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1. General Introduction

It has been long recognised that damage to thetach@mmalian central
nervous system (CNS) is irreversible. However, #swnot until early in the 29
century that Ramon y Cajal made the observatiort thhile the CNS does not
regenerate, the peripheral nervous system (PN$doft mammals does (Ramon y
Cajal, 1928). He concluded that CNS axons do ngtaw because of the presence
of CNS-specific obstacles in their path. Since thiate, a tremendous effort has
been made to identify the characteristics of theSPiNat allow regeneration, with
the goal of converting the physiology of damaged3CihNeurones to that of the PNS
after injury, including regeneration and restoredndtion. Unfortunately, this
objective has not yet been achieved, because viedstinot completely know the
mechanisms of PNS regeneration. It is the goal gpfwork to better understand the

regulation of this process.

1.1. Peripheral nervous system regeneration and itsegulation

After peripheral nerve injury myelin debris is cted by macrophages.
Schwann cells de-differentiate, down-regulate thx@ression of myelin proteins
and create a permissive environment for axonal meg&tion. PNS axons can then
regenerate between these permissive Schwann cetlsttee basal lamina (Fawcett
and Keynes, 1990). Wallerian degeneration referth®events that occur distal to
the site of the injury. During the first week aftaxotomy axons fragment, are
phagocytosed, and the myelin sheaths separatecatuires, breaking up into so-
called ovoids. Over the next few weeks, these nmyeloids are also phagocytosed
in part by Schwann cells, but mainly by macrophatest invade the degenerating
nerve. The clearance of myelin debris by macropBagegomotes axonal
regeneration (Dahlin, 1995). Schwann cells undergextensive proliferation
between the 8 and 8" day post-axotomy (Jessen and Richardson, 20029. bersal
lamina persists and surrounds the column of “deatd” Schwann cells.

Proximal to the lesion site, axons give rise to aremore sprouts, each of
which is tipped by a growth cone (Ramon y Cajal28p For axonal regeneration
to be successful, growth cones must first reachdis¢al nerve stump, which they
do even if they have to cross a small gap betwdenproximal and distal nerve
stumps. Upon reaching the distal nerve stump, ghowbnes enter “Schwann

tubes”, the Schwann cells and their basal lamivdeich provide the sole pathway
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for regenerating axons in the distal nerve stumani@n y Cajal, 1928). Eventually,
Schwann cells establish a 1:1 relationships witbhhefiber, synthesise a new basal
lamina and form myelin sheaths. A crucial role mstprocess is again assigned to
macrophages, which, along with endoneurial fibrebéa provide recycled
lipoproteins for Schwann cell myelination. With t&mremyelinated axons may
enlarge to nearly normal diameters and the loctabgsaof ion channels is re-
established. However, the axo-glial junctions omgelinated fibers are probably
not as “tight” as those in unlesioned nerves, simegenerated nerves are more
affected by potassium channel blockers (JessenRadldardson, 2002).

Although many tissues and substrates will suppaxnal regeneration, none
are as potent as a degenerating peripheral nerechwappears to be uniquely
adapted for this role (Ide et al., 1996). The deéatéon of myelin in lesioned
nerves and denervated Schwann cells appear to pdakteors that promote axonal
regeneration (Jessen and Richardson, 2002). Schwaails contribute several
molecules that promote neurite outgrowth, includeagracellular matrix molecules
and cell adhesion molecules on their cell membr@Wagner et al., 2002). They
appear to be the main source of many trophic fagtorcluding the mitogen(s) that
stimulate their own proliferation, but fibroblasésd macrophages also contribute
to the supply of neurotrophic factors. In addititm providing trophic (nurturing)
factors, they supply tropic (guidance) factors tledfect regenerating axons to
guide their growth toward the distal nerve stumpl amter Schwann tubes (Jessen
and Richardson, 2002). Recently one particular fanoif neurotrophic molecules

and its signalling have gained particular import@arctheB-Neuregulin-1 family.

1.2.B-Neuregulin-1 and its signalling

The B-Neuregulins-1 B-NRG-1) are a family of alternatively spliced, sbla
and membrane bound proteins encoded by four knoemeg, three of which are
expressed at high levels by PNS and CNS neuronsigutevelopment (Buonanno
and Fischbach, 2001). They are part of the epidarngrowth factor (EGF)
superfamily of growth factors that also includes ttransforming growth factor
alpha. Like all members of this famil$3-NRG-1 mediates its effects by binding to
and activating members of the erbB receptor tyreskimase family, which includes
the EGF receptor (erbB1), erbB2, erbB3 and erbBZafiar et al., 1996 3-NRG-1

binds preferentially to the erbB3 and erbB4 reoept which then form
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heterodimers by recruiting either erbBl or erbB2-reoceptors to propagate
signalling (Wiley, 2003). In the PNS erbB2 is theeferred receptor tyrosine
kinase. Homodimers of erbB4 are also signal commet{durphy et al., 2002;
Carpenter, 2003). Ligand-induced dimerization aatés receptor kinase activity
and the phosphorylation of tyrosine residues in t@eterminal tail. These
phosphorylated tyrosines, as part of a consensusf,ms®rve as binding sites for
signalling molecules containing Src homology or ppbotyrosine binding domains.
Depending on the constituents of the erbB dimer,G$Rcan activate several
cellular signalling cascades, including Ras/Rafk/33AT, PI3K and PL@
cascades (Murphy et al., 2002; Citri et al., 2003yclin D1 is a central effector of
signalling by erbBs and has been implicated asntlagor player in the promotion of
cell cycle progression by the neuregulin pathwaitriet al., 2003).

The functions of B-NRG-1 include the regulation of the early cell dat
determination, differentiation, migration, survivahd maturation of satellite cells,
Schwann cells and oligodendrocytes (Buonanno arsttffiach, 2001). Moreover,
B-NRG-1 is a component of the “axon-associated netdgexpressed by neonatal
sensory neurons (Dong et al., 1999b). In the lighthese developmental functions,
it is possible that members of the neuregulin famihcting as axon-derived
mitogen, promote Schwann cell proliferation alsaidg Wallerian degeneration of
adult peripheral nerves (Caroll et al., 1997). he tadult nervous systefrNRG-1
MRNA is detectable in neurons projecting into tleegatc nerve (lumbar DRG and
spinal cord), as well as in brain and skeletal meis@uonanno and Fischbach,
2001). Schwann cells continue to express erbB2 end83 throughout adulthood,
although at reduced levels (Grinspan et al., 19%cent studies indeed suggest
that B-NRG-1 may play a significant role during Wallerigiegeneration, because
the expression of varioul-NRG-1 isoforms and of erbB2 and erbB3 by Schwann
cells increases substantially during Wallerian degation (Caroll et al., 1997;
Kim et al., 2002) and demyelination (Hall et al99T).

1.3. Molecular mechanisms of Wallerian degeneration
The molecular mechanisms that trigger Wallerian efeggation are unknown.
Possibly, axotomy interrupts the supply of neuroriattors that maintain the
myelinating phenotype of Schwann cells. On the othand, a positive signal

resulting from axonal degeneration may be invol(édwcett and Keynes, 1990).
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The main molecular features of Wallerian degeneratire the down-regulation of
myelin-related genes and the up-regulation of negvewth factor (NGF), the low
affinity NFG receptor (NGFR/p75) and tenascin-C ¢&n et al., 1991). Recently
the early activation of another molecule, receptgrosine kinase erbB2, was
shown. Within one hour following nerve transectioerbB2 is selectively
phosphorylated as well as its downstream signatduding Akt protein and the
induction of the immediate early genes within theh®ann cell nuclei (Kim et al.,
2002). The role of the increased expressioff-MRG-1 and the activation of erbB2
during Wallerian degeneration is speculative so. fahe B-NRG-1 would be
expected to promote the proliferation and surviedlSchwann cells in the distal
stump. However, the maximal expression [BfNeuregulin-1 and its receptors
occurs later than the peak of Schwann cell proéifem and persists after
proliferation has declined (Caroll et al., 1997)huB, while B-NRG-1 receptor
activation may potentiate Schwann cell proliferatiat is unlikely to initiate it.
Nevertheless, recent studies using co-cultures ohw&nn cells and neurons
(Zanazzi et al., 2001) indicate thBtNRG-1 can itself promote Schwann cell de-
differentiation and demyelination, even in the atse of nerve injury. These
findings suggest that activation of signalling pa#tys by B-Neuregulin-1 may
contribute to the ongoing demyelination that iscasated with nerve injury.
Axon-Schwann cell interactions during regeneratiane believed to be
fundamentally similar to those that occur duringvel®pment (Jessen and
Richardson, 2002). Many transcriptional regulatorplicated in the regulation of
axonal regeneration (including Wallerian degenena)i are also assumed to
regulate the metabolic state of developing neur@md Schwann cells. One
candidate is the transcriptional activator retincacid which is an important

morphogen in the development of many organ systems.

1.4. The retinoic acid signalling system and its cudribution to nerve
regeneration
Retinoids are vitamin A (retinol) derivatives. Theost notable is retinoic
acid, many biological effects of which are well kmo. It induces the
differentiation of various populations of neuronsdaglia cells in embryonic spinal

cord, cerebellum, dorsal root ganglia and sympathganglia. As shown in this
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thesis, it may also contribute to the signallingidaing nerve injury, when growth-
related genes need to be reactivated.

Retinoic acid (RA) is a low molecular weight lipapgh molecule, whose
synthesis is catalysed locally by aldehyde dehydmages (RALDH; Ross et al.,
2000; Zhao et al., 1996) in the presence of cetluédinol binding protein | (CRBP-
I; Napoli, 1996). Once RA enters the cell, it bintdscellular retinoic acid binding
protein Il (CRABP-II) and is transferred to the hews (Budhu and Noy, 2002).
There it establishes or changes gene expressionbibging to retinoic acid
receptors (RARs) and retinoid X receptors (RXRshiah act as ligand-activated
transcription factors. In mammals there are threRR (-a, -3, and-y) and three
RXRs (<, -3, and-y), each of which has multiple isoforms. The RARS/RX&ct
as heterodimers and recognise consensus sequentewnkas retinoic acid
responsive elements (RARE) in the up-stream promoiequences of RA-
responsive genes (Bastie et al., 2001; Delva et H999). In addition to the
regulation of RARE-containing genes, retinoid retwgp affect the transcriptional
activity of AP-1 — another important transcriptidractor (Lin et al., 2002).

While the biological functions of retinoids in ddegpment have been studied
in great detail, much less evidence exists so flaat tRA has physiological
importance in the adult nervous system. Except boain areas involved in bird
song (Denisenko-Nehrbass et al., 2000) and thenaetivhere RA may be involved
in circadian rhythms of gene expression (McCaffetyal., 1993) and gating of
electrical synapses (Zhang and McMahon, 2001), mbogenous function for RA in
the mature nervous system has been demonstratkdrdn healthy individuals or
under pathological conditions.

Only recently some publications appeared aboutpbgsible role of retinoic
acid during regeneration. In various cell culturesinoids were found to interact
with most cytokine signals that mediate cellulateiractions after nerve lesiom
vivo (Mey, 2001). RA induces the “super-regeneratio”oogans that can already
regenerate, such as the urodele amphibian limb &yspecifying positional
information in the limb (Maden, 1998). In organsatlcannot normally regenerate,
such as the adult mammalian lung, RA induces thraplete regeneration of alveoli
that have been destroyed by various forms of noxitneatment (Belloni et al.,
2000).
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As for nervous system regeneration, RA induces newutgrowth in explant
cultures of spinal cord from embryonic but not fradult mice. This decline in the
regeneration-inducing potential of RA seems to hee do the loss of RAR
(Corcoran et al., 2000; Corcoran et al., 2002), suse after transfection to the
adult spinal cord, RAR2 induced neurite outgrowth. This was observed ewbaen
no RA was added to the medium, implying an endogensource of the needed
ligand in the tissue. These data and experimentk vatina and dorsal root ganglia
demonstrate that retinoic acid is able to induce thgeneration of differentiated
CNS neurons, when allowed to act on the genomeutnoits normal pathway of
receptors (Corcoran and Maden, 1999; Maden and H2003; Mey and Rombach,
1999).

1.5. Goals

The scientific goal of this project is to investigathe role of retinoic acid
signal transduction following nerve injury of theenppheral nervous system.
Abundance in PNS and changes in gene expressiofl)oenzymes involved in
retinoid metabolism, of (2) cellular retinoid bimdj proteins and of (3) nuclear
receptors for retinoids will be monitored after werlesion. The physiological
relevance of the altered retinoid signalling wille bmeasured in the primary
Schwann cell cultures by (4) monitoring the expressof -Neuregulin-1 receptors
erbB2 and erbB3.
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2. Materials and Methods

2.1. Animal experimentation and surgical procedures

Since the project aims at strategies for medicérwvention and since injury-
related physiology differs fundamentally between rtebrate classes, the
experiments require mammalian species. We chosedaiattic nerve, because it is
the largest peripheral nerve and there are estaddismodel systems for its
regeneration. Mouse sciatic nerves were also studiace than situ hybridisation
probes were available only for this species.

A total of seventy adult male Sprague-Dawley ratsighing 150-300 g were
used. Animals were kept under a 12-h light/darkleyin the animal care facility.
Animals had unlimited access to rat chow and wat&ats were deeply
anaesthetised with intraperitoneal injection of 10kRetamine hydrochloride
(Sanofi-Ceva); (0,1ml/100g body weight) and 0.1 Rbmpun (Bayer). Under
aseptic conditions, the right sciatic nerve wasasgd and a lesion was performed
(Fig. 2.1). The nerve was crushed once with jeweller's’ &ps for 10 s or
completely transected and the distal stump sutducethe muscle. After a survival
period of 30 minutes, 1, 2, 4, 7 or 14 days thereis were sacrificed (overdose of
sodium-pentobarbital) to obtain a 1 cm nerve sedgnthstal to the lesioned site.
Contralateral nerves were used as controls. Fongiasdive RT-PCR analyses, L4-
L6 dorsal root ganglia (DRG) ipsilateral and comataral to the crushed sciatic
nerves were also collected. The nerves and L4-L6GBRvere washed in RNase-
free 0.1 M phosphate buffered saline (PBS) and simapen in liquid nitrogen to
maintain the RNA intact. Preparation instrumentsraveleaned withRNase Away
(Molecular Bio Products) to eliminate RNase-contaation.

Fig. 2.1 Surgical procedure.
A 10 s crush lesion was per-
formed to induce regene-
ration of the right sciatic ner-
ves of adult rats or mice. For
the investigation of Wallerian
degeneration the nerve was
completely transected and the
distal stump was sutured to
the muscle.
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Twenty adult female NMRI mice weighing 25-30 g weatso used in this
study. To induce regeneration, mice were anaestbdtiwith intraperitoneal
injection of Avertin [1.25% 2,2,2-tribromoethanoBigma); 0.8% amyl alcohol
(Sigma); 300ul/10g body weight] and the right smiaherve was exposed and
crushed once as described for rat experiments Ksge2.1). After survival periods
of 24 hours or 7 days the animals were sacrificathdlation of diethyl-ether
(Merck)] to obtain a 0.5 cm nerve segment distathte lesioned sites. Contralateral
nerves were used as controls. Mouse nerves werd egelusively forin situ
hybridisation experiments and therefore preparedRiNase free conditions as
described above. All procedures were conducted dooedance with the animal
protection laws and were approved DbyRegierungsprasidium Koln,
Tierversuchsgenehmigungen AZ 23.203.2 AC 29, &8d AZ 23.203.2 AC 29,
34/00.

2.2. Schwann cell cultures

In order to investigate physiological effects ofin@ic acid, primary Schwann
cell cultures from PO Sprague-Dawley rats were leisshed as previously described
(Johann et al., 2003). Briefly, in one preparatib8 - 24 sciatic nerves were
dissected, freed from blood vessels and fatty e#sseut up in small pieces and
digested for 1 h at 37°C in 10 ml Dulbecco’s ModiiEagle’s Medium (DMEM)
containing 0.6% collagenase and 2.5% trypsin. Tdawb single cells the nerve
pieces were gently triturated (0.7 mm, then 0.4 rgauge canulae). The cell
suspension was plated out in uncoated culture 8a@6 cnf) with 5 ml DMEM
containing 10 % heat-inactivated fetal calf seruRC§). Fibroblast growth was
reduced by the addition of 10 uM cytosine arabidesio the medium for one day.
To eliminate remaining fibroblasts, the cells weneubated 20 min with Thy 1.1
antibody (Sigma) at 37°C followed by treatment wiblaby rabbit complement
(Linaris) for another 20 min. Schwann cells wererthcultured in poly--lysin-
coated flasks (25 cfj in 4 ml DMEM supplemented with 10 % FCS, 2 pM
forskolin (ICN) at 37 °C, 5 % C®and 100 pg/ml bovine pituitary extract (Life
Technologies; Johann et al., 2003). After the cellad reached confluence,
complement lysis was repeated and cells were checketh microscopical
inspection to ascertain the absence of fibrobldsts.retinoic acid treatment, cells

were cultivated in medium without forskolin. Finabncentrations of 0.1, 1, 10,



-10 -

100 and 1000 nM altrans RA (stock solutions 0.1 pM - 1 mM in dimethyl
sulfoxide, DMSO) were added and cells were kepdankness for 24 or 40 hrs at 37
°C, 5 % CQ. Control cells received an equal volume of DMSQ@r Further RNA
isolation or immunoblotting cells were harvested kgntrifugation and re-
suspended in Trizol (for RNA isolation) or hypotorbuffer (for SDS-PAGE).

2.3. Immunocytochemistry

The avidin-biotin interaction provides a simple amsénsitive method to
localise antigens in tissues. It involves the apafion of biotin-conjugated
secondary antibody followed by the addition of amHbiotin-peroxidase complex.
During formation of the complex, avidin acts as radge between biotin-labelled
peroxidase molecules. Consequently, a “lattice” ptem containing several
peroxidase molecules is formed (Hsu et al., 19&ihding of this complex to the
biotin-labelled secondary antibodies results inighhstaining intensity after the
subsequent enzyme reaction.

The use of horseradish peroxidase (HRP) for enzymediated
immunodetection, commonly referred to as immunopatase labelling, is a well-
established cytochemical technique. The most widedgd HRP substrate for these
applications is diamino-benzidine (DAB), which geaes a brown-coloured
polymeric oxidation product. The DAB reaction pratdus discretely localised at
HRP-labelled sites, providing high resolution imagef sub-cellular antigen
distribution. DAB staining can be visualised dirgctby bright-field light
microscopy.

To perform this technique, intact sciatic nervesniradult rats were used. For
this both sciatic nerves were sampled and washddlinv PBS. Following fixation
of 1 hour in cold 96% ethanol (Roth), the nervegaveryoprotected in 25% sucrose
(Sigma) for at least 12 hours. To obtain longitudisections, sets of three nerves
were embedded in Tissue Tek (Sakura) and cut witdryastat (Leica) in 20 um
sections. The sections were collected with gelabated (to achieve better
adhesion) microscope slides. Series of eight slidese prepared for each nerve.
Each slide was then processed for antibody stainkay this method the primary
antibodies listed infab. 2.1 and biotin-conjugated secondary antibodies goat-ant

mouse and goat anti-rabbit were used.
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The following schema was used for this method,sadlps were performed at room
temperature (RT) except where stated otherwise:

* Blocking of unspecific binding sites (0.4% Triton-200 in 0.5 M Tris
and 4% normal goat serum), 1h

* Washing [0.1 M tris buffered saline (TBS; 0.05 Mig;r0.85% NacCl,
pH 7.4)], 2x5 min

* Incubation with the primary antibody (0.04% Tritof+r100 in 0.5 M
Tris and 1% NGS; antibodies (AB) working dilutioase listed inTab.
2.1), 12h, 4°C, moist

* Washing (0.1 M TBS), 2x5 min, 1x10 min

* Blocking of endogenous peroxidase activity (1%0Hin 0.5 M Tris), 3
min

* Washing (0.1 M TBS), 2x5 min, 1x 10 min

* Incubation with the secondary antibody (0.02% Tmit§-100 in 0.5 M
Tris; AB working dilutions are listed iffab. 2.1), 2h, moist

* Washing (0.1 M TBS), 2x5 min, 1x 10 min

* Incubation with avidin-biotin-peroxidase complex%lbovine serum
albumin (BSA) in 0.5 M Tris with ABC Kit (Vector)]1.5 h, moist

 Washing (first: 0.1 M TBS, 2x5 min; then: acetateidazole buffer
(1M sodium acetate, pH 7.2; 0.2 M imidazole, 2xmjni

« Chromogen reaction (100 mM Nig0125 mM sodium acetate; 10 mM
imidazole; 0.03% 3,3-diaminobenzidine (DAB); 0.803H,0,, pH 6.5)
15 — 30 min

 Washing (first: acetate-imidazole buffer, 2x5 mix10 min; then: 0.1
M TBS, 2x5 min)

» Slides mounting with glycerol, visualisation of theecipitate
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Table 2.1. Antibodies used for immunocytochemistr{IC) and Western blotting
(WB).

) Manufacturer, Working Working
Antibody o N
catalogue Number dilution, IC dilution, WB
RARa Santa Cruz (sc-551) 1:200 1:500
RARf Santa Cruz (sc-552) 1:200 1:500
RARy Santa Cruz (sc-7387) 1:200 1:500
RXRa Santa Cruz (sc-553) 1:200 1:500
RXRf Santa Cruz (sc-831) 1:200 1:500
RXRy Santa Cruz (sc-555) 1:200 1:500
CRABP-II Gift from P.Chambon -- 1:1000
S-100 Sigma (S2644) 1:100 --
erbB3 Santa Cruz (sc-285) -- 1:200
GAM: goat Sigma (A3682
. J g ( _ ) -- 1:5000
anti-mouse Ig peroxidase-conjugated
GAR: goat Sigma (A6154
_ J . g ( _ ) -- 1:10000
anti-rabbit Ig peroxidase-conjugated
GAM: goat Vector (BA-2000)
. o . 1:1000 --
anti-mouse Ig biotin-conjugated
GAR: goat Vector (BA-1000)
_ . o . 1:1000 --
anti-rabbit Ig biotin-conjugated

2.4.1n situ Hybridisation

In situ hybridisation (ISH) techniques allow specific neid acid sequences to
be detected in morphologically preserved cells @sue sections. Thugs situ
hybridisation can relate microscopic topologicaloirmation to gene activity at the
MRNA level. In situ hybridisation requires a probe which contains g@orger
molecule that can be detected by affinitiy cytochstny. The reporter molecule is
accessible to modified antibodies, which are thetedtable in chromogen reaction.
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2.4.1. Preparation of slides and fixation of the mtrial

In order to detect the presence of retinaldehydeydeogenases (RALDHS) in
sciatic nerves after the injury, the right scianerves of 20 NMRI mice were
crushed as described in 2.1. Sinicesitu hybridisation detects the molecules on
MRNA level, all procedures were performed in RNdsse conditions. This was
achieved by cleaning all needed instruments wRNase Away(Molecular Bio
Products). After washing in 0.1 M PBS, sciatic nesvwere fixed in 4%
paraformaldehyde (PFA) for 2 h at RT. Following dtkon, the nerves were
cryoprotected in 25% sucrose (Sigma) for at ledsthdurs. To obtain longitudinal
sections, each three nerves were embedded in Ti§ske(Sakura) and cut with a
cryostat (Leica) in 15 pm sections. The sectionsenedllected with gelatin-coated

microscope slides. Series of eight slides were areg from each nerve.

2.4.2. Synthesis of single-stranded digoxigenin-lgaled RNA probes for ISH
by in vitro transcription of double-stranded DNA templates

Double-stranded DNA templates which encode the gehénterest must be
inserted into transcription vectors. The cloningoedure was performed in the
laboratory of Dr. P. McCaffery (Harvard medical soh, Boston). Vectors with
inserted RALDH-1 and RALDH-2 partial sequences wprevided.

Most transcription vectors are derived from plassnahd contain at least one
of the three bacteriophage RNA polymerase promotgitsated adjacent to a
multiple cloning site. The designed restrictionesitare presented at 5' and 3' of the
insert. In this study pBluescript (Stratagene) pdragds were used. This vector has
dual promoters - T3 and T7 — at either side of hehic polylinker containing 23
unigue restriction enzyme sites. These sites geaadsaand 3' sticky and blunt ends
and generally allow the directional cloning of DNAserts. pBluescript carries the
regulatory sequences and amino terminus coding oregof the E. coli B-
galactosidase (lacZ) gene, which allowscomplementation when pBluescript is
transformed into a bacterial host. The polylinkexdaoth flanking promoters are
situated within the lacZ coding region. Successsubcloning into the polylinker
disrupts lacZ and results in a non-functional péetiThis allows screening by blue
(non-recombinant) / white (recombinant) colony s¢len after induction of lacZ
and incubation of bacteria on X-gal substrate.
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After selection of the transfected colony, it wdaqed in the new vehicle and
allowed to generate a liquid culture in LB mediufO%o trypsin, 5% yeast extract,
10% NaCl) with 4% ampicillin by 37°C for 12 h. Afwards plasmid DNA was
isolated with Qiagen Plasmid Purification Kit (Q&Eg according to the
manufacturers instructions.

Thereafter,in vitro transcription of insert DNA into complementary RN#as
done according to the following scheme:

* Linearisation of DNA template with EcoR1 restriatieenzymes, 2 h,
37°C

* Quality check: 0.8% agarose gel electrophoresis

* Evaporation (purification of DNA template from reistion enzymes
and protein traces): 1) 3 M sodium acetate and 100%
phenol/chloroform, centrifugation 12000 g (10 min), DNA in the
supernatant. 2) 95% ethanol, incubation at -80°C,n8n followed by
centrifugation 12000 xg (10 min), DNA is in pellet. RNase free
conditions were followed from here on.

* Transcription of linear DNA with digoxigenin (DIG)DIG-labelled
dNTP mix was used to generate RNA. For transcriptod RALDH-1 —
T3 RNA polymerase, for RALDH-2 — T7 RNA polymerag®BlI
Fermentas) were used, 1 h, 37°C

* Removal of the rest DNA template with DNase | (ltmegen), 15 min,
RT; inactivation of the enzyme with 25 mM EDTA, bfin, 65°C

» Purification and precipitation of the ready to IBMA-riboprobe with 4
M LiCl and 100% ethanol

» Dissolvement in diethyl-pyrocarbonate (DEPC)-trebk&O

The labelling method is based on a digoxigenina@teisolated from digitalis
plants Qigitalis purpureg, which are the only natural source of digoxigenin
Digoxigenin is linked to the C-5 position of uridinnucleotides via a spacer arm
containing eleven carbon atoms. Hybridised DIG-lédxk probes may be detected
with high affinity anti-digoxigenin (anti-DIG) arntodies that are conjugated to
alkaline phosphatase. In this case the visualisaitsoobtained with the colorimetric
(NBT and BCIP) alkaline phosphatase substrates.
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2.4.3.1n situ hybridisation

My in situ hybridisation procedures followed this protocol:

Pre-incubation washes. Serve to re-hydrate tissmiens, to enable
the access of proteases to the tissue (ethanadsefi100%, 95%, 70%,
50% in 0.3 M NaCl and 0.03 M sodium citrate (2xSS€ach 1x1 min,
RT)

Protease treatment. Serves to increase target sibdlety by digesting

the proteins that surround the target nucleic a@iddotease K, 10
mg/ml, 3 min, 37°C)

Washing, all at RT: 1) in DEPC4®, briefly; 2) 0.1 M triethanolamine
solution (TEA), pH 8.0, 3 min; 2.6% acetic anhydrich 0.1 M TEA, 10

min

Dehydration of the slides in ethanol series: 2xS30%, 70%, 95%,
100%, each 1x1 min, RT

Riboprobe preparation. The probes were denaturated8°C, 10 min
and added to the hybridisation mix [400 ng/ml in/@®rmamide, 10%
dextran sulfate, 1% Blocking reagent (Roche)]

In situ hybridisation. Prepared probes were spread onstites, which

were then covered with a slide cover and the edgpeded with DPX.
Incubation 12 h at 68°C

Post-hybridisation washes with 1) 2xSSC, 55°C, 2x80h; 2) 50%

formamide, 55°C, 30 min; 3) 2xSSC, 37°C, 2x30 min

RNase treatment. This step is done in order to ielite traces of
unbound riboprobes, which would otherwise enhanceckround

staining (RNase A 100 mg/ml in 0.01 M Tris, 0.00BWDTA, 3% NacCl)

Blocking of unspecific binding sites of the AB. Incubation with 10%
blocking buffer ( 2xSSC, 0.05% Triton X-100, 2% Bliong reagent
(Roche), 2 h, RT; 2) 1x maleate buffer (0.58% maleicid, 0.44%
NaCl), 2x5 min, RT

Incubation with anti-DIG antibody (Roche, 1093274Antibody

dilution of 1:1000 was prepared in an antibody leuff(1x Maleate
buffer, 0.3% Triton X-100, 2% Blocking reagent),cubation for 24 h,

4°C, moist
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* Post-incubation washes with 1) 1x Maleate buffex, 1D min, RT; 2)
Buffer 3 (100 mM Tris pH 9.5, 100 mM NaCl, 50 mM K&, 1 mM
Levamisole), 10 min, RT

* Immunocytochemistry. Incubation with chromogen dwube (Buffer 3
with 0.34% nitro blue tetrazolium chloride (NBT),1¥% 5-Bromo-4-
chloro-3-indolyl phosphate, toluidine salt (BCIP), 12 h, RT, in darkness

* Post-substrate wash with 1 mM EDTA, 0.9% NaCl, ONITris-Cl, pH
7.5; 30 min, RT

* Mounting of slides with glycerol, visualisation tie precipitate

2.5. RNA isolation, reverse transcription and PCR
2.5.1. RNA isolation
Total RNA was isolated from sciatic nerves, DRGgl &chwann cells using
Trizol (Invitrogen) based on the method of Chomcaglinand Sacchi (Chomszynski
and Sacchi, 1987). For Schwann cell RNA isolatiom tculture flasks were pooled
to generate one sample. RNA isolation followed ohline listed below:

» Homogenisation. Incubation of tissues or cells withizol reagent
(phenol-guanidine isothiocyanate), cells 5 min,vesr and DRGs 1 h;
disruption of tissue residues with ultra-sound

» Phase separation. Addition of chloroform (Sigmagntrifugation in
order to separate RNA from DNA and proteins, 15 niina000 xg

* RNA precipitation. Transfer of aqueous RNA phase ismpropyl
alcohol in order to precipitate RNA, 1 h, -20°Cn8&e sciatic nerves are
tissues with a low RNA vyield, 1% glycogen was addedhelp pellet
visualisation after centrifugation, 15 min, 1200@ x

* RNA wash. After removing of supernatant, RNA pellwts briefly
washed with 75% ethanol

* Re-dissolving of RNA. After discarding of ethan®NA pellet was air
dried and dissolved in DEPC-treated®

 Estimation of RNA amount in the sample: photomedthig the
absorbence (A) of the RNA-water mixture at 260 nmswmeasured
after the samples were diluted 1:100. The conceiomaof the total
RNA was calculated as follows: A260 x 100 (1:10Quton) x 40
ng/puI=[RNA]
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2.5.2. DNase treatment
Samples of 2500 ng total RNA were treated with D&lds(Invitrogen) to
eliminate traces of DNA. The following protocol wased for DNase treatment:
* Addition of 5 units of DNase | and DNase reactiarffer, 15 min, RT
* Inactivation of DNase | with 25 mM EDTA, 10 min, 85

2.5.3. RT-PCR
500 ng of DNase treated RNA was reverse transdrivéh oligo-dT-primer
and Omniscript reverse transcriptase (Qiagen) atiogr to the manufacturer's
instructions. The rest of RNA was used as a negationtrol for PCR reactions.
Reverse transcription (RT) followed this protocol:
* Incubation of RNA with the following reagents: 1 ubligo-dTiz.15
primer (Invitrogen; binds to poly-A tail of mMRNA,sed as priming for
reverse transcriptase), 1x RT Buffer, 0.5 mM of lkradNTP, 0.5
units/pl of RNase inhibitor RNaseOUT (Invitroge®).2 units/pl of RT
enzyme; 1 h, 37°C

2.5.4. PCR

Polymerase chain reaction (PCR) is am vitro method for enzymatic
amplification of defined sequences of DNA. The rgac uses two oligonucleotide
primers that hybridise to opposite strands andKldre target DNA sequence that is
to be amplified. The elongation of the primers malysed by a heat stable DNA
polymerase. A repetitive series of cycles involvitggnplate denaturation, primer
annealing, and extension of the annealed primersti®y polymerase results in
exponential accumulation of a specific DNA fragmehhe ends of the fragment are
defined by the 5’ ends of the primers (positiontlwe sequence). Because the primer
extension products synthesised in a given cycle s&we as a template in the next
cycle, the number of target DNA copies approximateloubles every cycle.
Analysis of PCR products is done by separation garase gel electrophoresis
according to their molecular weight. The visualieat of products in the gel is
possible with ethidium bromide, which integratesthe structure of nucleic acid
and after absorption of UV-light at 312 nm emitsdtescence at 590 nm.

Primer sequences for the amplification of the comgruts of the retinoic acid

system and erbBs are listed Tiab. 2.2 PCR primers from rat gene sequences were



-18 -

generated using software of Whithead Institute f@&iomedical research

(Cambridge, MA; http://www.genome.wi.mit.edu/cgirlbprimer/primer3www.cgi)

and synthesised at MWG-Biotech.

Table 2.2. Primers used in PCR and guantitative “ral-time” PCR.

Gene

CRBP-I
CRABP-I

CRABP-II

RARa
RARB
RARy
RXRa
RXRB
RXRy
RALDH-1
RALDH-2
RALDH-3
CYP26
erbB2
erbB3
GAPDH

B-actin

Primer sequence (sense, antisense)

5- ACGGGTACTGGAAGATGCTG -3°
5- GGCCGCTCAGTGTACTTTCT -3

5- GACGAAGGACCAGAATGGAA -3

5- GGCCCATCACTTCTTTTTGA -3°

5- CTTCAAGATCGGGGAGGAAT -3
5-TGGTATGGAGCTGGGACTTC -3°

5- CAGATGCACAACGCTGGC -3°
5- CCGACTGTCCGCTTAGAG -3

5- GCGGAGAGATCATGTTTGAC -3°
5 - TGGCATCGATTCCTAGTGAC -3°

5- GTGGAGACCGAATGGACC -3
5- GACAGGGATGAACACAGG -3

5- CAATGGCGTCCTCAAGGTTC -3

5- ACTCCACCTCGTTCTCATTC -3

5- AGATCAACTCCACAGTGTCG -3°
5-TCTCCATCCCCGTCTTTGTC -3’

5- CTCAGCTCAATGTGGTCAAC -3°

5- CACATTCTGCCTCACTCTCT -3

5- CTCAGCTCAATGTGGTCAAC -3°

5- CACATTCTGCCTCACTCTCT -3°

5- CTCAGCTCAATGTGGTCAAC -3°

5- CACATTCTGCCTCACTCTCT -3

5- CTCAGCTCAATGTGGTCAAC -3°

5- CACATTCTGCCTCACTCTCT -3°

5- GTGCCAGTGATTGCTGAAGA -3’
5-TCCTCTCTCCCATGAGTGCT -3°

5- CCCATCAGAGTGATGTGTGG-3’

5 - TCATCTTCCAGCAGTGAACG-3’

5- GAGGCTTGTCTGGATTCTGC-3’
5-GGTGTGTATCTGGCATGACG-3’

5- AGAACATCATCCCTGCATCC -3

5-TTACTCCTTGGAGGCCATGT -3

5- GAGCTATGAGCTGCCTGACG -3°
5- AGCACTTGCGGTCCACGATG -3

Position in
sequence

111-130
489-508
58—77
447-466

189-208
577-596

886-903
1263-1282

187-206
579-598

1328-1345
1829-1848

531-550
837-856

221-240
589-608
58—77
425-444

1437-1456
1821-1840

1020-1039
1443-1462

1280-1399
1658-1679

480-499
850-869

2730-2749
3047-3066

3319-3338
3606-3625

1454-1473
1832-1851

636—-655
1026-1045

Expected
size of
PCR
fragment

398 bp
409 bp
408 bp
397 bp
412 bp
521 bp
326 bp
388 bp
387 bp
404 bp
443 bp
400 bp
390 bp
337 bp
307 bp
398 bp

410 bp
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PCR was performed according to following protocol:

e 10 pl volume of a ReadyMix REDTaq solution (Signtantained: 0.08
mM dNTP (cATP, dCTP, dGTP, dTTP), 0.03 units/flREDTaq
polymerase, 4 mM Tris-HCIl, 20 mM KCI, 0.6 mM MgCl0.0004%
gelatin, stabilisers. To each ReadyMix aliqguot 1 pdfl sense and
antisense primer (s€kab. 2.2) were added as well as 25 ng of cDNA.
Negative controls (reactions to prove that no DNAn@amination is
present in the samples) were carried with the saplame of DNase |
treated RNA instead of cDNA

» Alternatively, Qiagen PCR Kit (Qiagen) was used. eOmeaction
contained 1x PCR Buffer, 1x Q-solution, 5 mM MgCD.1mM each
dNTP, 0.6 uM of sense and antisense primer, 0.1#%iul Tag DNA
polymerase and 25 ng of cDNA

 Reaction parameters were: first denaturation 1860 & 94°C, 30-35
cycles of annealing 60 sec at 51°C, extension 9@ at& 72°C,
denaturation 60 sec at 94°C, followed by 60 seceahng and last
elongation 600 sec at 72°C. (Annealing temperatusés/°C below
Tm'’s of the primers were chosen for PCR).

« The PCR products were separated by agarose getrepdgmresis and

stained with ethidium bromide to verify their exped sizes

2.6. Quantitative “real-time” PCR

Analysing PCR products during ampification has bmeoknown as “real-
time” PCR. The easiest way to monitor PCR is witlnofescence. The most
frequently used fluorescence dye used for “realetfiCR is SYBR Green |, which
has similar properties as ethidium bromide. As P@Rgresses, double stranded
DNA is synthesised and the fluorescence of SYBR e@ré increases. Thus the
amount of synthesised PCR product may be monitoadttr each cycle by
fluorescence. If fluorescence is plotted againstleynumber, the accumulation of
PCR products produces a growth cur¥eg( 2.2) with an initial phase (below the
sensitivity of fluorimeter), an exponential phasand a final plateau phase.
Monitoring fluorescence after each cycle is a vepnvenient way to quantify the
initial number of template copies (which convenabdrualitative PCR does not
permit). Higher concentrations of template shifetgrowth curve parallel to the
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abscissa and to the earlier cycles (to the left)isTshift can be quantified as a
fractional cycle number and is inversely propor@brto the log of the initial

template concentration.

>

plateau phase

7
log phase /

PCR product [fluorescence]

initial phase

1234567 89 10 11 12 13 14 15 16 17 18 19 20 21
X1 e [cycle number]

Fig. 2.2 Example of typical Light Cycler PCR curves Crossing points (X1 and
X2) can be determined by “real-time” monitoring.

The quantification was done using the followingadhtions:
During the log phase the amplification is descrilibgdthis equation:

Cyx = Cy x 2%, (1)
where G is the amount of target sequence at cycle ¥,iCthe initial amount of

target and “2” is the efficiency of amplificatiotdowever the replication of PCR

product is achieved only in the ideal case, thus

Cx = Cy x a* wherea < 2 (2)
In order to establisia (efficiency of amplification) a dilution series aDNA were
performed. For this three different cDNA concenitmas (G = 12.5 ng, G = 6.25

ng and G= 3.125 ng) were tested for each primer pair anthemsame Light Cycler

PCR run. The point of the log phase begin (crosspamnt) for each cDNA
concentration was empirically determined and idk&di here asx. Since G/C, =
C,/C3 = 2, the equation (1) can be modified as follows:

C./C, = a ™ whereAX = X1 — X, (3)

lg C,/C, = -Ax X Ig a (3a)
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a= 10((|g C1/C2)/AX) (3b)
C1/C2 =2 (4)
a= 10 (0,301/-AX) (4a)

The factora is now used to calculate the relative amount ofiah template in the

experiment sample &perimentcOmpared to Eontror:
— DX
Cexperiment /Ccontrol =a (5)
AX represents the curve shift (differences in the ssimog points) between

experimental and control samples:

AX = Xexperiment_ xcontrol (6)
These calculations were done for each primer pawestigated in this study:
CRBP-I, CRABP-II, erbB2, erbB3, GADPH arfdactin and the PCR-efficiencies
were determined.

To establish whether the initial cDNA amount is tekame in each sample, the
expression of house-keeping genes GAPDH dhdctin was used as positive
controls. ldeally, the point of beginning of theglgphase by GAPDH of-actin

amplification is same for experimental and contsamples:
AX =0 (7)

(Cexperiment/ Ceontro)cappn = 2 =1 (7a)
However, this is not the case in most of the expents and the concentration

differences are< 1 or> 1, thus

(Cexperiment/CcontroI)GAPDH = a-AX = Q (7b)
indicative of the differences of cDNA amounts in peximental and control

samples. The quotienl/Q was used as a correction factor for the sample
comparison. For this, all obtained concentratioffedences for CRBP-I, CRABP-
I, erbB2 and erbB3 between experimental and cdndeonples were multiplied by
the correction factor (1/Q).

The identification of PCR products was done by theielting temperature
(Tm). It depends on the G:C content and the lengtbhe synthesised product and
can be calculated theoretically using this equation

Tm = 69.3 + 0.4¥xGC% — 650/sequence length (8)

To measure the relative change of mRNA expressioantjitative PCRs were

performed by means of the Roche Light Cycler Systesimg the QuantiTect SYBR
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Green PCR Kit (Qiagen) and Light Cycler Softwaresrsion 3. Quantitative “real-

time” PCR was performed according to the followimgptocol:

10 pl volume of QuantiTect SYBR Green PCR Masterx MQiagen)
contained: HotStarTaq DNA polymerase, Tris-HCI, KQWH;).SOy, 2.5 mM
MgCl,, SYBR green |, dNTPs. To each aliquot of this Magtlix 0.5 uM of
sense and antisense primer (Jed. 2.2) and 12.5 ng of cDNA were added.
Negative controls were carried out with the sam&uee of DNase | treated
RNA instead of cDNA (i.e. omission of the RT-PCRs}.

In order to determine primer and PCR efficiency ethr different
concentrations of cDNA were tested for each primpair: CG= 12.5 ng, G=
6.25 ng and &= 3.125 ng.

The experimental protocol consisted of a first denation 15 min at 95°C,
followed by 35-40 cycles of annealing 20 sec at G2(erbBs) or 58°C
(CRBP-I, CRABP-II), amplification 20 sec at 72°Cludérescence meas-
urement 5 sec at 81°C and denaturation 15 sec &€.9%he expression of
glyceraldehyde phosphate dehydrogenase (GAPDH3-actin was used as a
non-regulated control. (Annealing temperatures weomsistent with the
Tm’s of the primers; on additional fluorescence sw@&ment step at 81°C
was required to omit primer dimmers built duringg@ification).

The identity of PCR products was confirming with lbveg curve analysis
and agarose gel electrophoresis.

Logarithms of the mRNA ratios of RA different sammplwere calculated and
corrected for differences in the extract concentrad based on the house-
keeping gene analysis. After confirmation of theiwormal distribution
(Shapiro-Wilk W test) the effect was tested with @MA. Differences
between the mean quotients and zero were tested witwo-tailed t-test
using Bonferroni-Holm correction or Dunnett’s test.

The amplified DNA fragments of CRBP-I and CRABP-Were cloned
(TOPO-TA cloning, Invitrogen) and sequenced (ZEO&auenhofer Institut
RWTH-Aachen).
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2.7. SDS-PAGE and Western blotting
2.7.1. Protein isolation and preparation
For immunoblotting nerves were isolated as desdiba part 2.1 and
sonicated in hypotonic buffer with a mix of proteashibitors. Schwann cells were
harvested as described in 2.2. and re-dissolvethensame buffer as the nerves.
Hypotonic buffer consisted of 20 mM HEPES, 1 mM PR3 uM Leupeptin, 1%
Aproptin, 1% Triton X-100. The protein concentratiovas measured using BCA
test assay (Sigma). The principle of this test asdd on the ability of proteins to
reduce alkaline Cu(ll) to Cu(l) in a concentratidependent manner. Bicinchoninic
acid (BCA) is a highly specific chromogenic reagdat Cu(l) forming a purple
complex with an absorbence maximum at 562 nm. TdeWwing protocol was used
for the BCA test:
» Generating protein standards (bovine serum albuntir), 0.2, 0.4, 0.8,
1.4, 2, 3.2 pg/ul
* Preparation of tested samples: dilution 1:10
* Addition of 1x 4% CuSO, and 50x BCA to protein standards and test
samples
* Incubation for 30 min. at 37°C, extinction measuesrnhwith ELISA-
reader at 630 nM
e Calculating of the protein amount using calibrationrve of known

standards was done by linear regression

2.7.2. SDS-PAGE
SDS-PAGE (sodium dodecyl sulfate — polyacrylamidd glectrophoresis) is
used to separate mixed protein samples accordingsit@ under denaturating
conditions. Gel electrophoresis is a technique ol an electric current is used to
move charged molecules through a gel-like matrieryAamide is a 3-carbon amide
which is polymerised to form long chains with crdgsks between the chains. For
SDS-PAGE, a discontinuous buffer system is useder@hdifferent buffer ions are
present in the gel and electrode reservoirs. Using different gel systems
(stacking and resolving gels) enables the compoassif the samples in a thin
starting band followed by fine separation duringatophoresis. To achieve such
separation proteins must first be denaturated batihg in buffer containing SDS

and a thiol reducing agent 2-mercaptoethanol.
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The protocol was performed according to the follogviprotocol:

» Generating of 10% resolving gel (Acrylamide/Bis ¢80T, 2.67% C),
10% SDS, 1.5 mM Tris-HCI pH 8.8, 10% APS, TEMED),
polymerisation 2-3 h or overnight

» Generating of 5% stacking gel (Acrylamide/Bis (30%2.67% C), 10%
SDS, 0.5 mM Tris-HCI pH 6.8, 10% APS, TEMED), polgnsation 1 h

* Denaturation of proteins by heating with SDS andn@rcaptoethanol
and loading in the gel

» Electrophoresis by 15 mA/ 2 cm gel (in stacking)gahd 30 mA/ 6 cm
gel (in resolving gel); 1.5 h at RT. Electrophoresiuffer contained 25
mM Tris, 192 mM glycine, 0.1% SDS and had pH 8.3

2.7.2. Western blotting
Separated by discontinuos SDS-PAGE proteins weaesfierred by blotting
onto a nitrocellulose membrane. The transfer ocadirin a gel cassette (Bio-Rad)
and in the transfer buffer A (25 mM Tris, 192 mMygine, 20% methanol, 0.1%
SDS, pH 8.3) at 30 V and 90 mA for 16 h. Quantibeck of the protein transfer
was done by Ponceau-S-staining (3% Ponceau-S, 3@A, T30% Sulfosalicile

acid), incubation for 5 min at RT.

2.7.3. ECL

Enhanced chemiluminescence (ECL) is based on tiet lemission resulting
from the dissipation of energy from a substancemnexcited state. The excitation
is the effect of chemical oxidation of luminol undalkaline conditions and in the
presence of phenol by horseradish/hydrogen permeddmmediately following
oxidation, the luminol is in an excited state whittten decays to ground state via a
light emitting pathway. The maximum light emissitnat a wavelength of 428 nm,
which can be detected by a short exposure of aaradtography film. For ECL the
same antiserums were used as for immunocytocheyn{seeTab. 2.1), however,
detection of immunoreactivity was based on perogetaonjugated goat anti-rabbit
and goat anti-mouse secondary antibodies {&@2 2.1) and ECL kit (Amersham).
X-ray films (Hyperfilm, Amersham) were exposed 3#rs- 10 min to determine the
linear range of the signal.
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ECL was performed according to the following pradgcall procedures at

room temperature on an orbital shaker:

Blocking of non-specific binding sites by 10% bogiserum albumin
(BSA) in Tris-buffered saline/Tween 20 buffer (TBS-20 mM Tris,
0.8% NacCl, 0.1% Tween 20, pH 7.6); 10 min (poly@bmB) or 1 h
(monoclonal AB)

Washing (TBS-T), 3x 15 sec

Incubation with the primary antibody (for dilutiosgeTab. 2.1), 1h
Washing (TBS-T), 3x 15 sec, 1x 10 min

Incubation with the secondary antibody (for dilutsoseeTab. 2.1), 15
min

Washing (TBS-T), 3x 15 sec, 1x 10 min

Incubation with the detection solution (equal volesnof detection
solution 1 with detection solution 2 from ECL kigr 1 — 3 min

Film exposure

Evaluation with a digital image analysis system ()T
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3. Results

The scientific goal of this project is to investtgathe role of retinoic acid
(RA) signal transduction after peripheral nerveuny. While a number of indirect
pieces of evidence suggested RA as a regeneratsoetated signal, not even the
presence of this molecule in the PNS of adult mamsmas known at the beginning
of my project. Thus, the first part of my thesis svdevoted to determining the
expression of molecules involved in RA signalling the PNS. For this the
expression of the RA-signalling cascade was testesciatic nerves and Schwann
cellsin vitro. The activity of RA is generally inferred from thecal distribution of
retinaldehyde dehydrogenases. Therefore their esgpo@ was evaluated by RT-
PCR andin situ hybridisation 8.1). Since cellular retinoid binding proteins also
play important roles in retinoic acid signallinghet expression of CRBP-I and
CRABP-II was evaluated and is described i8.2f. Transcriptional effects of
retinoic acid are mediated via its receptors —tidractivated transcriptional factors
RARs and RXRs. Accordingly, their expression wasasweed during peripheral
nerve regeneration3(3). After establishing the fact that the retinoicidasystem
participates in the physiological reactions to reefimjury, the question about its
physiological relevance arose. Taking into accoth indirect evidence of RA-
system involvement in Wallerian degeneration, thx@ression off3-Neuregulin-1
receptors erbB2 and erbB3 was measured in RA-tde&ehwann cellan vitro
(3.4), because these signals have been implicated mgens of Wallerian

degeneration.
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3.1. RA signalling in the PNS

3.1.1. Abstract

Although the specific roles of Schwann cells, nexgwacand macrophages in
injury-induced processes have been established,hnmass is known about the
regulation of their functions. | propose that thanscriptional activator retinoic
acid (RA) might control some of these functionsn& Schwann cells are major
players in the physiological interactions followingeripheral nerve injury I
addressed the question whether the retinoic acghadling system is present in
sciatic nerves and in Schwann ceits vitro. With RT-PCR all necessary compo-
nents of the RA signalling pathway were detectedhia sciatic nerve of adult rats
and in Schwann cell cultures. These are retinoitd aeceptors, retinoid X re-
ceptors, the retinoic acid synthesising enzymes RALL, -2, and -3, in addition,
the cellular retinoid binding proteins CRBP-I, CRRB and -Il. Even though the
expression of RALDH-1 and RALDH-2 was not affectieg the injury, the increase
of retinoic acid responsive element (RARE) activigfter crush suggests an

involvement of RA in traumatic processes after pheral nerve injury.
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3.1.2. Introduction

The understanding of molecular processes that cawseess or failure of
neuronal regeneration has become one of the maioblpms in medical
neurobiology. The physiological reactions after wveerinjury in the peripheral
nervous system (PNS) are regulated by interactiopeveen damaged neurones,
glia cells (Schwann cells) and hematogenous cefllshe immune system. On the
molecular level these interactions are mediatedsigyal transduction mechanisms
between cells (via cytokines and cytokine receptoand between cells and
extracellular matrix (via ECM-glycoproteins and egtrins; Jessen and Richardson,
2002).

Signal transduction processes after peripheral méegions are well described
(Gillen et al., 1997; Raivich et al., 1999), yethadugh injury-induced changes in
gene expression of many cytokines have been de=sttrib this context, much less
is known about their regulation. It has been suggesthat the transcriptional
activator retinoic acid (RA) might control the exssion of signalling molecules in
the adult nervous system (Mey, 2001). This hypoithds supported by indirect
evidence: several nuclear RA-receptors, RA-syntdiagi enzymes and cellular RA
binding proteins have been located in the adulttadmervous system (CNS; Dev
et al., 1993), oligodendrocytes synthesise RAvitro (Mey and Hammelmann,
2000) and in some cases RA promotes axonal regdoarm vitro (Corcoran and
Maden, 1999; Corcoran et al., 2000; Mey and Rombd&99). In a variety of cell
culture systems unrelated to the nervous system,r&julated the expression of
many intracellular signals which take part in theypiology of nerve regeneration
(Chang et al., 2000; Choudhury et al., 2000; Me®QP). However, no experiments
have so far been conducted to prove that functiesefihoid signalling forms part of
the traumatic reactions in the nervous system.

Pursuing the hypothesis that RA serves as a regulaf lesion-induced
cytokine signalling | investigated the expressiointibe RA-signalling cascade in
the PNS and in Schwann cell primary cultures. Tgkimto account the fact that the
distribution of retinoic acid is determined by thactivity of retinaldehyde
dehydrogenases, their expression was measured wEematic injury of rat and

mouse sciatic nerves.
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3.1.3. Materials and methods
Surgical procedures
Adult male Sprague-Dawley rats (for RT-PCR) and NMRice (for in situ
hybridisation) were used in this study and handsdlescribed in part 2.1.
Cell culture
Primary cultures of Schwann cells were preparednfroew-born Sprague-
Dawley rats and processed as described in 2.2.
Immunocytochemistry
Sciatic nerves from adult rats were fixed 1 h indcethanol, cryoprotected in
sucrose and cut with a cryostat in 20 pm longitadlin sections.
Immunocytochemistry procedures are described inpidre 2.3.
RT-PCR
Total RNA was isolated using Trizol (Invitrogen)ewerse transcribed, and
cDNA was amplified as described in 2.5. The PCRdpicts were separated by aga-
rose gel electrophoresis and stained with ethidhromide to verify their expected
sizes.
Quantitative PCR
To quantify the amounts of RALDH-I and RALDH-II mRNafter crush PCRs
were performed by means of the Roche Light Cyclgst&m using the QuantiTect
SYBR Green PCR Kif{Qiagen) and Light Cycler Software, Version 3 (Reglas
described in 2.6.
In situ hybridisation
In order to detect the presence of retinaldehydeydeogenases (RALDHS) in
sciatic nerves of NMRI mice after the injuryn situ hybridisation (ISH) was
performed according to the protocol described ih. P vitro transcription of insert
DNA into complementary DIG-labelled RNA riboprobeag done according to the

scheme listed in 2.4.
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3.1.4. Results

The retinoic acid signalling cascade is present ithe rat sciatic nerve and in
Schwann cellsin vitro.

Signal transduction of retinoic acid requires tlegéivaation of nuclear receptors
that act as transcription factors. | analysed tleipression with RT-PCR. Genes of
all known retinoic acid receptors (RAR-[B,-y) and retinoid X receptors
(RXRa, —B, -y) were found to be expressed in rat sciatic nerfreg. 3.1.7) and in
Schwann cells of the primary culturd=ig. 3.1.2. In addition, | detected gene
products of the cellular retinol binding protein BR-I and cellular retinoic acid
binding proteins CRABP-I and CRABP-II, and of thetinoic acid catabolising en-
zyme CYP26 (it gave a weak but detectable sigrfailys. 3.1.1and 3.1.2show the
amplified fragments.

1500
1000

600

400
300

200
100

bp Aa AP Ay Xa XB Xy bp bp CI Cal Call bp R1 R2 R3 ¢26

Fig. 3.1.1The retinoic acid signalling system is present inhte rat sciatic nerve.
Gene expression of retinoid receptorsalARARa, Xa: RXRa etc.), cellular reti-
noid binding proteins (Cl: CRBP-I, Cal: CRABP-I, @Ta CRABP-II), aldehyde
dehydrogenases (R1: RALDH-1, R2: RALDH-2, R3: RALDHnd RA degrading
enzyme CYP26 (c26) are shown with RT-PCR. The ml@eeveights were consis-
tent with the predicted sizes of all PCR fragmeits. 100 bp maker, stronger band
at 600 bp.

Traumatic injury of PNS does not induce changes iflRALDH expression.
The temporal and spatial activity of retinoic acsdthought to be determined by the
local distribution of RA synthesising aldehyde ddhygenases (Ross et al., 2000).
While in mammalian and avian embryos, three enzynRSLDH-1, -2, and -3, are
known to oxidise retinaldehyde to RA, only RALDHs&hd -2 have been detected
after completion of development (Wagner et al., 200Vith RT-PCR | found tran-
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scripts of RALDH-2 as well as of RALDH-1 and RALDBI-in the intact sciatic
nerves and 7 days after cru@hg. 3.1.3.

Fig. 3.1.2 The retinoic acid
1000 signalling system & present in
600 the Schwann cell pr!mary
400 cultures. Gene expression
300 retinoid receptors (& RARaq,
200 Xa. RXRa etc.), cellular retnoid
100 binding proteins (C-lI: CRBR;
C-lI: CRABP-II), aldényde
dehydrogenases (R1: RALDH-
R2: RALDH-2, R3: RALDHB)
and of house&eeping gen
1500 GAPDH) is shown with RPCR.
1000 (0) — RARy amplification of the
negative control (w/o RT). TI
molecular weights were consis-
400 tent with the predicted sizes of

0 Aa ABf Ay Xa XB Xy G M [bp]

11500

1000

600
600

oo 300 pCR fragments.
200

200

100 100

R1 R2 R3 M [bp] C-II M C-I [bp]

RALDH-1 RALDH-2 RALDH-3

1 2 3 1 2 3 bp 1 2 3 1 2 3 1 2 3 1 2 3
crush control crush control crush control

Fig. 3.1.3 RALDH-1, RALDH-2 and RALDH-3 are expres®d in intact and
lesioned sciatic nervesGene expression of RALDHs is shown with RT-PCR for
crushed (cr) and control (c) sciatic nerves. Thelecolar weights were consistent
with the predicted sizes of both PCR fragment: 4@p4for RALDH-1, 443 bp for
RALDH-2 and 404 bp for RALDH-3. bp: 100 bp makérpsger band at 600 bp.

The hypothesis of an altered expression of RALDHieracrush injury was
tested using quantitative PCR on Light Cycler (Reclandin situ hybridisation.
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Even though the expression of RALDH-1, RALDH-2 aRALDH-3 was shown
with conventional PCR(Fig. 3.1.3, | could not detect any expression of this
transcripts with the Light CyclerTable 3.1. shows all Light Cycler PCR
parameters tested in this study. For RALDH-2 twetli#ferent primer pairs, five
MgCl, concentrations or annealing (AN) temperatureswa$l as three different
tissues were tested to optimise PCR reactions. &mymcases irreproducible (*)
results were obtained. In the case of oligodendresyOLN-93 cell line) none of
the tested parameters led to amplification, altHoug these cells the presence of
RALDH-2 had been confirmed with Western blottingdaenzyme assay (Mey and
Hammelmann, 2000) .

Table 3.1. Light Cycler PCR parameters

lissue AN temperature [°C] MgCl, [mM] primer | result
45 | 55 | 57| 58 60 0O 2 3 4 5 pars | (*)

Sciatic nerve X X X X | X X X X X X *
Sch. cells X XXX X X X *)
OLN-93 X X X X X | X X| X| X X X (-)

The Light Cycler system is developed to use soezhlirapid cycle PCR”, in
which temperature changes occur according to aékai paradigm. This paradigm
emphasises temperature transition, thus denaturaial annealing are reduced to
only few seconds and the temperature may alwayshia@ging. Unfortunately, such
a cycling pattern is not optimal for many genes,ichhseems to be the case for
RALDHs. One of the alternative methods for evaloatiof gene expression is
situ hybridisation (ISH). This technique allows specifiucleic acid sequences to
be detected in morphologically preserved tissuetieas. It requires a riboprobe
which contains a reporter molecule that can be etk by affinity cytochemistry.
The riboprobes for RALDH-1 and RALDH-2 used in tlgaudy were synthesised in
co-opertation with Dr. U. Commandeur (Institute Biblogy VII, RWTH-Aachen).
Since vectors with DNA inserts fromlus musculuggenome were used, ISH was
performed with crushed and intact sciatic nerveNMRI mice. Fourteen pairs of
crushed and control sciatic nerves were comparethduhree independenh situ

hybridisation experimentszigure 3.1.4shows representative nerve sections tested
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for the presence of RALDH-2 in intact and lesionesue. For semi-quantification
of RALDH-1 and RALDH-2 expression the following netd was developed:
Staining intensity of nerves and of the slide baokmd was measured using
AxioVision Software, Version 3 (Zeiss). From these valuesuatignt of staining

intensities was calculated. These quotients weren ttatistically compared for
intact and crushed sciatic nerves. For RALDH-1 28tns of control nerves and
38 sections of the crushed (7 days) nerves werduated. For RALDH-2 24

sections of control nerves and 56 sections of cedsl{7 days) nerves were
evaluated. 12 mice were used to investigate themeration at this point of time.

For the 24 h only 2 sections (2 mice) were evalddtg both genes.

RALDH-2, control RALDH-2, 7 days after crush

Fig. 3.1.4 ISH of RALDH-2 expression after sciaticnerve injury. Riboprobe
hybridisation of RALDH-2 in the intact sciatic nercontrol) and 7 days after
lesion.

Figure 3.1.5 shows the development of RALDH-1 and RALDH-2 tranpt
levels 24 h and 7 days after crush lesion. Aftemfaoning their normal distribution
(Shapiro-Wilk W test) the effect of the lesion wassted with ANOVA. An
apparent up-regulation of both transcripts was sighificant either 24 h or 7 days

after the injury.
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Fig. 3.1.5 Relative quantification of RALDH-2 mRNA expression Staining
intensity in non-injured (control) and lesioned (B4or 7 days) nerves, black col-
umns: RALDH-2, white columns: RALDH-1, error baepresent standard error of
mean (SEM). Strength of the staining is calculatedelation to the contralateral
(control) side. Lesion induced changes in immungteaty were not significant
(ANOVA).

3.1.5. Discussion

The data obtained in this part of my thesis show fresence of all major
retinoid signalling molecules in the intact PNS.tWRT-PCR | detected the mRNA
expression of all six retinoid receptors, as wedl @ retinoic acid synthesising
enzymes, cellular retinoid binding proteins, reith@eceptors and the catabolising
enzyme CYP26. Thus, RA can be synthesised in scia¢irves (suggested by the
presence of gene transcripts for RALDHs and CRBP#Bnsported to the nucleus
(CRABP-II) and activate gene transcription (RARsdaRXRs). Moreover, the
excess of RA can be compartmentalised (CRABP-I) aadabolysed (CYP26).
Even though the cells which express retinoid signglin the sciatic nerve are
unknown, the presence of all components of thisesysin primary Schwann cell
cultures allows the possibility that these cellsymay the source and/or putative
targets of RA signalling.

These findings open a new field of the possiblections of RA: involvement
in regeneration processes. Because of its roleeuwronal and glial differentiation,
RA has previously been suggested to regulate getqpgession in regenerating
nerves (Mey, 2001). Besides, as mentioned abowus, lijipothesis is supported by
the recent finding of a RA-dependent down-regulatimf the gene expression of
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ciliary neurotrophic factor (CNTF) in Schwann ce(llohann et al., 2003), which is
similarly happening after nerve injury (Sendtneraét 1996).

The local distribution of RA synthesising aldehyddehydrogenases
determines the spatial and temporal activity ofrreic acid (Ross et al., 2000). To
test whether increased expression of RALDH was oesfble for the lesion-
induced RA signal | evaluated the mRNA levels of HDAH-1 and RALDH-2 seven
days after crush injury. Despite an apparent inseeim the RALDH-1 and RALDH-
2 signal afterin situ hybridisation and RT-PCR, no statistically sigodnt changes
were observed at the mRNA level. To analyse thdgnoexpression of RALDH-2,
its immunoreactivity was tested with Western blatdashown to be present,
however also at this level of expressing, no sigmint changes after crush (or
transection) were observed (K. Schrage, Diplomaig)e Using a zymography bio-
assay RA-synthesising activity in cytosolic extsaétom the nerves was previously
investigated. With this test, enzyme activity of RAH-2 but not of RALDH-1 and
-3 was detected (Zhelyaznik et al., 2003). The grattof RALDH-2 staining in
cryostat sections suggested that this aldehyde di®genase was present in the
cytosol of Schwann cells because its distributiesembled that of S-100 protein, a
marker for Schwann cells in the peripheral nerveZhglyaznik et al., 2003).
Experiments with the Schwann cell cultures alsoved the presence of RALDH-2
immunoreactivity in these cells (J.Mey and K.Scleagnpublished observations).
These findings suggested that retinoic acid magyghesised in sciatic nerves and
Schwann cellgn vitro, but that retinoid signalling may not to be regel at the
level of RA-synthesis. This raised the question thiee retinoic acid is
transcriptionally active in sciatic nerve after uny. To monitor the local
transcriptional activity of RA within the injuredcmtic nerve a transgenic mouse
strain where endogenous RA induces the local exgpoesof B-galactosidase as a
reporter gene (Rossant et al., 1991) was used. r@oédric staining for the lacZ
product indicated regions with local activation RA response elements (RARE),
indicative of alltrans RA signalling (Wagner et al., 2000). Whereas inrmal,
non-injured sciatic nerves n@-galactosidase activity was detected whatsoever, a
crush lesion caused RARE-induced gene expressidhiwi2 days. The staining
increased with time, reached a maximum 7 days aftiry and declined thereafter
(Zhelyaznik et al., 2003). This activation of RAREgulated gene expression after
nerve lesion indicated the participation of RA raumatic processes following PNS
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injury, however the mechanisms of this process stid unclear. Obviously the
expression of other components of RA-system musstidied in future, as well as
possible biological functions of retinoic acid amtiafter injury.
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3.2. Activation of retinoic acid signalling after
sciatic nerve injury:. up-regulation of cellular

retinoid binding proteins

3.2.1. Abstract

In mammalian peripheral nerves a crush lesion causieractions between in-
jured neurons, Schwann cells and hematogenous mhages that can lead to
successful axonal regeneration. | suggest thatttéescriptional activator retinoic
acid (RA) takes part in gene regulation after pkegal nerve injury and that RA
signalling is activated via the cellular retinoici@ binding protein (CRABP)-1I and
cellular retinol binding protein (CRBP)-1. Sciatierve crush as well as transection
resulted in a more than 10-fold up-regulation of BFRI, which is thought to facili-
tate the synthesis of RA. Both kinds of injury alsaused a 15-fold increase in
transcript and protein concentration of CRABP-II, passible mediator of RA
transfer to its nuclear receptors. Since the trapscand protein levels did not
decline with time in degenerating nerves compareith wegenerating tissue, |

propose a function of RA during Wallerian degengrat
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3.2.2. Introduction

Retinoic acid (RA) is a transcriptional regulatof gene expression. Its
intracellular processing is mediated by four birgliproteins: cellular retinol
binding protein (CRBP) types | and Il and cellul@tinoic acid binding proteins
(CRABP) types | and Il (Marill et al., 2003). Afterellular uptake CRBP-I binds
retinol and is involved in the storage as well akidation of retinol via retinal to
retinoic acid, reactions catalysed by alcohol debgegénases and RALDHs
(McCaffery and Dréager, 2000; Ross et al., 2000)e Tble of CRBP-II, which is
mainly found in the enterocytes of the gut, maytbehandle retinoids after dietary
uptake for further metabolism and transport to likker (Napoli, 1996).

Both CRABP-I and CRABP-II have been shown to bindteans RA (Marill
et al.,, 2003). However, the role of these two pnuteis still not quite resolved.
CRBP-I has been suggested to be involved in thellegmpn of RA availability for
nuclear receptors by preventing RA from reaching thucleus. Thus CRABP-I
seems to protect cells from excess RA levels, sittte CRABP-I/RA complex
appears to favour RA-catabolism (Dong et al., 199@RABP-II on the other hand
facilitates the transport of RA to the nucleus, gesting that it participates in the
activation of nuclear receptors by RA (Budhu andyNB002).

It was shown recently that the transcriptional ¢y of retinoic acid is
enhanced when it was bound to CRABP-II (Delva ef 4999; Dong et al., 1999a;
Nikiforovich and Frieden, 2002), and that CRABP-¢hn directly co-activate
RARa/RXRa heterodimers, without engaging the ligand bindidgmain of
CRABP-II (Bastie et al., 2001). While RA activatgene expression in the absence
of CRABP-II (Lampron et al., 1995), the regulatia@i CRABP-II may be the
trigger of retinoid signalling under certain circatances, either by facilitating the
nuclear transfer of RA or by direct co-activatioh m@tinoid receptors. CRBP-I,
being an indicator of cells which are able to sy#ise RA, may also be important
in nerve regeneration. By supporting enzymatic axion of retinol and retinal the
elevated concentration of CRBP-I may as well le@ad RA increase. Unbound
CRBP-I (apo-CRBP) inhibits retinol acyltransferaseyich esterifies retinol. Some
pieces of evidence were collected that in the depelg mouse central nervous
system the CRBP-I-expressing cells synthesise a® RA in regulation of their

own gene transcription (Napoli, 1996). Since sonmabeyonic processes are
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reactivated during regeneration in the adult, tiservation may also apply for the
regenerating peripheral nervous system.

Taking into account my previous studies, that siRA+system presence in the
peripheral nervous system, | propose that retinsignalling is activated by a
peripheral nerve lesion via the up-regulation ofe tkellular retinoid binding
proteins CRBP-1 and CRABP-II.
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3.2.3. Materials and methods
Surgical procedures
Adult male Sprague-Dawley rats were used in thigdgt and handled as
described in part 2.1.
RT-PCR
Total RNA was isolated using Trizol (Invitrogen)everse transcribed and
cDNA was amplified with PCR as described in 2.5.eTRCR products were sepa-
rated by agarose gel electrophoresis and staindgd athidium bromide to verify
their expected sizes.
Quantitative PCR
To quantify the amounts of CRBP-1 and CRABP-II mRN&ter crush or
transection, PCRs were performed by means of thehRoLight Cycler System
using the QuantiTect SYBR Green PCR K@iagen) and Light Cycler Software,
Version 3 as described in 2.6. The PCR efficiende®plification per cycle) were
for GAPDH 1.65; forp-actin, CRBP-1 and CRABP-II 2.00. For every conditi
three to five independent Light Cycler experimemigh pairs of crushed and
control sciatic nerves and L4-L6 DRGs ipsilateraldacontralateral to the lesion
were performed and statistically analysed with Jsoftware (SAS institute). For
this, logarithms of the mRNA ratios of lesioned wes to control nerves were cal-
culated and corrected for differences in the extragncentrations based on the
GAPDH or p-actin analysis as described in 2.6. After confingitheir normal
distribution (Shapiro-Wilk W test) data were testatth ANOVA and Dunnett’s
test. The identity of PCR products was confirmedhwnelting curve analysis and
agarose gel electrophoresis. In addition, the afigalicDNA fragments of CRBP-I
and CRABP-Il were eluted from the agarose, clonedORO-TA cloning;
Invitrogen) and sequenced.
Western blotting
For immunoblotting, nerves were sonicated in hypatobuffer with a mix of
protease inhibitors as described in 2.7. Strengthnomunoreactivity was always
expressed in relation to the contralateral sidé¢,a$€100%. From immunoreactivity
data the logarithms of the signal ratios of lesidnmeerves to control nerves were
calculated and tested with ANOVA and Dunnett’s test
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3.2.4. Results

Nerve lesions cause up-regulation of CRBP-I and CRBP-II

Taking into account the rather stagnant level ofLRAM-2, | surmised that the
transcriptional effect of RA may be triggered thghuup-regulation of CRBP-I and
CRABP-II. In order to investigate this, their mRN&ncentrations were measured
with guantitative RT-PCR (Light Cycler, Roche). Thlxpression of glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH)Beactin was quantified as positive
control in every experiment. Dilution series of cBNextracts were used to de-
termine PCR efficiencies for each primer pair.

Fig. 3.2.1lashows representative amplification curves wheays after nerve
crush the expression of CRBP-I as well as of CRABRas increased compared to
GAPDH expression. At this point in time, axonal eegration occurred within the
nerve segment. In order to control the identityR@R amplificates, melting curve
analysis and agarose gel electrophoresis of PCRiymts were performed after
every experimentKig. 3.2.1b, ¢. In addition, amplified fragments were cloned and
sequenced, and the obtained sequences were idetditlae predicted sequences of
the target genesFig. 3.2.2 shows the development of CRBP-I and CRABP-II
transcript levels up to 14 days after sciatic netesion. Gene expression was
investigated in the nerve segment 1 cm distal fthmlesion site.

The up-regulation of CRBP-I and CRABP-II gene exg®mien started during
the first 24 hrs after a nerve crush and remaineava control levels for at least 2
weeks (ANOVA, p<0.05). For both genes, a more th@rnfold increase was seen 2
days after a crush lesion (first maximum; Dunnetgst, CRBP-1 p<0.05, CRABP-
Il p<0.01), CRABP-II reached a second maximum agafter 7 days (p<0.01).
Then, at two weeks after a crush, gene expressemnedsed in comparison with the
situation after the first week when axonal regetiera occurred in the nerve
segment. After 14 days the mRNA levels of CRBP-Irev@ot significantly higher

than in non-injured control nerves.
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Fig. 3.2.1 Up-regulation of CRBP-I and CRABP-II mRNA after sciatic nerve
injury, quantitative RT-PCR. a Representative amplification curves with primers
for CRBP-I and CRABP-II. Broken lines representulés for sciatic nerves 7 days
after nerve crush, continuous lines for non-injuredrves. The horizontal dashed
line indicates background level of SYBR Green fésa@ence which was used for
guantification. While no lesion-induced change served for the concentration of
GAPDH, the left shift of crossing points after chusnjury indicates higher
transcript concentrations of CRBP-I and CRABP-Ifftek all quantitative RT-PCR
runs the amplified fragments were characteridedy their melting curves, and
with agarose gel electrophoresis. Expected fragnenés were 408 bp (CRABP-II)
and 409 bp (CRBP-l). Three independent experimemts shown with amplified
fragments from nerves 7 days after crush (7d) ame ¢ontralateral controlsd),
PCR amplification without reverse transcription msarked 0. The three distinct
marker bands have 400, 300 and 200 bp.
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Fig 3.2.2 Relative quantification of mRNA concentréons. Data for the first 2
weeks after sciatic nerve lesions, normalised tanscript levels in the
contralateral, non-injured nerves. Analyses wererfpemed after sciatic nerve
crush (black columns) and after complete transatdiggrey columns). Error bars
indicate 95% confidence intervals. Analysis of aage showed a significant effect
of both kinds of lesion on CRBP-I and CRABP-II eegsion (p<0.05). Asterisks
indicate significant differences compared to thenflesioned control (n=5 for the
point in time 7 days, n=3 for all others; Dunnettesst, * p<0.05, ** p<0.01).
Sciatic nerve crush causes a transient and nerve d@nsection a lasting
increase of cellular retinoid binding proteins

In addition to crush lesions | also performed nentvansections to cause
Wallerian degeneration, but prevented axonal regginen into the distal nerve seg-
ment. While in these experiments the expressiorCBBP-I1 and CRABP-II rose
similarly to the regeneration paradigm, they did decline during the second week
in the nerve segment distal to the lesion, such #fter 14 days transcript levels
remained higher than when regeneration occuriféd.(3.2.2. Same RT-PCR ex-
periments were performed for L4-L6 dorsal root glaamg DRG) ipsilateral and
contralateral to the crushed nerve. During thetfireek after injury | found a 2-
fold to 3-fold increase in gene expression in DRy&t these effects were not
significant. The maximum mRNA increases comparedhi contralateral side were
for CRBP-I: 2.2 (n =4, SD = 2.1) and for CRABP-8:2 (n = 4, SD = 2.4).

For the assessment of CRABP-II immunoreactivitythe sciatic nerves | used
a monoclonal antibody kindly provided by Pierre @ibon (seeTab. 2.1).
Consistent with results on gene expression, thaepmolevels of the retinoic acid

binding protein increased 2 days after a crusholesreached a maximum after 7
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days and were lower again at 14 days, when axoagémeration had occurred in
the nerve segmenf(g. 3.2.39. In case of nerve transection | also found CRABP-
increase in the distal nerve stump, which initigblgralleled the development in the
crush model. As axonal regeneration was not possiblthe distal stump, CRABP-
Il remained high for at least two weeks after thesibn Eig. 3.2.3b. Injury-
induced changes in protein concentration were $igant in both paradigms
(ANOVA p<0.05). In order to investigate local CRABPdistribution, 11 pieces of
sciatic nerve 2.5 mm each were obtained. CRABPximunoreactiviy reached its
highest level around and distal to the site ofldson Fig. 3.2.4).
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3.2.5. Discussion

Although RALDH transcripts and immunoreactivity imy previous study
were present in the intact PNS, transcriptional FEA&tivation was apparent in the
injured nerveslin vitro experiments using RA-sensitive reporter cells cade that
rat sciatic nerves do not release RA, suggestingt tine activation of RARE-
regulated genes is confined to the nerve itselfe(¥aznik et al., 2003). Additional
mechanisms of control may therefore be at work. sehecould include RA
degrading enzymes (Mey, 2001; Swindell et al., 1,9®®y et al., 2001), orphan
receptors like COUP-TFII that interfere with DNA#ging of the retinoid receptors
(McCaffery et al., 1999), retinoid receptors themss or cellular retinoid binding
proteins.

In this part of my thesis | showed that sciatic veerlesions induced up-
regulation of cellular retinol binding protein (CRB-1 and cellular retinoic acid
binding protein (CRABP)-II. Relative quantificatiasf obtained gene expression of
CRABP-II is high already 24 hours after lesion arghches its maximum on the
second day. This was also observed for CRBP-I. Thene expression decreased
when the regeneration has occurred. When no regé¢ioar was allowed (after
sciatic nerve transection) the expression of CRBahdl CRABP-II rose similar to
regeneration paradigm, but did not decline durilng second week.

In response to nerve injury it is therefore possithat RA is synthesised due
to RALDH-2 activity in the presence of increased BEMRI. The up-regulation of
CRABP-II will then facilitate RARE-regulated genetavation. Many genes related
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to the regulation of Wallerian degeneration andipleeral nerve regeneration count
among the targets of RA. They include neurotrophiereptors, neuropoietic
cytokines, TGIPB1-3 and various transcription factors (Mey, 200[).contrast to
the drastic increase of CRABP-II and CRBP-I expresdn injured sciatic nerves,
there was only a slight and non-significant up-riegion of the two binding
proteins in L4-L6 DRGs, suggesting that the neredlscare possibly neither the
origin of RA signalling nor its target. However orm@an not exclude that RA,
enzymes or binding proteins in injured nerves mayrbtrogradely transported to
the neuronal cell bodies.

Gene expression analysis as well as the data omeijprammunoreactivity
suggest that CRBP-I and CRABP-IlI activity decreasashsequent to axonal
regeneration. Their up-regulation was however obseérin degenerating nerves
severed from the central neuronal cell bodies, dmde transcript and protein
expression remained higher even after 2 weeks. Thservation suggests the
involvement of retinoic acid signalling in Wallenadegeneration — the process
which initiates axonal regeneration (Fawcett andymes, 1990). Additional
evidence supporting this hypothesis was recentlyaimied in our laboratory:
retinoic acid induced the down-regulation of cijameurotrophic factor (CNTF) in
Schwann cells from the primary culture, similar tbe development during
Wallerian degeneration (Sendtner et al., 1996; Swet al., 1993).

My present data, showing strong and significantregulation of CRBP-I and
CRABP-II after sciatic nerve lesions in connectiwith the activation of an RARE-
reporter genean vivo (Zhelyaznik et al., 2003), support the hypothesisatinoic
acid involvement in gene regulation after nerveuryj However, additional levels
of RA-signalling regulation can not be excluded.u§ithe cellular levels of retinoid

receptors must be studied next.
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3.3. Retinoic acid receptors and retinoid X

receptors are activated after sciatic nerve injury

3.3.1. Abstract

As it becomes clear from 3.1 and 3.2, the retinacgd system is present in
peripheral nervous system. There it is possiblyirtgkpart in regeneration since all
necessary components of RA signalling pathway atectable in sciatic nerves,
and the expression and protein levels of cellutinoid binding proteins CRBP-I
and CRABP-II are strongly up-regulated by the lesi®ince the effect of RA is
mediated via the ligand-activated transcription téas retinoic acid receptors
(RAR) and retinoid X receptors (RXR), the levels thiese were measured in the
present study with RT-PCR and immunoblotting. It swashown that the
immunoreactivity of RAR was about 4 times, of RXR about 2 times and of
RXRB about 1.5 times higher than in unlesioned tissitaus, retinoid receptors too
are affected by the injury. In addition, Schwandlseaevere identified as possible
targets of RA transcriptional effects in sciaticrwes because they express all six
retinoid receptors, which was shown with immunoaytemistry analysis and,
according to RT-PCR data, the expression of BAEd RAR/ was found to be up-

regulated after RA treatment.
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3.3.2. Introduction

The retinoid signal is transduced by two familiek muclear receptors, the
retinoic acid receptor (RAR) family comprising 3rgs: RARY, RARB, RARy, and
the retinoid X receptor (RXR) family also including) genes, RXR, RXRB and
RXRy (Mangelsdorf and Evans, 1992; Chambon, 1996). Dualternative splicing
and differential promoter usage there are also sdvesoforms of each family
member.RARs and RXRs belong to the superfamily of nuclaarmone receptors
and act as ligand activated transcriptional factdise natural ligands for the RARs
are alltransretinoic acid and its stereo isomercB-RA, whereas RXRs are
activated by the natural ligandd@s-RA only (Mangelsdorf and Evans, 1992; Matrill
et al., 2003; Chambon, 1996). Five types of rettn@cid response elements
(RARE) were found on RA-regulated genes, they csinef inverted (palindrome)
base repetitions (direct repeats, DR) with 1-5 eotides as a spacer. The most
frequent are DR-5 of the type, which are presenRARB2 and RARI2 genes.
Other types are less common, for instance DR-1[@Re2 were found in CRABP-II
and CRBP-I genes respectively (Matrill et al., 20@hambon, 1996). While RAR
must bind to RXR and thus can act only as heteredjRXR can act as homodimer
via the retinoid X response element (RXRE, DR-1f aiso as heterodimer with
several nuclear receptors, e.g. thyroid hormonespéar, vitamin D receptor, or
orphan receptor COUP (Mangelsdorf and Evans, 198W@rill et al., 2003;
Chambon, 1996), indicating a second retinoid siingl pathway. This ability of
RXR to interact with receptors responsive to a e&triof ligands establishes a
central role for RXR in modulating multiple hormopathways.

The activity of RARs may be modulated by the nucl&@nscription factor
AP-1, the complex formed by the proto-oncoproteins and Fos, whose activity is
stimulated by tumour promoters and growth factokgents which stimulate AP-1
synthesis block the action of RA. Reciprocally, Rfeatment is capable of
influencing the action of AP-1. Possibly, a crossipling mechanism is involved,
by which retinoid and other nuclear receptors cagutate the function of other
transcription factors through both DNA-binding am@NA-independent protein-
protein interactions (Mangelsdorf and Evans, 1992).

The examination of homozygous mutant mice generatethrgeted disruption
of RAR or RXR genes in embryonic stem cells showkat RARx-/- mice die early

postnatally due to testis degeneration. RXR mutant mice die as embryos
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because these receptors are required for heartlad@went. RAR null-mutants

appear completely normal, and RARRXRB and RXR/ have subtle defects
mimicking a mild form of the fetal vitamin A defiency syndrome (Ross et al.,
2000). These results suggest a high degree of fomak redundancy among retinoid
receptors. However, double mutants carrying two Radd€Rects die either in utero or
shortly after birth, showing most symptoms of sevdetal vitamin A deficiency
(Roos et al.,, 1998). These studies demonstrate ®ARs are essential for
vertebrate development.

The pleiotropic effects of retinoids might be exipled in part by the patterns
of expression of various RAR and RXR genes. In adubhmmals RAR and
RXRB are widespread, RAR is specifically expressed in muscle and prostate,
RARYy in skin and lung, RXR in liver, skin and kidney, RXRin muscle and heart
(Mangelsdorf and Evans, 1992; Sugawara et al., 198&ss is known about the
adult nervous system. The functions of the RA-systgere studied in adult CNS
(Denisenko-Nehrbass et al., 2000; Weiler et alQ®0Zhang and McMahon, 2001)
and the expression of retinoid receptors was shdamdifferent brain regions
(Cullingford et al., 1998; Zetterstrom et al., 1999he aim of this study was
therefore to investigate the expression of RARs RxRs in the PNS and compare

their expression after peripheral nerve lesion.
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3.3.3. Materials and methods

Cell culture

Primary cultures of Schwann cells were preparednfroew-born Sprague-
Dawley rats and processed as described in 2.2.
Surgical procedures
Adult male Sprague-Dawley rats were used in thigdgt and handled as
described in part 2.1.
Immunocytochemistry
Sciatic nerves were fixed in ethanol and treatedlascribed in 2.3. Primary
antisera against S-100, RAR -B, -y and RXRx, -B, -y were detected with
peroxidase-conjugated secondary antibodies and alvelin-biotin-peroxidase
method as described in 3.3.
RT-PCR
Total RNA was isolated using Trizol (Invitrogen) cameverse transcribed to
obtain cDNA, which was amplified with PCR as debed in 2.5. The PCR
products were separated by agarose gel electroploend stained with ethidium
bromide to verify their expected sizes. From flusgence intensity data the
logarithms of the signal ratios of lesioned nervesontrol nerves were calculated
and tested with ANOVA and Dunnett’s test.

Western blotting
For immunoblotting, nerves were sonicated in hymatobuffer with a mix of
protease inhibitors as described in 2.7. Strendgthmomunoreactivity was always
expressed in relation to the contralateral sidé¢,a$€100%. From immunoreactivity
data the logarithms of the signal ratios of lesidmeerves to control nerves were
calculated and tested with ANOVA and Dunnett’s test



-51 -

3.3.4. Results

Retinoid receptors are present in PNS and are probay localised to
Schwann cells
As shown in part 3.1, sciatic nerves express abvkm retinoic acid receptors

(RARa, -B, -y) and retinoid X receptors (RXR -B, -y; Fig. 3.1.1, however, their
cellular location has not yet been determined.His tstudy, immunocytochemistry
analysis was performed and the cellular localisatiwas investigated. All
antibodies and working dilutions used are listedTab. 2.1 The positive staining
for RARa, -B, -y (Fig. 3.3.1) and RXRx, -B, -y in cryostat sections suggested that
they were present in sciatic nerves, however thetalisation was not determined
due to the low resolution of the light microscopytimod. The positive control was
done using antibody against S-100 protein, a marigr Schwann cells in the

peripheral nerve.

Fig. 3.3.1 Immunostai-
ning of retinoid receptors
distribution in rat sciatic
nerve.

Longitudinal cryostat
sections of nerves:
negative controlS-100,
RARa, RARS, RARy,
RXRa, RXRE, RXRv.

The immunostaining of
retinoid receptors
resembled that of S-100 —
a marker of Schwann cells
in the peripheral nerve,
scale bar 100pm.
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Ligand stimulated transcriptional factors retinoic acid and retinoid X
receptors are activated after the injury
The activation of retinoic acid receptors after tlegsion may be another key

regulatory factor of retinoic acid action. In order investigate their expression |
performed semi-quantitative Western blotting and RPCGanalyses. For the
assessment of RAR -B, -y and RXRx, -B, -y immunoreactivity | used commercial
antibodies, which are listed ifhab. 2.1 The loading of proteins in each gel slot
was checked by evaluating Ponceau-S staining ofblloé (Fig. 3.3.20. For gene
expression the levels of glyceraldehyde-3-phosphlateydrogenase (GAPDH) were
tested as a positive control for the same cDNA @mration Fig. 3.3.490.
Comparing crushed (7 days post lesion) and intacite nerves | found a strong
and highly significant up-regulation of RAR immunoreactivity and the more

moderate but still significant up-regulation of R¥Rnd RXR3 (Fig. 3.3.23 c).

Fig. 3.3.2 Immuno-
reactivity of RARa, RXRa
and RXRP after sciatic
nerve injury. a Western
blots, 15 pug protein per
lane. Immunoreactivity in
the intact nerves (C1-3) and
after a crush lesion (Cr1-3).
b The equal loading of all
slotst was verified with
Ponceau-S staining:
Relative quantification of
immunoreactivity of all
retinoid receptors (see also
Fig. 3.3.3). Strength of
Immunoreactivity is ex-

¢ g pressed in relation to the
contralateral side (control)
Error bars indicate stan-
dard error of mean.
Asterisks indicate signi-
ficant differences compared
to the nonlesioned control
(n=3, ANOVA p<0.05;

N Dunnett’s test *p<0.05;
control RARe RARP RARy RXRo RXRP RXRy **p<0.01; ***p<0.001)
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The quantification of the immunoblots is presented Fig. 3.3.2c
Immunoreactivity levels of RAR (Fig. 3.3.39 and RXRy (Fig. 3.3.39 were not
statistically different from control, while the s$tang of RARy (Fig. 3.3.3bH was
present at very low levels, which was below thessewity of the image detection

system.

Fig. 3.3.3
Immunoreactivity of

: RARB, RARy and RXRy
Cl G2 @ G G2 G3 retina after sciatic nerve injury.
a RARB, b RARy, ¢ RXRy
Western blots, 15 pg pro-
tein pro lane. Immuno-
reactivity in the intact
nerves (C1-3) and 7 days
after crush lesion (Cr1-3),
n=3. Proteins extracted
from adult retina were
used as a positive control
for ECL. Band’s shift irc
is due to the experimental
artefact.

cl C @ C C2

cl @2 @ C (2 C3

On the mRNA levels, the increase of gene transsripas also apparenFiQ.
3.3.49. In these experiments semi-quantification wasf@ened using the same
analysing software as for immunoreactivity, butsthime with ethidium bromide
signals in agarose gels, run subsequently to comweal PCR. Seven days after
sciatic nerve crush lesion elevated levels of geeepression of RAR,
RARpB, RARy and RXRx were detected (ANOVA, p<0.05). For RBRand RXR/ no
significant changes were observed. Thus at least functional heterodimers
(concluded from up-regulated immunoreactivity) cARa/RXRa and RARI/RXR[
may be triggered by the injury. The up-regulationRAARB was not as prominent

and significant only on the level of the gene tremst.
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a RARa b RARp ¢ RARYy g GAPDH

1 1 23 12 3 123 1 23123 123 12 3

crush control crush control crush control crush control
d RXRa
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control RARa RARB RARy RXRo RXRB RXRy

Fig. 3.3.4 Sciatic nerve lesion induces activatioaf retinoid receptors. aRARa,

b RARG, ¢ RARy, d RXRa, e RXRB, f RXRy;, g GAPDH. Three independent
experiments are shown for each receptor. Molecuhagight marker at 100 bp
(bottom band), 200 bp, 300 bp etc. Stronger ban@GQ bp. The molecular weights
were consistent with the predicted sizes of all P@Bgments. h Relative
guantification of mMRNA concentrations. Strengthflforescence is expressed in
relation to the contralateral side (control) and rcected for the expression of
GAPDH for each sample. Error bars indicate standagdor of mean. Asterisks
indicate significant differences compared to thenflesioned control (n=3, ANOVA
p<0.05, Dunnett’s test *p<0.05; **p<0.01)
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Retinoic acid autoregulates mRNA expression of itsown receptors in
Schwann cellsin vitro.
One mechanism by which RA may co-ordinate complerggexpression is through
the direct autoregulation of the retinoid receptéhemselves (Mangelsdorf and
Evans, 1992). To test whether it is the case in P8i&hwann cell primary cultures
were used.

Previously | have shown the expression of all setimoid receptors in
Schwann cellsn vitro (Fig 3.1.2. To investigate dose-dependent effects of RA, the
cultures were exposed to 1, 10 and 100 nMtedhs RA for 24 hrs, and the mRNA
expression of RAR, -3, -y and RXRx, -, -y was analysed with PCR. Control cells
were treated with DMSO.

While the expression of GAPDH was constant for Réated and control
cells, the expression of RARand RAR/was induced in RA-treated cells. The
expression of RAR, RXRa, RXRB and RXR/ was not changed even by the highest

dose of retinoic acidHig 3.3.95. This experiment was repeated only once.

3.3.5 Discussion

This part of my work was devoted to the questionether retinoic acid
receptors and retinoid X receptors are regulatedgdigtic nerve injury. In part 3.1.
of my thesis | showed the presence of all six récepin sciatic nerve, however,
their cellular localisation remained unclear. Inisthstudy | performed
immunocytochemistry analysis in order to show thesgible localisation of the
receptors. However, the differential interferenantrast light microscopy method
can not provide the resolution to qualify the staghobtained. Obviously, further
experiments using electron microscopy must be peréal. My previous
experiments suggest, however, that the stainintpceslised to the Schwann cells,
since Schwann cells express retinoid receptors (s®# 3.1.) and are immuno-
positive for all RARs and RXRs (J. Mey and K.Scheagnpublished observations)
in vitro.

To evaluate the possible changes in gene and prd¢eels, crush lesions were
again performed to the sciatic nerves of adult ransl the expressions measured
with PCR and Western blot. Discrepancies at these ¢xpression levels are not

infrequent, which is apparent in my data as well.
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Fig. 3.3.5 RA-dependent activation of retinoid recptors. a RARS, b RARy, ¢
RXRG, d RXRa, e RARa, f RXRy, g GAPDH. Cells were treated 24 h with all-trans
RA, concentrations in nM; bp: molecular weight marlkat 100 bp (bottom band),
200 bp, 300 bp etc. The molecular weights were stest with the predicted sizes
of all PCR fragments.h Relative quantification of PCR results. Strength o
fluorescence is expressed in relation to the contoMSO-treated cells) and
corrected for the expression of GAPDH for each skEmp=1.
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At the mRNA level all three RAR receptors and RXRre significantly up-
regulated, while the immunoreactivity of only RARbut of two RXRs: RXR and
RXRp is positively regulated. These findings suggesit thot all elevated genes are
translated into comparable elevated levels of pgrotédowever the up-regulated
levels of at least two functional heterodimers: RARXRa and RARI/RXRPB may
be generated in cells of regenerating sciatic nenemabling more retinoic acid to
propagate its transcriptional effects.

One mechanism by which RA may regulate gene expoass through the
direct autoregulation of the retinoid receptors (Mdalsdorf and Evans, 1992).
According to my data, the expression of RRARind RAR/is up-regulated by
retinoic acid treatment in Schwann cells. This etfef RA could be both direct and
via additional intermediate gene activation, beeauwmly RAR3 of these two
contains RA response elements in its promoter (Mésdprf and Evans, 1992). The
effect of RA on its nuclear receptors is dose-dejmari, the highest dose of 100 nM
induced the most potent expression of RARnd RAR/. As for the biological
meaning of such regulation, RA may mediate its qsitive feedback.

The implication of the RA-system in regeneration swdiscussed in the
previous parts (3.1-3.2). RA is able to induce megyation in the developing CNS
and in the CNSin vitro (Corcoran and Maden, 1999; Corcoran et al., 2000;
Corcoran et al., 2002; Mey and Rombach, 1999) astdvate genes in cell cultures
unrelated to the nervous system (Chang et al., 2@®udhury et al., 2000; Mey,
2001). However, when Corcoran and Maden (1999)oihiced RA into the lesioned
adult CNS no regeneration was induced. A possilifdanation of this phenomenon
is that during transition from embryo to adulthosame or all of the transducers of
the RA signal may be permanently shut down by tcaipsional inactivation. The
mechanism of retinoid receptor transcriptional ima&tion is known. It involves
histone deacetylase (HDAC)-containing complexest the tethered through co-
repressors or a silencing mediator to retinoid ahgroid hormone receptors
thereby inhibiting their functions (Marill et al2003).

On the contrary, axons in the adult PNS are ablerdgenerate and all
components of retinoid signalling are present iis tiissue. When at first proposing
a role of retinoic acid in PNS-regeneration, the R/thesising enzymes seemed to
be the proper candidates for the regulation of RAikability. However, an up-
regulation of RALDH was not detected after sciatierve crush injury (Zhelyaznik
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et al., 2003). What is more, the application of e RA (Maden and Hind, 2003),
which should have overcome the requirement of tResignthesising enzymes, did
not induce neurite outgrowth. Thus RALDH is not thm@st important key regulator
in either CNS or PNS regeneration. Other possildg knolecules in RA signalling
activation are cellular binding proteins. CRBP-I gsucial for the RA synthesis
(Napoli, 1996) and CRABP-II, being able to bring R@& the nuclear receptors, is
the co-activator of transcription (Budhu and Noy02). Their silencing in adult
CNS might be one of the explanations of regenegafailure. As shown in part 3.2,
| showed indeed a strong and significant up-regatatof CRBP-1 and CRABP-II
following peripheral nerve injury (Zhelyaznik et.aR003). Even though there was
a report that CRABP-II alone is able to activate RAXRXRa heterodimers (Bastie,
2001), it was proved to be insufficient to elicitr@nscriptional effect of RA, even
when excessive RA was available for the cells (Budmd Noy, 2002). Thus the
regulation of the nuclear receptors, which are seaey for RA transcriptional
activity, seems to be another key process. Periognseveralin vitro studies,
Corcoran and Maden (2002) have shown that one efr#tinoic acid receptors —
RARB2 - is the essential transducer of the RA signatuttured spinal cords. After
RARB2 vector introduction many neurites extended frdra explanted adult spinal
cords in both mouse and rat vivo. No neurites were observed in several control
experiments where the cords were transfected withee LacZ or the RAR4
isoform, which confirmed the authors’ hypothesis @& specific RAR2
involvement. In addition, an RARagonist rather than an RARor RARy agonist
specifically induced neurite outgrowth from embryomeurons (Corcoran and
Maden, 1999; Corcoran et al., 2000). Even thougie oan not exclude that some
other of the receptors and their splicing isoforatso participate in regeneration. In
the regenerating PNS the expression of RARXRa and RXHR3 is up-regulated,
while the levels of the other three receptors, unlchg RAR3 are unaltered.
However, high levels of RAR transcript and protein were expressed at all times
and | can not completely rule out that the expressof RAR3 isoform 2 is
regulated.

Nevertheless, the elevated expression of retineaeptors in the present study
can be considered as a specific physiological raspoof the PNS to injury. This
additionally supports the proposed role of retinai@d in regenerating peripheral
nerves. Further, my finding of a different patterihreceptor expression in the PNS
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compared to the report of Corcoran and Maden (Camcet al., 2000) suggests that
retinoic acid may take part in regeneration of CAI&l PNS via different nuclear
receptors, which will probably activate differemtwinstream signalling.

In the future, more detailed comparison of retineignalling in PNS and CNS
must be performed. For instance, the comparisotrariscriptional activity of RA
within the injured sciatic nerve and spinal cordnclae done. The expression of
cellular retinoid binding proteins should also beakiated, as well as the cellular
localisation of the RA-system. Further experimewith CRABP-II-/-, RARB-/- and
RXRB-/- mutant mice will clear the possible physiologlcroles of these three
molecules in the regeneration processes. The emmerts in this direction are
already being performed in our laboratory. Theisuks will enable the more
concrete speculations about the functional releeaat retinoic acid in these two
systems. Further on, the biological functions otimeids — the activation of

downstream gene signalling — must be studied.
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3.4. Retinoic acid reinforces the expression of

erbB3 in Schwann cells

3.4.1. Abstract

In the peripheral nervous system neuregulins regulé&chwann cell
proliferation, Wallerian degeneration and developmef neuromuscular junctions.
Retinoic acid (RA) is a possible regulator of neyukn receptors because it
interacts with the neuregulin pathway in breastomanmodels. It was discovered
that the retinoid signalling system is activatetieafsciatic nerve injury. In light of
these data | investigated the effect of retinoicdamn the expression of neuregulin
receptors in Schwann cell primary cultures. Tramdsr of the erbB2 tyrosine
kinase and the erbB3 receptor were detected. lerota investigate dose-dependent
effects of RA, cultures were exposed to 0.1, 1, 100 and 1000 nM allrans RA
for 24 hrs, and the mRNA expression of erbB2 andB& was analyzed with
guantitative RT-PCR. While RA exerted only a nogsdficant effect on erbB2
expression, concentrations of 0.1 to 10 nM RA ingll@a 4- to 5-fold significant
up-regulation of erbB3. The transcriptional effemt this receptor was confirmed
on the protein level with Western blotting experimi& These results indicating a
possible interaction of RA anfl-NRG-1/erbB signalling in the peripheral nervous
system suggest a biological function of retinoiddasignalling after peripheral

nerve injury.
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3.4.2. Introduction

Neuregulins (NRGs) belong to the family of multipat growth-promoting
peptides known to be important in neural and mebkgmal tissue development. In
the peripheral nervous system (PNS) they are ctuwa a number of processes
including Schwann cell proliferation (Jessen anddy, 1999; Cheng et al., 1998),
Wallerian degeneration (Kim et al., 2002) and depehent of neuromuscular
junctions (Noll and Miller, 1994). So far, four gesm are known to encode members
of the neuregulin family: NRG-1, NRG-2, NRG-3 andR@-4 (Noll and Miller,
1994; Falls, 2003). All of them bind preferentialtp the receptors erbB3 and
erbB4. ErbB3 has a high ligand-binding affinity bamly impaired kinase activity
due to substitutions in critical residues of itdadgtic domain (Citri et al., 2003).
ErbB3 and erbB4 receptors form heterodimers by urigrg either erbB1 or erbB2
tyrosine kinase co-receptors to propagate signal{Miley, 2003).

Among the four neuregulin-Neuregulin-1 B-NRG-1) was initially found to
function in the regulation of nicotinic acetylchoé receptor transcription at the
neuromuscular junction (Falls, 2003; Fischbach, )9%ence it is also referred to
as ARIA (acetylcholine receptor inducing activityjhe functions of3-NRG-1 also
include regulation of early cell fate determinatjodifferentiation, migration and
survival of satellite cells, Schwann cells and oligndrocytes (Buonanno and
Fischbach, 2001).

Recent data indicate a functional role PfINRG-1 after peripheral nerve
injury. At the neuromuscular junctionB-NRG-1 regulates the expression of
acetylcholine receptors, thereby controlling theeaficity of reinnervation after
nerve injury (Noll and Miller, 1994). Along the ne, B-NRG-1, released from
injured axons promotes Schwann cell proliferatiamridg regeneration (Caroll et
al., 1997). This cytokine, as well as the expressid its receptors quickly respond
to the injury. Within one hour after nerve transent the NRG receptor erbB2 is
selectively activated at the site of injury as ai® downstream signals, including
immediate-early genes. Based on these data Kimcandorkers (Kim et al., 2002)
suggested that neuregulin signalling triggers Wadle degeneration in the adult
PNS. In addition, the expression of erbB2 and erlg@®es and protein increases
strongly after sciatic nerve injury (Caroll et a1997). This now raises the question
about the causesf altered B-NRG-1 signalling and of the regulation of

erbB2/erbB3 expression.
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One possible regulator is the transcriptional aamttow retinoic acid (RA)
because it interacts with the neuregulin pathway breast cancer models
(Offterdinger et al., 2003; Offterdinger et al., 98 Tari et al., 2002; Martin-
Subero et al., 2001). RA has therapeutic valuetli@ treatment of breast cancer. It
is known to inhibit chemically induced cancerogesesn vivo and is anti-
proliferative in vitro, where RA can act as a repressor of neureguli®erb
expression (Offterdinger et al., 1998; Tari et 2002; Martin-Subero et al., 2001).

Since the discovery of the retinoid signalling smt activation after sciatic
nerve injury, the question of its biological meagihas remained unanswered. The
pattern of up-regulation of cellular retinoid bimdi proteins suggests their
involvement in Wallerian degeneration (see part)32ince Schwann cells were
found to express all retinoic acid receptors theg eonsidered possible candidates
for RA-dependent gene regulation in the sciaticveefsee part 3.1). At the same
time, Schwann cells are the prime targets of theregulin signal via erbB2/erbB3
(Caroll et al., 1997). In the light of these datedahe recent findings of immediate
erbB signalling after nerve injury (Kim et al., 290l have investigated the effect
of retinoic acid on expression of neuregulin recepterbB2 and erbB3 in Schwann

cell primary cultures.



- 63 -
3.4.3. Materials and Methods

Cell culture

Primary cultures of Schwann cells were preparednfroew-born Sprague-
Dawley rats and processed as described in 2.2.
RT-PCR
Total RNA was isolated using Trizol as described2is. Samples of 500 ng
total RNA were treated with DNase | (Invitrogengverse transcribed and cDNA
was tested for the presence of erbB2 and erbB3stmapts. For detailed protocols
and primer sequences see 2.5.
Quantitative PCR
To measure the relative change of erbB2 and erbB3NA expression after
RA treatment, quantitative PCRs were performed bgans of the Roche Light
Cycler System (Roche) using the QuantiTect SYBRe&Br&CR Kit(Qiagen). The
detailed description of cycler programming and difacation principle is
described in 2.6. The PCR efficiencies (amplificatiper cycle) were for GAPDH
1.65, for erbB2 and erbB3 2.00. For every RA coricaton three to eight
independent cell culture experiments with pairsR# and DMSO treated Schwann
cells were performed and statistically analysechwiinp software (SAS institute).
Western blotting
For immunoblotting, Schwann cells were triturated hypotonic buffer with
protease inhibitors 1 mM PMSF, 1 uM leupeptin, lafrotinin. Protein extracts
were separated with discontinuous SDS-PAGE (1098.83% C) and transferred by
semidry blotting onto a nitrocellulose membrane.téx¢ion of immunoreactivity
was based on a peroxidase-conjugated goat antiitrgebondary antibody and the

enhanced chemoluminescence method. Detailed deBuorgare in part 2.7.
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3.4.4. Results

Schwann cell primary cultures

In the peripheral nervous system erbB2 and erbBBSexpressed by Schwann
cells and, among other functions, serve as a puwdatiriggers of Wallerian
degeneration (Kim et al., 2002). As described abd@el, 3.3), | found that
Schwann cell primary cultures prepared from ratatci nerves express RA
receptors and retinoid X receptors, as well asnadtdehyde dehydrogenases,
cellular retinoid binding proteins and CYP2Big. 3.1.2. Thus these cells may be
both: the source and the sink of retinoic acid @cti Further on | investigated
erbB2- and erbB3 regulation by retinoic acid in &amn cells. In addition to the
expression of retinoid receptors, cultured Schwaeis expressed the neuregulin
receptor erbB3 and the erbB2 tyrosine kinaseg( 3.4.19. With an antibody
against erbB3, the presence of this protein wasatestrated with Western blotting
(Fig. 3.4.1Db.
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110100 0O 1 10100 0
etbB2  bp  erbB3 erbB3 kDa

Fig. 3.4.1. Expression of erbB2 and erbB3 in Schwancell primary cultures
from rat sciatic nerves. a Expression of erbB2 and erbB3 transcripts (RT-PCR)
and b erbB3 protein (Western blot). Cells were treated 24 with all-trans RA,
concentrations in nM; bp: molecular weight markexs 100 bp (bottom band), 200
bp, 300 bp etc.; kDa: position of protein molecuhaeight markers. The expected
molecular weight of erbB3 is 185 kDa (Caroll et,al997).
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Effect of retinoic acid on erbB2 and erbB3 transcrpt concentrations

With Light Cycler RT-PCR | successfully amplifiedanscripts of erbB2 and
erbB3 in Schwann cellsF{g. 3.4.29. PCR-fragments, separated in an agarose gel
stained with ethidium bromide, had the expecteeksigerbB2: 337 bp, erbB3: 307
bp, Fig. 3.4.19. In order to investigate dose-dependent effe¢tRA, cultures were
then exposed to 0.1, 1, 10, 100 and 1000 nMtralihs RA for 24 hrs, and the
MRNA expression of erbB2 and erbB3 was analyset gitantitative RT-PCR. The
validity of these experiments was controlled by titgJ curve analysisKig. 3.4.20H
and gel electrophoresis of PCR products amplifiedhwhe Light Cycler Fig.
3.4.29. An example of two experiments comparing RA-texhtsamples with the
controls is shown inFigure 3.4.2a The dotted horizontal line in the semi-
logarithmic graphs shows the level of backgroungdofescence used to determine
the crossing points.

With identical mMRNA concentrations of GAPDH therasva slight increase of
erbB2 transcriptKig. 3.4.2a,upper panels, curve shifted 1.0 cycle to the laftyl a
5.3-fold up-regulation of erbB3F{g. 3.4.23 lower panels, curve shift 2.4 cycles to
the left). Figures 3.4.3a, bshow the relative changes in transcript concednat of
erbB2 and erbB3 in response to five different doséRA. While the effect on
erbB2 was not significant, RA caused a highly sfgrant increase in erbB3
expression (ANOVA p<0.001). Concentrations of OM to 10 nM RA induced a 4-
to 5-fold up-regulation of erbB3 (*p<0.05, **p<0.Q0Iorrected t-tests). Higher
concentrations of 100 nM and 1 pM RA had no sigrafit effects.
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Fig. 3.4.2 Changes in erbB2 and erbB3 mRNA expressi of Schwann cells
after retinoic acid treatment, quantitative RT-PCR. a Representative
amplification curves with primers for erbB2 and &®. Broken lines represent
results from Schwann cells, which were treated 2¢ Wwith 10 nM all-trans RA,
continuous lines from DMSO-treated cells. While ®A-induced change is
observed for the concentration of GAPDH, the Idiiftsof crossing points after
treatment indicates higher transcript concentratsonf erbB2 and erbB3 in RA-
treated cells. After all quantitative RT-PCR runisetamplified fragments were
characterisedb by their melting curves (italicised erbB and GAPDHymbolise
negative controls without RT), and with agarose gel electrophoresis. Expected
fragment sizes were 337 bp (erbB2) and 307 bp (B8jbBhree different RA
concentrations: 1, 10 and 100 nM and DMSO treatetisc(C) are shown. The six
distinct marker bands have 600 (stronger band),,50®0, 300, 200 and 100 bp.
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Fig. 3.4.3 Relative quantification of mMRNA concentations 24 hrs after RA
treatments. Data are normalised to transcript levels of the DOFreated Schwann
cells. Error bars indicate standard error of meaiihe effect of RA on erbB3
expression was highly significant (ANOVA, p<0,00AR).posteriori comparisons
showed a significant up-regulation at 0.1 (n=5),(4=6) and 10 nM (n=5) RA
(corrected t-test, *p<0.05, **p<0.01). The conceations of 100 (n=5) and 1000
(n=3) nM of RA showed no significant effects.

Effect of retinoic acid on erbB3 protein expression

Since discrepancies in transcript expression anadtepn synthesis are not
infrequent, | evaluated erbB3 immunoreactivity ich®ann cell protein extracts
with semiquantitative Western blotting experimeni® induce protein synthesis
Schwann cells were treated with 0.1, 1, 10 and @BDall-trans RA for 40 hrs as
described above. After SDS-PAGE, immunoreactivenalg were evaluated with
enhanced chemoluminescence andlamage Analyser Consistent with the results
on gene expression, the protein signals of erbB3ewaised (ANOVA, p<0.005;
Fig. 3.4.4a, ). In these experiments, lower doses of RA (0.1 andM) were not
significant, while 10 and 100 nM produced signifitancreases (Dunnett’s test).

On the both expression levels, 10 nM t-RA produdbd highest effect on

erbB3 levels.
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Fig. 3.4.4 Increase of erbB3 immunoreactivity afterretinoic acid treatment. a
Western blot of Schwann cell protein extracts usihg erbB3 antiserum; 10 ug
protein per lane. Cells were treated 40 hrs with B®I (“0”, no RA) or all-trans
RA (0.1, 1, 10 or 100 nM). Two strong bands repnessrbB3 at around 185 kDa.
b Quantification of the immunoreactive signal (bottrbB3 positive bands
combined; ECL, linear range of X-ray film). The RAfect was small but highly
significant (n=3, ANOVA, p<0.001; post hoc compams with control *p<0.05,
**p<0.01). Three independent experiments were pemnied, error bars indicate
standard deviation.

3.4.5. Discussion

Recent experiments indicate that retinoic acid net as a regulator of
traumatic reactions after peripheral nerve injuBhélyaznik et al., 2003). The
expression of CRABP-II was most altered during Weln degeneration and did
not decline during at least two weeks after nermansection, unless regeneration
was allowed (part 3.2.2). This prompted me to ssg@a involvement of RA in the
process of Wallerian degeneration. Another piece esidence backing this
assumption is the fact that RA down-regulates tlemegexpression of CNTF in
primary Schwann cell cultures (Johann et al., 200&)ich was also noticed during
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Wallerian degeneratiom vivo (Sendtner et al., 1996). With the possible excaptio
of this negative effect on ciliary neurotrophic fag the physiological functions of
retinoic acid during PNS regeneration are completaiknown. Using Schwann cell
primary cultures from rat sciatic nerves | showdthtt retinoic acid exerts a
significant regulatory effect on the expressiontbé neuregulin receptor erbB3.
The dose-dependent effect of RA was obvious on mRiIXA protein levels.

B-NRG-1 and its receptors erbB2 and erbB3 are essleditiring Schwann cell
differentiation (Jessen and Mirsky, 2002; Grinspanal., 1996). In the late stages
of nerve regeneration the proposed functio3aflRG-1 is to control development
of neuromuscular reinnervation (Noll and Miller, 989. While the function of3-
NRG-1 in the early stages of regeneration has rednbstudied in detail, several
lines of evidence indicate that this pathway plags important role during
Wallerian degeneration as well. An increased expias of erbB receptors is
observed immediately after nerve injury (Kim et,&002). It has been suggested
that the immediate expression @fNRG-1 in Schwann cells after nerve injury may
prevent their apoptotic death (Grinspan et al., G)9%timulate their proliferation
and migration and may influence the production ofemotactic cues for
macrophages which will clear myelin debris (Tofags al., 2002; Caroll et al.,
1997). The results of the present study point tonaac acid as a possible regulator
of these physiological responses.

What is the molecular mechanism of the observedd®fendent regulation of
erbB3? Up to now, cancer research is the only fiehkre studies concerning the
molecular interaction of retinoids and neuregulinsave been performed
(Offterdinger et al., 1998; Tari et al., 2002; Seider et al., 1999). In this context
retinoid signalling has been identified as a keguatory element at least for a
subset of breast cancer types, where the applicaifaretinoic acid down-regulates
the expression of erbBs (Zou et al., 1994; Huan@let 1988). None of the three
erbB promoters contain classical retinoid resposlggnents, whereas potential AP1
sites are present in the erbB2 and erbB3 promo(&ffterdinger et al., 1998).
Several molecular events are involved in the ad¢toraof AP-1: the transactivating
potential of AP-1 depends on induction and phosgladion of AP-1 components
(c-fos and c-jun) by mitogen-activated protein kinase (MAPK). Thepeession of
c-fos is regulated by ternary complex factors whose\vastiis regulated by the

extracellular signal-regulated kinase p38 MAP kimasd c-Jun N-terminal kinase
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(JNK). Expression ot-junis regulated by ATF-2, which is phosphorylated IyK
and/or p38 MAPK. As said above, post-translatiomaativation of AP-1 is also
regulated by MAPK-mediated phosphorylation (Kontaaé, 2001). RA is able to
mediate both positive and negative regulatory dfean c-jun/c-fosdepending on
the cell type (Li et al., 1999). As for the negaimechanism, RAR upon ligand
binding is able to disrupt-jun/c-fosdimerizationin vivo, which would preclude
the formation of the DNA-binding component AP-1 qolex. Another suggested
mechanism is competition for the common co-activatBMP-responsive element
binding protein (CBP); (Zhou et al., 1999).

The positive effect of RA on AP-1 is possibly met#ic via the protein kinase
C (PKC) protein (Desai and Niles, 1997). PKC, atermediate signal of the PlyC
signalling cascade, is thought to regulate generesgion by inducing the activity
of the AP-1. RA increases the activity of PECKambhampati et al., 2003), while
on the other hand it prevents activation of RKCRadominska-Pandaya et al.,
2000). RA-induced differentiation of certain tumoaells is accompanied by an
increase in PKC expression (Desai and Niles, 198npther suggested mechanism
of the up-regulation of AP-1 activity due to RA atenent is the activation of
MAPK pathway (Huang et al., 2003). Thus PKC and MAR&ctivity may correlate
with the positive effect of RA on AP-1. One canreXclude that the effect of RA
on the-NRG-1/erbB signalling requires activation of addital intermediates. It
is known that the rapid increase @fNRG-1 mRNAIn vitro (Loeb et al., 2002) and
at the neuromuscular junctioms vivo is induced by a number of regulatory factors,
such as NT-3, NT-4, BDNF and GDNF (Loeb and Fisahal997), which are also
the targets of the transcriptional activity of RA the variety of cell cultures (Mey,
2001). Therefore a number of molecular mechanismddaccount for the effect of
RA on[3-NRG-1/erbB signalling.

While this remains to be studied, the observatibattalltransRA doses as
low as 0.1 and 1 nM potentiated erbB3 gene exposmss Schwann cells suggests
interactions of RA an@-NRG-1/erbB signalling in the PNS. This constitutese
possible biological function of retinoid signallingiggered by peripheral nerve

injury.
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4. General Discussion

Physiological functions of retinoic acid after nervinjury are almost
unstudied, even though the potential of this molecus enormous. During
embryonic development RA regulates differentiatioh brain cells (Noll and
Miller, 1994; Wuarin et al., 1990; Henion and Westd994) and in some cases
promotes axonal regeneratiom vitro (Corcoran and Maden, 1999; Corcoran et al.,
2000; Mey and Rombach, 1999). In some cell cultuneselated to the nervous
system, RA regulated the expression of many intitatas signals which take part
in the physiology of nerve regeneration (Chang ket a000; Choudhury et al.,
2000; Mey, 2001). However, no experiments have aobfeen conducted to prove
that functional retinoid signalling forms part ohd traumatic reactions in the
nervous system.

In my work the presence of the retinoic acid sigimagl system was shown for
the adult PNS (part 3.1), and the activation of FARegulated gene expression in a
transgenic reporter mouse specifically after neleson indicates the involvement
of RA in traumatic processes following nerve injuryhe possible scheme of
retinoic acid signalling in the PNS is summarisad-ig. 4.1

Since the local distribution of RA synthesising elhgde dehydrogenases is
considered to determine the spatial and temportaviag of retinoic acid (Ross et
al., 2000), their molecular levels and RA-synthasgsactivity were measured in
sciatic nerves. While the enzyme activity of RALOHwas detected, no altered
expression of either RALDH-2 or RALDH-1 and -3 wawsoticed (part 3.1,
Zhelyaznik et al., 2003). Moreover, gene expressaml immunoreactivity of
CRBP-I (part 3.2), which is an indicator of cellsat are able to synthesise RA and
supports the enzymatic oxidation of retinol andinat to retinoic acid, was found
to be up-regulated. This corroborates the hypothediretinoic acid synthesis in
sciatic nerves and its elevated expression aftgri@s of the PNS.

The control of retinoic acid action after PNS injumay involve different
mechanisms. They could include negative regulabgrl) RA-degrading enzymes,
such as CYP26 (Mey, 2001; Swindell et al., 1999)c@mpartmentalisation of RA
by CRABP-I (Dong et al., 1999a) and 3) competitioh orphan receptors like
COUP-TFII that interfere with DNA-binding of the timoid receptors (McCaffery
et al., 1999). The mechanisms of positive regukatimay include changes in
expression of 1) CRABP-II, which transports retio@cid to its nuclear receptors
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(Delva et al., 1999; Budhu and Noy, 2002) or 2)imeid nuclear receptors, which
activate gene transcription upon ligand (RA) binglin

Thus, elevated concentrations of CRABP-II and RARSRs may lead to
enhanced transcriptional activity. Taking into agnbtheir physiological functions,
molecular levels of these molecules were evaluaaed shown to be strongly
increased. The observation of a drastic up-regamtof CRBP-1 and CRABP-II
(part 3.2) after nerve transection (in degradingves) and an early raise of their
expression after crush lesion or transection, saggehe involvement of retinoic
acid signalling in Wallerian degeneration — the gess which initiates axonal
regeneration (Fawcett and Keynes, 1990). Howevararinot exclude that retinoic
acid also mediates axonal regeneration directlycesithe elevated levels of RAR
RXRa and RXR3 (part 3.3) were observed 7 days after crush lesiwhen
regenerating axons are most apparent.

What exactly could have caused the increased espeof CRBP-I, CRABP-
II, RARa, RXRa and RXR3 after axotomy remains to be studied. We also db no
know the cellular source of these molecuies/ivo. At this point of time | can only
speculate about the possible triggers. Walleriangeteration and axonal
regeneration are based on a corresponding sequehamellular and molecular
interactions, which in turn reflect the differentiexpression of specific genes with
functions in nerve degeneration and repair. Conmgathe gene expression and the
time periods of action for different genes (Gillehal., 1997) with the time course
of expression of RA-system molecules, several gmescandidates are obvious.
They may include neuropoietic cytokines: interlaukiL)-6, ciliary neurotrophic
factor (CNTF) and leukemia inhibitory factor (LIFjyeurotrophins: nerve growth
factor (NGF) and brain derived neurotrophic fac{®@DNF) and their receptors
NGFR-p75, trkB and trkC; neuregulins; and transforgngrowth factor TGB.

Within 24 hours after rat sciatic injury, LIF proteincreases in Schwann cells
close to the lesion site. It is then retrogradelgnsported in the axons and then
functions as a neurotrophic factor for sensory andtorneurons (Mey, 2001).
Although the expression of CNTF is down-regulatace do the injury, cell damage
causes release of CNTF from those cells. CNTF, Wwhig also taken up and
retrogradely transported, prevents the degradatifomotorneurons (Sendtner et al.,
1992). IL-6 is also induced by the nerve injury aswpports macrophage activity

like myelin breakdown, which in turn stimulates 8&nn cell proliferation and



-73 -

axonal regeneration (Gillen et al., 1997). The egsion of the different members
of the TGH family reach their maxima two or four days aftequry and, apart
from their important anti-inflammatory functions,timulate Schwann cell
proliferation (Mey, 2001). Thus the expressiontbése factors may influence the
up-regulation of CRBP-1 and CRABP-II in the firsays after injury.

Triggered by a peripheral nerve injury, the expressof NGF, BDNF and
their receptors goes up within a few hours, althowgnother maximum of NGF
expression is reached 3 days after the lesion, andlegenerating nerves its
increased expression persists up to four weeksr afegve transection (Zhao and
Schwartz, 1998). A second peak of BDNF express®also observed. Two weeks
after the injury this neurotrophin is expressedSohwann cells, while the initial
up-regulated expression in neurones returns alrtmstormal (Gillen et al., 1997).
This delayed activation of NGF and BDNF may therefanfluence the second
expression peaks of CRABP-II and CRBP-I, as welltlas elevated expression of
retinoid receptors.

Most probably, the cocktail of these cytokines abuifluence the expression
of the retinoic acid signalling system. E.g., fir€NTF and/or LIF, then NGF,
BDNF and/or TGB. Obviously, a set of additional experiments is ueqd to
investigate these interactions. Specific silencofiglifferent cytokines with siRNAs
will allow to determine the contribution of each ¢fiem in the regulation of
elevated expression of CRBP-I, CRABP-II, RAR RXRa and RXR3 after
axotomy.

Even though my experiments point to the Schwanhsca$ a possible cellular
source of retinoid receptors, additional experinseate also required here. What
is/are the source of retinoic acid? Are Schwannlscehe only targets of RA
transcriptional action? My experiments with dorsadot ganglia showed the
presence of CRBP-I and CRABP-II in the sensory eepells, however, their
expression was not affected by a degenerating gemerating injury. Thus, nerve
cells are possibly neither the source, nor the gamf retinoic acid action during
PNS injury. Fibroblasts and macrophages contrikdotehe supply of neurotrophic
and neurotropic factors in the injured nerves. Rea@xperiments with spinal cord
lesions (P. McCalffery, unpublished observationsinpoo the possible involvement
of fibroblasts in retinoid acid synthesis. Thesellxeare immuno-positive for

RALDH-2, which enzymatically synthesises RA. These no direct evidence of
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macrophage involvement in the activation of the Bystem, however, the peak of
their infiltration happens at the second day afesion and remains high up to four
weeks post axotomy, coincident with the elevatedgregsion of CRBP-I and
CRABP-II. Thus the investigation of these two cilbes is required in the future.

Here | would like to propose a possible scheme h# tetinoic acid system
signalling response to the nerve injurlyid. 4.1): after injury, RA is synthesised
due to RALDH-2 activity in the presence of incredseéRBP-I. The up-regulation
of CRABP-II will then facilitate RARE- and/or AP-legulated gene activation
during Wallerian degeneration by trafficking RA tlwe nuclear receptors, the levels
of which are also increased. The proposed schemeesents the normal signalling
pathway of retinoic acid during development (McGaif et al., 1999). Since no
direct comparing of the levels of the moleculesadlwed in retinoid signalling in
regenerating PNS and during embryonic developmead éver been done, | can
only speculate about the similarities. The actigatiof members of the pathway
shown in my study allows to suggest that the simdignalling cascades are taking
part in regenerating sciatic nerve and during embgnesis. However the
involvement of CRABP-I, CYP26, and the regulatioh AP-1 in sciatic nerves
remains unknown.

Many genes related to the regulation of Walleriayge&neration count among
the targets of RA. They include neurotrophin reoeptand cytokines as well as
different transcription factors. Up to now only #® possible physiological effects
of RA are observed in the PNS. All of them were ided, however, from
experimentsin vitro. RA autoregulates the gene expression of its owwclear
receptors (part 3.3), exerts a negative effect dMTE expression (Johann et al.,
2003) and up-regulates the expressioBdfiRG-1 receptor erbB3 (part 3.4), which
is essential during Schwann cell differentiationrifGpan et al., 1996; Jessen and
Mirsky, 2002), and takes part in Wallerian degeniera (Caroll et al., 1997; Kim et
al., 2002). The regulation of erbB3 expression btirmoic acid is another piece of
evidence for the RA involvement in biological preses of Wallerian degeneration
and confirms the hypothesis that retinoid signallis triggered by peripheral nerve

injury.
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Fig. 4.1. Possible scheme of retinoic system respmmto the nerve injury.

Retinol is oxidised in retinoic acid (RA) via regéillehyde (RAL) intermediate. This
process is catalysed by retinaldehyde dehydrogemdBALDH) in the presence of
cellular retinol binding protein (CRBP)-I. RA iseh either stored after binding to
the cellular retinoic acid binding protein (CRABP)and further catabolised by
cytochrome (CYP)-26 to 4-oxo-RA or 4-OH-RA, or ngterred to the nucleus due
to the CRABP-II activity. There it can influencengeexpression after binding to
the retinoic acid receptors (RAR) or retinoid X egtors (RXR), which activate
retinoic acid response elements (RARE) or trandecoip factors like activating
protein (AP)-1. As a response to this gene actmaticiliary neurotrophic factor
(CNTF) and(or) p-Neuregulin-1 receptor erbB3 expression is mediated
Alternatively, RA signalling can be silenced by thmhan receptors COUP-TFII,
which interfere with DNA-binding of the retinoidaeptors.

The molecular mechanisms described in this worleedtour understanding of
the processes following peripheral nerve injury.cAading to my data, one more
signalling cascade — the retinoic acid system —esalpart in these processes.
However, my findings raise several open questicsmne of which were already
mentioned above. The most important of them congdhe exact role of retinoic

acid after axotomy. The indirect pieces of eviden€®RA involvement in Wallerian
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degeneration guide further possible experimentsptove its role there. Such
experiments may include the investigation of theygibal features of Wallerian
degeneration (Schwann cell de-differentiation, moyte invagination, myelin
phagocytosis, etc.) or molecular levels of the kaglecules involved in these
processes (TGFE, p75, 3-NRG-1, etc.). To investigate the role of RA, eithée
systemic injections of retinoic acid or the use tbe transgenic animals with a
manipulated RA-system are required.

The role of retinoic acid in regeneration is to dother topic of subsequent
investigations. Since tropic functions of RA areokmn from developmental studies,
does it provide guidance cues during regeneratioadult PNS? Does it influence
the production of trophic factors essential for eagration? Does it influence
myelination or the re-innervation of muscle?

Answers to these questions will enable us to dgvelbore effective

pharmacological strategies for neurodegeneratigeases and traumatic injuries.
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5. Summary

Although the problem of nerve regeneration has been studied since the begfrthimg
20" century, the molecular mechanisms of this process ardastjly unknown. Recently,
the involvement of retinoic acid (RA) signalling was also proposedegulate PNS
regeneration based on its regulation of a variety of intetaekignals, which take part in the
physiology of nerve regeneration. However, no experiments have &edarconducted to
prove that functional retinoid signalling forms part of the traunegactions in PNS. The
results of my thesis allow to confirm this hypothesis: WilhiRCR and immunoblotting all
necessary components of the RA signalling pathway were detectde isciatic nerve of
adult rats. These are retinoic acid receptors, retinoid X msgpthe retinoic acid
synthesising enzymes RALDH-1, RALDH-2 and RALDH-3, and theutallretinoid binding
proteins CRBP-I, CRABP-I and CRABP-II. Although the transcrgyels of RALDHs were
not significantly altered by a sciatic nerve injury, sciatgcve crush and transection resulted
in a more than 10-fold up-regulation of CRBP-I mRNA, a protein whschhought to
facilitate the synthesis of RA. Transcript and protein level€RABP-II were elevated 15-
fold. This is a possible mediator of RA transfer to its nucleaeptors. The expression of
retinoid binding proteins remained elevated during and two weeks aftex transection,
thus the involvement of these proteins in the first phase of axoretaedion — Wallerian
degeneration — may be assumed. Other key molecules of RA regudasiois nuclear
receptors, the expression and immunoreactivity of which was neehisuthe next part of my
work. Seven days after crush, the protein levels of RARXRa and RXH3 were
significantly up-regulated (4-, 2- and 1.5-fold respectively). On tRN# level, all three
RARs and RXR were elevated as well. In order to investigate putative biabgitects of
RA, Schwann cell were investigated. These cells were foundhtegxall components of the
retinoic acid signalling cascade and thus can be the sourcé ain@ the target of its
functions. | discovered that retinoic acid autoregulates the genessigr of RAR and
RARYy in Schwann cells, as well as the expression of erbB3, an impaigmalling
intermediate during Wallerian degeneration. These findings confinmhgpothesis of an
involvement of RA in Wallerian degeneration. However, they rise a number of opstiogae
about the cellular source of RA signalling, the trigger ofattvation and the downstream
mechanisms of RA action. The answers to these questions in the uliuenable the better

understanding of the molecular processes of PNS regeneration.
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5. Attachments

Abbreviations

AP-1 — activator protein - 1

APS — ammonium persulfate

ARIA — acetylcholine receptor-inducing activity
ATF-2 — activating transcription factor - 2

BCA — bicinchoninic acid

BCIP — 5-bromo-4-chloro-3-indolyl phosphate,uidine salt
BDNF — brain derived neurotrophic factor

BSA — bovine serum albumine

CNS — central nervous system

CNTF — ciliary neurotrophic factor

COUP-TFII — chicken ovalbumine upstream promatamscription factor Il
CRABP — cellular retinoic acid binding protein

CRBP — cellular retinol binding protein

CYP 26 — cytochrome P 450-oxidase, number 26
DAB — diamino-benzidine

DEPC — diethyl-pyrocorbonate

DIG — digoxigenin

DMEM — Dulbecco’s modified Eagle’s medium

DMSO — dimethyl sulfoxide

DNA — deoxyribonucleic acid

DPX — p-Xylene-bis(N-pyridinium bromide)

DR — direct repeat

DRG — dorsal root ganglion

ECL — enhanced chemilumeniscence

ECM — extracellular matrix

EcoR1 —Escherichia colirestriction endonuclease |
EDTA — ethylendiamine - tetra acetic acid

EGF — epidermial growth factor

ELISA —Enzyme-Linked Immunosorbent Assay
erbB — erythroblastosis gene B

ERK — extracellular signal-regulated kinase

FCS — fetal calf serum

GAM lIg — goat anti mouse immunoglobulin

GAPDH — glyceraldehyde phosphate dehydrogenase
GAR Ig — goat anti rabit immunoglobulin

GDNF — growth derived neurotrophic factor

HEPES — N-2-Hydroxyethylpiperazine-N'-2-ethanésunic acid
HDAC — histone deacetylase

HRP — horseradish peroxidase

ISH —in situ hybridisation

IL — interleukin

Jak — Janus kinase

lacZ —E. coli-galactosidase (reporter) gene

LB — Luria-Bertani

MAPK — mitogen activated protein kinase



NBT
NGF
NGS
NMRI
NRG
NT
dNTP
OLN-93
p75
PAGE
PBS
PCR
PFA
PI3P
PKC
PLCy
PMSF
RA
RALDH
RAR
RARE
Raf
Ras
RNA
RT
RXR
RXRE
SEM
SD
SDS
SSC
TBS
TBS-T
TEMED
TGF3
Tris
Trk

— nitro blue tetrazolium chloride

— nerve growth factor

— normal goat serum

— Naval Medical Research Institute

— Neuregulin

— neurotrophin

— 2'-Deoxyribonucleoside-5'-tri-phosphates

— oligodendrocyte cell line 93

— protein 75

— polyacrylamide gel electrophoresis

— phosphate buffered saline

— polymerase chain reaction

— paraformaldehyde

— phosphatidylinositol 3-phosphate

— protein kinase C

- phospholipase @

— phenylmethylsulfonylfluorid

— retinoic acid

— retinaldehyde dehydrogenase

— retinoic acid receptor

— retinoic acid response element

—Rasassociated factor

— rat sarcoma viral oncogene homolog

— ribonucleic acid

— reverse transcription

— retinoid X receptor

— retinoid X response element

— standard error of mean

— standard deviation

— sodium-dodecylsulfate

— sodium citrate

— Tris buffered saline
-TBSTween 20

— N,N,N',N'-tetramethylethylenediamine

— transforming growth factop

— tris-(hydroxymethyl)aminomethane

— tropomyosin related kinase
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