protein expressed during early neurogenesis. EMBO J. 10 (1991) 1135-1147.

Grothe C., Meisinger C., and Claus P., In vivo expression and localization of the fibroblast growth factor
system in the intact and lesioned rat peripheral nerve and spinal ganglia. J. Comp. Neurol. 434 (2001) 342-
357.

Grothe C., and Nikkhah G., The role of basic fibroblast growth factor in peripheral nerve regeneration.
Anat. Embryol. 204 (2001) 171-177.

94



References

Groves M.J., Ng Y.W., Ciardi A., and Scaravilli F., Sciatic nerve injury in the adult rat: comparison of
effects on oligosaccharide, CGRP and GAP43 immunoreactivity in primary afferents following two types
of trauma. J. Neurocytol. 25 (1996) 219-231.

Gupta S.K., Pringle J., Poduslo J.F., and Mezei C., Induction of myelin genes during peripheral nerve
remyelination requires a continuous signal from the ingrowing axon. J. Neurosci. Res. 34 (1993) 14-23.

Hall A K., Ai X., Hickman G.E., MacPhedran S.E., Nduaguba C.O., and Robertson C.P., The generation
of neuronal heterogeneity in a rat sensory ganglion. J. Neurosci. 17 (1997) 2775-2784.

Hall B.K., The neural crest in development and evolution. New York, Berlin, Heidelberg, Springer-Verlag
1999.

Hamers F.P.T., Lankhorst A.J., van Laar T.J., Weldhuis W.B., and Gispen W.H., Automated quantitative
gait analysis during overground locomotion in the rat: Its application to spinal cord contusion and
transection injuries. J. Neurotrauma 18 (2001) 187-201.

Hasegawa M., Seto A., Uchiyama N., Kida S., Yamashima T., and Yamashita J., Localization of
E-cadherin in peripheral glia after nerve injury and repair. . Neuropathol. Exp. Neurol. 55 (1996) 424-434.

Haworth K., Shu K.K., Stokes A., Morris R., and Stoker A., The expression of receptor tyrosine
phosphatases is responsive to sciatic nerve crush. Mol. Cell. Neurosci. 12 (1998) 93-104.

He X., Treacy M.N., Simmons D.M., Ingraham H.A., Swanson L.W., and Rosenfeld M.G., Expression of
a large family of POU-domain regulatory genes in mammalian brain development. Nature 340 (1989) 35-
42.

Henken D.B., Battisti W.P., Chesselet M.F., Murray M., and Tessler A. Expression of beta-
preprotachykinin mRNA and tachykinins in rat dorsal root ganglion cells following peripheral or central
axotomy. Neuroscience 39 (1990) 733-742.

Herdegen T., and Leah J.D., Inducible and constitutive transcription factors in the mammalian nervous
system: control of gene expression by Jun, Fos and Krox, and CREB/ATF proteins. Brain Res. Rev. 28
(1998) 370-490.

Heumann R., Lindholm D., Bandtlow C., Meyer M., Radeke M.J., Misko T.P., Shooter E., and Thoenen .,
Difterential regulation of mRNA encoding nerve growth factor and its receptor in rat sciatic nerve during
development, degeneration, and regeneration: role of macrophages. Proc. Natl. Acad. Sci. USA 84 (1987)
8735-8739.

Hobert O., and Westphal H., Functions of LIM-homeobox genes. Trends Genet. 16 (2000) 75-83.
Hoffman P.N., and Cleveland D.W., Neurofilament and tubulin expression recapitulates the
developmental program during axonal regeneration: Induction of a specific B-tubulin isotype. Proc. Natl.

Acad. Sci. USA 85 (1988) 4530-4533.

Hoffman J.R., and O'Shea K.S., Thrombospondin expression in nerve regeneration I. Comparison of
sciatic nerve crush, transection, and long-term denervation. Brain Res. Bull. 48 (1999) 413-420.

Hoke A., Gordon T., Zochodne D.W., and Sulaiman O.A. A decline in glial cell-line-derived neurotrophic

factor expression is associated with impaired regeneration after long-term Schwann cell denervation. Exp.
Neurol. 173 (2002) 77-85.

95



References

Hokfelt T., Zhang X., and Wiesenfeld-Hallin Z., Messenger plasticity in primary sensory neurons
following axotomy and its functional implications. Trends Neurosci. 17 (1994) 22-30.

Hol E. M., Schwaiger F.-W., Werner, Schmitt A. Raivich G., and Kreutzberg G. W., Regulation of the
LIM-type homeobox gene Islet-1 during neuronal regeneration. Neuroscience 88 (1999) 917-925.

Holmes F.E., Mahoney S., King V.R., Bacon A., Kerr N.C., Pachnis V., Curtis R., Priestley J.V., and
Wynick D., Targeted disruption of the galanin gene reduces the number of sensory neurons and their
regenerative capacity. Proc. Natl. Acad. Sci. USA 97 (2000) 11563-11568.

Hu P., and McLachlan E., Long-term changes in the distribution of galanin in dorsal root ganglia after
sciatic or spinal nerve transection in rats. Neuroscience 103 (2001) 1059-1071.

Hunt S.P., Mantyh P.W., Priestley J.V., The organization of biochemically characterized sensory neurons.
In: Scott S.A. (Ed.), Sensory neurons. Diversity, development and plasticity. New York, Oxford, Oxford
University Press, 1992, pp. 60-76.

Ignelzi M.A. Jr., Padilla S.S., Warder D.E., and Maness P.F., Altered expression of pp60c-src induced by
peripheral nerve injury. J. Comp. Neurol. 315 (1992) 171-177.

Ito Y., Yamamoto M., Li M., Mitsuma N., Tanaka F., Doyu M., Suzumura A., Mitsuma T., and Sobue G.,
Temporal expression of mRNAs for neuropoietic cytokines, interleukin-11 (IL-11), oncostatin M (OSM),
cardiotrophin-1 (CT-1) and their receptors (IL-11Ralpha and OSMRbeta) in peripheral nerve injury.
Neurochem. Res. 25 (2000) 1113-1118.

Jackman A., and Fitzgerald M., Development of peripheral hindlimb and central spinal cord innervation
by subpopulations of dorsal root ganglion cells in the embryonic rat. J. Comp. Neurol 418 (2000) 281-298.

Jander S., Bussini S., Neuen-Jacob E., Bosse F., Menge T., Miiller H.W., and Stoll G., Osteopontin: a
novel axon-regulated Schwann cell gene. J. Neurosci. Res. 67 (2002) 156-166.

Jazin E.E., Zhang X., Soderstrom S., Williams R., Hokfelt T., Ebendal T., and Larhammar D., Expression
of peptide YY and mRNA for the NPY/PYY receptor of the Y1 subtype in dorsal root ganglia during rat
embryogenesis. Brain Res. Dev. Brain Res. 76 (1993) 105-113.

Jenkins R., McMahon S.B., Bond A.B., and Hunt S.P., Expression of c-Jun as a response to dorsal root
and peripheral nerve section in damaged and adjacent intact primary sensory neurons in the rat. Eur. J.
Neurosci. 5 (1993) 751-759.

Jessell T.M., and Lumsden A., Inductive signals and the assignment of cell fate in the spinal cord and
hindbrain. In: Cowan W.M., Jessel T.M., and Zipursky S.L. (Eds.) Molecular and cellular approaches to
neural development. New York, Oxford, Oxford University Press, 1997, p 290-333.

Jessell T.M., and Schacher S., Control of cell identity. In: Kandel E.R., Schwartz J.H., and Jessell T.M.
(Eds.), Principles of neural science. Prentic Hall International Inc. 1991, pp. 887-906.

Jessen K.R., and Mirsky R., Origin and early development of Schwann cells. Micr. Res. Tech. 41 (1998)
393-402.

Ji R.R., Zhang Q., Zhang X., Piehl F., Reilly T., Pettersson R.F., and Hokfelt T., Prominent expression of
bFGF in dorsal root ganglia after axotomy. Eur. J. Neurosci. 7 (1995) 2458-2468.

Jiang Y.Q., Pickett J., and Oblinger M.M., Long-term effects of axotomy on beta-tubulin and NF gene
expression in rat DRG neurons. J. Neural. Transplant. Plast. 5 (1994) 103-114.

96



References

Jones M.G., Munson J.B., and Thompson S.W.N., A role for nerve growth factor in sympathetic sprouting
in rat dorsal root ganglia. Pain 79 (1999) 21-29

Kabos P., Kabosova A., and Neuman T., Neuronal injury affects expression of helix-loop-helix
transcription factors. Neuroreport 13 (2002) 2385-2388.

Kamphuis W., Schneemann A., van Beek L.M., Smit A.B., Hoyng P.F.J., and Koya E., Prostanoid
receptor gene expression profile in human trabecular meshwork: a quantitative real-time PCR approach.
Invest. Ophthalm. Vis. Sci. 42 (2001) 3209-3215.

Kaplan D.R., and Miller F.D., Neurotrophin signal transduction in the nervous system. Curr. Opin.
Neurobiol. 10 (2000) 381-391.

Kashiba H., Ueda Y., and Senba E., Coexpression of preprotachykinin-A, o-calcitonin gene-related
peptide, somatostatin, and neurotrophin receptor family messenger RNAs in rat dorsal root ganglion
neurons. Neurosci. 70 (1996) 179-189.

Kato R., Kiryu-Seo S., and Kiyama H., Damage-induced neuronal endopeptidase (DINE/ECEL)
expression is regulated by leukaemia inhibitory factor and deprivation of nerve growth factor in rat
sensory ganglia after nerve injury. J. Neurosci. 22 (2002) 9410-9418.

Kawai H., Yasuda H., Terada M., Omatsu-Kanbe M., and Kikkawa R., Axonal contact regulates
expression of alpha2 and beta2 isoforms of Na+, K+-ATPase in Schwann cells: adhesion molecules and
nerve regeneration. J. Neurochem. 69 (1997) 330-339.

Kenyon C., If birds can fly, why can’t we? Homeotic genes and Evolution. Cell 18 (1994) 175-180.

Kim D.-S., Lee S.-J. Park S.-Y., Yoo H.-J., Kim S.-H., Kim K.-J., and Cho H.-J., Differentially expressed
genes in rat dorsal root ganglia following peripheral nerve injury. Neuroreport 12 (2001) 3401-3405.

Kim S.-Y., Bae J.-C., Kim J.-Y., Lee H.-L., Lee K.-M., Kim D.-S., and Cho H.-J., Activation of p38 MAP
kinase in the rat dorsal root ganglia and spinal cord following peripheral inflammation and nerve injury.
Neuroreport 13 (2002) 2483-2486.

Kioussi C., Mamalaki A., Jessen K., Mirsky R., Hersh L.B., and Matsas R., Expression of endopeptidase-
24.11 (common acute lymphoblastic leukaemia antigen CD10) in the sciatic nerve of the adult rat after

lesion and during regeneration. Eur. J. Neurosci. 7 (1995) 951-961.

Koblar S.A., Murphy M., Barrett G.L., Underhill A., Gros P., and Bartlett P.F., Pax-3 regulates
neurogenesis in neural crest-derived precursor cells. J. Neurosci. Res. 56 (1999) 518-530.

Kostich W.A., and Sanes J.A. Expression of Zth-4, a new member of the zinc finger-homeodomain
family, in developing brain and muscle. Dev. Dyn. 202 (1995) 145-152.

Krumlauf R., Hox genes in vertebrate development. Cell 78 (1994) 191-201.

Kuhn G., Lie A., Wilms S., and Miiller H.W., Coexpression of PMP22 gene with MBP and PO during de
novo myelination and nerve repair. Glia 8 (1993) 256-264.

Kiiry P., Bosse F., and Miiller H.W., Transcription factors in nerve regeneration. Prog. Brain Res. 132
(2001a) 569-585.

97



References

Kiry P. Stoll G., and Miiller H.W., Molecular mechanisms of cellular interactions in the peripheral nerve.
Curr. Opin. Neurol. 14 (2001b) 635-639.

Kwon Y.K., Bhattacharyya A., Alberta J.A., Giannobile W.V., Cheon K., Stiles C.D., and Pomeroy S.L.,
Activation of ErbB2 during wallerian degeneration of sciatic nerve. J. Neurosci. 17 (1997) 8293-8299.

Lacor P., Benavides J., and Ferzaz B. Enhanced expression of the peripheral benzodiazepine receptor
(PBR) and its endogenous ligand octadecaneuropeptide (ODN) in the regenerating adult rat sciatic nerve.
Neurosci. Lett. 220 (1996) 61-65.

Lacor P., Gandolfo P., Tonon M.C., Brault E., Dalibert 1., Schumacher M., Benavides J., and Ferzaz B.,
Regulation of the expression of peripheral benzodiazepine receptors and their endogenous ligands during
rat sciatic nerve degeneration and regeneration: a role for PBR in neurosteroidogenesis. Brain Res. 815
(1999) 70-80.

La Fleur M., Underwood J.L., Rappolee D.A., and Werb Z., Basement membrane and repair of injury to
peripheral nerve: defining a potential role for macrophages, matrix metalloproteinases, and tissue inhibitor
of metalloproteinases-1. J. Exp. Med. 184 (1996) 2311-2326.

Lariviere R.C., Nguyen M.D., Ribeiro-da-Silva A., and Julien J.-P., Reduced number of unmyelinated
sensory axons in peripherin null mice. J. Neurochem. 81 (2002) 525-532.

Larsen W.J., Human Embryology. New York, Churchill Livingstone Inc., 1993, pp. 65-110.

Lawson S.N., Morphological and biochemical cell types of sensory neurons. In: Scott S.A. (Ed.), Sensory
neurons. Diversity, development and plasticity. New York, Oxford, Oxford University Press, 1992, pp.
26-59.

Leah J.D., Herdegen T., and Bravo R., Selective expression of Jun proteins following axotomy and axonal
transport block in peripheral nerves in the rat: evidence for a role in the regeneration process. Brain Res.
566 (1991) 198-207.

Le Beau J.M., Tedeschi B., and Walter G., Increased expression of pp60c-src protein-tyrosine kinase
during peripheral nerve regeneration. J. Neurosci. Res. 28 (1991) 299-309.

Le Beau J.M., Liuzzi F.J., Depto A.S., and Vinik A.I., Up-regulation of laminin B2 gene expression in
dorsal root ganglion neurons and nonneuronal cells during sciatic nerve regeneration. Exp. Neurol. 134
(1995) 150-155.

LeBlanc A.C., Pringle J., Lemieux J., Poduslo J.F., and Mezei C., Regulation of 2',3'-cyclic nucleotide
phosphodiesterase gene expression in experimental peripheral neuropathies. Brain Res. Mol. Brain Res. 15

(1992) 40-46.

Le Douarin N.M., Kalcheim C., The neural crest. Bard J.B.L., Barlow P.W., and Kirk D.L., (Eds.),
Developmental and cell biology series: 36. New York, Cambridge, Cambridge University Press, 1999.

Lee K.J, and Jessel T.M., The specification of dorsal cell fates in the vertebrate central nervous system.
Annu. Rev. Neurosci. 22 (1999) 261-294.

Lee S.E., Shen H., Taglialatela G., Chung J.M., and Chung K., Expression of nerve growth factor in the
dorsal root ganglion after peripheral nerve injury. Brain Res. 796 (1998) 99-106.

98



References

Lee Y.J., Zachrisson O., Tonge D.A., and McNaughton P.A., Upregulation of bradykinin B2 receptor
expression by neurotrophic factors and nerve injury in mouse sensory neurons. Mol. Cell Neurosci. 19
(2002) 186-200.

Lewin S.L., Utley D.S., Cheng E.T., Verity A.N., and Terris D.J., Simultaneous treatment with BDNF and
CNTF after peripheral nerve transection and repair enhances rate of functional recovery compared with
BDNF treatment alone. Laryngoscope 107 (1997) 992-999.

Li H., Witte D. P., Branford W. W., Aranow B. J., Weinstein M., Kaur S., Wert S., Singh G., Schreiner C.
M., Whitsett J. A., Scott W. J., and Potter S. S. Gsh-4 encodes a LIM-type homeodomain, is expressed in
the developing central nervous system and is required for early postnatal survival. EMBO J. 13 (1994)
2876-2885.

Li W.W., Le Goascogne C., Schumacher M., Pierre M., and Courtin F., Type 2 deiodinase in the
peripheral nervous system: induction in the sciatic nerve after injury. Neuroscience 107 (2001a) 507-518.

Li W.W., Le Goascogne C., Ramauge M., Schumacher M., Pierre M., and Courtin F., Induction of type 3
iodothyronine deiodinase by nerve injury in the rat peripheral nervous system. Endocrinology 142 (2001)
5190-5197.

Lieberman A.R., The axon reaction: A review of the principal features of perikaryal responses to axon
injury. Int. Rev. Neurobiol. 14 (1971) 49-124.

Lindberg C., Wunderlich M., Ratliff J., Dinsmore J., and Jacoby D.B. Regulated expression of the
homeobox gene, rPtx2, in the developing rat. Dev. Brain Res. 110 (1998) 215-226.

Lindsay R.M., and Harmar A.J. Nerve growth factor regulates expression of neuropeptide genes in adult
sensory neurons. Nature 337 (1989) 362-364.

Lindsay R.M., The role of neurotrophic factors in functional maintenance of mature sensory neurons. In:
Scott S.A. (Ed.), Sensory neurons. Diversity, development and plasticity. New York, Oxford, Oxford
University Press, 1992, pp. 405-420.

Liu R.-Y., and Snider W.D., Different signalling pathways mediate regenerative versus developmental
sensory axon growth. J. Neurosci. 21 (2001) RC164 1-5.

Liu W., Xue J. X., He R., and Xue Z. qBrn-2, a POU III gene in quail: distinct developmental expression
revealed by a specific antibody. Mech. Dev. 100 (2001) 349-352.

Livesey F.J., O’Brien J.A., Li M., Smith A.G., Murphy L.J., and Hunt S.P., A Schwann cell mitogen
accompanying regeneration of motor neurons. Nature 390 (1997) 614-618.

Lumsden A., and Krumlauf R., Patterning the vertebrate neuraxis. Science 274 (1996) 1109-1115.

Lund L.M., and McQuarrie I.G., Axonal regrowth upregulates beta-actin and Jun D mRNA expression.
J. Neurobiol. 31 (1996) 476-86.

Lyons W.E., Steiner J.P., Snyder S.H., and Dawson T.M., Neuronal regeneration enhances the expression
of the immunophilin FKBP-12. J Neurosci. 15 (1995) 2985-2994.

Ma D., Connors T., Nothias F., and Fischer 1., Regulation of the expression and phosphorylation of

microtubule-associated protein 1B during regeneration of adult dorsal root ganglion neurons.
Neuroscience 99 (2000) 157-170.

99



References

Madison R.D., Zomorodi A., and Robinson G.A., Netrin-1 and peripheral nerve regeneration in the adult
rat. Exp. Neurol. 161 (2000) 563-570.

Madore N., Sagot Y., Guinaudy M.J., Cochard P., and Swerts J.P., Long-lasting accumulation of
hemopexin in permanently transected peripheral nerves and its down-regulation during regeneration.
J. Neurosci. Res. 39 (1994) 186-194.

Mannion R.J., Doubell T.P., Coggeshall R.E., Collateral sprouting of uninjured primary afferent A-fibers
into the superficial dorsal horn of the adult rat spinal cord after topical capsaicin treatment to the sciatic
nerve. J. Neurosci 16 (1996) 5189-5195.

Markus A., Patel T.D., and Snider W.D., Neurotrophic factors and axonal growth. Curr. Opin. Neurobiol.
12 (2002) 523-531.

Martin J.H., and Jessell T.M., Modality coding in the somatic sensory system. In: Kandel E.R.,
Schwartz J.H., and Jessell T.M. (Eds.), Principles of neural science. Prentic Hall International Inc. 1991a,
pp. 341-352.

Martin J.H., and Jessell T.M., Anatomy of the somatic sensory system. In: Kandel E.R., Schwartz J.H.,
and Jessell T.M. (Eds.), Principles of neural science. Prentic Hall International Inc. 1991b, pp. 353-366.

Martini R., and Schachner M., Immunoelectron microscopic localization of neural cell adhesion molecules
(L1, N-CAM, and myelin-associated glycoprotein) in regenerating adult mouse sciatic nerve. J. Cell Biol.
106 (1988) 1735-1746.

Martini R., Schachner M., and Faissner A., Enhanced expression of the extracellular matrix molecule
J1/tenascin in the regenerating adult mouse sciatic nerve. J. Neurocytol. 19 (1990) 601-616.

Masaki T., Matsumura K., Saito F., Sunada Y., Shimizu T., Yorifuji H., Motoyoshi K., and Kamakura K.,
Expression of dystroglycan and laminin-2 in peripheral nerve under axonal degeneration and regeneration.
Acta Neuropathol. (Berl) 99 (2000) 289-295.

Mason M.R.J., Lieberman A.R., Grenningloh G., and Anderson P.N., Transcriptional upregulation of
SCG10 and CAP-23 is correlated with regeneration of the axons of peripheral and central neurons in vivo.
Mol. Cell. Neurosci. 20 (2002) 595-615.

McEvilly R.J., Erkman L., Luo L., Sawchenko P.E., Ryan A.F., and Rosenfeld M.G., Requirement for
Brn3.0 in differentiation and survival of sensory and motor neurons. Nature 384 (1996) 574-577.

McKay Hart A., Brannstrom T., Wiberg M., and Terenghi G., Primary sensory neurons and satellite cells
after peipheral axotomy in the adult rat. Time course of cell death and elimination. Exp. Brain Res. 142
(2002) 308-318.

Medhurst A.D., Harrison D.C., Read S.J., Campbell C.A., Robbins M.J., and Pangalos M.N., The use of
Tagman RT-PCR assays for semiquantitative analysis of gene expression in CNS tissues and disease
models. J. Neurosci. Meth. 98 (2000) 9-20.

Meier R., Spreyer P., Ortmann R., Harel A., and Monard D., Induction of glia-derived nexin after lesion of
a peripheral nerve. Nature 342 (1989) 548-550.

Meisinger C., and Grothe C., Differential regulation of fibroblast growth factor (FGF)-2 and FGF receptor

1 mRNAs and FGF-2 isoforms in spinal ganglia and sciatic nerve after peripheral nerve lesion.
J. Neurochem. 68 (1997) 1150-1158.

100



References

Menge T., Jander S., and Stoll G., Induction of the proinflammatory cytokine interleukin-18 by axonal
injury. J. Neurosci. Res. 65 (2001) 332-339.

Meyer M., Matsuoka I., Wetmore C., Olson L., and Thoenen H., Enhanced synthesis of brain-derived
neurotrophic factor in the lesioned peripheral nerve: different mechanisms are responsible for the
regulation of BDNF and NGF mRNA. J. Cell Biol. 119 (1992) 45-54.

Mikol D.D., Scherer S.S., Duckett S.J., Hong H.L., and Feldman E.L., Schwann cell caveolin-1 expression
increases during myelination and decreases after axotomy. Glia 38 (2002) 191-199.

Miller F.D., Tetzlaff W., Bisby M.A., Fawcett J.W., and Milner R.J., Rapid induction of the major
embryonic alpha-tubulin mRNA, T alpha 1, during nerve regeneration in adult rats. J. Neurosci. 9 (1989)
1452-1463.

Mitchell L.S., Griffiths I.R., Morrison S., Barrie J.A., Kirkham D., and McPhilemy K., Expression of
myelin protein gene transcripts by Schwann cells of regenerating nerve. J. Neurosci. Res. 27 (1990) 125-
135.

Mohiuddin L., Delcroix J.D., Fernyhough P., and Tomlinson D.R., Focally administered nerve growth
factor suppresses molecular regenerative responses of axotomized peripheral afferents in rats. Neurosci.
91 (1999) 265-271.

Molliver D.C., Wright D.E., Leitner M.L., Parsadanian A.S., Doster K., Wen D., Yan Q., and
Snider W.D., IB4-binding DRG neurons switch from NGF to GDNF dependence in early postnatal life.
Neuron 19 (1997) 849-861.

Moskowitz P.F., Smith R., Pickett J., Frankfurter A., and Oblinger M.M., Expression of the class III -
tubulin gene during axonal regeneration of rat dorsal root ganglion neurons. J Neurosci. Res. 34 (1993)
129-134.

Moskowitz P.F., and Oblinger M.M., Sensory neurons selectively upregulate synthesis and transport of the
beta III-tubulin protein during axonal regeneration. .J Neurosci. 15 (1995) 1545-1555.

Mulder H., Zhang Y., Danielsen N., and Sundler F., Islet amyloid polypeptide and calcitonin gene-related
peptide expression are down-regulated in dorsal root ganglia upon sciatic nerve transection. Brain Res.
Mol. Brain Res. 47 (1997) 322-330.

Muma N.A., Hoffman P.N., Slunt H.H., Applegate M.D., Lieberburg 1., and Price D.L., Alterations in
levels of mRNAs coding for neurofilament protein subunits during regeneration. Exp. Neurol. 107 (1990)
230-235.

Murphy M., Dutton R., Koblar S., Cheema S., and Bartlett P., Cytokines which signal through the LIF
receptor and their actions in the nervous system. Prog. Neurobiol. 52 (1997) 355-378.

Myers R.R., Heckman H.M., and Rodriguez M., Reduced hyperalgesia in nerve-injured WLD mice:
relationship to nerve fiber phagocytosis, axonal degeneration, and regeneration in normal mice. Exp.
Neurol. 141 (1996) 94-101.

Nagaoka T., Oyamada M., Okajima S., and Takamatsu T., Differential expression of gap junction proteins
connexin26, 32, and 43 in normal and crush-injured rat sciatic nerves. Close relationship between

connexin43 and occludin in the perineurium. J. Histochem. Cytochem. 47 (1999) 937-948.

Nath R.K., Mackinnon S.E., Jensen J.N., and Parks W.C., Spatial pattern of type I collagen expression in
injured peripheral nerve. J. Neurosurg. 86 (1997) 866-870.

101



References

Naveilhan P., EIShamy W.M., and Ernfors P., Differential regulation of mRNAs for GDNF and its
receptors Ret and GDNFRa after sciatic nerve lesion in the mouse. Eur. J. Neurosci. 9 (1997) 1450-1460.

Neuberger T.J., and Combrooks C.J., Transient modulation of Schwann cell antigens after peripheral
nerve transection and subsequent regeneration. J. Neurocytol. 18 (1989) 695-710.

Niehrs C., Keller R., Cho K., and De Robertis E.M., The homeobox gene goosecoid controls cell
migration in Xenopus embryos. Cell 72 (1993) 491-503.

Nielsch U., Keen P., Changes in tachykinin and actin gene expression in rat sensory neurones after cutting
or crushing the sciatic nerve. Biochem. Soc. Trans. 16 (1988) 465-466.

Nishio Y., Minami A., Kato H., Kaneda K., and Nishihira J., Identification of macrophage migration
inhibitory factor (MIF) in rat peripheral nerves: its possible involvement in nerve regeneration. Biochim.
Biophys. Acta 1453 (1999) 74-82.

Noguchi K., Dubner R., De Leon M., Senba E., and Ruda M.A., Axotomy induces preprotachykinin gene
expression in a subpopulation of dorsal root ganglion neurons. J. Neurosci. Res. 37 (1994) 496-603.

Nothias F., Boyne L., Murray M., Tessler A., and Fischer 1., The expression and distribution of tau
proteins and messenger RNA in rat dorsal root ganglion neurons during development and regeneration.
Neuroscience 66 (1995) 707-719.

Oblinger M.M., Szumlas R.A., Wong J., and Liuzzi F.J., Changes in cytoskeletal gene expression affect
the composition of regenerating axonal sprouts elaborated by dorsal root ganglion neurons in vivo.
J. Neurosci. 9 (1989) 2645-2653.

Oblinger M.M., Argasinski A., Wong J., and Kosik K.S., Tau gene expression in rat sensory neurons
during development and regeneration. J. Neurosci. 11 (1991) 2453-2459.

Oellig C., Pirvola U., Taylor L., Elde R., Hokfelt T., and Pettersson R.F., Acidic FGF and FGF receptors
are specifically expressed in neurons of developing and adult rat dorsal root ganglia. Eur. J. Neurosci. 7
(1995) 863-874.

Oestreicher A.B., de Graan P.N.E., Gispen W.H., Verhaagen J., and Schrama L.H., B-50, the growth
associated protein-43: modulation of cell morphology and communication in the nervous system. Progress

in Neurobiology 53 (1997) 627-686.

Oliveira A.L.R., Apoptosis of sensory neurons and satellite cells after sciatic nerve transection in
C57BL/6J mice. Braz. J. Med. Biol. Res. 34 (2001) 375-380.

Opstelten D.J., Vogels R., Robert B., Kalkhoven E., Zwartkruis F., de Laaf L., Destree O.H.,
Deschamps J., Lawson K.A., and Meijlink F. The mouse homeobox genes, S8, is expressed during

embryogenesis predominantly in mesenchyme. Mech. Dev. 34 (1991) 29-42.

Oya T., Zhao Y.L., Takagawa K., Kawaguchi M., Shirakawa K., Yamauchi T., and Sasahara M., Platelet-
derived growth factor-b expression induced after rat peripheral nerve injuries. Glia 38 (2002) 303-312.

Pasterkamp R.J., Giger R.J., and Verhaagen J., Regulation of semaphorin III/collapsin-1 gene expression
during peripheral nerve regeneration. Exp. Neurol. 153 (1998) 313-327.

Patapoutian A., Making the pain connection. Neuron 31 (2001) 4-6.

102



References

Pfaff S.L., Mendelsohn M., Stewart C.L., Edlund T., and Jessell T.M., Requirement for LIM homeobox
gene Isl1 in motor neuron generation reveals a motor neuron-dependent step in interneuron differentiation.
Cell 84 (1996) 309-320.

Perl E.R., Function of dorsal root ganglion neurons: An overview. In: Scott S.A. (Ed.), Sensory neurons.
Diversity, development and plasticity. New York, Oxford, Oxford University Press, 1992, pp. 3-23.

Plantinga L.C., Verhaagen J., Edwards P.M., Hol E.M., Bar P.R., and Gispen W.H., The expression of B-
50/GAP-43 in Schwann cells is upregulated in degenerating peripheral nerve stumps following nerve
injury. Brain. Res. 602 (1993a) 69-76.

Plantinga L.C., Verhaagen J., and Gispen W.H., The expression of B-50/GAP-43 in Schwann cells. Ann.
N.Y. Acad. Sci. 28 (1993b) 412-417.

Pu S.F., Zhuang H.X., and Ishii D.N., Differential spatio-temporal expression of the insulin-like growth
factor genes in regenerating sciatic nerve. Brain Res. Mol. Brain Res. 34 (1995) 18-28.

Quattrini A., Previtali S., Feltri M.L., Canal N., Nemni R., and Wrabetz L., Beta 4 integrin and other
Schwann cell markers in axonal neuropathy. Glia 17 (1996) 294-306.

Rabinovsky E.D., Smith G.M., Browder D.P., Shine H.D., and McManaman J.L., Peripheral nerve injury
down-regulates CNTF expression in adult rat sciatic nerves. J. Neurosci. Res. 31 (1992) 188-192.

Ramon-Cueto A., and Avila J., Two modes of microtubule-associated protein 1B phosphorylation are
differentially regulated during peripheral nerve regeneration. Brain Res 815 (1999) 213-326.

Raivich G., and Kreutzberg G.W., Peripheral nerve regeneration: role of growth factors and their
receptors. Int. J. Dev. Neurosci. 11 (1993) 311-324.

Reichardt L.F., Adhesive interactions that regulate neuronal behavior. In: Scott S.A. (Ed.), Sensory
neurons. Diversity, development and plasticity. New York, Oxford, Oxford University Press, 1992.

Robert F., Guennoun R., Desarnaud F., Do-Thi A., Benmessahel Y., Baulieu E.E., and Schumacher M.,
Synthesis of progesterone in Schwann cells: regulation by sensory neurons. Eur. J. Neurosci. 13 (2001)
916-924.

Rufer M., Flanders K., and Unsicker K., Presence and regulation of transforming growth factor beta
mRNA and protein in the normal and lesioned rat sciatic nerve. J. Neurosci. Res. 39 (1994) 412-423.

Ryoke K., Ochi M., Iwata A., Uchio Y., Yamamoto S., and Yamaguchi H., A conditioning lesion
promotes in vivo nerve regeneration in the contralateral sciatic nerve of rats. Biochem. Biophys. Res.
Commun. 267 (2000) 715-718.

Saito T., Greenwood A., Sun Q., and Anderson D.J., Identification by differential RT-PCR of a novel
paired homeodomain protein specifically expressed in sensory neurons and a subset of their CNS targets.
Mol. Cell. Neurosci. 6 (1995) 280-292.

Sawada K., Konishi Y., Tominaga Y., Hirano J., Inoue S., Kageyama R., Blum M., and Tominaga A.,
Goosecoid suppresses cell growth and enhances neuronal differentiation of PC12 cells. J. Cell Sci. 113
(2000) 2705-2713.

Scarlato M., Xu T., Bannerman P., Beesley J., Reddy U.R., Rostami A., Scherer S.S., and Pleasure D.,

Axon-Schwann cell interactions regulate the expression of fibroblast growth factor-5 (FGF-5).
J. Neurosci. Res. 66 (2001) 16-22.

103



References

Schaeren-Wiemers N., and Gerfin-Moser A., A single protocol to detect transcripts of various types and
expression levels in neural tissue and cultured cells, in situ hybridization using digoxigenin-labelled cRNA
probes. Histochemistry 100 (1993) 431-440.

Scherer S.S., Wang D.Y., Kuhn R., Lemke G., Wrabetz L., and Kamholz J., Axons regulate Schwann cell
expression of the POU transcription factor SCIP. J. Neurosci. 14 (1994) 1930-1942.

Scherer S.S., The biology and pathobiology of Schwann cells. Curr. Opinion Neurol. 10 (1997) 386-397.

Shinder V., Govrin-Lippmann R., Cohen S., Belenky M., Ilin P., Fried K., Wilkinson H.A., and Devor M.,
Structural basis of sympathetic-sensory coupling in rat and human dorsal root ganglia following peripheral
nerve injury. J. Neurocytol. 28 (1999) 743-761.

Schmalbruch H., Loss of sensory neurons after sciatic nerve section in the rat. The Anat. Record 219
(1987) 323-329.

Schumacher M., Guennoun R., Mercier G., Desarnaud F., Lacor P., Benavides J., Ferzaz B., Robert F.,
and Baulieu E.E., Progesterone synthesis and myelin formation in peripheral nerves. Brain Res. Brain Res.
Rev. 37 (2001) 343-359.

Scott S.A., The development of peripheral sensory innervation patterns. In: Scott S.A. (Ed.), Sensory
neurons. Diversity, development and plasticity. New York, Oxford, Oxford University Press, 1992, pp.
242-263.

Sebert M.E., and Shooter E.M., Expression of mRNA for neurotrophic factors and their receptors in the rat
dorsal root ganglion and sciatic nerve following nerve injury. J. Neurosci. Res. 36 (1993) 357-367.

Semina E.V., Reiter R.S., and Murray J.C., A new human homeobox gene OGI2X is a member of the
most conserved homeobox gene family and is expressed during heart development in mouse. Hum. Mol.
Genet. 7 (1998) 415-22.

Shadiack A.M., Sun Y., and Zigmund R.E., Nerve growth factor antiserum induces axotomy-like changes
in neuropeptide expression in intact sympathetic and sensory neurons. J. Neurosci. 21 (2001) 363-371.

Shamash S., Reichert F., and Rotshenker S., The cytokine network of Wallerian degeneration: tumor
necrosis factor-alpha, interleukin-1alpha, and interleukin-1beta. . Neurosci. 22 (2002) 3052-3060.

Shehab S.A., and Atkinson M.E., Vasoactive intestinal polypeptide increases in areas of the dorsal horn of
the spinal cord from which other neuropeptides are depleted following peripheral axotomy. Exp. Brain
Res. 62 (1986) 420-430.

Shen A., Wang H., Zhang Y., Yan J., Zhu D., and Gu J., Expression of beta-1,4-galactosyltransferase 11
and V in rat injured sciatic nerves. Neurosci. Lett. 327 (2002) 45-48.

Sheu J.Y., Kulhanek D.J., and Eckenstein F.P., Differential patterns of ERK and STAT3 phosphorylation
after sciatic nerve transection in the rat. Exp. Neurol. 166 (2000) 392-402.

Shi T.-J.S, Tandrup T., Bergman E., Xu Z.-Q.D., Ulthake B., and Hokfelt T., Effect of peripheral nerve

injury on dorsal root ganglion neurons in the C57 BL/6J mouse: marked changes both in cell numbers and
neuropeptide expression. Neuroscience 105 (2001) 249-263.

104



References

Shinder V., Govrin-Lippmann R., Cohen S., Belenky M., Ilin P., Fried K., Wilkinson H.A., and Devor M.,
Structural basis of sympathetic-sensory coupling in rat and human dorsal root ganglia following peripheral
nerve injury. J. Neurocytol. 28 (1999) 743-761.

Shirasaki R., and Pfaff S.L., Transcriptional codes and the control of neuronal identity. Annu. Rev.
Neurosci. 25 (2002) 251-281.

Siironen J., Sandberg M., Vuorinen V., and Roytta M., Expression of type I and III collagens and
fibronectin after transection of rat sciatic nerve. Reinnervation compared with denervation. Lab. Invest. 67
(1992a) 80-87.

Siironen J., Sandberg M., Vuorinen V., and Roytta M., Laminin B1 and collagen type IV gene expression
in transected peripheral nerve: reinnervation compared to denervation. J. Neurochem. 59 (1992b) 2184-
2192.

Simeone A., D’Apice M.R., Nigro V., Casanova J., Graziani F., Acampora D., and Avantaggiato V.,
Orthopedia, a novel homeobox-containing gene expressed in the developing CNS of both mouse and
Drosophila. Neuron 13 (1994) 83-101.

Siconolfi L.B., and Seeds N.W., Mice lacking tPA, uPA, or plasminogen genes showed delayed functional
recovery after sciatic nerve crush. J. Neurosci. 21 (2001) 4348-4355.

Skene J.H.P., Axonal growth-associated proteins. Ann. Rev. Neurosci. 12 (1989) 127-156.

Smidt M.P., Asbreuk C.H.J., Cox J.J., Chen H., Johnson R.L., and Burbach J.P.H., A second independent
pathway for development of mesencephalic dopaminergic neurons requires Lmx1b. Nat. Neurosci. 3
(2000) 337-41.

Smith G.M., Rabinovsky E.D., McManaman J.L., and Shine H.D., Temporal and spatial expression of
ciliary neurotrophic factor after peripheral nerve injury. Exp. Neurol. 121 (1993) 239-247.

Smith M.D., Dawson S.J., and Latchman D.S., The Brn-3a transcription factor induces neuronal process
outgrowth and the coordinate expression of genes encoding synaptic proteins. Mol. Cell. Biol. 17 (1997)
345-354.

Smith M.D., Melton L.A., Ensor E.A., Packham G., Anderson P., Kinloch R.A., and Latchman D.S., Brn-
3a activates the expression of Bcl-X; and promotes neuronal survival in vivo as well as in vitro. Mol. Cell.
Neurosci. 17 (2001) 460-470.

Soares H.D., Chen S.C., and Morgan J.1., Differential and prolonged expression of Fos-lacZ and Jun-lacZ
in neurons, glia, and muscle following sciatic nerve damage. Exp. Neurol. 167 (2001) 1-14.

Sommer C., and Schifers M., Painful mononeuropathy in C57BL/WId mice with delayed Wallerian
degeneration: differential effects of cytokine production and nerve regeneration on thermal and
mechanical hypersensitivity. Brain Research 784 (1998) 154-162.

Song H.J., and Poo M.-M., Signal transduction underlying growth cone guidance by diffusible factors.
Cur. Opin. Neurobiol. 9 (1999) 355-363.

Spreyer P., Schaal H., Kuhn G., Rothe T., Unterbeck A., Olek K., and Miiller H.W., Regeneration-

associated high level expression of apolipoprotein D mRNA in endoneurial fibroblasts of peripheral nerve.
EMBO J. 9 (1990) 2479-2484.

105



References

Stark B., Carlstedt T., and Risling M., Distribution of TGF-beta, the TGF-beta type I receptor and the R-II
receptor in peripheral nerves and mechanoreceptors; observations on changes after traumatic injury. Brain
Res. 913 (2001) 47-56.

Stoll G., Jander S., and Meyers R.R., Degeneration and regeneration of the peripheral nervous system:
From Augustus Waller’s observations to neuroinflammation. J. Periph. Nerv. Syst. 7 (2002) 13-27.

Stoykova A., and Gruss P., Roles of Pax-genes in developing and adult brain as suggested by expression
patterns. J. Neurosci. 14 (1994) 1395-1412.

Svensson B., Ekstrom P.A., and Edstrom A., Increased levels of mitogen activated protein kinase
(MAP-K) detected in the injured adult mouse sciatic nerve. Neurosci. Lett. 200 (1995) 33-36.

Swerts J.P., Soula C., Sagot Y., Guinaudy M.J., Guillemot J.C., Ferrara P., Duprat A.M., and Cochard P.,
Hemopexin is synthesized in peripheral nerves but not in central nervous system and accumulates after
axotomy. J. Biol. Chem. 267 (1992) 10596-10600.

Tacke R., and Martini R., Changes in expression of mRNA specific for cell adhesion molecules (L1 and
NCAM) in the transected peripheral nerve of the adult rat. Neurosci. Lett. 120 (1990) 227-230.

Tada H., Hatoko M., Tanaka A., Kuwahara M., Mashiba K., Yurugi S., The difference in E-cadherin
expression between nonvascularized and vascularized nerve grafts: study in the rat sciatic nerve model.
J. Surg. Res. 100 (2001) 57-62.

Takemura R., Nakata T., Okada Y., Yamazaki H., Zhang Z., and Hirokawa N., mRNA Expression of
KIF1A, KIF1B, KIF2, KIF3A, KIF3B, KIF4, KIF5, and cytoplasmic dynein during axonal regeneration.
J. Neurosci. 16 (1996) 31-35.

Tanabe Y., and Jessell T.M., Diversity and pattern in the developing spinal cord. Science 274 (1996)
1115-1122.

Tanaka J., and Sobue K., Localization and characterization of gelsolin in nervous tissues: gelsolin is
specifically enriched in myelin-forming cells. J. Neurosci. 14 (1994) 1038-1052.

Taskinen H.S., Heino J., and Roytta M., The dynamics of beta 1 integrin expression during peripheral
nerve regeneration. Acta Neuropathol. (Berl) 89 (1995) 144-151.

Taskinen H.S., and Roytta M., Increased expression of chemokines (MCP-1, MIP-1alpha, RANTES) after
peripheral nerve transection. J. Peripher. Nerv. Syst. 5 (2000) 75-81.

Theil T., Zechner U., Klett C., Adolph S., and Moroy T., Chromosomal localization and sequences of the
murine Brn-3 family of developmental control genes. Cytogen. Cell Genet. 66 (1994) 267-271.

Thomaidou D., Yfanti E., and Patsavoudi E., Expression of the 4C5 antigen during development and after
injury of the rat sciatic nerve. J. Neurosci. Res. 46 (1996) 24-33.

Thor S., Ericson J., Brannstrom T., and Edlund T., The homeodomain LIM protein Isl-1 is expressed in
subsets of neurons and endocrine cells in the adult rat. Neuron 7 (1991) 881-889.

Thor S., and Thomas J.B., The Drosophila islet gene governs axon pathfinding and neurotransmitter
identity. Neuron 18 (1997) 397-409.

Toews A.D., Barrett C., and Morell P., Monocyte chemoattractant protein 1 is responsible for macrophage
recruitment following injury to sciatic nerve. J. Neurosci. Res. 53 (1998) 260-267.

106



References

Toma J.G., Pareek S., Barker P., Mathew T.C., Murphy R.A., Acheson A., and Miller F.D.,,
Spatiotemporal increases in epidermal growth factor receptors following peripheral nerve injury.
J. Neurosci. 12 (1992) 2504-2515.

Trupp M., Ryden M., Jornvall H., Funakoshi H., Timmusk T., Arenas E., and Ibanez C.F., Peripheral
expression and biological activities of GDNF, a new neurotrophic factor for avian and mammalian
peripheral neurons. J. Cell Biol. 130 (1995) 137-148.

Tsujino H., Kondo E., Fukuoka T., Dai Y., Tokunaga A., Miki K., Yonenobu K., Ochi T., and
Noguchi K., Activiating transcription factor 3 (ATF3) induction by axotomy in sensory and motoneurons:
a novel neuronal marker of nerve injury. Mol. Cell. Neurosci. 15 (2000) 170-182.

Udvadia A.J., Koster R.W., and Skene J.H.P., GAP-43 promoter elements in transgenic zebrafish reveal a
difference in signals for axon growth during CNS development and regeneration. Development 128 (2001)
1175-1182.

Unsicker K., Grothe C., Westermann R., and Wewetzer K. Cytokines in neural regeneration. Curr. Opin.
Neurobiol. 2 (1992) 671-678.

Van der Zee C.E.E.M., Nielander H.B., Vos J.P., Lopes da Silva S., Verhaagen J., Oestreicher A.B.,
Schrama L.H., Schotman P., and Gispen W.H., Expression of growth-associated B-50 (GAP-43) in dorsal
root ganglia and sciatic nerve during regenerative sprouting. J. Neurosci. 9 (1989) 3505-3512.

Van Meeteren N.L.U., Brakkee J.H., Helders P.J.M., Croiset G., Gispen W.H., and Wiegant V.M.,
Recovery of funtion after sciatic nerve crush lesion in rats selected for diverging locomotor activity in the
open field. Neurosci. Lett. 238 (1997) 131-134.

Van Schaick H.S.A., Smidt M.P., Rovescalli A.C., Luijten M., van der Kleij A.A.M., Asoh S.,
Kozak C.A., Nirenberg M., and Burbach J.P.H., Homeobox gene Prx3 expression in rodent brain and
extraneural tissues. Proc. Natl. Acad. Sci. USA 94 (1997) 12993-12998.

Verdu E., and Navarro X., Comparison of immunohistochemical and functional reinnervation of skin and
muscle after peripheral nerve injury. Exp. Neurol. 146 (1997) 187-198.

Verge V.M.K., Riopelle R.J., and Richardson P.M., Nerve growth factor receptors on normal and injured
sensory neurons. J. Neurosci., 9 (1989) 914-922.

Verge V.M.K., Richardson P.M., Wiesenfeld-Hallin Z., and Hokfelt T., Differential influence of nerve
growth factor on neuropeptide expression in vivo: A novel role in peptide suppression in adult sensory
neurons. J. Neurosci. 15 (1995) 2081-2096.

Verge V.M.K., Gratto K.A., Karchewski L.A., and Richardson P.M., Neurotrophins and nerve injury in
the adult. Phil. Trans. R. Soc. Lond. B 351 (1996) 423-430.

Villar M.J., Cortés R., Theodorsson E., Wiesenfeld-Hallin Z., Schalling M., Fahrenkrug J., Emson P.C.,
and Hokfelt T., Neuropeptide expression in rat dorsal root ganglion cells and spinal cord after peripheral
nerve injury with special reference to galanin. Neuroscience 33 (1989) 587-604.

Vogelezang M.G., Scherer S.S., Fawcett J.W., and ffrench-Constant C., Regulation of fibronectin
alternative splicing during peripheral nerve repair. J. Neurosci. Res. 56 (1999) 323-333.

Vogelaar C.F., Smits S.M., Brakkee J.H., Gispen W.H., Smidt M.P., Schrama L.H., Hoekman M.F.M.,
and Burbach J.P.H., Homeobox gene repertoire in adult rat dorsal root ganglia. Neurosci. Res. Comm. /n
press.

107



References

Vrinten D.H., and Hamers F.P.T., ‘CatWalk’ automated quantitative gait analysis as a novel method to
assess mechanical allodynia in the rat; a comparison with von Frey testing. Pain /n Press

Vrontakis M.E., Peden L.M., Duckworth M.L., and Friesen H.G., Isolation and characterization of a
complementary DNA (galanin) clone from estrogen-induced pituitary tumor messenger RNA. J. Biol.
Chem. 262 (1987) 16755-16758.

Wakisaka S., Kajander K.C., and Bennett G.J., Increased neuropeptide Y (NPY)-like immunoreactivity in
rat sensory neurons following peripheral axotomy. Neurosci. Lett. 124 (1991) 200-203.

Walikonis R.S., and Poduslo J.F., Activity of cyclic AMP phosphodiesterases and adenylyl cyclase in
peripheral nerve after crush and permanent transection injuries. J. Biol. Chem. 273 (1998) 9070-9077.

Wallquist W., Patarroyo M., Thams S., Carlstedt T., Stark B., Cullheim S., and Hammarberg H., Laminin
chains in rat and human peripheral nerve: distribution and regulation during development and after injury.
J. Comp. Neurol. 454 (2002) 284-293.

Watkins L.R., and Maier S.F., Beyond neurons: evidence that immune and glial cells contribute to
pathological pain states. Physiol. Rev. 82 (2002) 981-1011.

Wong J., and Oblinger M.M., Differential regulation of peripherin and neurofilament gene expression in
regenerating rat DRG neurons. J. Neurosci. Res. 27 (1990) 332-341.

Wong E., Mizisin A.P., Garrett R.S., Miller A.L., and Powell H.C., Changes in aldose reductase after
crush injury of normal rat sciatic nerve. J. Neurochem. 58 (1992) 2212-2220.

Woolf C.J., Reynolds M.L., O’Brien C.O., Lindsay R.M., and Benowitz L.I., The growth-associated
protein GAP-43 appears in dorsal root ganglion cells and in the dorsal horn of the rat spinal cord following
peripheral nerve injury. Neuroscience 34 (1990) 465-478.

Woolf C.J., Shortland P., and Coggeshall R.E., Peripheral nerve injury triggers central sprouting of
myelinated afferents. Nature 355 (1992) 75-78.

Xian C.J., and Zhou X.-F., Neuronal-glial differential expression of TGF-a and its receptor in the dorsal
root ganglia in response to sciatic nerve lesion. Exp. Neurol. 157 (1999) 317-326.

Xiang M., Zhou L., Macke J.P., Yoshioka T., Hendry S.H.C., Eddy R.L., Shows T.B., and Nathans J., The
Brn-3 family of POU-domain factors: Primary structure, binding specifity, and expression in subsets of
retinal ganglion cells and somatosensory neurons. J. Neurosci. 15 (1995) 4762-4785.

Xiang M., Gan L., Zhou L., Klein W.H., and Nathans J., Targeted deletion of the mouse POU domain
gene Brn-3a causes a selective loss of neurons in the brain stem and trigeminal ganglion, uncoordinated
limb movement, and impaired suckling. Proc. Natl. Acad. Sci. USA 93 (1996) 11950-11955.

Xiao H.-S., Huang Q.-H., Zhang F.-X., Bao L., Lu Y.-J., Guo C., Yang L., Huang W.-J., Fu G., Xu S.-H,
Cheng X.-P., Yan Q., Zhu Z.-D., Zhang X., Chen Z., Han Z.-G., and Zhang X., Identification of gene
expression profile of dorsal root ganglion in the rat peripheral axotomy model of neuropathic pain. Proc.
Natl. Acad. Sci. USA 99 (2002) 8360-8365.

Xie Y., Yeo T.T., Zhang C., Yang T., Tisi M.A., Massa S.M., and Longo F.M., The leukocyte common

antigen-related protein tyrosine phosphatase receptor regulates regenerative neurite outgrowth in vivo.
J. Neurosci. 21 (2001) 5130-5138.

108



References

Xin L., Richardson P.M., Gervais F., and Skamene E., A deficiency of axonal regeneration in C57BL/6J
mice. Brain Research 510 (1990) 144-146.

Xu Z.-Q., Shi T.-J., Landry M., and Hokfelt T., Evidence for galanin receptors in primary sensory
neurones and effect of axotomy and inflammation. Neuroreport 8 (1996) 237-242.

Yamada G., Mansouri A., Torres M., Stuart E.T., Blum M., Schultz M., De Robertis E.M., and Gruss P.,
Targeted mutation of the murine goosecoid gene results in craniofacial defects and neonatal death.
Development 121 (1995) 2917-2922.

Zhang Y., Roslan R., Lang D., Schachner M., Lieberman A.R., and Anderson P.N., Expression of CHL1
and L1 by neurons and glia following sciatic nerve and dorsal root injury. Mol. Cell. Neurosci. 16 (2000)
71-86.

Zheng J.-Q., Kelly T.K., Chang B., Ryazantsev S., Rajasekaran A.K., Martin K.C., and Twiss J.L., A
functional role for intra-axonal protein synthesis during axonal regeneration from adult sensory neurons.
J. Neurosci. 21 (2001) 9291-9303.

Zhong J., Dietzel 1.D., Wahle P., Kopf M., and Heumann R., Sensory impairment and delayed
regeneration of sensory axons in interleukin-6-deficient mice. J. Neurosci. 19 (1999) 4305-4313.

Zhou X.-F., Rush R.A., and McLachlan E.M., Differential expression of the p75 nerve growth factor

receptor in glia and neurons of the rat dorsal root ganglia after peripheral nerve transection. J. Neurosci. 16
(1996) 2901-2911.

Zhou X.-F., Deng Y.-S, Chie E., Xue Q., Zhong J.-H., McLachlan E.M., Rush R.A., and Xian C.J.,
Satellite-cell-derived nerve growth factor and neurotrophin-3 are involved in noradrenergic sprouting in

the dorsal root ganglia following peripheral nerve injury in the rat. Eur. J. Neurosci. 11 (1999) 1711-1722.

Zimmerman M., Ethical guidelines for investigations of experimental pain in conscious animals. Pain 16
(1983) 109-110.

Zwart R., Broos L., Grosveld G., and Meijer D. The restricted expression pattern of the POU factor Oct-6
during early development of the mouse nervous system. Mech. Dev. 54 (1996) 185-194.

109



Abbreviations

Abbreviations

BDNF brain-derived neurotrophic factor
bp basepairs

Brn brain

cDNA copy DNA

CGRP calcitonin gene-related peptide
CNS central nervous system
CNTF ciliary neurotrophic factor

C cycle threshold

DNA deoxyribonucleic acid

dpo post-operative day

DRG dorsal root ganglion

DRGs dorsal root ganglia

En embryonic day n

FGF fibroblast growth factor
GAP-43 growth-associated protein-43
GDNF glial cell line-derived neurotrophic factor
Gsc goosecoid

HD homeodomain

HE hematoxylin eosin

IGF insulin-like growth factor

IL interleukin

Isl islet

L lumbar

LIF leukemia inhibitory factor
LIM Lin-11, Isl-1, Mec-3

mRNA messenger RNA

NGF nerve growth factor

NT neurotrophin

PO postnatal day 0

PCR polymerase chain reaction
PNS peripheral nervous system
POU Pit-1, Octl and 2, Unc86

r rhombomer

RNA ribonucleic acid

RT-PCR reverse transcriptase PCR

SP substance P

TGF transforming growth factor
Trk tyrosine kinase receptor
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Het zenuwstelsel is opgebouwd uit van neuronen, die met elkaar communiceren via hun vezels.
Tijdens de embryonale ontwikkeling treden processen op als migratie - waardoor neuronale
stamcellen op de juiste plek terechtkomen - en specificatie en differentiatie - waardoor neuronen
hun specifieke fenotype verkrijgen. De neuronen groeien uit en de zenuwvezels bereiken door
middel van “pathfinding” (het vinden van de juiste route) hun doelwitorganen of
doelwitneuronen. Om deze embryonale processen in goede banen te leiden, worden genexpressie-
programma’s in gang gezet door transcriptiefactoren, waaronder homeoboxgenen. Homeobox-
genen coderen voor homeodomeineiwitten, die met behulp van hun DNA-bindingsdomein of
homeodomein binden aan de promotoren van genen waarvan ze de expressie reguleren.
Homeoboxgenen zijn betrokken bij veel processen in de embryonale ontwikkeling: “patterning”
van het zenuwstelsel, specificatie en differentiatie van neuronen, uitgroei, pathfinding en
overleving van neuronen. Het is reeds aangetoond dat homeoboxgenen ook in het volwassen
zenuwstelsel tot expressie komen, maar de functies van homeoboxgenen in volwassen neuronen
zijn nog niet bekend. Gedacht wordt dat ze een rol spelen bij het instandhouden van neuronen,
dus bij neuronale overleving. Ook is het mogelijk dat ontwikkelingsprocessen in het volwassen
zenuwstelsel zouden kunnen optreden. In dit proefschrift is onderzocht of dat het geval is voor
het herstel - regeneratie - van zenuwcellen van het perifere zenuwstelsel na schade.

Het perifere zenuwstelsel wordt onder andere gevormd door dorsale streng ganglia, of “dorsal
root ganglia (DRG’s). Perifere neuronen in de DRG’s voorzien het centraal zenuwstelsel van
sensibele informatie van de huid, darmen en spieren. Ze verzorgen onder andere de waarneming
van pijnprikkels, temperatuur en stand van het lichaam. Ze vinden hun oorsprong in de neurale
lijst cellen die tijdens de embryonale ontwikkeling migreren naar verschillende plaatsen in het
lichaam om daar specifieke neuronale structuren te vormen, onder andere DRG’s. De neuronen in
de DRG’s differentiéren vervolgens tot verschillende subpopulaties die uitgroeien naar hun
perifere doelwitorganen.

Een eigenschap van perifere zenuwen die deze onderscheidt van het centraal zenuwstelsel, is de
mogelijkheid tot herstel na schade aan de zenuw in het volwassen organisme. Dit
regeneratieproces houdt in dat, na zogenaamde Walleriaanse degeneratie, de zenuwcellen
opnieuw gaan uitgroeien. Daardoor worden de doelwitorganen opnieuw geinnerveerd en wordt de
zenuwfunctie hersteld. In dit proefschrift is gebruik gemaakt van het “sciatic nerve crush” model.
De nervus ischiadicus in de achterpoot van volwassen ratten of muizen wordt samengeknepen
zodat de vezels distaal van de beschadiging degenereren en het regeneratieproces in gang wordt
gezet. Dit proces gaat gepaard met veranderde genexpressie in DRG-neuronen. Bekend is dat
genen die van belang zijn bij de embryonale neuronale uitgroei tijdens regeneratie opnieuw tot
expressie worden gebracht. Voorbeelden hiervan zijn tubuline, actine en het groei-geassocieerde
eiwit B-50. Genen die betrokken zijn bij de functie van de neuronen worden in hun expressie
geremd.

Deze waarnemingen hebben geleid tot de hypothese dat de moleculaire mechanismen van
regeneratie een herhaling zouden zijn van ontwikkelingsprocessen. In Schwann-cellen, de
ondersteunende cellen van het perifere zenuwstelsel, is daadwerkelijk aangetoond dat ze een
embryonaal fenotype aannemen en genen tot expressie brengen die tijdens de embryonale
ontwikkeling actief geweest zijn. Hiertoe behoren onder andere de homeoboxgenen Oct6 en
Pax3. In neuronen echter, worden ook veranderingen in genexpressie aangetroffen die de
ontwikkelingshypothese tegenspreken.
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Het doel van de studies in dit proefschrift was dan ook om de hypothese dat regeneratie van
DRG-neuronen teruggrijpt op mechanismen die tijdens de embryonale ontwikkeling een rol
spelen te onderzoeken door te kijken naar de expressie van homeoboxgenen. Aangezien deze
transcriptiefactoren nauw betrokken zijn bij van processen als uitgroei, pathfinding en neuronale
overleving tijdens de embryonale ontwikkeling ligt het voor de hand dat, als er een herhaling
optreedt van ontwikkelingsprocessen, de expressie van homeoboxgenen in regenererende
neuronen vergelijkbaar is met die in embryonale DRG’s.

Om een beeld te krijgen van het repertoire aan homeoboxgenen in het DRG van de volwassen rat
is in hoofdstuk 2 een inventarisatie gemaakt. Met een op PCR gebaseerde methode zijn twee en
twintig homeoboxgenen geidentificeerd, waarvan er zes met zekerheid konden worden
gelokaliseerd in DRG-neuronen met behulp van in-situ-hybridisatie. Het expressieniveau van
veel van deze homeoboxgenen bleek dusdanig laag te zijn dat deze genen niet met de
conventionele histologische technieken waren aan te kleuren. Hierdoor is het waarschijnlijk dat
de huidige kennis over de expressie van transcriptiefactoren in het DRG verre van compleet is.
De diversiteit aan homeoboxgenen die tot expressie komen in het volwassen DRG suggereert dat
de regulatie van genexpressie tijdens de ontwikkeling ook in volwassen DRG’s blijft bestaan.

Om de regulatie van een select aantal homeoboxgenen tijdens regeneratie te onderzoeken, is de
overstap gemaakt van de rat naar de muis als proefdier. De muis heeft als voordeel dat de
expressie van homeoboxgenen kan worden gerelateerd aan functionele aspecten, die
waarneembaar zijn in mutante muizen. Deze mutanten zijn meestal verkregen door “knock-out”
studies (studies in muizen die een (homeobox) gen missen). Omdat de C57BL/6J-muizenstam
vaak voor knock-out studies wordt gebruikt, is deze muis gekozen om de expressie van
homeoboxgenen tijdens regeneratie in te onderzoeken. Omdat er in de literatuur twijfels
bestonden over de regeneratieve capaciteit van deze stam is eerst een karakterisering gedaan van
het regeneratie-model in C57BL/6J-muizen (hoofdstuk 3). Het verloop van het herstel van
sensibele en motorische functies kwam overeen met dat in de rat. Er was geen verlies van
neuronale subpopulaties en bekende veranderingen in genexpressie konden worden
gereproduceerd. Hieruit concludeerden we dat de C57BL/6J-stam gebruikt kon worden om
veranderingen in genexpressie te onderzoeken in verband met regeneratie.

Hoofdstuk 4 beschrijft de kwantitatieve analyse van een aantal homeoboxgenen, DRG! I, Gsc,
Isll, LmxIb, Otp en Pax3, in de C57BL/6J-muizen, op drie tijdstippen na de “crush”-
beschadiging. We hebben gevonden dat de expressieniveaus van Is// tijdelijk dalen. Echter, Isl/
komt in het embryonale DRG tot expressie in meer neuronen dan in het volwassen DRG. Als
regeneratie een recapitulatie zou zijn van ontwikkeling zou een stijging van de expressie te
verwachten zijn. De niveaus van DRGI 1, Lmx1b en Pax3 bleven constant. Van DRGI1 en Pax3
is bekend dat ze tijdens de embryonale ontwikkeling een rol spelen bij de doelwitinnervatie en
differentiatie van DRG-neuronen. Net als Is// komt DRG11 in het embryo in meer neuronen tot
expressie dan in het volwassen DRG. Expressie van Pax3 is ook eerder aangetoond in
embryonale DRG-neuronen, maar in de volwassen DRGs bleek Pax3 extreem laag in niveau te
zijn. De constante niveaus van DRGI] en Pax3 tonen aan dat de volwassen expressiepatronen
worden gehandhaafd. Dit wordt onderschreven door Lmxi/b, een homeoboxgen dat niet tot
expressie komt in het embryonale DRG, maar wel in volwassen DRG-neuronen (hoofdstuk 2).
Hoewel de hypothese een daling in expressie voorspelt, veranderde ook de expressie van Lmx1b
niet na crush. We concludeerden hieruit dat de expressie van homeoboxgenen in regenererende
neuronen verschilt van die in embryonale DRG-neuronen.
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De homeoboxgenen Gsc en Otp bleken sterk te vari€ren in expressieniveau, zowel binnen als
tussen experimentele groepen. Vermoedelijk bestaat er een klein aantal neuronen dat deze genen
tot expressie brengt en is dit aantal variabel verdeeld over verschillende DRG’s. Door deze
variatie kon geen conclusie worden getrokken over een eventuele rol bij regeneratie. De expressie
van zowel Gsc als Otp in het DRG is nog niet eerder beschreven. Van Gsc is bekend dat deze van
belang is voor de ontwikkeling van mesectodermale derivaten van de neurale lijst. Omdat DRG’s
ook afkomstig zijn van neurale lijst cellen, is in hoofdstuk 5 onderzocht of Gsc betrokken is bij de
ontwikkeling van het DRG. Na aangetoond te hebben dat Gsc ook in de ontwikkelende DRG’s tot
expressie komt, laten we zien dat in neonatale Gsc-knock-out-muizen de belangrijkste neuronale
subpopulaties aanwezig zijn in het DRG. Daarnaast heeft de Gsc-mutatie geen invloed op de
expressie van andere homeoboxgenen in DRG-neuronen. We concludeerden uit hoofdstuk 5 dat
de functie van Gsc verschillend is in de ontwikkeling van verschillende neurale lijst derivaten.

Uit de resultaten die in dit proefschrift beschreven staan, blijkt dat de veranderingen in de
expressie van homeoboxgenen in het DRG na zenuwschade niet corresponderen met de
expressiepatronen van deze genen tijdens de embryonale ontwikkeling. Dit betekent dat
regeneratie van DRG-neuronen, in tegenstelling tot Schwann-cellen, niet simpelweg een proces is
van de- en redifferentiatie. De transcriptionele mechanismen die ten grondslag liggen aan de
processen differentiatie, uitgroei, pathfinding en overleving, in het embryo aangestuurd door
Brn3a, DRGI11, Pax3, en mogelijkerwijs Isll, zijn dus verschillend in regenererende DRG-
neuronen. Naast homeoboxgenen wijzen ook andere waarnemingen in de richting van
regeneratie-specifieke genexpressieprogramma’s. Door in te grijpen in de signaaltransductie is
aangetoond dat, in tegenstelling tot embryonale uitgroei, regeneratieve uitgroei van DRG-
neuronen niet athankelijk blijkt te zijn van neurotrofines, maar van neuroactieve cytokines. Ook
op het niveau van genexpressie lijken neurotrofines geen direct effect te hebben op DRG-
neuronen. Genen die door, bijvoorbeeld, NGF worden gestimuleerd, worden toch verminderd tot
expressie gebracht in regenererende neuronen. Daarentegen worden genen waarvan bekend is dat
ze door de cytokines worden gestimuleerd wel verhoogd tot expressie gebracht na zenuwschade.
Een belangrijke transcriptiefactor in de signaaltransductieroute van neuroactieve cytokines,
STAT3, wordt dan ook in gefosforyleerde (actieve) vorm aangetroffen in regenererende
neuronen. De activatie van andere transcriptiefactoren, zoals c-Jun en ATF3, die wel tijdens
regeneratie maar niet of nauwelijks tijdens de embryonale ontwikkeling tot expressie worden
gebracht, onderschrijft de conclusie dat de transcriptie in regenererende DRG-neuronen verschilt
van die in embryonale DRG-neuronen.

Samengevat, heb ik in dit proefschrift aangetoond dat DRG-neuronen tijdens regeneratie van de
nervus ischiadicus niet simpelweg de embryonale expressie van homeoboxgenen herhalen.
Daaruit volgt dat de transcriptionele regulatie van processen als differentiatie, uitgroei,
pathfinding en overleving verschillend is in regenererende ten opzichte van embryonale DRG-
neuronen. In het volwassen DRG bestaan regeneratie-specifieke mechanismen, die regeneratie-
specifieke genregulatie tot gevolg hebben. Deze mechanismen worden gedeeltelijk veroorzaakt
door verschillen in de omgeving van de neuronen, die leiden tot verschillen in signaaltransductie,
transcriptie- en genexpressieprogramma’s. In de toekomst moet verdere ontrafeling van de
signaaltransductieroutes in regenererende DRG-neuronen meer inzicht geven in de regeneratie-
specifieke mechanismen. Dit zou kunnen leiden tot nieuwe strategie€én om het regeneratieproces
te bevorderen.
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Thanx!

Het meest populaire “hoofdstuk” van mijn proefschrift, begin ik met iemand zonder wie ik nooit
op het RMI terecht was gekomen. Loes, ik had je al gesproken tijdens de neuroscience cursus en
had toen stiekem al verzonnen dat ik “bij haar wel AIO wilde worden”. Toen ik op zoek ging
naar een baan viel mijn oog op een advertentie in het U-blad. Het project zag er leuk uit, maar
jouw naam onder de advertentie gaf de doorslag. Niets te veel verwacht, je was de ideale baas.
Altijd vrolijk, druk bezet en toch altijd tijd, want je was net als ik vaak vroeg. Je was m’n maatje,
je vertrouwde me en steunde me als anderen het niet eens waren met m’n proeven: gewoon doen!
Vooral in het eerste jaar zijn veel resultaten daaruit voortgekomen. Je kunt dit niet meer lezen en
toch denk ik dat het “aankomt”. Het komt aan in de harten van alle mensen die van je hielden
(houden) en die je waardeerden. Een emotioneel begin van mijn dankwoord, want het was een
moeilijke tijd. Graag wil ik de mensen bedanken die mij gesteund hebben in deze periode. Rea,
Jacqueline, Pierre en Willem Hendrik, bedankt dat ik bij de mensen hoorde, die als eerste
ingelicht werden als er een nieuwe ontwikkeling was. Jullie zagen in dat ik me, al was het in maar
2 jaar, aan Loes gehecht had. Annie, ik had je pas twee keer ontmoet, bedankt voor het aanhoren
van mijn “noodkreet” door de telefoon en voor het “verwerkingsdineetje”. Het contact over en
weer via kaartjes en mails heb ik erg gewaardeerd. Jildau, bedankt voor de “loopjes”: even weg,
even praten, uithuilen en dan weer verder, je was een enorme steun. Daniélle, bedankt voor “het”
telefoontje en medeleven. Marco, toen pas net begonnen, bedankt voor begrip en tactvolle
overname van de praktische begeleiding; Peter, bedankt dat je deze oplossing bedacht hebt.
Willem Hendrik, voor het “bemoedigend door elkaar schudden™ vlak voor de plechtigheid en
voor de mooie toespraak. Marjolein, ook jij was steun en toeverlaat, al was het over de mail.
Gerard Jansen, als ik het echt niet meer uithield, kon ik een sprintje trekken naar jouw kamer. Het
hele RMI, bedankt voor de verslagenheid en saamhorigheid. Bedankt!

Zo, na deze zware start over op een wat vrolijker vervolg. We hebben leuke dingen gedaan met
z’n allen. Het DNA-culinaire Kerstdiner onder leiding van topkok Matthijs, bij Peter thuis. De
labdagen, altijd goed voor een dosis cultuur gemixt met vrolijkheid, sportiviteit en lekker eten.
Als het laat werd, Ria, mocht ik altijd met jou meerijden. Netjes afgezet voor het huis, geweldig
bedankt. Samen met Tom, Jan en Wout in de Sinterklaascommissie veel plezier gehad. We
hebben er met z’n viertjes een leuke avond van gemaakt en hebben elkaar een stuk beter leren
kennen! De B-50 uitjes met de groep Pierre/Loes: van fietsen, kanoén, squashen, tot spelletjes,
koken, muziek. Zo kom je er nog eens achter dat Jacqueline niet van spinnen houdt (aaah!), Henk
heel koelbloedig spinnetjes verwijdert, Rea en Els leuke wandelpartners zijn. Henk, Govert en
studenten onvermoeibaar zijn in voetballen (tot 2 uur ‘s nachts, bedankt!), Govert goed kan
koken, Evelien fervent squasher is en Pierre kampioen pingpongen met effect! Jongens (en
meisjes), het waren twee fantastische weekenden. Om nog even bij deze groep te blijven, Marina
en Marije, labgenootjes op ons eigen stukje lab, altijd gezellig en behulpzaam. Leo, met jou erbij
was de lunch altijd weer vrolijk. Rea, Jacqueline, crypto-maatjes, elke donderdag weer raak,
koppie thee erbij en flink hardop denken. Pierre en Geert, bedankt voor het vertrouwen: dat ik als
AlO-tje tot 3 keer toe een college mocht geven op de Neuroscience cursus vond ik een hele eer.

Nog een groep waar ik bij hoorde: de groep van Peter Burbach. Peter, Marten, Joke, Ceriel, Pilar,
Arno, Marjan, Hikke, Anita, Marco, Simone, Patrick, Lars, Josine, Janine (eventjes), Cornelle,
Agniezka, bedankt voor wetenschap en collegialiteit. Joke, toen nog analist, bedankt voor je
enorme hulp bij het opstarten. Bij jou kon ik altijd aankloppen als ik ergens niet uit kwam. Ceriel,
handig hoor, zo iemand die het een en ander aan reviews zo voor het grijpen heeft en zo veel
informatie kan verschaffen over de te gebruiken primers en probes. Bedankt! Marjan, nog zo’n
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reuzehulp, bedankt voor de tips voor het layouten en voor peptalk en enthousiasme. Marten (to be
honest), ik was het niet altijd met je eens, maar toch bedankt voor de kritische kijk op de proeven.
Zonder jouw hulp had ik nooit de goosecoid knock-out binnen kunnen halen, en ik heb veel van
je geleerd. De etentjes bij jou waren geweldig. Marco, we konden het van het begin af aan goed
met elkaar vinden, ik vond het fijn dat jij mijn co-promotor werd. Ideale begeleider wat betreft
het schrijfwerk, je wist mijn gedachten in goede banen te leiden en zo over de zaken te
discussi€éren dat het gemakkelijker werd om ze op te schrijven. En ook al zo’n lekker etentje
georganiseerd, hoewel Iné€s het meeste kookwerk had verricht (toch?). Josine, dat jij net als ik op
de pathologie had stage gelopen, was erg leuk. Konden we lekker samen overleggen als we een
protocol wilden aanpassen. De opmerkingen “op de patho...” waren niet van de lucht. Simone,
begonnen als student bij mij, je hebt goed werk verricht, was enthousiast en voortvarend, ik vond
het leuk om je als collega-AIO te mogen zien beginnen bij Marten. Johan, student nummer twee,
je scriptie was een zware bevalling, had ik nooit zelf tijd voor gehad, bedankt. Jammergenoeg
viel je project een beetje in het water, maar fijn dat je het bij Marco hebt kunnen afwerken.

Peter, als promotor zeer betrokken bij het verloop van mijn project ben je een geweldige steun
geweest, vooral in tijden dat het minder ging. Het boekje zou er toch komen, je had gelijk. Hoe
snel jij je door mijn laatste, zeer krap geplande schrijfperikelen heen werkte, alle lof en dank. En
dan toch altijd een positieve draai eraan geven zelfs al werd een discussie van een bepaald
hoofdstuk omgetoverd tot legpuzzel! Willem Hendrik (zonder streepje), promotor nummer twee,
vooral in het begin bespraken we af en toe de loop van het project. We zaten aardig op één lijn,
meestal was ik binnen 10 minuten weer weg. Je gevleugelde “Je mag niet zenuwachtig
zijn!”...bij jou waren de zenuwen na een paar seconden altijd weer weg. En ik heb nou eenmaal
trilhandjes. Dat je als rector magnificus toch nog af en toe tijd voor me had, waardeer ik zeer.

Een AIO komt er niet zonder praktische hulp. Zeker niet als je als moleculair bioloog af en toe
tussen de dieren wordt gezet. Jan Brakkee, jouw expertise in het opereerwerk was onmisbaar. Ik
ben er niet toe gekomen het zelf te leren. Samen met jou de muizencrush opzetten was geweldig,
en het record staat nog, he? Voor het klusje dat niemand leuk vindt, de beestjes moesten toch
dood, kon ik altijd aankloppen bij Simone Duis, Henk, Leo of Jan. Heel erg bedankt. Frank
Hamers, ik vond het ontzettend leuk om met jouw CatWalk opstelling de functionele metingen te
doen. Bedankt voor je hulp, interesse, goede coaching bij het schrijven van hoofdstuk 3. Dorien,
toen je mij met m’n trilhandjes de von Frey filamenten zag hanteren, besloot je om die metingen
toch maar voor mij te doen, al was het na een lange dag in de kliniek. Geweldig bedankt. DNA-
lab orakels Arno, Joke, Robbie, Sander en Tom, bedankt voor hulp en raad bij knippen, plakken,
PCR-en, sequencen enzovoort. Maar ook zonder secretariaat is een AIO hulpeloos. Marijke, altijd
geduldig als er iets niet klopte bij de proefdierbestellingen. Dick en Sjaak, de bestellingen,
declaraties, faxjes, ze liepen allemaal goed met jullie hulp. Ria, bedankt voor alle hulp bij de
formulierenboel en brieven.

Als je de middelen niet op eigen lab aanwezig hebt, dan ga je naar “de buren”. De kwantitatieve
PCR experimenten zijn gedaan op het lab van Jan Bogerd. Jan, bedankt voor alle hulp, adviezen,
protocollen en voor het vertrouwen wat betreft sleutels en toegangspas. De warme ontvangst,
snelle antwoorden op mails (inclusief het “even” selecteren van primers), het snelle lezen van
hoofdstuk 4 en de nodige peptalk zal ik niet snel vergeten. Op datzelfde lab, Joke Granneman en
Hans van Aken, bedankt voor praktische hulp en gezelligheid.

Kamergenoten bedanken is leuk in dit geval: het was een echte doorreiskamer. Jacqueline en Rea,
heel gezellig, vooral voor het nodige cryptoplezier, wat vrolijk voortgezet werd toen jullie m’n
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buren werden. Lars, Marjoleen, Janine, Cornelle en Koen, de ene voor langere tijd dan de andere.
Martien, als postdoc op een AIO kamer zal je veel te verduren hebben gehad, bedankt voor
geduld, interesse en adviezen. En natuurlijk Patrick/Patrique/Patje altijd vrolijk, gezellig en
sociaal. Jij liep tenminste niet bij me weg..... Gitte, altijd in voor een babbel, crypto of snoepjes,
je kwam er als laatste bij, maar was sneller ingeburgerd dan wie dan ook.

Joke, het is altijd prettig om met jou samen te werken, of het nu is op het lab, bij de
bedrijfsvoering of in de milieucommissie. Ik vind het leuk dat je mijn paranimf wilde zijn. Heidi,
paranimfje nummer twee, collega-AlO, altijd in voor een babbel en saampjes hebben we toch
maar mooi die AIO avonden nieuw leven in geblazen. Jeroen, Patrick, Corine, Ineke, Jacqueline,
Gert-Jan, Leontine en Daniel zonder jullie enthousiasme waren de AIO avonden ook niks
geworden. Met het spel kolonisten erbij werden ze niet alleen nuttig maar ook errug leuk! Om bij
de ontspanning te blijven, ook daar werd ruimschoots in voorzien. Rea, Jacqueline, Annemarie,
Inge bedankt voor de theezakjes; Marjolein, ik ben nog steeds niet door je zoethoutmanie heen en
Jildau, jouw smaak was athankelijk van mijn voorkeuren (“Wat wil je, kaneel?”), geweldig!
Ceriel, dat je mij aan het volleyballen kreeg, mag een wondertje heten. Samen met Diane en
Jeroen was je een geweldige coach voor een meisje dat meedeed voor de gezelligheid maar er
eigenlijk geen bal van kon!

Mensen waarmee je kunt lachen, huilen, geheimpjes delen en afspraken maken heten in de
volksmond vrienden. Jildau, meid, wat hebben wij veel meegemaakt samen. Syndey congres en
vakantie, samen koken, uitjes plannen, musea afgewisseld met natuur, op de een of andere manier
wisten wij onze interesses goed te combineren. Dat je naar Amsterdam vertrok met de groep vond
ik doodjammer, maar daar hebben we e-mail voor, openbaar vervoer en agenda’s om uitjes te
plannen. Daniélle, in het begin vond ik je maar een rare, maar je bent een lieve meid. Jeroen, je
bent een toffe kerel en bedankt dat je Daniélle gelukkig hebt gemaakt! Gerard, ik denk niet dat
veel mensen nog zo’n goed contact hebben met hun vroegere stagebegeleider. Je bent meer dan
dat, want ook wij hebben lief en leed gedeeld. Nu in Canada, maar daar heb je e-mail voor.
Marjolein, ook het contact met jouw is e-mail-gebonden. Je lappen tekst zijn echt geweldig, je
medeleven en steun in moeilijke tijden enorm. Bedankt.

Ten slotte komen gewoontegetrouw de belangrijkste mensen aan bod: familieleden. Weinig
AlIO’s wonen nog thuis, ik wel, dat zegt genoeg. Mamma, mijn beste vriendin, bij jou kan ik
altijd terecht met problemen. Samen winkelen, samen koken, samen lachen en huilen, dingen die
heel erg belangrijk zijn. Jij had biologie kunnen studeren, zo goed begreep je mijn onhandig
uitgelegde labwerkzaamheden. Pappa, zoals een goed vader betaamt, snapte jij er minder van dan
mamma. Maar van alle computerperikelen, brieven en formulieren des te meer. En als je meisje
laat was en de bus miste.....zelfs in pyjama stapte jij nog achter het stuur. Hans, tweelingbroer,
een band die niet met woorden te beschrijven valt. Trots op z’n zussie en ikke op jou. Oma, u zult
er niet zijn op de promotie, maar u heeft dat van te voren ruimschoots gecompenseerd. Lieve
schat, rust zacht en in mijn hart zult u altijd overal bij zijn, samen met opa.

Dat dit dankwoord drie paginas in beslag neemt zegt genoeg. Voor velen is de studententijd, voor
mij is de AIO-tijd de mooiste van m’n leven geweest! Daarom voor iedereen op het RMI een

welgemeend dankjewel!
=<
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