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CNS central nervous system

CS-PG chondroitin sulphate proteoglycan

CST corticospinal tract

DAB 3,3’diaminobenzidine
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FNIII fibronectin-type III domain
H&E haematoxylin and eosin stain
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TGF-a transforming growth factor-a
TGF-f transforming growth factor-f3

TGF-$1 transforming growth factor-fi1

TNC tenascin C

TNC-/- tensacin C knock out

TNC+/+  tenascin C wild type

TNF-a tumour necrosis factor-o
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1. Objectives

Patients suffering from spinal cord injury can anticipate a near-normal life
expectancy. However, these predominantly young, male patients are challenged to
maintain an acceptable quality of life. Until today, complete functional recovery
after spinal cord injury has not been described. Therefore it is important to
continue basic research on wound healing after spinal cord injury, in order to

understand the basic mechanisms involved in spinal cord regeneration.

This is the first study to characterize axonal growth, glial response,
extracellular matrix formation and inflammatory response following spinal cord
hemisection in tenascin C (TNC)-/- knock out and TNC+/+ wild type control
mice over a time period of fourteen days. TNC is a physiologically important
component of the central nervous system (CNS) extracellular matrix and is

involved in wound healing after brain injury.

Objectives of the present study:
1.) Is TNC involved in wound repair mechanisms after spinal cord injury?

2.) How does wound healing after spinal cord injury in TNC-/- knock out

mice differ from wound healing in TNC+/+ wild type mice?

3.) What are the characteristics of axonal growth after spinal cord hemisection

in TNC-/- knock out mice?

4.) What is the spatiotemporal course of the glial response (microglia and

astrocytes) after spinal cord hemisection in TNC-/- knock out mice?

5) What is the spatiotemporal course of extracellular matrix proteins
(collagen type IV, laminin and fibronectin) after spinal cord hemisection in

TNC-/- knock out mice?

6.) What is the spatiotemporal course of the inflammatory response after

spinal cord hemisection in TNC-/- knock out mice?
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2. Introduction

In Germany the incidence of traumatic paraplegia is 1,800 cases annually
(Schwab et al. 2004). Approximately 55,000 patients suffering from spinal trauma,
including paraplegia as one of its severest forms, require hospital care in Germany
every year (Schwerdtfeger et al. 2004). The most common causes for traumatic
spinal cord injury are road traffic accidents involving motorcycles, sport injuries,
fall-related and assault-related trauma. Due to a progress in rehabilitation and
acute care, life expectancy of these predominantly young male patients has
improved considerably (Nacimiento 1999). However, spinal cord injury devastates
the lives of those affected and a complete functional recovery of injured axons in
the adult mammalian spinal cord has not been described to date (Rossignol et al.

2007).

Cellular and molecular sequences of wound healing and the functionally
inadequate neurite outgrowth after spinal cord injury are only poorly understood
in humans and inadequately explored in animals (Ramon y Cajal 1928; Bahr and
Bonhoeffer 1994; Schwab and Bartholdi 1996; Fawcett and Geller 1998; Nacimiento
et al. 1999). The complex interactions of cells, extracellular matrix (ECM) proteins
and soluble mediators greatly contribute to the success of axonal growth and

potential functional regeneration after spinal cord injury.

Out of several ECM molecules, tenascin C (TNC) plays an important role in
axonal growth. TNC is a member of a family of at least five large ECM
glycoproteins, i. e. TNC, tenascin R, tenascin W, tenascin X and tenascin Y
(Erickson and Bourdon 1989; Erickson 1993; Chiquet-Ehrismann 1995; Hagios et al.
1996). Out of all tenascins, only TNC and TNR have been reported to occur in

central nervous system (CNS) tissues (Faissner 1997).

All tenascin molecules share a common structure with a serial arrangement of
a cysteine-rich N-terminal region followed by epidermal growth factor-like
repeats, varying numbers of fibronectin-type III (FNIII) domains, and a C-terminal

fibrinogen-like globular domain (Bartsch 1996). The basic structure of TNC
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contains eight constitutively expressed FNIII repeats (Bartsch 1996). Different TNC
forms are generated by alternative splicing of various FNIII domains (Bartsch
1996; Forsberg et al. 1996). The monomer molecule is linked to multimers by
sulphide bridges at the N-terminal end and appears as a hexabrachion, which is

the prevalent form of native TNC (Erickson and Bourdon 1989; Bartsch 1996).

TNC is highly expressed in embryonic tissues where it regulates cell
migration during organogenesis, and plays an important functional role during
development (Mackie 1997, Webb et al. 1997). TNC is found in muscle, tendon,
bone, cartilage, hair follicle, teeth, mammary gland, bone marrow, haemopoietic
cells, kidney, spleen and lung tissue (Mackie et al. 1987, Thesletf et al. 1987;
Mackie et al. 1988; Riiegg et al. 1989; Bartsch 1996, Mackie 1997; Webb et al. 1997;
Roth-Kleiner et al. 2004).

In normal adult tissue, TNC is only found in the CNS, bone marrow (Mackie
et al. 1988) and in T cell-dependent areas of lymphoid organs (Chilosi et al. 1993).
However, during tissue repair and remodelling TNC becomes re-expressed in
adults. For example it is expressed at sites of endothelial cell damage (Aziz et al.
1997), proliferating and migrating endothelial cells (Schenk et al. 1999), in
granulation tissue (Riiegg et al. 1989), during wound healing (Mackie et al. 1988),
in lungs undergoing fibrosis (Zhao et al. 1998), in inflamed and scarred human
corneas (Maseruka et al. 1997), in macrophage-rich atherosclerotic plaques
(Wallner et al. 1999), during neovascularization and vascular disease (Jones and
Jones 2000), during tumorgenesis (Talts et al. 1999, Mackie et al. 1988) and during

nerve regeneration (Jones and Jones 2000).

The complex pattern of TNC deposition and the characterization of TNC as a
mutifunctional ECM molecule in vitro, suggest a critical role for several steps
during wound repair in vivo. Wound healing after spinal cord injury is, unlike in
other tissues, not a typical regenerative process, but a fibro-proliferative event that
results in a fibrotic scar (Clark 1996). After spinal cord injury, primary and
secondary damage occurs and several endogenous processes are triggered that

foster or hinder axonal reconnection (Rossignol et al. 2007). Due to complex
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interactions between numerous specific responses that occur after spinal cord
injury, it is difficult to study a certain sub-issue of wound healing. However, with
the advent of recombinant DNA technology and availability of embryonic stem
cells, it has been feasible to create certain knock out mice (Schachner 1994). Using
knock out mice, it is possible to thoroughly study the role of a particular gene

product that is involved in post injury processes of the CNS.

This study uses TNC-/- knock out mice created by Evers et al. (2002). These
TNC-/- knock out mice show morphological alterations in the cerebral cortex
(Irintchev et al. 2005) and an impaired memory in the step down passive
avoidance task (Strekalova et al. 2002). In addition, TNC-/- knock out mice
display enhanced novelty-induced exploration, reduced anxiety, delayed

resynchronisation of circadian activity and reduced muscle strength (Morellini

and Schachner 2006).

The above-mentioned results indicate that TNC is a physiologically important
component of the CNS and regulates multiple functions during wound healing in
diverse tissues. This strongly suggests that TNC is involved in the process of

wound healing after spinal cord injury.

In this study a spinal cord hemisection in TNC-/- knock out mice is
performed. Traumatic spinal cord injury in humans varies from complete
transection to mild contusion (Joosten 1997). Due to the wide range of spinal cord
injuries in humans it is difficult to experimentally establish a definitive animal
model for spinal cord injuries. Contusion models in animals are often not
reproducible and a complete transection does not reflected human pathology.
Because of its reproducibility a hemisection model is preferred in this
investigation over the contusion model. The contralateral intact site of the spinal
cord can serve as an intra-individual control. The level of incision is defined at
Li/Lz, in particular because of animal welfare reasons. A higher level of

hemisection results in a more devastating motor impediment. In addition, high
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spinal cord transections are described to result in notable impairment of wound

healing (Kliesch et al. 1996).

The present study is performed to elucidate the role of TNC in wound repair
after spinal cord injury. Therefore both TNC-/- knock out and TNC+/+ wild type
mice undergo spinal cord hemisection. Axonal growth, the glial response, ECM
formation and the inflammatory response following spinal cord hemisection are

characterized over a time period of fourteen days.

To evaluate the influence of TNC protein on axonal growth, neurofilament
(NF) immunoreactivity is used as a marker for axons. Axonal sprouting is thought
to be the initial step of regeneration and is the prerequisite of functional recovery

after spinal cord injury.

Astrocytes contribute to the formation of the glial scar, which is thought to act
as a barrier to growing neurites (Qiu et al. 2000). Following cortical stab injury in
TNC deficient mice created by Saga et al. (1992), abnormally high numbers of
astrocytes were morphologically described, but have not been quantitatively
evaluated (Steindler et al. 1995). Therefore morphological evaluation and
quantitative densitometry of GFAP immunoreactivity, demonstrating astrocytes
and astroglial scarring will be performed in TNC-/- knock out mice after spinal

cord hemisection.

The activation of microglia is a feature of several CNS pathologies and an
early response to CNS injury. Microglia may contribute to the resulting
neuropathology and secondary necrosis that occurs after spinal cord injury
(Bethea 2000). A recent study revealed no significant alteration in the density of
microglial cells in the somatosensory or motor cortex of TNC deficient mice
(Irintchev et al. 2005) and until today the role of TNC with regard to microglial
activation and maintenance after injury is unknown. Therefore this study presents
morphological and quantitative evaluation of microglia specific F4/80 antibody

following spinal cord hemisection in TNC-/- knock out mice.

Since the glycoprotein TNC is involved in the formation of ECM, three ECM

molecules, which interact with TNC protein and which are additionally involved
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in axonal growth will be studied as well. The first one is fibronectin, which is
expressed during development and has an analogous expression in response to
injury, suggesting a role in CNS repair processes (Tate et al. 2002). Particularly
interesting is a quantitative evaluation of fibronectin immunoreactivity after
spinal cord hemisection, since a reduction in fibronectin has been only
morphologically described in skin and cornea wounds of TNC deficient mice

(Forsberg et al. 1996; Matsuda et al. 1999).

The second and third ECM molecules investigated are collagen type IV and
laminin. After injury collagen type IV and laminin are the major components of
ECM formation (Hermanns et al. 2001) and are associated with the success or
failure of neurite outgrowth (Sosale et al. 1988; Grimpe and Silver 2002; Liesi and
Kauppila 2002). Degradation of ECM molecules in CNS lesions is known to
promote fibre growth across the incision site (Stichel et al. 1999a; Stichel et al.
1999¢), implying a mechanical or biochemical barrier to axonal growth. Absent
TNC protein may pave the way to an altered ECM composition, which may be
beneficial to axonal growth. To elucidate the interaction between TNC and
collagen type IV and laminin, and to understand the influence of TNC upon ECM
formation with regard to axonal growth, morphological and quantitative
evaluation is performed for collagen type IV and laminin immunoreactivity. In
addition, collagen type I is semi-quantitatively evaluated by combined Masson

trichrome and Verhoeff stain.

Recruitment and survival of polymorphonuclear cells in chemically induced
dermatitis of TNC deficient mice is enhanced compared to wild type mice (Mackie
and Tucker 1999). Furthermore, increased numbers of monocytes in the stroma of
spontaneously arising mammary tumours in TNC deficient mice was observed
(Talts et al. 1999). Because of a potential role of TNC in the inflammatory process,
the general inflammatory response following spinal cord hemisection in TNC-/-
knock out mice is evaluated in haematoxylin and eosin stain (H&E) by semi-

quantitative cell counting of leucocytes and monocytes.
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Besides the TNC-/- knock out mouse used in this study, two other
independently generated TNC deficient mice exist (Saga et al. 1992; Forsberg et al.
1996). At first sight both mice seemed to develop normally and revealed no
detectable morphological defects (Saga et al. 1992; Forsberg et al. 1996). However,
subsequent studies have uncovered subtle biochemical and behavioural
abnormalities in both strains, hence comparisons between TNC deficient mice
with a different genetic background seem feasible (Cifuentes-Diez et al. 1998;
Nakao et al. 1998; Kiernan et al. 1999; Cifuentes-Diez et al. 2002). This study uses
TNC-/- knock out mice created by Evers et al. (2002), because they have been
reported to lack detectable levels of TNC protein.
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3. Material and method

3.1. Animals

TNC-/- knock out and TNC+/+ wild type mice with a mixed C57BL/6]-
129Sv] genetic background were obtained from Prof. Dr. M. Schachner, Head of
Centre of Molecular Neurobiology Hamburg (ZMNH).

Animals were bread and kept at the breeding facilities of the ZMNH under
norm conditions (22 = 1° C, 55 % humidity, 12 h day-night-rhythm). Animals had
free access to water and rodent chow (ssniff® M-Z Alleindidt extrudiert, ssniff
Spezialdidgten GmbH, Soest, Germany). 24 TNC-/- knock out mice and 26
TNC+/+ wild type littermates of both sexes, aged 3 month = 2 weeks were
experimental subjects. In addition 10 TNC-/- knock out and 7 TNC+/+ wild type
mice were used for establishing the operation technique and

immunohistochemistry.

All procedures involving experimental animals were performed in accordance
to local governmental body of animal care and welfare of the Freie und

Hansestadt Hamburg (Tierversuchsnummer 62/00).

3.2. Surgery

The average body weight of TNC-/- knock out and TNC+/+ wild type
littermates did not differ significantly. Before surgery the mean body weight of
TNC-/- knock out mice was 27.46 g (+ SD 3.50 g) and the mean body weight for
TNC+/+ wild type animals was 27.51 g (£ SD 3.74 g). Post surgery the mean body
weight was slightly reduced in both genotypes. The mean body weight for TNC-/-
knock out mice was then 26.05 g (+ SD 2.69 g) and for TNC+/+ wild type animals
25.96 g (£SD 3.29 g).
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Animals were anesthetized with ketamine/xylazine, ((Ketamin 10, Atarost
GmbH & Co., Twistingen, Germany; Rompun 2 %, Bayer Vital GmbH,
Leverkusen, Germany) 0.1 ml/10 g body weight) intraperitoneal (i. p.) and skin
was surgically scrubbed with Cutasept® F (Bode Chemie, Hamburg, Germany).
The hair at the surgical field was removed and the eyes were covered with
ointment (Vidisic®, Dr. Mann chemisch-pharmazeutische Fabrik GmbH, Berlin,

Germany) to prevent them from drying.

In prone position animals were attached with tape to the dissecting table.
Under aseptic conditions skin and thoracolumbar fascia were dissected 12 mm
from the lumbar segment Ls/L4 from caudal to cranial. The medial part of the back
muscles was retracted to the side over two segments from the spinal processes,
while producing as little tissue trauma and bleeding as possible. Searching the
intervertebral foramina and cutting the lamina of one vertebral arch of each side
resulted in a laminectomy. Using a blade (#11 blade, Bruno Bayha GmbH,
Tuttlingen, Germany) at the level L1/L> the spinal cord was gently hemitransected
free at the right side in one movement from the medial dorsal septum to the lateral
edge. Care was taken not to harm the anterior spinal artery. The superficial back
muscles of both sides were repositioned and carefully sutured with absorbable
Vicryl® (Ethicon GmbH, Norderstedt, Germany). Skin was closed with the same
suture. The duration of the surgery without suturing ranged between 8 and 16

min.

Intraoperative animals received 0.02 ml Metamizol-WDT (WDT, Garbsen,
Germany) subcutaneously. Mice were kept in cages individually and placed on
soft bedding on a warming blanket held at 37° C for 24 h after surgery to prevent
hypothermia. Then mice were kept in a temperature controlled (22° C) room with
softened rodent chow ad Ilibitum. Animals received 0.2 ml Novalgin®
(Ratiopharm GmbH, Ulm, Germany) in 75 ml drinking water until they were

sacrificed.
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Six TNC+/+ wild type mice and four TNC-/- knock out animals died post
surgery. Therefore 20 TNC+/+ wild type and 20 TNC-/- knock out spinal cord

samples underwent immunohistochemistry.

3.3. Histology

Animals were sacrificed at day 1, 3, 7 and 14-post surgery. Mice were deeply
anesthetized with ketamine/xylazine (0.15 ml/10 g body weight i. p.). Animals
were fixed in supine position and the skin of the abdomen was cut median up to
the throat. A thoracotomy was performed to gain access to the heart and the left
jugular veins were laid open. After the left jugular veins were cut the right atrium
was opened immediately. Using a Luer Lock cannula (G18, B. Braun Melsungen
AG, Germany) mice were transcardially perfused through the left ventricle
(pressure 90 mm Hg) with Ringer solution (Apotheke, University Medical Centre
Hamburg-Eppendorf (UKE), Germany) for 30 sec, or until the liver appeared to be
bloodless. This was followed by a transcardial perfusion with 4 % buffered

paraformaldehyde (PFA; for details see chapter 3.9.) for 10 min.

The spinal cord was laid open through bilateral laminectomy and transected
at the medulla oblongata and cauda equina. Spinal nerves were cut and the spinal
cord was removed and placed in PFA for another 2 h. Thereafter tissue was left

overnight at room temperature in 30 % sucrose.

The following day spinal cords were placed into small plastic forms
surrounded by Tissue-Tek® O. C. T. Compound (Sakura Finetek Europe B.V.,
Zoeterwoude, Netherlands). Isopentane (Merck, Darmstadt, Germany) was frozen
down to -80° C in nitrogen and plastic forms were situated in isopentane until
tissue froze solid, i. e. Tissue Tek® turned from transparent into white. Frozen
tissue was stored at -84° C in 1 ml Cryo-tubes (Nunc, Wiesbaden, Germany).
Cryo-tubes were preserved in Falcon tubes (Greiner, Frickenhausen, Germany)

surrounded by frozen distilled water, to prevent tissue from drying.
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16 pm-longitudinal serial sections in the frontal plate from the dorsal pial surface
to the ventral pial surface were cut using a Leica CM 3050 cryostat (Leica
Instruments GmbH, Nussloch, Germany). Sections were collected on
SuperFrost®Plus slides (Menzel-Gldser, Germany) through saline phosphate
buffer (PBS; for details see chapter 3.9.) and air-dried for at least 20 min at room
temperature. Sections were then fixed with acetone (Merck, Darmstadt, Germany)
for 3 min and again air-dried for at least 20 min. Sections were stored in boxes at -

84° C until staining was performed.

3.4. Routine staining

Two routine stainings, i. e. H&E and combined Masson trichrome and
Verhoeff stain were performed on longitudinal cryostate sections of two TNC-/-

knock out and two TNC+/+ wild type animals on each day post injury.

For both staining protocols, sections were air-dried for at least 40 min and
then fixed with PFA for another 10 min. Routine staining was performed and
sections were dehydrated through a series of increasing ethanol before sections

were mounted with Eukitt® (O. Kindler GmbH & Co., Freiburg, Germany).

3.5. Immunohistochemistry

Immunohistochemical staining was performed on longitudinal sections of the
spinal cord. Sections were differentiated according to location, i. e. dorsal tier,
central tier and ventral tier, each of them showing a symmetrical distribution of

grey and white matter.

The dorsal tier of the spinal cord displayed white matter tracts adjacent to the
meninges. Medially to the tracts grey matter was displayed. These first few

sections were discarded. The following four to six sections showed white matter
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tracts medially and laterally and grey matter in between. Unlike in humans, in
mice the dorsomedial tract was identified as the corticospinal tract (CST)
(Uematsu et al. 1996, Bregman et al. 2002; Inman and Steward 2003), while the
dorsolateral tract represented the rubrospinal tract (RST) (Bregman et al. 2002). To
these sections NF antibody was applied (Fig. 1). In the central tier, sections
displayed grey matter medially and white matter tracts laterally. Some sections
revealed the central canal in the midline. These sections were labelled with
antibodies detecting glial cells, i. e. F4/80 and GFAP (Fig. 1). Sections of the
ventral tier presented white matter tracts medially and laterally, while grey matter
was located in between. These sections were incubated with antibodies against

ECM components, i. e. collagen type IV, laminin and fibronectin (Fig. 1).

(dorsal)

T

corticospinal
tract

O OID ®

JH{_J
oY)

. central rubrospinal
white matter grey matter canal At p > b
- C

~_ JU

(ventral)

Fig. 1: Schematic drawing of a transverse section of the mouse spinal cord. Sections for
immunohistochemistry were obtained from part (a) for neuronal marker (neurofilament), from
part (b) for glial marker (F4/80 and GFAP) and from part (c) for extracellular matrix marker
(collagen type 1V, laminin and fibronectin). Tracts have been located according to Bregman et al.
(2002).
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For immunohistochemistry the following antibodies were used (Fig. 2, 3, 4):

Primary Source Final Secondary Source Final
Antibody dilution Antibody dilution
. Catno. AB769 biotinylated rabbit- .
goat-anti- Chemicon Int., 1:100 anti-goat DakoCytomation 1:250
collagen type IV Hofheim, Germany immunoglobulin Glostrup, Denmark

Product Nr. F3648 biotinylated swine-

anti-fibronectin | Sigma, Miinchen, 1:500 anti-rabbit DakoCytomation 1:250
. . Glostrup, Denmark
Germany immunoglobulin
rabbit-anti- P.roduct Nr L9393 blo’mela’fed swine- | o Cytomation
.. Sigma, Miinchen, 1:200 anti-rabbit 1:250
laminin . . Glostrup, Denmark
Germany immunoglobulin

Fig. 2: Table of antibodies detecting extracellular matrix proteins (collagen type IV, laminin,
fibronectin)

Primary Source Final Secondary Source Final
Antibody dilution Antibody dilution
Product Nr. o .
. biotinylated rabbit-
ratant MCAPAS7 1200 | anti-rat DAKO, Denmark | 1:250
mouse-F4 /80 Serotec, Diisseldorf, . .
immunoglobulin
Germany
. . Code No. Z0334 biotinylated swine- .
rabbit-anti- DAKO, Hamburg, 1:800 anti-rabbit DakoCytomation 1:250
cow-GFAP . . Glostrup, Denmark
Germany immunoglobulin

Fig. 3: Table of antibodies detecting microglial cells (F4/80) and astrocytes (GFAP)

Primary Source Final Secondary Source Final
Antibody dilution Antibody dilution
rabbit-anti- No. N 4142 biotinylated swine- DakoCvtomati
neurofilament Sigma, Miinchen, 1:400 | anti-rabbit Gf (,z Y ogl aton K 1:250
200kD Germany immunoglobulin ostrup, Lentmar

Fig. 4: Table of antibodies detecting axonal structures (neurofilament)

When comparing knock out with wild type control animals, care was taken to

use the same batch of diluted antibody and to stain the sections at the same time.

Sections who had been stored at -84° C had to air-dry at least 40 min before
they were fixed with PFA for 10 min. All sections were washed in PBS (3 x 5 min),
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only sections for F4/80 immunohistochemistry were continuously washed with
0.1 % Triton® X-100 (Serva Feinbiochemica GmbH & Co., Heidelberg, Germany)
diluted in PBS to reduce background staining.

Predigestion with 0.1 % trypsin (1:250, Biochrom AG, Berlin, Germany)
diluted in PBS for 2 min at 37° C was only performed for F4/80
immunohistochemistry. After washing sections with Triton® X-100 or PBS (3 x 5
min), endogenous peroxidase was blocked with 0.1 % H>O> (Merck, Darmstadt,
Germany) diluted in methanol (Merck, Darmstadt, Germany) for 30 min.
Subsequently rinsing sections in PBS (3 x 5 min), sections stained for laminin,
fibronectin, GFAP and NF were covered with 2 % normal swine serum
(DakoCytomation, Glostrup, Denmark) diluted in PBS for 30 min at room
temperature. Sections, which underwent labelling for collagen type IV and F4/80
were overlaid with 2 % normal rabbit serum (DakoCytomation, Glostrup,
Denmark) for 30 min at room temperature. Sections were then incubated with the
primary antibody overnight at 4° C in a humid chamber (for details see Fig. 2, 3,
4).

On the second day, sections were washed in PBS (3 x 10 min) and incubated
with secondary antibody for 1 h (for details see Fig. 2, 3, 4). After rinsing with PBS
(2 x 10 min) all sections, except sections for collagen type IV were treated with
peroxidase-anti-peroxidase (PAP) complex. PAP complex was applied at a
dilution of 1:200 in PBS for 30 min at room temperature. Sections for laminin,
fibronectin, GFAP and NF received PAP rabbit serum (DAKO, Denmark), while
sections for F4/80 were treated with PAP mouse serum (DAKO, Denmark).
Subsequently all sections were washed in PBS (2 x 10 min) and covered with Elite
PK-6100 Standard Vectastain® ABC Kit (Linaris Biologische Produkte GmbH,
Wertheim, Germany) for 30 min at room temperature, followed by 10 min rinsing
in PBS and 10 min washing in 0.1 M phosphate buffer, ph 7.4 (0.1 M PB; for details
see chapter 3.9.).
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To visualize antibody-enzyme complexes, glucose-oxidase-treatment (for
details see chapter 3.9.) was performed. Freshly prepared glucose-oxidase was
used and solution was prepared rapidly as the reaction starts when glucose-
oxidase is added. For glucose-oxidase-treatment each antibody had its own
incubation period (8 to 17 min). The individual incubation period was strictly
maintained with every staining procedure. Each incubation period of glucose-
oxidase-treatment was previously tested and the time duration for each antibody
with the best result (i. e. intense signal of immunoreactivity and minimal
unspecific staining) was chosen. Glucose-oxidase-treatment showed a strong black
reaction product, while background staining was weak. Sections were rinsed in
distilled water (2 x 5 min) and finally mounted with Crystal/Mount® (Biomeda
Corp. Foster City, California) and Claridn® (Biomeda Corp. Foster City,

California).

Control sections that had received PBS instead of primary antibody, but
otherwise underwent the same staining procedure, were used to distinguish
specific staining from non-specific antibody binding components of the lesion
area. The control sections did not show any 3,3’diaminobenzidine (DAB) reaction

product and therefore yielded negative results.

3.6. Morphological analysis

Sections were analyzed using an Axiophot 2 microscope (Carl Zeiss,
Gottingen, Germany) for general morphology. The extension of the lesion, the
inflammatory reaction and the morphology of the spinal cord in general were
described in H&E and combined Masson trichrome and Verhoeff stain sections.
Immunohistochemical sections were analyzed to identify defined changes after
spinal cord lesion. For routine staining and for each antibody different regions

were defined for morphological analysis.
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Routine staining

Morphological changes were observed in different areas in the lesioned spinal
cord. The contralateral spinal cord of the incision site showed no morphological
changes throughout the time course and was therefore defined as the normal
control of the spinal cord. For routine staining and immunohistochemical staining
the normal control was described and served as an intra-individual control. In
addition three other regions were described in detail for routine staining; i. e.
incision site, surrounding area and the ipsilateral distant white matter, cranial to
the incision site (Fig. 5). The incision site was defined as the area between the
wound edges. The surrounding area was defined as the ipsilateral area
approximately 0.05 mm above and 0.05 mm beneath the incision site. The
ipsilateral distant white matter cranial to the incision site was defined as the
cranial white matter from the border of the surrounding area to the edge of the

section (approximately 0.7-1.5 mm from the incision site).

(cranial)

® ® ©

Fig. 5: Schematic drawing of a longitudinal
section of the mouse spinal cord. (a) White
matter; (b) Grey matter; (c) White matter,
corticospinal tract; (d) Posterior median
sulcus. The following regions were defined
for morphological description (H&E and
combined Masson trichrome and Verhoeff
stain): (1) Incision site; (2) Surrounding area;
(3) Distant white matter (corticospinal tract).

=

(caudal)
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ECM marker

Morphological changes for ECM markers, i. e. collagen type IV, laminin and

fibronectin were only seen at the incision site and in the surrounding area,

therefore description was confined to these two regions (Fig. 6).

(cranial)

é@@

(caudal)

Fig. 6: Schematic drawing of a longitudinal
section of the mouse spinal cord. (a) White
matter; (b) Grey matter; (c) Anterior median
fissure. The following regions were defined
for  extracellular = matrix = morphology
(collagen type IV, laminin, and fibronectin):
(1) Incision site and (2) Surrounding area.
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Glial marker

For glial cell markers, i. e. microglia and astrocytes four regions, i. e. incision
site, surrounding area, ipsilateral grey matter distant from the incision site and the

ipsilateral white matter distant from the incision site were described (Fig. 7).

(cranial)

(<)
®

\@/ Fig. 7: Schematic drawing of a longitudinal
section of the mouse spinal cord. (a) White
@ @ matter; (b) Grey matter; (c) Central canal. The

following regions were defined for glial
morphology (F4/80, GFAP): (1) Incision site;
(2) Surrounding area; (3) Distant grey matter;
(caudal) (4) Distant white matter.
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Axonal marker

For NF immunoreactivity four regions of morphological changes were
observed, therefore description was confined to the incision site, the surrounding
grey matter, the surrounding white matter and the distant white matter

(corticospinal tract) cranial to the incision site (Fig. 8).

(cranial)

®

® ® ©

@@ Fig. 8: Schematic drawing of a longitudinal

section of the mouse spinal cord. (a) White

©)

@ matter, rubrospinal tract; (b) Grey matter; (c)
White matter, corticospinal tract; (d)
@I @ @/ Posterior median sulcus. The following

regions were defined for neuronal
morphology (neurofilament): (1) Incision site;
(2) Surrounding grey matter; (3) Surrounding
white matter; (4) Distant white matter,
(caudal) corticospinal tract.

3.7. Quantitative densitometry

Sections were analyzed with the Axiophot 2 microscope to develop a system
on how to perform a quantitative analysis. The examiner was blinded to the

genotype of the animals.

For quantitative analysis, images were taken using an Axiophot 2 microscope
and the Spot/AP software version 2.1. (Diagnostic Instruments Inc., Michigan).
Images for collagen type IV, laminin, fibronectin, F4/80 and GFAP were digitised
at a magnification of 10 x and images for NF were digitised at a magnification of

40 x. Images were captured at 1315 x 1035 pixels in RGB colours and saved as a
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TIFF files. The setting for each antibody was kept constant throughout the image
capturing. The captured images presented in this study were resized and labelled
using Adobe Photoshop software (Version 5.5) and Adobe Illustrator (Version
8.01) for Macintosh. The contrast and brightness were adjusted to provide optimal

clarity.

Densitometry to quantify the signal of the antibodies was performed by
measuring Integrated Optical Density (IOD) using the Metamorph 4.0 software
(Universal Imaging Corporation, Pennsylvania). The Optical Density (OD) is the
inverse logarithm of the greyscale transmittance, where the transmittance at a
given pixel is considered to be its greyscale value divided by the maximal possible
number of greyscale levels (e. g. 256 for an 8 bit image). The transmittance stands

for transmitted light divided by incident light.

OD=Logo (1/transmittance)

The IOD is the sum of the optical densities of all pixels that make up the object
(e. g. astrocytes above threshold). The unit of the IOD measurement is defined as

IOD. GV stands for the greyscale value.

IOD=} (GV log MaxGV/GV)

Densitometry was performed for all immunolabelled sections (i. e. collagen
type 1V, fibronectin, laminin, F4/80, GFAP and NF). IOD measurements were
carried out on up to six different sections per animal and antibody, avoiding dark
stained meninges, any folds, dirt, large vessels, cavities, or areas in which there
were tightly packed clusters of erythrocytes or any technical artefacts. All

measurements, except for NF, were restricted to the grey matter.
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The IOD was determined within an analysis window of rectangular shape
(89640 pm?). Measurements for NF antibody were performed in a smaller
rectangular shaped box (up to 43794.9 um?). The measured IOD value was divided
by the area of the sampled region. Subsequently the median of the up to six IOD

measurements was taken to perform statistical analysis.

ECM marker

For ECM proteins (collagen type IV, laminin and fibronectin) two
measurements were carried out (Fig. 9). The first measurement was performed in
the epicentre of the lesion, the second measurement was carried out in the
surrounding area (approximately 0.05 mm away from the epicentre). At first, one
measurement was carried out in the surrounding area cranially the incision site
and one was carried out in the surrounding area caudally the incision site. Both
regions presented comparable measurements, hence the cranial and caudal region
of the surrounding area were combined into one region, which is referred to as the
surrounding area. To provide intrasection control for differences in section
thickness or overall level of immunoreactivity, the threshold was set manually 1.9
mm distant from the incision site on the contralateral side, where only background
reaction was seen. This gauge threshold was then automatically used for the entire

section, so that both measurements were taken under identical conditions.
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(cranial)

Fig. 9: Schematic drawing of a longitudinal
section of the mouse spinal cord. (a) White
matter; (b) Grey matter; (c) Anterior median
fissure. Measurements of the density of
immunoreactivity for extracellular matrix
components (collagen type 1V, laminin, and
fibronectin) were performed in the following
areas: (1) Incision site; (2) Surrounding area.

(caudal)

Glial marker

Measurements for glial cells (F4/80 and GFAP) were carried out in the same
way as for ECM proteins (incision site and surrounding area). In addition two
measurements were taken distant from the incision site (0.7-1.5 mm cranially and
caudally to the epicentre of the incision site) to measure the long distance effect of
glial cells, which was demonstrated in the morphological examination (Fig. 10).
The threshold was set manually 1.9 mm distant from the incision site on the
contralateral side, so that immunolabelled cells were above threshold and
unlabelled areas were below threshold. This gauge threshold was then

automatically used for all four measurements.
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(cranial)

Fig. 10: Schematic drawing of a longitudinal
section of the mouse spinal cord. (a) White
matter; (b) Grey matter; (c) Central canal.
Measurements  of  the  density  of
immunoreactivity for glial cells (F4/80,
GFAP) were performed in the following
areas: (1) Incision site; (2) Surrounding area;
(3) Distant grey matter, cranial to the incision
site; (4) Distant grey matter, caudal to the
(caudal) incision site.

Axonal marker

For NF immunoreactivity, six measurements were performed, three in the
grey and three in the white matter (Fig. 11). The first measurement in the grey
matter was carried out directly at the incision site. The second and third
measurements were performed in the immediate surrounding above and below,

approximately 0.025 mm away from the epicentre of the incision site.

At first one measurement was carried out at the incision site adjacent to the
CST white matter and one was carried out adjacent to the RST white matter.
Measurements showed comparable findings, therefore both regions were

combined and referred to as white matter incision site.

The second and third measurements in the white matter were performed in
the immediate surrounding (CST and RST) above and below (approximately 0.025
mm) the incision site. At first, measurements in the white matter were carried out
in the CST cranially and caudally to the incision site and in the RST cranially and
caudally to the incision site. Both measurements taken in the white matter
cranially the incision site (CST and RST) presented comparable findings, hence

both regions were combined and referred to as surrounding white matter cranial.
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In accordance with that, both measurements taken in the white matter caudally
the incision site (CST and RST) presented similar findings, therefore these regions

were combined and referred to as surrounding white matter caudal.

In order to measure very thin fibres, the threshold was set not within the
tracts, but manually in the grey matter immediately above the epicentre of the
lesion for each section. This gauge threshold was then automatically used for all

measurements.

(cranial)

Fig. 11: Schematic drawing of a longitudinal
section of the mouse spinal cord. (a) White
matter, rubrospinal tract (RST); (b) Grey
matter; (c) White matter, corticospinal tract
(CST); (d) DPosterior median sulcus.
Measurements  of the  density  of
immunoreactivity for axons (neurofilament)
were performed in the following areas: (1)
White matter, CST, (a) surrounding cranial,
(b) incision site, (c) surrounding caudal; (2)
White matter, RST, (a) surrounding cranial,
(b) incision site, (c) surrounding caudal; (3)
l,l b| |3b‘ I ZbI Grey matter (a) surrounding cranial, (b)
incision site, (c) surrounding caudal. Regions
1c | la and 2a are combined and referred to as
- IZ surrounding white matter cranial. Region 1b
and 2b are combined and referred to as white
matter incision site. Region 1c and 2c are
combined and referred to as surrounding
white matter caudal.

(caudal)

3.8. Data analysis

Statistical analysis was performed using the statistical software program SPSS
for Windows (Version 11). ANOVA was applied for repeated measurements by
the method of General Linear Model (GLM) to detect differences in the IOD
between regions, between time points and between genotypes for each antibody.
If necessary, post-hoc comparisons of differences in IOD between regions and
between post injury survival days were examined with the Games-Howell
method. For differences between regions contrast was calculated with regard to

the incision region. Differences were considered significant at p< 0.05.
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3.9. Frequently used solutions

Frequently used solutions are listed in their order of appearance.

1. PFA (4 % paraformaldehyde, buffered in 0.2 M phosphate buffer)
40 g para formaldehyde (Merck, Darmstadt, Germany)
ad 400 ml distilled water, solution was heated up to 80° C
ad 1 N NaOH (Merck, Darmstadt, Germany) until solution turned from milky
into transparent

after solution cooled down, 500 ml 0.2 M phosphate buffer was added

2. PBS (0.1 M saline phosphate buffer, pH 7.4)
17.8 g Na,HPO4 x 2H>0 (Merck, Darmstadt, Germany)
16.0 g NaCl (J.T. Baker, Deventer, Netherlands)
ad 2000 ml distilled water
pH was adjusted with 1 N HCI (Merk, Darmstadt, Germany)

3. 0.2MPB (0.2 M phosphate buffer, pH 7.2-7.4)
65.84 g Na,HPO4 x 2H>O (Merck, Darmstadt, Germany)
5.52 g NaH2PO4 x H2O (Merck, Darmstadt, Germany)
ad 2000 ml distilled water

4. glucose-oxidase-enhancement solution (stocks are described below)
a. 45ml 0.1 M PB
b. 1ml DAB
c. 100 pl ammonium chloride
d. 900 pl nickel sulphate
e. 900 ul glucose
f. 150 pl glucose oxidase

4a. 01MPB (0.1 M phosphate buffer, pH 7.4)
4.03 g KH2PO4 (Merck, Darmstadt, Germany)
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4b.

4c.

4d.

4e.

4f.

17.8 g Na,HPO4 x 2H>0 (Merck, Darmstadt, Germany)
ad 1000 ml distilled water, pH was adjusted with NaxHPO4 x 2H2O

DAB (3,3’ diaminobenzidine)
2.25 g DAB (Sigma Aldrich Chemie GmbH, Steinheim, Germany)
ad 100 ml tris buffer (TB, see below)

solution was filtrated and stored at a dark place at -20° C

TB  (0.05 M tris buffer, pH 7.6)

3.02 g trizma base (Sigma T-1503; Sigma Aldrich Chemie GmbH, Steinheim,
Germany)

4.5 g NaCl (J.T. Baker, Deventer, Netherlands)

ad 500 ml distilled water; pH was adjusted with NaCl or HCl

ammonium chloride
18 mg ammonium chloride (Sigma Aldrich Chemie GmbH, Steinheim,
Germany)

ad 100 pl distilled water

nickel sulphate
130 mg nickel sulphate (Sigma Aldrich Chemie GmbH, Steinheim,
Germany)

ad 10 ml distilled water

glucose
10 mg glucose (Merck, Darmstadt, Germany)
ad 100 ml distilled water

glucose-oxidase

1.2 mg glucose-oxidase, stored at -20° C (G-2133; Sigma Aldrich Chemie
GmbH, Steinheim, Germany),

ad 1 ml distilled water
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4. Results

One TNC+/+ wild type animal and one TNC-/- knock out animal only
showed a moderate hemisection and therefore were not included in the analysis.
Morphological description was done on 19 (5, 5, 5, 4 days post surgery) TNC+/+
wild type animals and on 19 (4, 5, 4, 6 days post surgery) TNC-/-knock out mice.

Out of these animals, one TNC+/+ wild type animal and one TNC-/- knock
out animal revealed a histology of severe necrosis of the spinal cord, presumably
because the anterior spinal artery was harmed through the surgical procedure.
Therefore these two animals were not taken into quantitative analysis.
Quantitative densitometry was performed on 18 (5, 5, 4, 4 days post surgery) TNC
+/+ wild type mice and 18 (3, 5, 4, 6 days post surgery) TNC -/- knock out

animals.

4.1. TNC+/+ wild type mice

4.1.1. Routine histology

The contralateral spinal cord distant from the incision site showed no
pathological changes throughout the time course and was therefore considered as

the normal control.

Underneath the most superficial layer, i. e. the meninges with spindle-shaped
leptomeningeal cells, the lateral white matter tracts showed brightly stained fibre
bundles usually seen parallel to the meninges. Occasionally small fibre bundles or
single fibres were oriented perpendicularly to the meninges. Oval shaped nuclei,
representing oligodendroglial cells, were frequently seen throughout the white
matter, while astrocytes were only rarely seen. The next layer consisted of grey
matter and showed a different picture in the ventral and dorsal part of the spinal
cord. Dorsally located sections showed small neurons with oval nuclei. These
neurons contained relatively few Nissl bodies. In contrast, the majority of neurons

in the ventral tier presented with significantly larger cell bodies and nuclei. In
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addition, plenty of Nissl substance was found in their cytoplasm, characterized by
blue staining in H&E. These cells were therefore classified as large motor neurons.
Occasionally, one or two satellite cells surrounding these neurons were detected.
Only few oligodendrocytes with a round-shaped nuclei and relatively dense
chromatin were seen in the grey matter. Astrocytes characterized by less compact
round nuclei, were frequently found in the white matter. Microglial cells were
predominantly seen in the grey matter and showed considerably smaller cell
bodies compared to astrocytes. Both astrocytes and microglial cells were also
identified by immunohistochemistry. Most medially, the central canal was
composed of square-shaped cells with dark nucleole. Blood vessels devoid of
erythrocytes were seen throughout the entire cord in a regular distribution,

indicating adequate perfusion with the fixative.

Combined Masson trichrome and Verhoeff stain revealed moderate collagen
deposits in the meninges and discrete collagen fibres surrounding large vessels,

which were mainly seen near the meninges and close to the midline.

In routine staining histological changes in the lesioned spinal cord were
observed in three regions. Therefore, description was confined to the incision site,

the surrounding area and the ipsilateral distant white matter, containing the CST.

On the first day post injury, the incision site was devoid of neural tissue (Fig.
12A1, 13A). This tissue-free gap was up to 0.025 mm wide and showed a clear
separation of tissue on each side of the unilateral incision. The gap was filled with
a moderate amount of erythrocytes, indicating haemorrhage. In one animal

wound edges were adjacent to each other.

In the surrounding area numerous swollen neurons with brighter, enlarged
karyoplasms and a light halo, indicated cell necrosis. The less intensely stained
neuropil, indicating oedema and the necrotic tissue with cell debris was typical of
this site. Infiltrating granulocytes, mainly neutrophils dominated the picture (Fig.
12A;). They were found in great density adjacent to the incision, but extended

throughout the surrounding area. Lymphocytes, monocytes or fibroblasts were
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not detected yet. As a prominent feature, all sections showed ruptured blood
vessels in the surrounding area, resulting in minor haemorrhages close to the
incision site (Fig. 12A»). Sometimes, eosinophilic accumulations, representing
fibrin deposits, were detected. Extensive haemorrhage in the surrounding area
only occurred in one animal. Vessels in the central part of the surrounding area
showed a wider lumen than the ones seen in the normal control, indicating slight

vasodilation.

1.5 mm away of the incision site, the morphological appearance of the CST
resembled the picture seen in the normal control (Fig. 14A). Neither the
contralateral spinal cord on the level of incision nor the ipsilateral distant grey
matter distant from the incision site showed morphological changes throughout

the time course.

On the third day post surgery, the wound edges of the incision were adjacent
to each other (Fig. 12B1). A gap was no longer visible and haemorrhage, when
present, was less severe than on day one. Along the incision edges, combined
Masson trichrome and Verhoeff stain showed bright green collagen fibres (Fig.
13B). These fibres were situated parallel and perpendicular to the incision site and

did not extend the neighbouring tissue yet.

In the surrounding area, the most obvious change was the large amount of
newly invading fibroblasts and a moderate penetration of monocytes and
lymphocytes compared to day one. These fibroblasts with a relatively large
nucleus and a visible ovoid cytoplasm were categorized as active fibroblasts
(Bannister 1995). Active fibroblasts were preferentially located near the meninges
and orientated perpendicular to the wound edges. Monocytes showed a large cell
body and prominent nucleoli, while lymphocytes appeared as smaller cells with a
narrow edge of cytoplasm. Lymphocytes and monocytes were scattered
throughout the surrounding area. The amount of neutrophils remained similar to
day one. Neurons still presented blurred cell borders and enlarged karyoplasms
(Fig. 12B2). Some of the neurons formed spike-like cytoplasmatic ramifications,

indicating a disintegration of Nissl bodies. In addition, two to four satellite cells
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surrounding these neurons were detected. Destruction of blood vessels especially
near the incision site was still obvious. Blood vessels in the central part of the
surrounding area showed a larger diameter in lumen than seen on day one, now
indicating marked vasodilation. Pseudocysts, devoid of endothelial lining were
frequently seen in the surrounding white and grey matter (Fig. 12B1). Pseudocysts
occurring after spinal cord injury were categorized as cavitations (Zhang et al.
1996). In general, cavitations were small, except for one animal, which showed one

large cavitation.

The distant CST was pale in staining, showing oedematous axons and

scattered small cavitations (Fig. 14Bs, By).

On the seventh day, the margins of the incision site were joined together and
lined with active fibroblasts (Fig. 12C;, Cz). Combined Masson trichrome and
Verhoeff stain still showed bright green collagen fibres along the incision site (Fig.

130).

In addition, collagen fibres were now also found in the surrounding area,
especially near the meninges (Fig. 13C). This collagen network indicated the
beginning of a scar formation, which included fibroblasts, vessels and small
cavitations. The predominant cell type was the activated fibroblast (Fig. 12C),
seen in even higher density than on day three. Fibroblasts were again detected
preferentially near the meninges and the incision site. Distribution and
morphological pattern of neutrophils and lymphocytes remained comparable to
day three, although the number of neutrophils slightly decreased compared to day
three. The number of monocytes in the surrounding area remained stable, but cells
presented different morphological characteristics and an altered distribution.
Monocytes adjacent to fibre tracts generally presented as large round cells with
vacuolated, bright cytoplasm (Fig. 12C;), while monocytes in the grey matter
frequently displayed smaller cell bodies with dark cytoplasm. Neurons displayed
similar morphological features seen on day three, i. e. bright, huge karyoplasm, a
light halo and surrounding satellite cells. Vessels, still displaying a dilated lumen

in the surrounding area, now also appeared to be more numerous than on day
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three. Multiple cavitations, which had slightly enlarged in size, were seen in all
animals (Fig. 13C). Only one animal demonstrated a vast cavity in the centre of the
lesion. Another animal presented a stronger inflammatory response i. e. stronger
infiltration of neutrophils, lymphocytes and monocytes and a slightly higher
number of fibroblasts in the surrounding area than seen in other animals.
Furthermore, combined Masson trichrome and Verhoeff stain in this sample
revealed a massive increase in collagen fibres. In this particular animal, a spinal

root was adherent to the cord on the level of the incision.

The distant CST showed changes similar to those observed on day three, i. e.
oedematous tissue with swollen axons (Fig. 14Ci). In addition, a mononuclear

infiltration had become obvious (Fig. 14Cy).

Fourteen days post surgery, the incision site and the surrounding area were
entangled and interwoven with each other. Therefore, they were described
together. Compared to day seven, a much larger area was occupied by collagen,
generating a fibre-net throughout the incision site and adjacent surrounding area
(Fig. 13D1, D). In places, where a light collagen network had been seen on day
seven, a massive increase in newly formed collagen deposits was seen. In general,
the incision site and the surrounding area had become increasingly dense, as the
scar contracted and diminished in size (Fig. 12D). In addition, fibroblast
infiltration remained massive throughout the surrounding area (Fig. 12D), and
accumulated near the meninges. Furthermore fibroblasts now showed a shape
morphologically distinct from the ones seen on day seven. Fibroblasts displayed
longer and thinner cell bodies with less cytoplasm. The cytoplasm and nucleolus
was hardly seen and the nucleus was smaller, spindle-shaped and more compact.
Therefore, these cells were categorized as inactive fibroblasts (Bannister 1995). The
density of monocytes remained the same, lymphocytes had slightly decreased in
number and neutrophils had almost disappeared. Intact neurons were barely

visible any longer.

As seen on day seven, the number of capillaries remained elevated. However,

the previously dilated vessels had returned to a size comparable to those seen in
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the normal control. In the surrounding area, all animals showed cavitations, with a
size similar to those seen on day seven. One animal displayed a stronger
inflammatory response, as well as a higher number of inactive fibroblasts and
collagen fibres in the surrounding area. In this animal, an adhesion between the

spinal root and the cord was detected on the level of incision.

In all mice, the distant CST still displayed a strong mononuclear infiltration

next to damaged axons (Fig. 14D1, D»).
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Incision & surrounding

=

Fig. 12: Summary of morphological changes at the incision site in H&E staining for TNC+/+

wild type mice (for legend see next page).
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Fig. 12: Summary of morphological changes at the incision site in H&E staining for TNC+/+
wild type mice after one (Aj, Aj), three (By, Bz), seven (Cy, C2) and fourteen (D) days following
spinal cord hemisection. Arrowheads () indicate the location of incision. Arrows (=) indicate
the direction of the incision. (A1) One day post injury the incision site is devoid of neural tissue (),
with (Az) minor haemorrhages (=) in the surrounding and neutrophils (—) invading the incision
site; (B1) Three days post injury the incision site has narrowed and the former gap is filled with
erythrocytes (=) and multiple small cavitations (4) are seen in the surrounding area. (Bz) Swollen
neurons (=) with blurred cell borders and satellite cells are seen in the surrounding area; (Ci)
Seven days post injury formation of the fibrous scar (¢) with (C) dense lining of activated
fibroblasts (#) and occasional macrophages (=); (D) Fourteen days post injury the incision site
shows a fully developed scar (¢) with the predominant cell type being inactivated fibroblasts (®).
Az, By, Cq, D: 100x; As, Ba, Ca: 200x
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Incision & surrounding Incision & surrounding

g it pa¥ X

Fig. 13: Summary of morphological changes at the incision site in combined Masson trichrome
and Verhoeff stain for TNC+/+ wild type mice (for legend see next page).
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Fig. 13: Summary of morphological changes at the incision site in combined Masson trichrome
and Verhoeff stain for TNC+/+ wild type mice after one (A), three (B), seven (C) and fourteen
(D1, D7) days following spinal cord hemisection. Arrowheads (P) indicate the location of incision.
(A) One day post injury the incision site is seen as a wide gap (*), devoid of connective tissue; (B)
Three days post injury lightly stained collagenous tissue (—) is seen along the incision site, not
extending into the surrounding area yet; (C) Seven days post injury the incision site shows an
increase in collagenous fibres (—) compared to day three. Fibres are now clearly invading the
surrounding area and multiple small cavitations (4 ) are seen; (D1, D2) Fourteen days post injury an
extensive collagenous scar (%) is seen, forming a dense rim (=) around the incision site, with
radiating branches into the surrounding area as well as towards the incision centre. A, B, C, Da:
100x; D1: 50x
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Corticospinal tract

Fig. 14: Summary of morpholt;giéal chages at the ipsilaterai corticospinal tract in combined
Masson trichrome and Verhoeff stain for TNC+/+ wild type mice (for legend see next page).
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Fig. 14: Summary of morphological changes at the ipsilateral white matter distant from the
incision site (distant white matter, corticospinal tract (CST)) in combined Masson trichrome and
Verhoeff stain for TNC+/+ wild type mice after one (A), three (Bi, B:), seven (Ci, Cz) and
fourteen (D, D2) days following spinal cord hemisection. Arrowheads ([>) indicate the border
between ipsilateral (right hand side, incision) and contralateral (left hand side) of the spinal cord.
(A) One day post injury the distant white matter shows its regular well-defined pattern; (B, B)
Three days post injury oedematous tissue (*) with multiple small cavitations (4) is seen within the
CST; (Cy) Seven days post injury an oedematous CST (*) with (Cz) a mononuclear infiltration (—) is
seen; (D1) Fourteen days post injury destructed white matter (*) with multiple cavitations (4) and
(D») a strong mononuclear infiltration (—) is obvious. A, B, Ci, D1: 100x; Bz, Co, Da: 200x
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Fig. 15: Summary of morphological changes for TNC+/+ wild type mice after one, three, seven
and fourteen days following spinal cord hemisection. On the first day the surrounding area
shows swollen neurons and an infiltration of neutrophils. On the third day, first collagen type I
fibres appear along the incision site. The surrounding area shows a large amount of activated
fibroblasts, as well as a moderate infiltration of lymphocytes and phagocytes. Neutrophils are still
seen. The corticospinal tract (CST) and the rubrospinal tract (RST) cranial to the incision site
display oedema with swollen axons and scattered small holes. On day seven, the previously
discrete collagen type I deposit extends into the surrounding area, while the density of activated
fibroblasts, lymphocytes and monocytes remained similar compared to day three. Neutrophils
slightly decrease in number compared to day three. The distant CST and RST are infiltrated by
mononuclear cells. On day fourteen an extensive collagenous scar has formed. Inactive fibroblasts
are dominating, while leucocytic infiltration has decreased. Some phagocytes are still present. The
distant CST and RST remain oedematous and a strong mononuclear infiltration is still obvious.
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4.1.2. Collagen type IV

4.1.2.1. Morphology

The normal control showed a strong collagen type IV immunoreactivity in the
ECM meninges. Tender vessels throughout the cord were weakly labelled, while
intermediate vessels, especially near the meninges were moderately labelled.
Larger arteries, like the anterior spinal artery, presented with a strong staining
intensity. In contrast, the cytoplasm of neurons or glial cells was collagen type IV-
negative. The roots of the spinal nerves showed a strong collagen type IV

immunoreactivity.

Changes in immunoreactivity for collagen type IV, as for all other connective
tissue markers, i. e. laminin and fibronectin were only observed at the incision site
and in the surrounding area. Therefore, description was confined to these two

regions.

On the first day, the incision site was devoid of collagen type IV

immunoreactivity (Fig. 16A,).

In the surrounding area, collagen type IV was confined to blood vessels (Fig
16A,). However, staining intensity slightly varied within the surrounding area.
Vessels in the central part of the surrounding area demonstrated the most intense
labelling. Distally to the lesion, the intensity gradually decreased to a level seen in
the normal control (Fig. 16A1). Collagen type IV-positive vessels near the incision
site showed a wider lumen, indicating slight vasodilation. The cytoplasm of
neurons and glial cells remained collagen type IV-negative, as on all other days
post surgery. On the level of the incision, the meninges showed a stronger staining
intensity than meninges seen in the normal control. This was also present on all

other days post surgery.

On the third day, collagen type IV immunoreactivity was not only found

around vessels, but also as ECM sheets along the narrow incision site (Fig. 16B).
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The newly formed collagen type IV deposits were aligned parallel and
perpendicular to the incision site, radiating into the white and the grey matter of

the neighbouring tissue.

In the surrounding area, staining intensity of vessels and their density was
comparable to day one. However, immunoreactive vessels, especially near the
incision site displayed an even larger lumen than seen on day one, indicating
marked vasodilation. Small cavitations were not associated with collagen type IV

and remained collagen type IV-negative throughout the time course.

On day seven the incision site was filled with collagen type IV deposits, with
an even higher their staining intensity compared to day three (Fig. 16C1). In most
animals, these deposits were now confined to the incision site and no longer
spread into the neighbouring tissue. Only one animal still showed a fine collagen
type IV network, radiating from the incision edges to thin vessels in the
neighbouring tissue. However, that animal presented an adhesion between a
spinal root and the cord, hence displayed greater density of collagen type IV

immunoreactivity than seen in other animals.

The surrounding area was characterized by collagen type IV-positive blood
vessels with a staining intensity similar to day three (Fig. 16Cz). While vessels in
the central part of the surrounding area still demonstrated a discrete staining,
vessels in the outer surrounding already displayed a staining intensity comparable
to the normal control (Fig. 16C1). However, all vessels in the central surrounding
area still showed a dilated lumen. In addition, capillaries appeared to be more
numerous in the lesioned area than on day three, indicating the formation of new

blood vessels.

Fourteen days post injury, the incision site revealed collagen type IV deposits
along the edges (Fig. 16D), which showed a higher staining intensity than seen on
day seven. The majority of animals displayed the strongest collagen type IV
immunoreactive deposits along the incision site throughout the time course (Fig.

16D). One animal, with an adhesion between a nerve root and the cord, showed



4. Results 49

even more densely arranged collagen type IV deposits at the incision site and in

the surrounding area.

The surrounding area was characterized by collagen type IV-positive vessels
as seen on day seven. Rarely larger vessels with a strong staining intensity were
detected in the central part of the surrounding area. A general vasodilation was no
longer apparent, but the density of vessels in the central surrounding area

remained elevated.
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Fig. 16: Summary of collagen type IV immunoreactivity at the incision site for TNC+/+ wild
type mice (for legend see next page).
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Fig. 16: Summary of collagen type IV immunoreactivity at the incision site for TNC+/+ wild
type mice after one (Aj, Az), three (B), seven (C;, Cz) and fourteen (D) days following spinal cord
hemisection. Arrowheads (W) indicate the location of incision. (A1, A2) One day post injury the
incision site is devoid of collagen type IV immunoreactivity (*). Collagen type IV is confined to
immunoreactive vessels (—) in the surrounding area, with gradually decreased staining intensity
from the incision site towards the outer surrounding area; (B) Three days post injury, collagen type
IV immunoreactivity is now also seen as extracellular matrix sheets along the incision site (=),
spreading into the surrounding tissue. Staining intensity of collagen type IV-positive vessels (—)
slightly decreased in the surrounding area; (C1) On day seven, collagen type IV-positive vessels
(—>) are seen in the surrounding area. (Cy) Extracellular collagen type IV deposits (=) are now
confined to the incision site; (D) Fourteen days post injury, the highest density of collagen type IV
deposits (=) is seen along the incision site. Vasodilation of immunoreactive vessels (—) in the
surrounding area is not evident anymore, though the density of vessels appears higher compared
to the normal control, indicating neovascularization. A1, B, C1, D: 100x; Az, Co: 200x
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Fig. 17: Summary of changes for collagen type IV for TNC+/+ wild type mice after one, three,
seven and fourteen days following spinal cord hemisection. The intensity of the
immunoreactivity is coded: black - strong; grey - weak. On day one, collagen type IV is confined to
vessels in the immediate vicinity of the incision site. Collagen type IV immunoreactive vessels
show a wider lumen, compared to the normal control, indicating slight vasodilation. On the level
of the incision, the meninges display a higher staining intensity compared to the normal control,
which is evident throughout the time course. On day three, first collagen type IV extracellular
deposits, unrelated to blood vessels, line the incision site and extend into the surrounding area. In
the surrounding area collagen type IV-positive vessels display a marked vasodilation. On day
seven, collagen type IV deposits are confined to the incision site and no longer extend into the
surrounding area. Vasodilation and neovascularization is seen in the surrounding area. On day
fourteen, the incision site shows extensive collagen type IV extracellular deposits, while in the
surrounding area neovascularization is evident, but vasodilation no longer seen.
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4.1.2.2. Quantitative densitometry

For collagen type 1V, as for all other ECM markers, i. e. laminin and
fibronectin, the immunoreactivity was quantified in two regions (incision site and

surrounding area).

On the first day the incision site showed very low IOD levels for collagen type
IV immunoreactivity, the median IOD being under 3.0. On day three, the IOD
doubled and a gradual increase was seen throughout the time course. On day
seven the median IOD reached 24.7 and subsequently scaled up to the highest
peak on day fourteen with a median IOD of 34.7.

The surrounding area showed lower levels throughout the time course
compared to the incision site. On day one, the median was on its maximum with
an IOD of 2.0. Similar low median IOD levels were seen on day three (0.9), on day

seven (1.6) and on day fourteen (1.4).

The difference between the incision site and the surrounding area was
significant (p<0.0001) over the time period tested. For neither of the regions a

significant influence of the day (p=0.059) was detected.
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Fig. 18: Integrated optical density (IOD) for collagen type IV immunoreactivity at the incision
site (A) and in the surrounding area (B) for TNC+/+ wild type mice (WT) from one to fourteen
days after spinal cord hemisection. Measurements (®) are shown for three to five animals per day.
The difference between the incision site and the surrounding area is significant (p<0.0001) over the
time period tested.



4. Results 54

4.1.3. Laminin

4.1.3.1. Morphology

In the normal control, laminin demonstrated the strongest immunostaining in
the meninges and around large vessels, especially close to the midline.
Intermediate vessels were labelled moderately throughout the cord, while tender
vessels were only weakly labelled. Spinal nerve roots presented strong laminin

immunoreactivity.

On the first day, the incision site was devoid of laminin immunoreactivity.

The surrounding area displayed laminin-positive vessels (Fig. 19A1, Az). The
staining intensity varied in the surrounding area, in that the staining was very
strong adjacent to the incision site and became weaker further away. Hence,
vessels in the outer surrounding area displayed a staining intensity comparable to
the normal control. Labelled vessels showed a slightly wider diameter than in the
normal control, indicating vasodilation. Extracellular laminin deposits were not
observed yet. However, one animal revealed a subtle labelling of laminin-positive
fibre-like deposits in the grey matter adjacent to the incision site. On the level of
incision, the meninges showed a heavier staining intensity compared to the

normal control, which was seen on all days post surgery.

On the third day, the incision edges appeared weakly labelled for laminin.
This staining was unrelated to blood vessels. Short laminin fibre-like deposits
were located perpendicular to the incision site, mainly orientated towards the
adjacent grey matter. One animal showed larger and more intensely labelled

laminin deposits along the incision site.

In the surrounding area, a higher density of vessels was found to be laminin-
positive, though their staining intensity decreased from day one to day three.
Vessels along the incision edges still showed the strongest immunoreactivity and
in contrast to day one, now vessels in the outer part of the surrounding area were

also moderately labelled laminin-positive (Fig. 19B1, Bz). Vessels in the central part
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of the surrounding area showed a larger lumen, compared to the normal control.
One animal revealed laminin-positive fibre-like deposits, unrelated to laminin
immunoreactivity of blood vessels. These fibre-like deposits came from white
matter tracts, heading towards the incision site, presumably wrapping along

axons. Cavitations were never associated with laminin.

Seven days after injury, the overall level of immunoreactivity at the incision
site increased, while in the surrounding area staining intensity was comparable to
day three. Three different morphologies between animals were observed for the
incision site. Two animals revealed moderately labelled laminin deposits along the
incision site and smaller deposits were scattered in the adjacent surrounding area.
However, one of these animals showed an adhesion between a nerve root and the
cord, hence displayed a stronger overall immunoreactivity of laminin. Two
animals displayed only faintly labelled laminin deposits at the incision site and no
laminin deposits in the surrounding area. In the remaining animal no extracellular
laminin deposit at the incision site or in the surrounding area was present (Fig.

19C1, Co).

In all animals, laminin-positive capillaries, still showing vasodilation were
found in the surrounding area (Fig. 19C;, C2). In addition, the density of vessels in
the central part of the surrounding area appeared much higher than in the normal

control, indicating newly formed vessels.

On day fourteen, again two different morphological groups between the
animals could be distinguished for the incision site. Three animals, one being the
one with an adhesion between a root and the cord, presented extensive laminin
deposits along the incision edges. These sheet-like structures formed layers
parallel to the incision site with fine extensions to perivascular deposits in the
surrounding area (Fig. 19D). In one animal, only few laminin deposits were found
as a narrow line along the incision site. In addition, laminin-positive fibre-like
deposits, mainly longitudinally orientated to the white matter tracts were detected

near the incision site. Occasionally laminin-positive small horseshoe-shape
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deposits with a bright core, representing a transverse cut of the fibre-like deposits

were observed predominantly in the grey matter adjacent to the incision site.

All animals presented laminin-positive vessels in the surrounding area, which
had returned to a normal size, though their density remained higher compared to

the normal control (Fig. 19D).
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Fig. 19: Summary of laminin immunoreactivity at the incision site for TNC+/+ wild type mice

(for legend see next page).
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Fig. 19: Summary of laminin immunoreactivity at the incision site for TNC+/+ wild type mice
after one (A1, Az), three (B;, Bz), seven (Ci, Cz) and fourteen (D) days following spinal cord
hemisection. Arrowheads (W) indicate the location of incision. (A1, A2) One day post injury the
incision site is devoid of laminin immunoreactivity (*). Laminin labelled vessels (—) are seen near
the incision edges, with a decreased staining intensity towards the outer surrounding area; (B, B2)
Three days post injury laminin-positive vessels (—) are seen in the surrounding area; (C;, C2) Seven
days post injury, the density of laminin-positive vessels (—) near the incision site appears to be
higher than in the normal control; (D) Fourteen days post injury, heavily labelled laminin
extracellular deposits (=) and laminin immunoreactive vessels (—) are seen at the incision site. A1,
B1, C1: 100x; Ag, Bz, Co, D: 200x
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Fig. 20: Summary of changes for laminin for TNC+/+ wild type mice after one, three, seven and
fourteen days following spinal cord hemisection. The intensity of the immunoreactivity is coded:
black - strong; grey - weak. Immunoreactivity of laminin and collagen type IV is very similar. On
day one, laminin is confined to vessels in the immediate vicinity of the incision site. The central
surrounding area displays laminin-positive vessels, which are slightly dilated. On the level of the
incision, the meninges display a higher staining intensity compared to the normal control, which is
evident throughout the time course. On the third day post injury, the incision site first shows few,
weakly labelled extracellular laminin deposits. Laminin labelled vessels and vasodilation in the
surrounding area are still evident. On day seven, the incision site shows moderately labelled
laminin deposits, while more numerous vasodilated vessels are seen in the surrounding area. On
day fourteen the incision site shows extensive, strongly labelled laminin deposits, while the
surrounding area displays neovascularization, but vasodilation is no longer evident.
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4.1.3.2. Quantitative densitometry

On the first and third day, laminin immunoreactivity at the incision site
showed a low median IOD of 11.4 and 5.2, respectively. From then on, a steep rise
was observed with the median IOD being 40.0 on day seven and doubling on day

fourteen to 85.0.

Throughout the time course, the surrounding area showed much lower IOD
levels than the incision site. IOD levels presented as a straight line with a minimal
rise over the time period. The lowest median IOD was seen on day one with 1.3.
Similarly low median IOD values were seen on day three (1.7) and seven (2.7).

This steady but low rise resulted in a maximum on day fourteen with a median

IOD of 3.9.

The difference between the incision site and the surrounding area was
significant (p=0.001) throughout the time course. Post injury days did not differ
significantly (p=0.213) from each other in both regions investigated.
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Fig. 21: Integrated optical density (IOD) for laminin immunoreactivity at the incision site (A) and
in the surrounding area (B) for TNC+/+ wild type mice (WT) from one to fourteen days after
spinal cord hemisection. Measurements (®) are shown for three to five animals per day. The
difference between the incision site and the surrounding area is significant (p<0.001) over the time
period tested.



4. Results 61

4.1.4. Fibronectin

4.1.4.1. Morphology

In the normal control, an intensive immunolabelling of fibronectin was
detected in the meninges and around large vessels. In the white matter tracts,
moderately labelled fibronectin-positive strands were located parallel to the
meninges. In contrast, the grey matter only occasionally displayed fibronectin-
positive strands, mostly orientated perpendicular to the meninges. Intermediate-
size blood vessels showed a moderate staining intensity, while the root of the

spinal nerve was weakly fibronectin positive.

On the first day after injury, the ECM of the incision site was heavily labelled
with fibronectin (Fig. 22A7). Along the wound edges and in the central part of the
surrounding area, moderately labelled fibronectin-positive strands and smaller
spherical structures, presumably strands in a transverse cut, were seen (Fig. 22A1).

The staining intensity was particularly strong at the wound edges.

In the surrounding area, fibronectin-positive strands were seen in both, the
white and the grey matter (Fig. 22A;). Strands near the incision site were heavier
labelled in the white matter than in the grey matter. They expanded into the
wound edges and were often orientated perpendicular to the incision site.
However, none of these strands seemed to cross the incision site. On the level of
incision, the meninges showed a heavier staining intensity compared to the

normal control, which was seen on all days post surgery.

On the third day post surgery, fibronectin-positive strands along the incision
site diminished compared to day one. Instead intensely labelled extracellular

fibronectin deposits were seen at the incision site (Fig. 22B).

In the surrounding area, staining intensity of fibronectin-positive strands had
also decreased compared to day one. Fibronectin extracellular deposits were not

seen and cavitations were not associated with fibronectin.
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Seven days post injury, fibronectin deposits at the incision site were seldom
detected. The incision site was pale and displayed an extremely low level of

fibronectin immunoreactivity (Fig. 22C;, ().

The surrounding area occasionally presented thin fibronectin-positive strands
and diffuse, vaguely labelled small spherical fibronectin deposits with a bright
core, presumably strands in a transverse cut (Fig. 22Cz). These deposits were
sometimes associated with capillaries. In contrast to day three, a minority of the
multiple cavitations were now associated with fibronectin. The animal
demonstrating an adhesion between a nerve root and the cord showed essentially

the same pattern of fibronectin deposition as seen in all other animals.

Fourteen days after surgery, the overall level of immunoreactivity was
slightly higher compared to day seven (Fig. 22Di, D). Fibronectin deposits

dominated the incision site and the central part of the surrounding area.

Fibronectin positive strands, mainly situated in the adjacent white matter,
were diffusely distributed without traversing the incision site. The surrounding
grey matter predominantly presented fibronectin-positive strands in a transverse
cut (Fig. 22D;, D). Again, these deposits were sometimes associated with
capillaries. Like on day seven, only very few cavitations were surrounded by
fibronectin. The animal with the adhesion showed a stronger labelling intensity,

but an identical fibronectin arrangement compared to the other animals.
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Fig. 22: Summary of fibronectin immunoreactivity at the incision site for TNC+/+ wild type
mice after one (Aj, Az), three (B), seven (C;, Cz) and fourteen (Dy, D2) days following spinal cord
hemisection. Arrowheads (P) indicate the location of incision. (A1, A2) One day post injury, many
heavily labelled fibronectin-positive strands (—) and fibronectin spherical deposits (=),
presumably strands in a transverse cut, are seen at the incision site and in the surrounding area; (B)
Three days post injury, fibronectin-positive strands diminish, instead heavily labelled extracellular
fibronectin deposits () are obvious along the incision site; (C1) Seven days post injury the incision
site and the surrounding area are pale in labelling. (C2) The surrounding area shows diffuse,
vaguely labelled fibronectin-positive strands in a transverse cut (=); (D1, D2) Fourteen days post
injury, a slight increase in immunoreactivity compared to day seven is seen, with round fibronectin
deposits (=) and haemosiderin accumulations (=). A1, B, Ci, D1: 100x; Az, Cp, Da: 200x
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Fig. 23: Summary of changes for fibronectin for TNC+/+ wild type mice after one, three, seven
and fourteen days following spinal cord hemisection. The intensity of the immunoreactivity is
coded: black - strong; grey - weak. On the first day, the incision site and the surrounding area
display fibronectin-positive strands. On the level of the incision, the meninges show a higher
staining intensity compared to the normal control, which is evident throughout the time course. On
day three the density of fibronectin-positive strands at the incision site diminishes. Instead
fibronectin extracellular deposits are seen. Seven days post injury the incision site shows lightly
labelled fibronectin deposits, while the surrounding area predominantly displays lightly labelled
fibronectin-positive strands. On day fourteen fibronectin deposits dominate the incision site and
the central surrounding area. The surrounding white matter predominantly shows fibronectin-
positive strands, while the surrounding grey matter mainly displays spherical deposits.
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4.1.4.2. Quantitative densitometry

Fibronectin immunoreactivity showed a maximum median IOD of 92.3 on day
one at the incision site. Fibronectin immunoreactivity decreased to a median IOD
of 45.5 on day three and reached the lowest median IOD level (4.3) on day seven.

Subsequently a slight rise of the median IOD to 25.4 was seen on day fourteen.

The surrounding area showed lower levels of fibronectin immunoreactivity
throughout the time course compared to the incision site. The highest level of
fibronectin immunoreactivity was seen on day one with the median IOD being
18.8. A steep fall from day one to day three (3.2) on was observed. Median IOD
levels of fibronectin immunoreactivity on day seven and fourteen remained low

with 1.1 and 2.0, respectively.

The difference between the incision site and the surrounding area was
significant (p<0.0001) over the time period investigated. A significant influence of
the day (p=0.038) was detected with ANOVA for repeated measurements, though
post-hoc comparisons by the method of Games-Howell did not confirm any

significant differences between post injury days.
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Fig. 24: Integrated optical density (IOD) for fibronectin immunoreactivity at the incision site (A)
and in the surrounding area (B) for TNC+/+ wild type mice (WT) from one to fourteen days after
spinal cord hemisection. Measurements (®) are shown for three to five animals per day. The
difference between the incision site and the surrounding area is significant (p<0.0001) over the time
period tested.
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41.5. F4/80

4.1.5.1. Morphology

In the normal control, F4/80-positive cells displayed a regular distribution in
both, white and grey matter. In the grey matter, F4/80-positive cells presented
with small cell bodies and frequently ramified branches. F4/80-positive cells
situated in the white matter displayed a more oval shaped cell body and longer
occasionally branching processes, orientated longitudinally to the cord. Both cell
types presented morphological characteristics of resting microglia (Streit et al.
1999). F4/80-positive cells, associated with capillaries displayed small, oval
shaped cell bodies with several primary processes, situated parallel to the vessels’
axis. These cells were categorized as pericytes (Thomas 1999). No F4/80

immunoreactivity was seen in the spinal root or nerve.

Changes in immunoreactivity for glial markers, i. e. F4/80 and GFAP were
observed in four regions. The description was therefore confined to the incision
site, the surrounding area, the ipsilateral distant grey matter and the ipsilateral

distant white matter far away from the incision site.

On the first day post surgery, the incision site was devoid of F4/80
immunoreactivity (Fig. 25A). Two samples revealed non-specific labelling of cell
debris and necrotic material at the incision site and in the surrounding area.
Resting microglia, as seen in the normal control was rarely seen in the

surrounding area.

Further away, in the ipsilateral distant grey and white matter, resting
microglia appeared as seen in the normal control (Fig. 26A, 27A). The contralateral

side showed resting microglia throughout the entire time course investigated.

On the third day after injury, the overall level of immunoreactivity had
increased immensely. The incision site was filled with tightly packed F4/80-
positive cells (Fig. 25B1). These cells showed large, round and pale cytoplasm and
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were categorized as phagocytes (Streit et al. 1999) (Fig. 25B;). These vacuolated

cells were found in great density along the wound edges.

F4/80-positive cells in the surrounding area revealed different morphology in
the grey and white matter. Cells in the grey matter revealed darkly labelled
cytoplasm with hardly any processes, representing phagocytes. Cells in the
surrounding white matter showed more lightly labelled cytoplasm, also
representing phagocytes. F4/80-positive cells in the outer surrounding area
displayed frequently branching ramifications, which were much shorter and
thicker than seen in resting microglia, hence these cells were classified as activated
microglia (Streit et al. 1999) (Fig. 25B3). Occasionally F4/80-positive cells with
increased ramifications, but slender processes were seen in the transitional zone
between the surrounding area and the ipsilateral distant cord. These cells were

characterized as hyper-ramified microglia (Streit et al. 1999) (Fig. 25Bs).

F4/80-positive cells in the ipsilateral distant grey matter displayed activated
microglia (Fig. 26B1, B). Occasionally hyper-ramified cells were detected.

In contrast, the ipsilateral distant white matter was packed with F4/80-
positive cells (Fig. 27B1). These cells displayed large round cell bodies with either
darkly labelled cytoplasm or bright cytoplasm, both representing phagocytes (Fig.
27B1, B2). Rarely cells showed thick processes, which were then orientated parallel

to the tracts, representing activated microglia.

Seven days after injury, the overall level of immunoreactivity had increased at
the incision. The incision site displayed F4/80-positive cells in high density,
mainly phagocytes, activated microglia and some pericytes (Fig. 25C;, C2).

At day seven, the surrounding area predominantly showed activated
microglia and fewer phagocytes compared to day three. Phagocytes showed a
brightly labelled cytoplasm near the white matter and darkly labelled cytoplasm
close to the grey matter. Hyper-ramified microglial cells were predominantly seen

in the outer surrounding area (Fig. 25Cs).
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As seen on day three, the ipsilateral distant grey matter showed mainly
hyper-ramified microglia, occasionally activated microglia was observed (Fig.

26C1, Co).

In the distant white matter phagocytes had diminished compared to day
three. Instead activated microglia was now the predominant cell type (Fig. 26C,
(C2). The animal presenting an adhesion between a spinal nerve root and the cord
displayed similar features in the spinal cord compared to other animals. However,
this animal demonstrated an invasion of strongly labelled F4/80-positive

phagocytes in the spinal nerve root.

Fourteen days after surgery, the incision site showed activated microglia,

while the amount of phagocytes had ceased (Fig. 25D;, D»).

F4/80 immunoreactivity had decreased in the surrounding area. Hyper-
ramified cells dominated the surrounding area, while resting microglia was seen
in the outer surrounding area (Fig. 25D3). Many of the hyper-ramified cells were
associated with newly formed capillaries and the density of pericytes was much
higher compared to the normal control, most likely related to an increase in

capillaries. Furthermore, F4/80-positive cells outlined small cavitations.

Microglial cells in the ipsilateral distant grey matter had completely returned

to the state of resting microglia (Fig. 26D).

Parallel to this finding, the ipsilateral distant white matter predominantly
displayed resting microglia. Sporadically hyper-ramified microglia, with processes
orientated parallel to the tracts were detected (Fig. 27D1, Dz). The cord of the
animal demonstrating an adhesion resembled the histology seen in other mice, but

in this sample F4/80-positive cells also appeared in the spinal root and nerve.
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Fig. 25: Summary of F4/80 immunoreactivity at the incision site and the surrounding area for
TNC+/+ wild type mice (for legend see next page).
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Fig. 25: Summary of F4/80 immunoreactivity at the incision site for TNC+/+ wild type mice after
one (A), three (B, By), seven (C;, C2) and fourteen (D, D2) days and for the surrounding area
after three (B3), seven (Cs) and fourteen (Ds;) days following spinal cord hemisection.
Arrowheads (P) indicate the location of incision. Arrows () indicate the direction of the incision.
(A) One day post injury the incision site is devoid of F4/80 staining (*); (B1) Three days post injury
heavily labelled F4/80-positive cells, (B2) mainly phagocytes (—) are seen at the incision site. (Bs)
The surrounding area displays F4/80-positive phagocytes (—) close to the incision site, activated
microglia (=) in the intermediate zone and hyper-ramified cells (#) towards the distant spinal
cord; (Ci) Seven days post injury, immunoreactivity for F4/80 increased at the incision site
compared to day three, showing (Cz) phagocytes (—), activated microglial cells (=) and pericytes
(=). (Cs) The surrounding area displays activated microglial cells (=) towards the incision site and
hyper-ramified cells (®) towards the distant spinal cord; (D1) Fourteen days post injury, staining
intensity at the incision site decreased compared to day seven. (D2) The incision site shows
activated microglial cells (=) and few pericytes (=). (D3) The surrounding area displays hyper-
ramified microglial cells (#) and pericytes (=) near the incision site, and resting F4/80-positive
microglia () towards the distant spinal cord. A, By, C1, D1: 100x; B, B3, Cz, C3, D2, D3: 200x
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Fig. 26: Summary of F4/80 immunoreactivity at the ipsilateral grey matter distant from the

incision site for TNC+/+ wild type mice (for legend see next page).
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Fig 26: Summary of F4/80 immunoreactivity at the ipsilateral grey matter distant from the
incision site (distant grey) for TNC+/+ wild type mice after one (A), three (By, B2), seven (Cy, C2)
and fourteen (D) days following spinal cord hemisection. Arrows (=) indicate the direction of
the incision. (A) One day post injury the distant grey shows lightly labelled F4/80-positive resting
microglia (=); (B1, B2) Three days post injury heavily labelled F4/80-positive cells, mainly activated
microglial cells (=) are seen; (Ci, C2) Seven days post injury, F4/80 immunoreactivity in the distant
grey decreased compared to day three, showing fewer activated microglial cells (=) with a
reduced staining intensity. Instead, hyper-ramified microglial cells (%) are seen more frequently;
(D) Fourteen days post injury, F4/80 immunoreactivity has decreased compared to day seven, now
mainly showing resting microglia (). A, B1, C1, D: 100x; Bo, Co: 200x
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Fig. 27: Summary of F4/80 immunoreactivity at the ipsilateral white matter distant from the

incision site for TNC+/+ wild type mice (for legend see next page).
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Fig. 27: Summary of F4/80 immunoreactivity at the ipsilateral white matter distant from the
incision site (distant white) for TNC+/+ wild type mice after one (A), three (B;, Bz), seven (Cy, C2)
and fourteen (D;, D2) days following spinal cord hemisection. Arrowheads (I>) indicate the
border between ipsilateral (right hand side, incision) and contralateral (left hand side) of the spinal
cord. (A) One day post injury the distant white matter shows very few lightly labelled F4/80-
positive resting microglia (=); (B1, B2) Three days post injury heavily labelled F4/80-positive cells,
mainly phagocytes (—) are seen in the distant white matter; (C;) Seven days post injury, F4/80-
positive phagocytes have diminished compared to day three, now mainly showing (C>) activated
microglial cells (=) and some pericytes (=); (Di) Fourteen days post injury F4/80
immunoreactivity has decreased compared to day seven, (D1) now showing resting microglia (=)
and few hyper-ramified microglial cells (®). A, B1, C1, D1: 100x; Bo, Cz, D2: 200x
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Fig. 28: Summary of changes for F4/80-positive microglia/macrophages for TNC+/+ wild type
mice after one, three, seven and fourteen days following spinal cord hemisection. The intensity
of the immunoreactivity is coded: black - strong; grey - weak. Resting microglia is not shown. On
the first day, no F4/80 immunoreactivity is detected at the incision site. In the remaining spinal
cord resting microglia is present. On the third day, phagocytes, vacuolated and homogenously
labelled first appear at the incision site. Activated microglia is seen in the surrounding area. The
ipsilateral distant grey matter shows activated microglia as well, while the ipsilateral distant white
matter predominantly displays vacuolated phagocytes. On the seventh day, phagocytes at the
incision site and in the surrounding area have decreased compared to day three. Instead the
density of activated microglia has increased. The distant grey matter displays hyper-ramified
microglia, while the distant white matter mainly presents activated microglia. On day fourteen,
microglial activation has decreased. At the incision site activated microglia is prominent, while the
surrounding area shows hyper-ramified cells and resting microglia. In the distant grey matter cells
return to the state of resting microglia, while in the distant white matter hyper-ramified and few
activated microglial cells are still seen.
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4.1.5.2. Quantitative densitometry

Quantitative densitometry for F4/80 as well as for GFAP was performed in
four regions (incision site, surrounding area, distant grey matter cranial and

distant grey matter caudal to the incision site).

On the first day, the incision site was negative for F4/80 immunoreactivity
with a median IOD of 0.0. On day three, the median IOD at the incision site was
11.3, followed by an extremely steep increase to the maximum level of 88.8 IOD on
day seven. Subsequently, a minor decrease of the median IOD to a level of 73.4

was observed on day fourteen.

The surrounding area showed lower 10D levels compared to the incision site
throughout the time course. Again, on day one the median IOD was very low with
0.1. This was followed by a hundredfold increase on day three with a median IOD
of 12.0. On day seven and fourteen a plateau was seen with a median IOD of 18.8

and 17.4, respectively.

The distant grey matter cranial to the incision site showed extremely low
levels of F4/80 immunoreactivity throughout the time course. On day one (0.1)
and three (0.5) the median IOD never exceeded levels above one. A maximum was
seen on day seven with a median IOD of 4.2, while on day fourteen the median

IOD level dropped to its starting point of 0.1.

Similar to that, the distant grey matter caudal to the incision site displayed
low IOD levels for all post surgery days tested. On day one the median IOD was
as low as 0.1. A slight rise was seen on day three with a median IOD of 2.5. On day

seven and fourteen the median IOD stabilized with 1.7 and 1.4, respectively.

The difference between the incision site and the surrounding area (p<0.0001),
between the incision site and the distant grey matter, cranial to the incision
(p<0.0001) as well as between the incision site and the distant grey matter, caudal

to the incision (p<0.0001) was significant over the time course investigated. A
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significant influence of the day (p<0.0001) was detected for all regions and post-
hoc comparisons with Games-Howell test revealed the following findings: The
first day differed significantly from day seven (p=0.015) and day fourteen
(p<0.0001). In addition, the third day differed significantly from day fourteen
(p=0.033).
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Fig. 29: Integrated optical density (IOD) for F4/80 immunoreactivity as a microglial marker is
shown for TNC+/+ wild type (WT) mice from one to fourteen days after spinal cord hemisection at
the incision site (A), the surrounding area (B), the distant grey matter approximately 1.5 mm
cranial (C) and 1.5 mm caudal (D) to the incision site. Measurements (®) are shown for three to five
animals per day. The surrounding area (p<0.0001), the distant grey matter, cranial (p<0.0001), and
the distant grey matter, caudal (p<0.0001) show a significant difference to the incision site over the
time period investigated. In addition, the first day differs significantly from day seven (p<0.05) (*)
and day fourteen (p<0.0001) (*); and the third day differs significantly from day fourteen (p<0.05)
() for all regions investigated.
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41.6. GFAP

4.1.6.1. Morphology

In the normal control, GFAP-positive cells were homogenously distributed
throughout the grey matter and sparsely, but in regular distribution, seen within
the white matter. In the grey matter, GFAP-positive cells were weakly labelled and
displayed an average size, round cell body. The cell body showed several tender
branches, which ramified in the periphery. These star-shaped cells represented
protoplasmatic astrocytes. In the white matter, GFAP-positive cells displayed a
smaller, oval-shaped cell body with few, but long processes orientated parallel to
the meninges. These cells were identified as fibrous astrocytes. Protoplasmatic
astrocytes were often found near neurons, while GFAP-positive fibrous astrocytes
in the white matter were often found adjacent to vessels. Their shorter and
clumsier processes frequently reached the outer margins of capillaries. Some
GFAP-positive cells, present near white matter tracts displayed short processes

orientated towards the meningeal surface.

On the first day after surgery, the incision site was GFAP-negative.

The surrounding area was lightly labelled GFAP-positive. The morphology of
astrocytes in the surrounding area was comparable to astrocytes seen in the
normal control (Fig. 30A). Protoplasmatic astrocytes, i. e. star-shaped cells with
several tender ramifications were seen in the grey matter and fibrous astrocytes, i.
e. oval-shaped cell bodies with few, long processes were found in the white

matter.

As in the normal control, the ipsilateral distant grey matter presented
protoplasmatic astrocytes (Fig. 31A), while the distant white matter showed
mainly fibrous astrocytes (Fig. 32A).

Three days after injury, the incision site is lightly labelled positive for GFAP

immunoreactivity (Fig. 30B).
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In the surrounding area, GFAP-positive cells had accumulated at day three.
These cells were larger and had processes that were more complex compared to
day one. In addition, GFAP-positive cells appeared to be more numerous.
Therefore these cells were classified as reactive astrocytes (Eng et al. 2000,
Sofroniew 2005). A boundary of reactive astrocytes had formed around the

incision site with thick processes, preferentially pointing towards the incision site

(Fig. 30By).

The ipsilateral distant spinal cord has shown an increase in GFAP
immunoreactivity, compared to day one (Fig. 31Bi). Different morphological
characteristics were found for GFAP-positive cells in the distant grey and white
matter. In the grey matter reactive astrocytes, i. e. increase in size and complexity

of their processes, dominated the picture (Fig. 32By).

The ipsilateral distant white matter showed GFAP-positive phagocytic-like
cells. These large, round cells, lacking any processes, displayed a strong staining
intensity (Fig. 32B1, B2). Their clearly visible, large cytoplasm was presumably
filled with fatty debris. These cells showed a morphology reminiscent of
gemistocytes (Kros et al. 2000).

Seven days following injury, the incision site was completely invaded by
reactive astrocytes (Fig. 30C1). These cells showed thick, heavily labelled and
numerous processes, demonstrating nicely the process of astroglial scarring (Fig.
30B2). The strongest intensity of immunoreactivity was found along the edges of

the incision site.

Reactive astrocytes were frequently found in the surrounding area, often

adjacent to cavitations.

The ipsilateral distant grey matter displayed a picture similar to day three, i. e.

reactive astrocytes with large cytoplasm and thick processes (Fig. 31C1, C2).

The morphology of the distant white matter had changed from day three to
day seven. Cells now presented a strong GFAP immunoreactivity with small cell
bodies and multiple processes, typical of reactive astrocytes (Fig. 32Cy, C2). GFAP-

positive phagocytic-like cells were no longer detected. The animals with an
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adhesion between the cord and the nerve root showed no difference in GFAP

immunoreactivity, compared to the remaining animals.

Fourteen days after surgery, the incision site presented the highest density of
accumulated GFAP-positive cells throughout the time course investigated (Fig.
30D1, D2). Reactive astrocytes at the incision site and in the surrounding area
showed tightly interwoven processes attached to one another, representing the
formation of astroglial scarring (Fig. 30D1). In the outer surrounding area reactive
astrocytes had returned to the morphology of protoplasmic astrocytes as seen in
the normal control. As on day seven, multiple small cavitations were surrounded

by astroglial processes.

Astrocytic cells in the ipsilateral distant grey matter showed a decreased
immunoreactivity compared to day seven and a comparable morphology to

protoplasmatic astrocytes seen in the normal control (Fig. 31D).

The immunoreactivity in the distant white matter was reduced compared to
day seven, although reactive astrocytes were still the predominant cell type (Fig.
32D). The animal with an adhesion between the spinal nerve root and the cord

displayed a morphology similar to remaining samples.
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Fig. 30: Summary of GFAP 1mmunoreact1v1ty at the incision 51te for TNC+/+ wild type mice (for
legend see next page).
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Fig. 30: Summary of GFAP immunoreactivity at the incision site for TNC+/+ wild type mice
after one (A), three (B;, By), seven (Ci, C2) and fourteen (D;, D2) days following spinal cord
hemisection. Arrowheads (P) indicate the location of incision. (A) One day post injury the incision
site is GFAP-negative (*); (B1) Three days post injury GFAP staining spares the incision centre (x),
(B2) but shows reactive astrocytes (—) in the immediate surrounding area; (C;) Seven days post
injury GFAP immunoreactivity at the incision site has increased compared to day three, showing
(C2) reactive astrocytes (—) lining the incision site and GFAP-positive cells lining small cavitations
(=); (D1) Fourteen days post injury the incision site and the surrounding area show the strongest
GFAP immunoreactivity throughout the time course tested. A fully developed astroglial scar (*),
with (D.) tightly interwoven processes of reactive astrocytes (—) and GFAP-positive cells
surrounding small cavitations (=) is seen. A, B1, C1, D1: 100x; Bo, Cz, Da: 200x
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Fig. 31: Summary of GFAP immunoreactivity at the ipsilateral grey matter distant from the
incision site for TNC+/+ wild type mice (for legend see next page).
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Fig. 31: Summary of GFAP immunoreactivity at the ipsilateral grey matter distant from the
incision site (distant grey) for TNC+/+ wild type mice after one (A), three (By, B2), seven (Cy, C2)
and fourteen (D) days following spinal cord hemisection. Arrows (=) indicate the direction of
the incision. (A) One day post injury the distant grey shows GFAP-positive protoplasmatic
astrocytes (=); (B1, B2) Three days post injury heavily labelled GFAP-positive cells in the distant
grey, mainly reactive astrocytes (—) are seen; (C;, C;) Seven days post injury GFAP
immunoreactivity in the distant grey is similar to day three, still showing reactive astrocytes (—).
In addition GFAP-positive cells around small vessels (=) are seen; (D) Fourteen days post injury
GFAP immunoreactivity in the distant grey matter has decreased compared to day seven, mainly
showing protoplasmatic astrocytes (). A, By, C1, D: 100x; Bz, C2: 200x
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Fig. 32: Summary of GFAP immunoreactivity at the ipsilateral white matter distant from the

incision site for TNC+/+ wild type mice (for legend see next page).
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Fig. 32: Summary of GFAP immunoreactivity at the ipsilateral white matter distant from the
incision site (distant white) for TNC+/+ wild type mice after one (A), three (B;, Bz), seven (Cy, C2)
and fourteen (D) days following spinal cord hemisection. Arrowheads (I>) indicate the border
between ipsilateral (right hand side, incision) and contralateral (left hand side) of the spinal cord.
(A) One day post injury the distant white shows fibrous astrocytes (=); (B1, B2) Three days post
injury heavily labelled GFAP-positive cells, predominantly vacuolated phagocytic-like astrocytes
(=) are seen; (Cy, C2) Seven days post injury, phagocytic-like astrocytes have diminished, instead
GFAP-positive reactive astrocytes (—) with multiple processes are seen; (D) Fourteen days post
injury, GFAP immunoreactivity has decreased and reactive astrocytes (—) are seen less frequently.
A, By, Gy, D: 100x; Bo, Ca: 200x
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Fig. 33: Summary of changes for GFAP-positive astrocytes for TNC+/+ wild type mice after one,
three, seven and fourteen days following spinal cord hemisection. The intensity of the
immunoreactivity is coded: black - strong; grey - weak. Non-reactive protoplasmatic and fibrous
astrocytes are not shown. On the first day, the incision site is devoid of GFAP immunoreactivity. In
the remaining spinal cord protoplasmatic and fibrous astrocytes are found. On the third day,
hardly any reactive astrocytes are seen at the incision site. A rim of reactive astrocytes is obvious in
the surrounding area. The ipsilateral distant grey matter displays reactive astrocytes, while the
ipsilateral distant white matter shows GFAP-positive phagocytic-like cells. On day seven, heavily
labelled reactive astrocytes penetrate the incision site. In the surrounding area reactive astrocytes
are seen in higher density compared to day three. The ipsilateral distant white and grey matter
displays reactive astrocytes. On day fourteen, the incision site shows tightly interwoven GFAP-
positive processes presenting the astroglial scar. In the distant grey and white matter reactive
astrocytes have decreased, the prominent cell type now being protoplasmatic and fibrous
astrocytes.
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4.1.6.2. Quantitative densitometry

GFAP immunoreactivity (astrocytes) at the incision site showed a steady rise
of IOD levels throughout the time course. Starting with a very low median IOD of
1.3 on day one and 1.7 on day three, the median IOD reached 7.7 on day seven and

resulted in a maximum of 15.5 on day fourteen.

The surrounding area showed a curve, starting with a low median IOD of 0.3
on day one, followed by 6.6 on day three. The median IOD then nearly doubled to

10.4 on day seven and stabilized with a median IOD of 9.6 on day fourteen.

The distant grey matter cranial to the incision site showed extremely low
levels of IOD throughout the time course, with all median IOD values being
beneath two. Day one and three showed median IOD levels of 0.0 and 0.9,
respectively. This was followed by a slight rise to a median IOD of 1.8 on day

seven and declined to a level of 0.8 IOD on day fourteen.

The distant grey matter caudal to the incision site showed comparable low
IOD values to the ones seen cranial to the incision site. On day one, the median
IOD was as low as 0.1 and raised to a maximum of 2.4 on day three. A slight
decline to a median IOD of 1.0 was observed on day seven, and the curve

stabilized with a median IOD of 1.8 on day fourteen.

The difference between the incision site and the distant grey matter, cranial to
the incision site (p<0.0001) and the distant grey matter caudal to the incision site
(p=0.001) was significant over the time period investigated. No significant
difference between the incision site and the surrounding area (p=0.391) was
detected throughout the time course investigated. A significant influence of the
day (p=0.001) was detected for all regions tested. Post-hoc comparisons with
Games-Howell test revealed the following findings: The first day differed
significantly from day seven (p=0.014) and day fourteen (p<0.0001).
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Fig. 34: Integrated optical density (IOD) for GFAP immunoreactivity as an astroglial marker is
shown for TNC+/+ wild type (WT) mice from one to fourteen days after spinal cord hemisection
for the incision site (A), the surrounding area (B), the distant grey matter approximately 1.5 mm
cranial (C) and 1.5 mm caudal (D) to the incision site. Measurements (®) are shown for three to five
animals per day. The distant grey matter, cranial (p<0.0001) and the distant grey matter caudal

(p<0.001) show a significant difference to the incision site over the time period investigated. The

difference between the incision site and the surrounding area is not significant. In addition, the first

day differs significantly from day seven (p<0.05) (*) and day fourteen (p<0.0001) (x) for all regions

investigated.
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4.1.7. Neurofilament

4.1.7.1. Morphology

The normal control showed strongly labelled NF-positive, thick fibres in the
entire white matter, orientated parallel to the meninges. The grey matter
sporadically revealed fine NF-positive fibres, which were only weakly labelled.
Most of these thin fibres were situated perpendicular to the meninges,
occasionally longitudinal fine fibres were observed. Grey matter, adjacent to white
matter tracts frequently displayed heavily labelled small, round spots, presumably
NE-positive fibres in a transverse cut. Spinal nerves and roots showed strong NF
immunoreactivity, displaying thick axons. Meninges appeared faintly labelled, but

cells were NF-negative in the entire normal control.

Morphological changes for NF were observed in four regions: incision site,
surrounding grey matter, surrounding white matter, containing the RST and CST,
and the ipsilateral distant white matter cranial from the incision site, also
containing the CST. No changes were observed in the contralateral spinal cord or

the ipsilateral distant grey matter throughout the time course investigated.

On the first day after surgery, the incision site was NF-negative (Fig. 35A1).
Along the incision edges NF-positive fibres were situated, presumably fibres,

which were shifted away during the procedure of spinal cord hemisection.

In the surrounding grey matter, fine NF-positive fibres were randomly
orientated in all directions (Fig. 35A). These fine fibres were seen in greater

density compared to the grey matter in the normal control.

In the surrounding white matter, strongly labelled NF-positive, thick fibres
pointing towards the incision site, but never invading the incision site were seen
(Fig. 35A3). These fibres were swollen and deformed, growth cones were not

detected yet.
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The distant CST, cranial to the incision site displayed the same morphological
features seen in the normal control (Fig. 36A), i. e. a well-defined tract with heavily

labelled, thick NF-positive fibres, orientated parallel to the meninges.

On the third day post surgery, the incision edges were adjacent to each other
and NF immunoreactivity at the incision site had increased compared to day one
(Fig. 35B1). Fine NF-positive fibres were frequently seen parallel to the incision

edges, but never crossed the incision site.

NF immunoreactivity in the surrounding grey matter had decreased
compared to day one. However, fine NF-positive fibres were still detected more
frequently than in the normal control (Fig. 35B;). These thin fibres presented a
vermicular shape, often curled around their axis and appeared to meander
through the tissue in a disorganized way. Some of these thin fibres pointed
towards the incision site, but turned away once they had reached the edges of the
incision site. Many of these thin fibres showed a club-shape structure at the end, a
morphology reminiscent of growth cones (Fig. 35B2). NF aggregates represented

necrotic material.

In the surrounding white matter, NF immunoreactivity also decreased
compared to day one, indicating an ongoing axonal damage (Fig. 35Bs). The
regular pattern of the white matter was no longer detected, i. e. fewer thick NF-
positive fibres were seen compared to day one. Dense aggregates of NF
immunoreactivity were scattered in the surrounding white matter, representing

necrotic material.

The regular pattern of the distant CST cranial to the incision site had

disappeared and signs of axonal damage were obvious. Growth cones were not

detected (Fig. 36B1, By).

On day seven, the incision site was pale and little NF immunoreactivity was

confined to very few thin NF-positive axons (Fig. 35Cy).
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Immunoreactivity in the surrounding grey matter was comparable to day
three. Again, thin NF-positive fibres, with club-shaped ends were randomly
orientated in all directions (Fig. 35Cz). The density of these fibres was comparable
to day three. In addition, the surrounding grey matter showed small round NF-
positive deposits, most likely NF-positive fibres in a transverse cut. These round
deposits appeared in a higher density compared to the normal control, indicating

an overall increase of NF-positive fibres.

NF immunoreactivity in the surrounding white matter had further decreased
and the formerly highly organized thick NF-positive axons had vanished (Fig.
35Cs). Necrotic material and some fine NF-positive fibres dominated the picture of

the surrounding white matter (Fig. 35Cs).

The distant CST displayed a massive axonal damage (Fig. 36Ci, Cz). Thick
NF-positive fibres were seldom detected, instead heavily labelled large NF
deposits were frequently observed. These NF deposits, representing necrotic
material, were situated along former axons as bead-like structures and

accumulated at certain sites.

On the fourteenth day, the incision site was still pale and little NF
immunostaining was confined to very few NF-positive thin fibres (Fig. 35D1), a

similar picture to that seen on day seven.

The surrounding grey matter also displayed a picture similar to that seen on

day seven. Thin NF-positive fibres, with growth cones were observed (Fig. 35Dx).

The well-defined white matter tract in the surrounding area was completely
destroyed and NF-positive necrotic material dominated the picture. Fine NF-
positive fibres, pointing towards the incision site and small round NF-positive

spots, representing fibres in a transverse cut were often observed (Fig. 35D3).

The distant CST showed a decreased staining intensity, compared to day
seven (Fig. 36D1). Thick axons were no longer observed. Instead, fine NF-positive
fibres were seen occasionally, situated mainly parallel or perpendicular to the

meninges (Fig. 36Dz).
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Fig. 35: Summary of neurofilament immundreactivity at the incision site and in the immediate
grey and white surrounding for TNC+/+ wild type mice (for legend see next page).
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Fig. 35: Summary of neurofilament (NF) immunoreactivity at the incision site and in the
immediate grey and white surrounding for TNC+/+ wild type mice after one (Ai, Az, As), three
(B1, B2, B3), seven (Cy, Cz, C3) and fourteen (D1, D3, D3) days following spinal cord hemisection.
Arrowheads (W) indicate the location of incision. (A1) One day post injury the incision site is NF-
negative (). (Az) The grey surrounding shows thin NF-positive fibres (—) randomly orientated in
all directions, while (As) the surrounding white matter displays heavily labelled thick NF-positive
fibres (=), mainly orientated towards the incision site; (B:) Three days post injury the incision
edges are adjacent to each other. (B2) The grey surrounding shows thin NF-positive fibres (—) and
necrotic material (®). (Bs) The surrounding white matter displays fewer thick NF-positive fibres
(=) compared to day one; (Ci) Seven days post injury the incision site is pale and shows a decrease
in NF immunoreactivity compared to day three. (Cz) Thin NF-positive fibres (=), which often
show a club shaped end, representing growth cones are obvious in the surrounding grey matter.
(G3) Thick NEF-positive fibres (=) in the surrounding white matter are seen less frequently
compared to day three. Instead NF-positive necrotic material (#) is seen frequently; (D1) Fourteen
days post injury the incision site is still pale in NF immunoreactivity. (D) In the surrounding grey
matter thin NF-positive fibres () are seen sporadically. (Ds) The usually well-defined thick NF-
positive fibres of the surrounding white matter have disappeared, instead thin NF-positive fibres
(=) are seen. Ay, By, Cy, D1: 100x; Az, As, Bz, Bs, Cz, C3, D2, D3: 200x
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from the incision site for TNC+/+ wild type mice (for legend see next page).



4. Results 97

Fig. 36: Summary of neurofilament (NF) immunoreactivity at the ipsilateral white matter distant
from the incision site (distant corticospinal tract (CST)) for TNC+/+ wild type mice after one (A),
three (B;, B2), seven (Ci, C2) and fourteen (D;, D2) days following spinal cord hemisection.
Arrowheads ([>) indicate the border between ipsilateral (right hand side, incision) and
contralateral (left hand side) of the spinal cord. (A) One day post injury the distant CST shows
thick NF-positive fibres in a well-organized and regular distribution (*). The ipsilateral grey matter
distant from the incision site displays heavily labelled round spots, representing axons in a
transverse cut (=); (B1, B2) Three days post injury the distant CST shows an irregular pattern of NF
labelled oedematous fibres (=); (C1, C2) Seven days post injury the distant CST displays axonal
damage. NF-positive necrotic material (®) dominates the picture, while few thin NF-positive fibres
(=) are seen in the ipsilateral CST; (D1, D2) Fourteen days post injury the ipsilateral CST displays
signs of massive axonal damage, predominantly showing necrotic material (%) with few thin NF-
positive fibres (—). A, B1, C1, D1: 100x; Bz, Co, Da: 200x
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Fig. 37: Summary of changes for neurofilament (NF) for TNC+/+ wild type mice after one, three,
seven and fourteen days following spinal cord hemisection. The intensity of the
immunoreactivity is coded: black - strong; grey - weak. Normal NF staining pattern on the
contralateral site of the incision is not shown. On the first day after surgery the incision site is NF-
negative. The surrounding grey matter displays randomly orientated thin NF-positive fibres. The
surrounding white matter shows oedematous thick NF-positive fibres. The corticospinal tract
(CST) distant from the incision site shows a similar histology to the normal control. On the third
day, thin NF-positive fibres enter, but never traverse the incision site. Thin NF-positive fibres
meander through the surrounding grey matter. The surrounding white matter and the distant CST
show oedematous and deformed axons. On the seventh day, the incision site is pale. The
surrounding grey matter predominantly displays fine NF-positive fibres and necrotic material. In
the surrounding white matter, thick NF-positive fibres diminish and necrotic material dominates.
The distant CST displays massive axonal damage showing NF-positive necrotic material. On the
fourteenth day, the incision site is devoid of NF-positive fibres. Thin NF-positive fibres in the
surrounding grey matter are still seen. In the surrounding white matter thick NF-positive fibres are
no longer detected. Instead necrotic material and some thin NFE-positive fibres are seen. The distant
CST still shows dense aggregates of NF-positive necrotic material and few NF-positive thin fibres.
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4.1.7.2. Quantitative densitometry

For the analysis of NF immunoreactivity, measurements were taken in three
regions of the grey (incision site, surrounding cranial, surrounding caudal) and in
three regions of the white matter (incision site, surrounding cranial, surrounding

caudal).

The incision site in the grey matter showed extremely low IOD values for NF
immunoreactivity throughout the time course, with a median IOD maximum of
7.6 on day three. Extremely low median IOD values were observed on day one

(1.0), day seven (0.6) and day fourteen (0.2).

The surrounding grey matter cranial and caudal to the incision site showed
higher IOD levels than incision site adjacent to the grey matter. The surrounding
grey matter cranial to the incision site showed a peak median IOD of 69.7 on day
one and then declined to 21.1 on day three. This plateau was steady with a median

IOD of 18.2 and 19.6 on day seven and fourteen, respectively.

The surrounding grey matter caudal to the incision site showed a similar
curve to the surrounding grey matter cranial. On the first day a maximum median
IOD of 48.3 was seen, followed by a steep decline to the lowest median IOD value
of 18.7 on day three. The plateau stabilized with a median IOD level of 19.6 on day

seven and 22.9 on day fourteen.

In general, the white matter revealed persistently higher IOD levels than the
grey matter. The white matter incision site showed a median IOD of 2.6 on day
one. A steep rise was seen to a maximum of 48.6 on day three, followed by a
decline to a median IOD of 2.3 on day seven. Subsequently a slight increase to 5.5

IOD was seen on day fourteen.

The surrounding white matter cranial to the incision site showed much higher
IOD values compared to the incision site adjacent to the white matter. Starting
with the highest median IOD level of 196.9 the curve steadily declined to a median
IOD of 127.9 on day three and subsequently reached the lowest point of 47.4 IOD
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on day seven. Thereafter an increase of the median IOD was observed to 89.4 on

day fourteen.

The white matter caudal to the incision site showed similarly high IOD values
compared to the surrounding white matter caudal to the incision site. The highest
median IOD was 146.0 on day one. A steady fall to a median IOD of 89.0 on day
three and subsequently to the lowest value of 50.3 on day seven was observed.
This was followed by a steady rise up to a median IOD value of 112.5 on day

fourteen.

The difference between the incision site adjacent to the white matter and the
white matter surrounding, cranial (p=0.001) and the white matter surrounding,
caudal (p<0.0001) was significant for the time course investigated. In addition, the
difference between the incision site adjacent to the grey matter and the grey matter
surrounding, cranial (p=0.034) was significant for the time period tested. No
significant difference between the incision site next to the grey matter and the
surrounding grey matter caudal (p=0.098) was detected. In addition, post surgical

days did barely not differ significantly from each other (p=0.051).
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Fig. 38: Integrated optical density for neurofilament immunoreactivity as an axonal marker for
TNC+/+ wild type mice (for legend see next page).
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Fig. 38: Integrated optical density (IOD) for neurofilament (NF) immunoreactivity as an axonal
marker is shown for TNC+/+ wild type (WT) mice from one to fourteen days after spinal cord
hemisection at the incision site next to the grey matter (A), in the surrounding grey matter cranial
(C) and caudal (E) to the incision site, at the incision site next to the white matter (B), and in the
surrounding white matter cranial (D) and caudal (F) to the incision site. Measurements (®) are
shown for three to five animals per day. The differences between the incision site next to the white
matter and the surrounding white matter, cranial (p<0.001), and the white matter surrounding,
caudal (p<0.0001) are significant for the time course investigated. In addition the difference
between the incision site next to the grey matter and the surrounding grey matter, cranial to the
incision site (p<0.05) is significant for the time period tested.
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4.2. TNC-/- knock out mice

4.2.1. Routine histology

TNC-/- knock out animals appeared phenotypically normal. They revealed a
similar body size compared to their TNC+/+ wild type littermates and were
fertile. On cursory histological examination no gross deficits of the CNS or other

principal organ systems was detected.

In H&E stain, the normal control of TNC-/- knock out mice showed a
morphology similar to TNC+/+ wild type animals. No apparent malformation
was observed. Neurons and glial cells were similar in density, size and
distribution to TNC+/+ wild type findings. No signs of an astrogliosis,
demyelination or ongoing inflammatory process were detected in the normal
control of TNC-/- knock out mice. Combined Masson trichrome and Verhoeff

stain revealed the same distribution of collagen deposits in both strains.

On the first day post injury, one major difference between genotypes was
observed. Lymphocytes, which were only seen on day three in TNC+/+ wild type
animals, already invaded the surrounding area on day one in TNC-/- knock out
mice (Fig. 39A2). The remaining morphological characteristics were identical to
TNC+/+ wild type findings (Fig. 39A1, 40A, 41A). For a detailed morphological

description see chapter 4.1.1.

On the third day post injury, no morphological differences between TNC+/+
wild type and TNC-/- knock out mice were observed (Fig. 39B1, By, 40B, 41Bs, By).
For a detailed morphological description see chapter 4.1.1.

On day seven, one major difference between genotypes was observed. TNC-/-
knock out animals showed a further increase in neutrophilic granulocytes, while

in TNC+/+ wild type mice the number of neutrophils had already decreased,
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compared to day three. However, the distribution of neutrophils in both
genotypes was similar, they were mainly found in the central part of the

surrounding area.

Other morphological characteristics, seven days after injury, were identical in
both genotypes (Fig. 39C;, Cz, 40C, 41C;, ). For a detailed morphological
description see chapter 4.1.1.

On the fourteenth day, no morphological difference between TNC+/+ wild
type and TNC-/- knock out mice was detected (Fig. 39D, 40D1, D, 41D1, Dz). For a
detailed morphological description see chapter 4.1.1.
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Fig. 39: Summary of morphological changes at the incision site in H&E staining for TNC-/-
knock out mice (for legend see next page).
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Fig. 39: Summary of morphological changes at the incision site in H&E staining for TNC-/-
knock out mice after one (A1, Az), three (B;, Bz), seven (Ci, Cz) and fourteen (D) days following
spinal cord hemisection. Arrowheads () indicate the location of incision. Arrows (=) indicate
the direction of the incision. (A1) One day post injury the incision site is seen as a wide gap (*),
with (Az) granulocytes (—), mainly neutrophils and minor haemorrhages (=) in the surrounding.
Lymphocytes (%), which are only seen on day three in TNC+/+ wild type mice, are already
invading the incision site in TNC -/- knock out animals; (B1) Three days post injury the incision site
has narrowed, the former gap is filled with erythrocytes (=) and multiple small cavitations (4) are
seen in the surrounding area. (B2) Swollen neurons (=) with blurred cell borders and satellite cells
in the surrounding area are seen; (Ci1) Seven days post injury the formation of the fibrous scar (¢)
with (C2) a high density of activated fibroblasts (®) along the incision site and some vacuolated
macrophages (=) is evident; (D) Fourteen days post injury the incision site shows a fully
developed scar (¢) with mainly inactivated fibroblasts (#) and small cavitations (4).

In summary, the scar formation in H&E staining is very similar between TNC+/+ wild type and
TNC -/- knock out mice. However, two morphological differences are detected. On day one, TNC -
/- knock out mice already show a lymphocytic infiltration in the surrounding area, which is only
seen on day three in TNC+/+ wild type animals. In addition, on day seven TNC -/- knock out
mice display a stronger neutrophilic infiltration, while in TNC+/+ wild type mice neutrophilic
density has already diminished (not shown here). A1, By, C1, D: 100x; Az, Bo, Co: 200x
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Fig. 40: Summary of morphological changes at the incision site in combine
and Verhoeff stain for TNC-/- knock out mice (for legend see next page).
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Fig. 40: Summary of morphological changes at the incision site in combined Masson trichrome
and Verhoeff stain for TNC-/- knock out mice after one (A), three (B), seven (C) and fourteen
(D1, D7) days following spinal cord hemisection. Arrowheads (P) indicate the location of incision.
(A) One day post injury the incision site is devoid of connective tissue (*); (B) Three days post
injury collagenous tissue (—) is seen along the incision site, not extending into the surrounding
area yet; (C) Seven days post injury collagen fibres (*) are more widespread, now also seen in the
surrounding tissue. Multiple slightly larger cavitations (4) are seen in the surrounding area
compared to day three; (D1) Fourteen days post injury an extensive collagenous scar (%) is seen,
(D) forming a dense rim around the incision site, with radiating branches into the surrounding
area as well as towards the incision centre.

In summary, the scar formation in combined Masson trichrome and Verhoeff stain is
indistinguishable between TNC+/+ wild type and TNC -/- knock out animals. A, B, C, D2: 100x;
D1: 50x
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Fig. 41: Summary of morphological changes at the ipsilateral corticospinal tract in combined
Masson trichrome and Verhoeff stain for TNC-/- knock out mice (for legend see next page).
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Fig. 41: Summary of morphological changes at the ipsilateral white matter distant from the
incision site (distant white matter, corticospinal tract (CST)) in combined Masson trichrome and
Verhoeff stain for TNC-/- knock out mice after one (A), three (B;, B2), seven (Cy, Cz) and fourteen
(D1, D) days following spinal cord hemisection. Arrowheads (P>) indicate the border between
ipsilateral (right hand side, incision) and contralateral (left hand side) of the spinal cord. (A) One
day post injury the CST shows its regular well-defined pattern; (B, B2) Three days post injury
oedematous tissue (*) and small cavitations (4) are seen in the CST; (C1) Seven days post injury an
oedematous CST () with (C2) a massive mononuclear infiltration (—) is seen; (D1) Fourteen days
post injury the destroyed CST displays small cavitations (4) and (D2) a strong mononuclear
infiltration (—).

In summary, the morphology of the distant CST in combined Masson trichrome and Verhoeff stain
is indistinguishable between TNC+/+ wild type and TNC -/- knock out mice. A, By, C1, D1: 100x;
By, Co, D2: 200x
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Fig. 42: Summary of morphological changes for TNC-/- knock out mice after one, three, seven
and fourteen days following spinal cord hemisection. Objects highlighted in orange demonstrate
a higher density of cells compared to TNC+/+ wild type animals. The histology of the scar
formation throughout the time course is very similar between TNC+/+ wild type and TNC-/-
knock out mice. However, two morphological differences are detected. On day one, in TNC-/-
knock out animals a lymphocytic infiltration into the surrounding area is already seen, while in
TNC+/+ wild type mice lymphocytes are first seen on day three. However, the density of
lymphocytes on day three is similar in both genotypes. On day seven TNC-/- knock out animals
display a much stronger neutrophil infiltration than seen in TNC+/+ wild type mice. On day
fourteen, neutrophils in TNC-/- knock out mice have decreased in numbers and have become
comparable in both genotypes. On day three and fourteen no morphological alterations between
TNC+/+ wild type and TNC-/- knock out mice are observed.
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4.2.2. Collagen type IV

4.2.2.1. Morphology

The normal control of TNC-/- knock out mice showed an identical
distribution and intensity of collagen type IV immunoreactivity, compared to TNC

+/+ wild type animals.

On the first, third and seventh day post injury, the incision site and the
surrounding area of TNC-/- knock out mice revealed the same histology and
staining intensity of collagen type IV immunoreactivity as observed in TNC +/+
wild type animals (Fig. 43A, 43B1, By, 43C;, ). For a detailed description of
collagen type IV immunoreactivity see chapter 4.1.2.1.

On day fourteen, all TNC-/- knock out animals displayed less intensely
labelled collagen type IV deposits compared to TNC+/+ wild type mice. The
incision site of TNC-/- knock out mice revealed more weakly labelled and much
fewer collagen type IV deposits compared to TNC+/+ wild type animals (Fig.
43D).

The surrounding area showed identical morphological features and an equal
staining intensity between TNC-/- knock out and TNC +/+ wild type mice. For a
detailed description of collagen type IV immunoreactivity fourteen days after

injury see chapter 4.1.2.1.
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Fig. 43: Summary of collagen type IV immunoreactivity at the incision site for TNC-/- knock out

mice (for legend see next page).



4. Results 114

Fig. 43: Summary of collagen type IV immunoreactivity at the incision site for TNC-/- knock out
mice after one (A), three (By, Bz), seven (Ci, C2) and fourteen (D) days following spinal cord
hemisection. Arrowheads (P) indicate the location of incision. (A) One day post injury collagen
type IV deposition is confined to dilated vessels (—) in the surrounding area; (Bi, B2) Three days
post injury collagen type IV immunoreactivity first appears as extracellular matrix deposits (=)
along the incision site, radiating into the surrounding area. Collagen type IV-positive dilated
vessels (—) are still obvious in the surrounding area; (Ci, C2) Seven days post injury extracellular
collagen type IV deposits are now confined to the incision site. Collagen type IV-positive vessels
(—) appear to be more numerous compared to day three; (D) Fourteen days post injury collagen
type IV deposits (=) along the incision site are seen less frequently, compared to TNC +/+ wild
type mice. In the surrounding area collagen type IV immunoreactive vessels (—) are seen in a
higher density compared to the normal control, indicating neovascularization.

In summary, collagen type IV immunoreactivity is very similar in both genotypes throughout the
time course investigated. However, on day fourteen TNC-/- knock out mice show markedly fewer
collagen type IV deposits at the incision site compared to TNC +/+ wild type findings. The
surrounding area is indistinguishable between strains over the time period tested. A, By, Cy, D:
100x; B2, C2: 200x
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Fig. 44: Summary of changes for collagen type IV for TNC-/- knock out mice after one, three,
seven and fourteen days following spinal cord hemisection. The intensity of the
immunoreactivity is coded: black - strong; grey - weak. Objects highlighted in blue demonstrate
less collagen type IV immunoreactivity compared to TNC +/+ wild type animals.
Immunoreactivity for collagen type 1V is very similar between TNC -/- knock out and TNC+/+
wild type mice throughout the time course investigated. However, on day fourteen a difference at
the incision site is noted. TNC-/- knock out mice show markedly fewer collagen type IV deposits
at the incision site compared to TNC+/+ wild type animals. The surrounding area is
indistinguishable between genotypes for the time period investigated.
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4.2.2.2. Quantitative densitometry

On the first day, the incision site showed a median IOD as low as 1.3.
Subsequently, on day three the median IOD had increased to 11.3, reaching a
maximum of 29.2 IOD on day seven. On day fourteen, the median IOD decreased
to an extremely low level of 2.7. Collagen type IV immunodensity at the incision
site showed similar IOD values between genotypes on day one, three and seven.
However, on day fourteen the median IOD of TNC-/- knock out mice decreased
to an extremely low level, with all IOD values being lower than TNC+/+ wild

type IOD values.

The surrounding area on day one, showed a median IOD as low as 0.3,
followed by a slight rise to 2.3 IOD on day three. Subsequently the median IOD
dropped to 0.0 and 0.1 on day seven and fourteen, respectively. Collagen type IV
immunodensity at the surrounding area showed IOD levels comparable to

TNC+/+ wild type mice.

The difference between the incision site and the surrounding area was
significant (p<0.0001) over the time period tested. On day fourteen, an obvious
difference of the median IOD at the incision site was observed between genotypes.
Although all IOD values of TNC-/- knock out mice were markedly lower than
IOD values of TNC+/+ wild type animals, no significant difference between
genotypes (p=0.651) was detected throughout the time period tested. Furthermore,
for both regions no significant difference between post injury days (p=0.059) was

detected.
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Fig. 45: Integrated optical density (IOD) for collagen type IV immunoreactivity at the incision
site (A) and in the surrounding area (B) for TNC+/+ wild type (WT, ®) and TNC -/- knock out
(KO, A) mice from one to fourteen days after spinal cord hemisection. Measurements are shown
for three to six animals per day. For both genotypes the difference between the incision site and the
surrounding area is significant (p<0.0001) over the time period tested. Although on day fourteen all
IOD values of TNC-/- knock out mice are markedly lower than IOD values of TNC+/+ wild type
mice, a significant difference between genotypes is not detected for all post injury days tested.
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4.2.3. Laminin

4.2.3.1. Morphology

The normal control of TNC-/- knock out animals, showed a laminin

immunoreactivity comparable to TNC+/+ wild type mice.

On the first, third and seventh day post surgery, the incision site and the
surrounding area of TNC-/- knock out mice showed a laminin immunoreactivity,
which was indistinguishable from TNC+/+ wild type animals (Fig. 46A, 46B1, By,

46C). For a detailed description of laminin immunoreactivity see chapter 4.1.3.1.

Fourteen days after surgery, the incision site of TNC-/- knock out mice
revealed a different histology compared to TNC+/+ wild type findings. The
overall laminin immunoreactivity at the incision site was lower in all TNC-/-
knock out mice, showing fewer and weaker labelled laminin deposits compared to
TNC+/+ wild type findings (Fig. 46D). Only one TNC-/- knock out animal
displayed extensive laminin deposits along the incision site, a feature which was

frequently seen in TNC+/+ wild type mice.

The surrounding area displayed a similar morphology and staining intensity
of laminin in both genotypes. For a detailed description of laminin

immunoreactivity fourteen days after injury see chapter 4.1.3.1.
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Fig. 46: Summary of laminin immunoreactivity at the incision site for TNC-/- knock out mice

(for legend see next page).
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Fig. 46: Summary of laminin immunoreactivity at the incision site for TNC-/- knock out mice
after one (A), three (B, B2), seven (C) and fourteen (D) days following spinal cord hemisection.
Arrowheads (P) indicate the location of incision. (A) One day post injury the incision site is
laminin-negative (*). Laminin labelled vessels (—) are seen near the incision edges, with a
decreased staining intensity towards the outer surrounding area; (Bi, B2) Three days post injury
laminin-positive vessels (—) are seen in the surrounding area; (C) Seven days post injury laminin-
positive vessels (—) along the incision site and occasionally laminin extracellular deposits (=) are
seen; (D) Fourteen days post injury fewer and weaker labelled laminin extracellular deposits (=)
are seen at the incision site compared to TNC+/+ wild type mice. Laminin-positive vessels (—)
appear to be more numerous than in the normal control, indicating neovascularization.

In summary, laminin immunoreactivity is very similar in both genotypes over the time period
studied. However, on day fourteen all TNC-/- knock out mice show considerably fewer
extracellular laminin deposits at the incision site, compared to TNC+/+ wild type mice. The
surrounding area is indistinguishable between genotypes over the time period tested A, Bi: 100x;
By, C, D: 200x
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Fig. 47: Summary of changes for laminin for TNC-/- knock out mice after one, three, seven and
fourteen days following spinal cord hemisection. The intensity of the immunoreactivity is coded:
black - strong; grey - weak. Objects highlighted in blue demonstrate less laminin immunoreactivity
compared to TNC +/+ wild type animals. Immunoreactivity for laminin is very similar between
TNC -/- knock out and TNC+/+ wild type mice throughout the time course investigated.
However, on day fourteen a difference at the incision site is noted. At the incision site TNC-/-
knock out mice show markedly fewer extracellular laminin deposits compared to TNC+/+ wild
type animals. Laminin immunoreactivity in the surrounding area is indistinguishable between
genotypes throughout the time course investigated.
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4.2.3.2. Quantitative densitometry

At the incision site, laminin showed median IOD levels of 2.3 and 9,7 on day
one and day three, respectively. On day seven, the median IOD doubled to 18.1
and stabilized at a similar level with a median IOD of 15.0 on day fourteen. At the
incision site from day one to day seven, median IOD values for laminin
immunoreactivity were similar between genotypes. However, a considerably
difference was seen on day fourteen. Whereas in TNC+/+ wild type animals a
steep increase in the median IOD was observed, the median IOD of TNC-/- knock
out mice remained low. The median IOD of TNC+/+ wild type mice on day
fourteen was as high as 85.0, whereas the median IOD for TNC-/- knock out

animals was only as 15.0.

IOD levels at the surrounding area presented as a straight line over the time.
On day one the median IOD was as low as 1.0. Similar low IOD values were seen
on day three and seven with a median IOD of 1.5 and 2.1, respectively. The lowest
point was reached on day fourteen with a median IOD of 0.9. The surrounding
area of TNC-/- knock out mice showed similar IOD levels compared to TNC+/+

wild type animals.

The difference between the incision site and the surrounding area was
significant (p=0.001) throughout the time course. Despite a major difference of
IOD values at the incision site on day fourteen between genotypes; i. e. all but one
TNC-/- knock out mice revealed considerably lower IOD values than TNC+/+
wild type animals, no significant difference between the genotype (p=0.895) was

observed. In addition, no significant influence of the day (p=0.213) was detected.
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Fig. 48: Integrated optical density (IOD) for laminin immunoreactivity at the incision site (A) and
in the surrounding area (B) for TNC+/+ wild type (WT, ®) and TNC-/- knock out (KO, 4) mice
from one to fourteen days after spinal cord hemisection. Measurements are shown for three to six
animals per day. For both genotypes the difference between the incision site and the surrounding
area is significant (p<0.001) over the time period tested. Although on day fourteen the incision site
of TNC-/- knock out mice revealed lower IOD values compared to TNC+/+ wild type mice, a
significant difference between genotypes is not detected.
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4.2.4. Fibronectin

4.2.4.1. Morphology

The normal control of TNC-/- knock out animals displayed similar
characteristics of fibronectin immunolabelling as observed in TNC+/+ wild type

mice.

On the first day post injury, the incision site and the surrounding area showed
markedly weaker fibronectin immunoreactivity than seen in TNC+/+ wild type
animals (Fig. 49A1). Near the incision site, all TNC-/- knock out mice showed
fewer and more weakly labelled fibronectin-positive strands (Fig. 49A1, A2). In the
surrounding area fibronectin-positive strands were orientated perpendicular to

the incision site, but seen less frequently compared to TNC+/+ wild type mice.

On the third and seventh day post surgery, both regions examined for
fibronectin immunoreactivity showed morphological characteristics and labelling
intensity indistinguishable from TNC+/+ wild type mice (Fig. 49B, C;, C2). For a

detailed description of fibronectin immunoreactivity see chapter 4.1.4.1.

Fourteen days following surgery, all TNC-/- knock out mice revealed
considerably less immunoreactivity at the incision site compared to TNC+/+ wild
type animals. However, fibronectin distribution pattern was very similar. The

incision edges displayed moderately labelled fibronectin deposits (Fig. 49D, D»).

In the surrounding area, morphological characteristics and staining intensity
were identical to TNC+/+ wild type findings (Fig. 49D1). For a detailed

description of fibronectin immunoreactivity see chapter 4.1.4.1.
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(for legend see next page).
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Fig. 49: Summary of fibronectin immunoreactivity at the incision site for TNC-/- knock out mice
after one (Aj, Az), three (B), seven (C;, Cz) and fourteen (D, D) days following spinal cord
hemisection. Arrowheads (P) indicate the location of incision. (A1, A;) One day post injury
fibronectin-positive strands (—) at the incision site and in the surrounding area are seen less
frequently compared to TNC+/+ wild type mice; (B) Three days post injury fibronectin-positive
strands (—) have decreased and now intensively labelled fibronectin deposits (#) are seen near the
incision site; (C1) Seven days post injury diffusely labelled fibronectin immunoreactivity with (Cz)
lightly labelled spherical fibronectin deposits (=), presumably strands in a transverse cut are seen
in the surrounding area; (D1) Fourteen days post injury the overall immunoreactivity at the incision
site is markedly lower than in TNC+/+ wild type animals. However, similar morphological
features like (D) fibronectin round deposits (=) are seen at the incision site and in the surrounding
area.

In summary, on day one fibronectin immunoreactivity at the incision site and in the surrounding
area of TNC -/- knock out mice is markedly lower compared to TNC+/+ wild type animals. On
day three and seven no difference is observed between strains. However, on day fourteen the
incision site displays a markedly lower fibronectin immunoreactivity compared to TNC+/+ wild
type findings. A1, B, C1, D1: 100x; A, Ca, D2: 200x
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Fig. 50: Summary of changes for fibronectin for TNC-/- knock out mice after one, three, seven
and fourteen days following spinal cord hemisection. The intensity of the immunoreactivity is
coded: black - strong; grey - weak. Objects highlighted in blue demonstrate less fibronectin
immunoreactivity compared to TNC +/+ wild type animals. For fibronectin immunoreactivity a
significant difference between genotypes is observed. On day one the incision site and the
surrounding area show significantly less fibronectin-positive strands compared to TNC+/+ wild
type mice. On day three and day seven, no difference in fibronectin immunoreactivity between
genotypes is observed. On day fourteen, the incision site displays a markedly lower fibronectin
immunoreactivity and fewer fibronectin deposits compared to TNC+/+ wild type animals, while
in the surrounding area no difference between genotypes is observed.
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4.2.4.2. Quantitative densitometry

On day one, the incision site showed a median 10D of 23.7, followed by a
steep increase, to the maximum median IOD of 61.4 on day three. Subsequently a
steady decline was seen to a median IOD of 4.0 and 1.4 on day seven and fourteen,
respectively. On day one, the incision site of TNC-/- knock out mice showed
markedly lower IOD levels compared to TNC+/+ wild type findings; all IOD
values of TNC-/- knock out mice were lower compared to TNC+/+ wild type IOD
values. On day three and seven IOD levels were similar between genotypes.
Whereas on day fourteen, TNC-/- knock out mice showed a considerably lower
median IOD at the incision site than seen in TNC+/+ wild type animals. Again all
IOD values of TNC-/- knock out animals were situated below TNC+/+ wild type

values.

On day one, the surrounding area of TNC-/- knock out mice showed an
extremely low median IOD of 0.1. The median IOD remained on a low level
throughout the time course, being 1.6, 1.4 and 0.4 on day three, seven and
fourteen, respectively. For the surrounding area, a difference between genotype
was seen on day one. Whereas the median IOD in TNC-/- knock out mice was as
low as 0.1, TNC+/+ wild type animals showed a maximum level of 18.8. Between

day three and day fourteen similar low IOD levels were observed for both

genotypes.

The difference between the incision site and the surrounding area was
significant (p<0.0001) over the time period studied. Although a significant
influence of the day (p=0.038) was detected with ANOVA for repeated
measurements, indicating a trend, post-hoc comparisons by the method of Games-
Howell did not reveal any significant differences between post injury days.
However, a significant influence of the genotype (p=0.036) over the time period
and for both regions was detected. This means that fibronectin immunoreactivity
at the incision site and in the surrounding area was significantly decreased in
TNC-/- knock out mice compared to TNC+/+ wild type mice over the entire time

period tested.



4. Results 129

. WT ° WT
""" WT median - = === = WT median
a KO a KO
KO median KO median
Boq# # # ; ] # # # #
1° . 04 .
100 1. 30 a
op ] - * IOD20 1
50 : J .\‘ A L]
] . 107 e ° g
T ° 1 ‘! -
01 0 S
1 3 7 14 1 3 7 14
A days post injury B days post injury

Fig. 51: Integrated optical density (IOD) for fibronectin immunoreactivity at the incision site (A)
and in the surrounding area (B) for TNC+/+ wild type (WT, ®) and TNC-/- knock out (KO, 4)
mice from one to fourteen days after spinal cord hemisection. Measurements are shown for three to
six animals per day. For both genotypes the difference between the incision site and the
surrounding area is significant (p<0.0001) over the time period tested. A significant (p=0.036)
difference between the genotype (#) for both regions and for all post injury days is demonstrated,
indicating that fibronectin immunoreactivity is significantly reduced in TNC-/- knock out mice,
compared to TNC+/+ wild type mice.
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4.25. F4/80

4.2.5.1. Morphology

The normal control of TNC-/- knock out mice revealed the same distribution

of resting microglia as seen in TNC+/+ wild type animals.

Throughout the time course investigated, no difference in F4/80
immunoreactivity (microglia) was discovered between TNC-/- knock out and
TNC+/+ wild type mice (Fig. 52A, B1-Bs, C1-Cs, D1-D3, 53A, By, Bz, C1, Cz, D, 54A,
Bi1, By, Ci, Co, D1, D2). For a detailed description of F4/80 immunoreactivity see
chapter 4.1.5.1.
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Fig. 52: Summary of F4/80 immunoreactivity at the incision site and the surrounding area for
TNC-/- knock out mice (for legend see next page).
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Fig. 52: Summary of F4/80 immunostaining at the incision site for TNC-/- knock out mice after
one (A), three (B, By), seven (C;, C2) and fourteen (D, D2) days and for the surrounding area
after three (B3), seven (Cs) and fourteen (Ds;) days following spinal cord hemisection.
Arrowheads (P) indicate the location of incision. Arrows () indicate the direction of the incision.
(A) One day post injury no F4/80-positive cells are seen at the incision site; (B1) Three days post
injury heavily labelled F4/80-positive cells, (B2) mainly phagocytes (—) are seen at the incision site.
(Bs) The surrounding area shows F4/80-positive phagocytes (—) close to the incision site, activated
microglial cells (=) in the intermediate zone and hyper-ramified cells (®) towards the distant
spinal cord; (Ci, C2) Seven days post injury, the density of phagocytes (—) decreased compared to
day three and few F4/80-positive pericytes (=) are seen. (Cs) The surrounding area displays
activated microglial cells (=) near the incision site and hyper-ramified cells (#) towards the distant
spinal cord; (D1, D2) Fourteen days post injury the incision site displays activated microglia (=).
The number of phagocytes has decreased. (D3) The surrounding area shows few hyper-ramified
microglia (#) near the incision site and resting F4/80-positive microglial cells (=) towards the
distant spinal cord.

In summary, F4/80 immunoreactivity at the incision site and the surrounding area shows no
difference between genotypes throughout the time course investigated. A, B, Ci, D1: 100x; B, Bs,
Co, C3, D2, D3: 200x
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Fig. 53: Summary of F4/80 immunoreactivity at the ipsilateral grey matter distant from the
incision site for TNC-/- knock out mice (for legend see next page).
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Fig. 53: Summary of F4/80 immunostaining at the ipsilateral grey matter distant from the
incision site (distant grey) for TNC-/- knock out mice after one (A), three (By, B2), seven (Cy, C2)
and fourteen (D) days following spinal cord hemisection. Arrows (=) indicate the direction of
the incision. (A) One day post injury the distant grey shows F4/80-positive resting microglia (=);
(B1) Three days post injury heavily labelled F4/80 positive cells are seen in the distant grey, (B)
predominantly activated microglia (=); (C1) Seven days post injury F4/80 immunoreactivity in the
distant grey matter has decreased compared to day three, showing (Cz) less activated microglial
cells (=) and some hyper-ramified microglia (®); (D) Fourteen days post injury F4/80
immunoreactivity has decreased compared to day seven, predominantly showing resting microglia
().

In summary, F4/80 immunoreactivity at the ipsilateral distant grey matter shows no difference
between genotypes throughout the time course investigated. A, Bi, C1, D: 100x; B2, Ca: 200x
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Fig. 54: Summary of F4/80 immunoreactivity at the ipsilateral white matter distant from the
incision site for TNC-/- knock out mice (for legend see next page).
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Fig. 54: Summary of F4/80 immunoreactivity at the ipsilateral white matter distant from the
incision site (distant white) for TNC-/- knock out mice after one (A), three (B1, Bz), seven (Cy, Cy)
and fourteen (D;, D7) days following spinal cord hemisection. Arrowheads (I>) indicate the
border between ipsilateral (right hand side, incision) and contralateral (left hand side) of the spinal
cord. (A) One day post injury the distant white shows faintly labelled F4/80-positive resting
microglia (); (B:1) Three days post injury heavily labelled F4/80-positive cells, (B2) mainly
phagocytes (—) and are seen in the distant white matter; (C1) Seven days post injury, the density of
phagocytes in the distant white matter has decreased compared to day three, now (C) activated
microglial cells (=) are the predominant cell type; (D1) Fourteen days post injury F4/80-positive
cells, (D2) mainly activated microglia (=) and hyper-ramified cells (#) are seen.

In summary, for F4/80 immunoreactivity at the distant white matter, no difference between
genotypes is observed throughout the time course investigated. A, B1, C1, D1: 100x; B2, Ca, D2: 200x
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Fig. 55: Summary of changes for F4/80-positive microglia/macrophages for TNC-/- knock out
mice after one, three, seven and fourteen days following spinal cord hemisection. The intensity
of the immunoreactivity is coded: black - strong; grey - weak. Resting microglia is not shown.
Microglial/ macrophage activation visualized with F4/80 immunoreactivity is undistinguishable
between TNC +/+ wild type and TNC -/- knock out mice throughout the time course investigated.
For a detailed description see page 76.



4. Results 138

4.2.5.2. Quantitative densitometry

On the first day, the median IOD at the incision site was measured as low as
0.5. A steady rise to a median IOD of 23.5 was seen on day three, followed by a
steep increase to 82.3 on day seven. On day fourteen, the median IOD reached a

maximum of 89.3.

In the surrounding area a median IOD of 0.2 on day one was followed by an
increase to 9.0 IOD on day three. The median IOD reached it's maximum on day
seven (37.1) and thereafter declined slowly to 13.5 on day fourteen. TNC-/- knock
out IOD levels at the incision site and the surrounding area were comparable to

TNC+/+ wild type findings.

IOD levels of F4/80 immunoreactivity in the distant grey matter cranial to the
incision site showed a straight line. The median IOD on day one (0.1), three (0.6),

seven (0.4) and fourteen (0.1) never exceeded levels above one.

Similar to that, the distant grey matter far caudal to the incision site displayed
low 10D levels for all post surgery days investigated. Starting with a median IOD
of 0.2 on day one, the highest median IOD with 1.3 was reached on day three. On
day seven and fourteen the median IOD was 0.8 and 1.1, respectively. TNC-/-
knock out IOD values for the distant grey matter far cranial and far caudal were

similar to TNC+/+ wild type findings.

F4/80 immunoreactivity at the incision site was significantly higher compared
to all other regions throughout the time course investigated. The differences
between the incision site and the surrounding area (p<0.0001), between the
incision site and the ipsilateral distant grey matter, cranial to the incision
(p<0.0001), as well as between the incision site and the ipsilateral distant grey
matter, caudal to the incision (p<0.0001) were significant. In addition, a significant
influence of the day (p<0.0001) was detected for all regions investigated: The first
day differed significantly from day seven (p=0.015) and day fourteen (p<0.0001).
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Moreover, the third day differed significantly from day fourteen (p=0.033).
Genotypes (p=0.539) did not differ significantly from each other.
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Fig. 56: Integrated optical density (IOD) for F4/80 immunoreactivity as a microglial marker is
shown for TNC+/+ wild type (WT, ®) and TNC-/- knock out (KO, 4) mice from one to fourteen
days after spinal cord hemisection at the incision site (A), the surrounding area (B), the distant grey
matter approximately 1.5 mm cranial (C) and 1.5 mm caudal (D) to the incision site. Measurements
for three to six animals per day are shown. The surrounding area (p<0.0001), the distant grey
matter, cranial (p<0.0001) and the distant grey matter, caudal (p<0.0001) show a significant
difference to the incision site for both genotypes over the time period investigated. In addition, in
both genotypes, the first day differs significantly from day seven (p<0.05) (*) and day fourteen
(p<0.0001) (*); and the third day differs significantly from day fourteen (p<0.05) () for all regions
investigated. A significant difference between genotypes is not detected.
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4.2.6. GFAP

4.2.6.1. Morphology

GFAP-positive astrocytes in the normal control of TNC-/- knock out mice
showed the same shape, distribution and staining intensity of astrocytes seen in

the normal control of TNC+/+ wild type mice.

Throughout the time course investigated, no difference for GFAP
immunoreactivity, i. e. astroglial reaction was observed between TNC-/- knock
out and TNC+/+ wild type mice (Fig. 57A, By, B2, C1, Cz, D1, Dy, 58A, By, B2, Gy, Gy,
D, 59A, By, By, C1, G, D). For a detailed description of GFAP immunoreactivity see
chapter 4.1.6.1.
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Fig. 57: Summary of GFAP inﬂmﬁnéreactivity at the incision site for TNC-/~- knock out mice (for
legend see next page).



4. Results 142

Fig. 57: Summary of GFAP immunoreactivity at the incision site for TNC-/- knock out mice after
one (A), three (B;, B:), seven (Ci;, Cz) and fourteen (D;, D:) days following spinal cord
hemisection. Arrowheads (P) indicate the location of incision. (A) One day post injury the incision
site is GFAP-negative (*); (B1) Three days post injury GFAP immunoreactivity spares the incision
centre (*), while (B.) reactive astrocytes (—) form a rim around the incision site; (C1) Seven days
post injury GFAP immunoreactivity at the incision site has increased compared to day three,
showing (C,) reactive astrocytes (—) along the incision site and GFAP-positive cells (=) around
small cavitations; (D1) Fourteen days post injury the strongest immunoreactivity for GFAP is seen,
showing a fully developed astroglial scar (%), with (D) tightly interwoven processes of reactive
astrocytes (—) and GFAP-positive cells (=) lining small cavitations.

In summary, no difference in GFAP immunoreactivity, i. e. astroglial scarring is observed between
genotypes throughout the time course investigated. A, Bi, C1, D1: 100x; Bo, Cz, Da: 200x
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Fig. 58: Summary of GFAP immunoreactivity at the ipsilateral grey matter distant from the
incision site for TNC-/- knock out mice (for legend see next page).
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Fig. 58: Summary of GFAP immunoreactivity at the ipsilateral grey matter distant from the
incision site (distant grey) for TNC-/- knock out mice after one (A), three (By, B2), seven (Cy, C2)
and fourteen (D) days following spinal cord hemisection. Arrows (=) indicate the direction of
the incision. (A) One day post injury the distant grey shows GFAP-positive protoplasmatic
astrocytes (=); (B1) Three days post injury GFAP immunoreactive cells in the distant grey matter,
(B2) mainly reactive astrocytes (—) are seen; (C1) Seven days post injury GFAP immunoreactivity in
the distant grey matter is similar compared to day three, (C,) still showing reactive astrocytes (—)
and some GFAP-positive cells surrounding vessels (=) are seen; (D) Fourteen days post injury
GFAP immunoreactivity in the distant grey matter has decreased compared to day seven, now
showing protoplasmatic astrocytes (=).

In summary, GFAP immunoreactivity at the ipsilateral grey matter distant from the incision site
shows no difference between genotypes for the time period studied. A, By, C1, D: 100x; B2, Ca: 200x
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Fig. 59: Summary of GFAP immunoreactivity at the ipsilateral white matter distant from the

incision site for TNC-/- knock out mice (for legend see next page).
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Fig. 59: Summary of GFAP immunoreactivity at the ipsilateral white matter distant from the
incision site (distant white) for TNC-/- knock out mice after one (A), three (B1, Bz), seven (Cy, Cy)
and fourteen (D) days following spinal cord hemisection. Arrowheads (I>) indicate the border
between ipsilateral (right hand side, incision) and contralateral (left hand side) of the spinal cord.
(A) One day post injury the distant white matter shows fibrous astrocytes (2); (B1) Three days post
injury GFAP-positive cells, (B2) mainly vacuolated phagocytic-like astrocytes (=) are seen in the
distant white matter; (Ci) Seven days post injury, phagocytic-like astrocytes have decreased,
instead GFAP-positive reactive astrocytes (—) with multiple cytoplasmatic extensions are seen. In
addition, non-specific labelling of cell debris (#) is frequently seen; (D) Fourteen days post injury
GFAP immunoreactivity in the distant white matter has decreased compared to day seven, now
showing fewer reactive astrocytes (—).

In summary, for GFAP immunoreactivity at the ipsilateral white matter distant from the incision
site, no difference between genotypes is observed for the time period tested. A, By, C1, D: 100x; By,
C2: 200x
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Fig. 60: Summary of changes for GFAP-positive astrocytes for TNC-/- knock out mice after one,
three, seven and fourteen days following spinal cord hemisection. The intensity of the
immunoreactivity is coded: black - strong; grey - weak. Non-reactive protoplasmatic and fibrous
astrocytes are not shown. GFAP staining; i. e. astroglial reaction is undistinguishable between TNC
+/+ wild type and TNC -/- knock out mice throughout the time course investigated. For a detailed
description see page 88.
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4.2.6.2. Quantitative densitometry

IOD levels of GFAP immunoreactivity (astrocytes) at the incision site showed
a steady rise throughout the time course. Starting off with a median IOD of 0.0 on
day one and 3.6 on day three, the level of 6.7 was reached on day seven, resulting

in a maximum median IOD of 15.3 on day fourteen.

GFAP immunoreactivity in the surrounding area showed a slight curve,
beginning with a median IOD of 0.7 on day one. An increase to a median IOD of
7.0 on day three was followed by a maximum median IOD of 7.4 on day seven.
Subsequently a slight decline to a median IOD of 4.6 on day fourteen was
observed. Median IOD levels of TNC-/- knock out mice were comparable to

TNC+/+ wild type findings at the incision site and the surrounding area.

Astrocytes in the distant grey matter far cranial to the incision site showed
low median IOD levels of 0.1 and 0.4 on day one and day three, respectively. A
maximum of 2.5 IOD on day seven followed a decline to a median IOD level of 0.9

on day fourteen.

Astrocytes in the distant grey matter far caudal to the incision site also
showed low median IOD levels with 0.1 and 1.9 on day one and three,
respectively. The maximum was reached with a median IOD of 4.8 on day seven,
followed by a steady decline to a median IOD of 1.4 on day fourteen. For both
regions, the distant grey matter far cranial and far caudal from the incision site,
TNC-/- knock out mice showed IOD values similar to TNC+/+ wild type
findings.

GFAP distribution at the incision site was significantly higher than in the
distant grey matter cranially (p<0.0001) and caudally (p=0.001) from the incision
site throughout the time period investigated. The difference between the incision
site and the surrounding area was not significant (p=0.391) throughout the time
course tested. A significant influence of the day (p=0.001) was detected with

ANOVA for repeated measurements. Post-hoc comparisons by the method of
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Games-Howell revealed that the first day differed significantly from day seven
(p=0.014) and day fourteen (p<0.0001) for all regions tested. No significant
difference between the genotype (p=0.875) for all regions and for all post surgery

days investigated was observed.
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Fig. 61: Integrated optical density (IOD) for GFAP immunoreactivity as an astroglial marker is
shown for TNC+/+ wild type (WT, ®) and TNC-/- knock out (KO, 4) mice from one to fourteen
days after spinal cord hemisection at the incision site (A), the surrounding area (B), the distant grey
matter approximately 1.5 mm cranial (C) and 1.5 mm caudal (D) to the incision site. Measurements
for three to six animals per day are shown. The distant grey matter, cranial (p<0.0001), and the
distant grey matter, caudal (p<0.001) show a significant difference to the incision site for both
genotypes throughout the time period investigated. The difference between the incision site and
the surrounding area is not significant. For both genotypes the first day differs significantly from
day seven (p<0.05) (*) and day fourteen (p<0.0001) () for all regions tested. The genotype has no
significant influence on astrocyte distribution.
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4.2.7. Neurofilament

4.2.7.1. Morphology

The normal control of TNC-/- knock out mice showed the same distribution
and staining intensity of NF immunoreactivity, compared to TNC+/+ wild type
animals. No difference in the symmetry of white and grey matter or any structural

abnormality was observed between genotypes.

On the first day post surgery, a difference between TNC-/- knock out and
TNC+/+ wild type mice was observed. The surrounding white matter in TNC-/-
knock out animals displayed a markedly lower staining intensity of thick NF-
positive fibres compared to TNC+/+ wild type mice. However, the morphology of
the surrounding white matter was similar in both genotypes, i. e. swollen and

deformed thick NF-positive fibres (Fig. 62As3).

The incision site (Fig. 62A1), the surrounding grey matter (Fig. 62Az) and the
distant CST cranial to the incision site (Fig. 63A) were unaltered, compared to
TNC+/+ wild type findings on the first day post surgery. For a detailed

morphological description of NF immunoreactivity see chapter 4.1.7.1.

Three days post surgery, the surrounding white matter again showed a
difference in NF immunoreactivity. NF immunoreactivity in the surrounding
white matter was considerably lower, compared to TNC+/+ wild type mice. In
addition, thick NF-positive fibres were seen less frequently compared to TNC+/+
wild type findings, demonstrating the early collapse of the formerly well-defined
axons in the surrounding white matter (Fig. 62Bs). Thin NF-positive fibres, which
were only seen in large quantities on days seven in TNC+/+ wild type mice, were

already scattered throughout the surrounding white matter.

The remaining regions on day three were indistinguishable between
genotypes. The incision site (Fig. 62B1), the surrounding grey matter (Fig. 62B)
and the distant CST (Fig. 63B1, B2) were unaltered, compared to TNC+/+ wild
type findings. For a detailed morphological description see chapter 4.1.7.1.
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On day seven, none of the regions studied revealed a difference in NF
immunoreactivity between genotypes (Fig. 62C1-Cs, 63C1, Cz). For a detailed

morphological description of NF immunoreactivity see chapter 4.1.7.1.

Fourteen days after injury, the incision site adjacent to the grey matter
surrounding showed a marked difference between genotypes. Along the incision
edges of the grey matter, a higher density of thin NF-positive fibres was observed
compared to TNC+/+ wild type findings (Fig. 62D5).

The surrounding grey and white matter (Fig. 62D3), as well as the distant CST
(Fig. 63Dy, D2) showed no difference in NF immunoreactivity between TNC-/-
knock out and TNC+/+ wild type mice on day fourteen. For a detailed

morphological description of NF immunoreactivity see chapter 4.1.7.1.
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Fig. 62: Summary of neurofilament immunoreactivity at the incision site and in the immediate
grey and white surrounding for TNC-/- knock out mice (for legend see next page).
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Fig. 62: Summary of neurofilament (NF) immunoreactivity at the incision site and in the
immediate grey and white surrounding for TNC-/- knock out mice after one (A;, Az, As), three
(B1, B2, B3), seven (Cy, Cz, C3) and fourteen (D1, D3, D3) days following spinal cord hemisection.
Arrowheads (W) indicate the location of incision. (A1) One day post injury the incision site is NF-
negative (*). (A2) NF-positive thin fibres (—) meander through the surrounding grey matter in a
disorganized way. (As) The surrounding white matter displays NF-positive thick fibres (=), with a
lower staining intensity for NF immunoreactivity compared to TNC+/+ wild type mice; (B1) Three
days post injury the incision edges are adjacent. (B.) The grey surrounding displays thin NF-
positive fibres (—) and NF-positive necrotic material (#). (Bs) The surrounding white matter
displays less thick NF-positive fibres (=) compared to TNC+/+ wild type mice. Instead thin NF-
positive fibres (—) are already seen in the surrounding white matter of TNC -/- knock out mice;
(C1) Seven days post injury the incision site is pale, NF immunoreactivity being lower compared to
day three. (C2) Thin NF-positive fibres (), with a club shaped end, representing growth cones are
obvious in the surrounding grey matter. (Cs) Thick NF-positive fibres (=) are seen less frequently
in the surrounding white matter compared to day three. Instead thin NF-positive fibres () are
seen more often and NF-positive necrotic material (#) is prominent in surrounding white matter;
(D1, D7) Fourteen days post injury the incision site adjacent to the grey matter shows thin NF-
positive fibres (2)more frequently compared to TNC+/+ wild type mice, where these fibres are
only seen sporadically. These thin NF-positive fibres often show growth cones (=). (Ds;) The
usually well-defined white matter tract has completely disappeared. NF-positive necrotic material
(=) dominates the picture and some thin NF-positive fibres () are seen in the surrounding white
matter.

In summary, on the first and third day TNC-/- knock out animals show a considerably lower
staining intensity for NF immunoreactivity in the surrounding white matter, indicating an earlier
collapse of axons compared to TNC+/+ wild type mice. On day seven no difference in NF
immunoreactivity is observed between genotypes. However, on day fourteen, a considerable
difference between genotypes is seen at the incision site adjacent to the grey matter. TNC-/- knock
out animals show a markedly higher density of thin NF-positive fibres along the incision edges
compared to TNC+/+ wild type findings. A1, B1, C1, D1: 100x; Ao, A3z, By, Bs, Ca, C3, D2, D3: 200x
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Fig. 63: Summary of neurofilament (NF) immunoreactivity at the ipsilateral white matter distant
from the incision site (distant corticospinal tract (CST)) for TNC-/- knock out mice after one (A),
three (B;, B2), seven (Ci, C2) and fourteen (D;, D2) days following spinal cord hemisection.
Arrowheads ([>) indicate the border between ipsilateral (right hand side, incision) and
contralateral (left hand side) of the spinal cord. (A) One day post injury the distant CST shows
thick NF-positive fibres in a regular distribution. The ipsilateral grey matter distant from the
incision site displays strongly labelled NF-positive round spots, representing axons in a transverse
cut (2); (B1) Three days post injury the distant CST shows an irregular pattern of (Bz) oedematous
NEF-positive fibres (=) and necrotic material (®); (C;, C2) Seven days post injury NF
immunoreactivity in the distant CST displays severe axonal damage. NF-positive necrotic material
(%) dominates the picture. NF-positive fibres (—), which are now lightly labelled are seen less
frequently, compared to day three; (D1) Fourteen days post injury the formerly well-defined distant
CST is completely destroyed. (D2) Necrotic material (#) dominates the picture with few thin NF-
positive fibres (—).

In summary, for NF immunoreactivity at the distant CST, no difference is observed between TNC
+/+ wild type and TNC -/- knock out mice throughout the time course investigated. A, By, C1, D1:
100x; By, Ca, Da: 200x
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Fig. 64: Summary of changes for neurofilament (NF) for TNC-/- knock out mice after one, three,
seven and fourteen days following spinal cord hemisection. The intensity of the
immunoreactivity is coded: black - strong; grey - weak. Normal NF staining pattern on the
contralateral site of the incision is not shown. Objects highlighted in blue demonstrate less NF
immunoreactivity, objects highlighted in orange demonstrate more NF immunoreactivity
compared to TNC +/+ wild type animals. For NF immunoreactivity a considerably difference
between the two genotypes is observed. On the first and third day post surgery TNC-/- knock out
animals show a considerably lesser staining intensity for NF immunoreactivity in the surrounding
white matter. Thick NF-positive fibres on day one are less intensely labelled in TNC-/- knock out
mice than in TNC+/+ wild type mice. On day three fibres are seen less frequently in the
surrounding white matter compared to TNC +/+ wild type mice. On day seven, no difference in
NF immunoreactivity is observed between genotypes. However, on day fourteen, a considerable
difference between genotypes is seen at the incision site adjacent to the grey matter. TNC-/- knock
out mice show a markedly higher density of thin NF fibres along the incision edges in the grey
matter compared to TNC+/+ wild type animals.
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4.2.7.2. Quantitative densitometry

As in TNC+/+ wild type mice, measurements in the grey matter revealed

much lower IOD levels compared to measurements in the white matter.

The incision site next to the grey matter showed a median IOD of 10.6 on day
one and 16.1 on day three. A slow decline to a median IOD of 2.0 was seen on day
seven, followed by a considerable rise to a median IOD of 33.7 on day fourteen.
All, but one TNC-/- knock out animal, revealed markedly higher IOD values on
day fourteen, compared to TNC+/+ wild type mice. The median IOD of TNC+/+
wild type mice on day fourteen was only 0.2, compared to 33.7 in TNC-/- knock
out mice. This indicated a higher NF immunoreactivity along the incision edges
adjacent to the grey matter in TNC-/- knock out mice, compared to TNC+/+ wild

type animals.

The incision site next to the white matter showed a median IOD of 37.8 on day
one and a maximum of 42.5 on day three. This was followed by a decline to a
medium IOD of 7.1 on day seven and a considerable increase to 20.9 on day
fourteen. For the incision site adjacent to the white matter, NF immunoreactivity

was similar in both genotypes.

The surrounding grey matter cranial to the incision site showed its maximum
on day one with a median IOD of 35.6. On day three a steep decline to the lowest
point of 6.9 was observed. Subsequently, a median IOD of 13.0 and 15.0 was seen
on day seven and fourteen, respectively. The surrounding grey matter, cranial to

the incision site, showed IOD levels comparable to TNC+/+ wild type mice.

The surrounding grey matter caudal to the incision site showed the highest
level on day one with a median IOD of 17.4. A decline to the lowest point with a
median IOD of 10.2 was seen on day three. Subsequently, the curve stabilized on a
median IOD of 16.0 and 20.5 on day seven and fourteen, respectively. In the
surrounding grey matter, caudal to the incision site quantitative densitometry was

comparable between genotypes.
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The surrounding white matter cranial to the incision site showed a maximum
median IOD of 111.3 on day one. The curve steadily declined to a median IOD of
47.7 on day three and to the lowest point of 39.4 IOD on day seven. Subsequently,
a slow increase of the median IOD was seen up to 66.0 on day fourteen. For the
surrounding white matter, cranial to the incision site a difference between
genotypes was observed. On day one and three, the median IOD of TNC-/- knock
out mice was considerably lower compared to TNC+/+ wild type animals. For
TNC-/- knock out mice the median IOD of day one was 111.3 compared to 196.8
in TNC+/+ wild type animals. On day three, the median IOD of TNC-/- knock
out mice was as low as 50.4 compared to a median IOD of 128.0 of TNC+/+ wild

type animals.

The surrounding white matter caudal to the incision site showed a peak of
171.8 on day one. This was followed by a steady fall to a median IOD of 68.2 on
day three reaching the lowest median IOD (39.8) on day seven. From then on a
slow rise up to 68.1 IOD on day fourteen was observed. The surrounding white
matter, caudal to the incision site of TNC-/- knock out mice, showed comparable

IOD levels to TNC+/+ wild type animals.

Several differences between the regions over the time period tested were
detected: The difference between the incision site next to the white matter and the
surrounding white matter, cranial (p=0.001) and the surrounding white matter,
caudal (p<0.0001) was statistically highly significant. In addition, the difference
between the incision site next to the grey matter and the surrounding grey matter
cranial (p=0.034) was significant. A significant difference between the incision site
next to the grey matter and surrounding grey matter caudal (p=0.098) was not
proven. Post injury days (p=0.051) did almost not differ significantly from each
other. Morphologically less NF immunoreactivity was observed in the
surrounding white matter of TNC-/- knock out mice, compared to TNC+/+ wild
type animals. In addition the incision site next to the grey matter of TNC-/- knock
out mice revealed more NF immunoreactivity compared to TNC+/+ wild type
animals. However, the difference between the genotype (p=0.061) did barely not

reach statistical significance.
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Fig. 65: Integrated optical density for neurofilament immunoreactivity as an axonal marker for
TNC+/+ wild type and TNC-/- knock out mice (for legend see next page).
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Fig. 65: Integrated optical density (IOD) for neurofilament (NF) immunoreactivity as an axonal
marker is shown for TNC+/+ wild type (WT, ®) and TNC-/- knock out (KO, 4) mice from one to
fourteen days after spinal cord hemisection at the incision site next to the grey matter (A), in the
surrounding grey matter cranial (C) and caudal (E) to the incision site, at the incision site next to
the white matter (B), and in the surrounding white matter cranial (D) and caudal (F) to the incision
site. Measurements for three to six animals per day are shown. For both genotypes, the difference
between the incision site next to the white matter and the surrounding white matter, cranial
(p<0.001), and the surrounding white matter, caudal (p<0.0001) are significant for the time course
investigated. In addition, for both genotypes the difference between the incision site next to the
grey matter and the surrounding grey matter, cranial to the incision site (p=0.034) is significant for
the time period tested. For all regions, the difference between genotypes (p=0.061) has barely not
reached statistical significance.
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5. Discussion

5.1. TNC+/+ wild type mice

The present study was performed to elucidate the role of TNC in wound
repair after spinal cord injury. Therefore both TNC+/+ wild type mice and TNC-
/- knock out animals underwent spinal cord hemisection and the results in both
strains of mice were compared. To provide basic information on the process of
wound repair, a thorough examination of the temporal and spatial course of the
response to injury in TNC+/+ wild type mice is described first. Neuronal
response, inflammatory cells, microglia and astrocytes as well as the ECM
molecules collagen type IV, laminin and fibronectin are discussed in detail below.

Alterations found in TNC-/- knock out mice are highlighted in chapter 5.2.

The process of wound healing is an integration of well-coordinated sequences
of events, involving the release of various soluble mediators, cellular interactions
and ECM components (Bethea 2000). In general, this process is artificially
categorized into four steps, i. e. early inflammatory response (0-24 hours post
injury), late inflammatory response (two to three days post injury), proliferation
phase (three to seven days post injury) and maturation phase (weeks to months
after injury). These phases are not independent of one another, but overlap in time
and cellular makeup (Clark 1996). In line with our observation, wound repair after
spinal cord injury is, unlike in other tissues, not a typical regenerative process, but
a fibro-proliferative event that results in a fibrotic scar, that patches rather than

restores the damaged tissue (Clark 1996).

During the early inflammatory response, oedema and neuronal damage have
been seen in H&E stain following hemisection in TNC+/+ wild type mice. This
has also been seen after spinal cord compression injury in rats. Oedematous tissue
was seen as early as one hour post injury (Curtis et al. 1993). Neuronal damage in

terms of shrunken hyperchromatic neurons with signs of chromatolysis has been
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observed one day after spinal cord hemisection in TNC+/+ wild type mice and as
early as four hours following spinal cord compression in rats (Farooque et al.

1992).

The incision site of TNC+/+ wild type mice has been devoid of NF-positive
fibres, indicating an adequately performed hemisection. The surrounding grey
matter of TNC+/+ wild type mice has shown randomly orientated thin NF-
positive fibres, while in the surrounding white matter several swollen, darkly
labelled NF-positive fibres have been seen. One hour after spinal cord
compression in rats, separation of axon fascicles was seen (Curtis et al. 1993),
which has also been obvious one day after injury in TNC+/+ wild type mice.
Fifteen minutes after cortical impact injury in rats, modest changes of NF-positive
fibres were described, while one day following injury a loss of normal NF
morphology is seen throughout the soma and dendritic processes (Posmantur et
al. 2000), which is consistent with our findings. In our series, TNC+/+ wild type
mice have shown a down-regulation of NF immunoreactivity in axonal fibres in
the white matter tract adjacent to the incision site, representing Wallerian
degeneration. During Wallerian degeneration axons are swollen and staining
intensity is generally down-regulated (Zenker 1994), due to a decrease in the
synthesis of NF protein, which has previously been described following axotomy

in motorneurons (Bisby and Tetzlaff 1992; Kreutzberg 1996).

Neurofilaments are neuron-specific intermediate filaments, predominantly
found in large myelinated axons (Fuchs and Weber 1994). They are synthesized in
neuronal perikarya and transported along the axon. In the uninjured CNS, NF
immunoreactivity is predominantly found along axons, not in cell bodies or
dendrites (Lasek 1988). Although axotomy can lead to transient detection of NF in
perikarya of spinal cord neurons (Goldstein et al. 1987; Mansour et al. 1989), we
have never detected NF immunoreactivity within perikarya in our series.
Neurofilaments are presumed to regulate and maintain the axonal calibre to
provide a cellular matrix for axonal transport and thereby ensure a normal
conduction velocity (Lasek 1981; Lazarides 1982; Al-Chalabi and Miller 2003). A
reduction in NF synthesis, as seen in the white matter tracts in our series, may be

due to a decreased synthesis of NF protein or an increased degradation of NF
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protein. This reduction of NF immunoreactivity may permit an increased
transport velocity of other cytoskeletal proteins (Bisby and Tetzlaff 1992), which

are needed for axonal growth after axotomy.

One day after hemisection, we have observed ruptured blood vessels in the
surrounding area of TNC+/+ wild type mice, which resulted in minor
haemorrhages. This is in agreement with previous findings. Minutes to hours
following spinal cord crush injury in mice (Zhang et al. 1996) and compression
injury in rats (Farooque et al. 1992; Beattie et al. 2000), swelling of tissue, petechial
haemorrhage and extravasated blood with a rapid development of necrotic

damage and complete cellular destruction has been observed.

Throughout the time course, small pseudocysts, devoid of endothelial lining
have been obvious around the incision site of TNC+/+ wild type mice in our
study. Pseudocysts occurring after spinal cord injury are categorized as cavitations
and are thought to develop due to secondary inflammation after spinal cord injury
(Zhang et al. 1996). It is well documented that cavitations after spinal cord injury
in mice are less common and rather small, compared to cavitations found after
spinal cord injury in rats (Kuhn and Wrathall 1998; Guth et al. 1999; Steward et al.
1999; Jakeman et al. 2000). In mice the lesion gap decreases in size and fills with
cells and connective tissue (Zhang et al. 1996; Zhang and Guth 1997; Jakeman et al.
2000).

During the early inflammatory response, we have observed the presence of
neutrophilic granulocytes in the surrounding area of TNC+/+ wild type mice. The
temporal and spatial appearance of neutrophils after spinal cord hemisection in
our study is in good agreement with several spinal cord injury models performed
in mice and rats (Dusart and Schwab 1994; Zhang et al. 1996, Guth et al. 1999;
Schnell et al. 1999; McTigue et al. 2000). Between six and 12 hours after injury,
neutrophils appear in postcapillary venules near the incision site. After 24 hours,
neutrophil recruitment peaks and neutrophils start to migrate into the

surrounding tissue.
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While neutrophils have been readily seen during the early inflammatory
response, monocytes have not been observed in TNC+/+ wild type mice. This has
been confirmed with F4/80 immunostaining. The incision site has been devoid of
F4/80 immunostaining one day following spinal cord hemisection in TNC+/+
wild type mice. Solely, resting F4/80-positive microglia have been observed in the
surrounding area and in the ipsilateral distant grey and white matter. This is in
contrast to findings of other authors (see below). Microglial activation is reported
as early as one day after spinal cord contusion in rats (Carlson et al. 1998;
Popovich et al. 2002) and one day after brain injury in mice (Schauwecker and

Steward 1997).

Using F4/80 antibody, we have observed a distinct staining pattern of resting
microglia in the normal control and a massive F4/80 labelling of activated
microglia and macrophages in the injured spinal cord at later time points,

indicating that our immunohistochemistry was technically sound.

Differences in the visualization of microglia/macrophages by
immunohistochemistry might be caused by the use of different antibodies. F4/80
antibody is specific for mice (Austyn and Gordon 1981) and labels macrophages,
including microglial cells in the brain (van den Berg and Kraal 2005). Schnell et al.
(1999) report a slight activation of few F4/80-positive resident microglia in the

lesion vicinity one day following a bilateral spinal cord transection in mice.

A different mode of spinal cord injury is most likely responsible for the
absence of F4/80 immunoreactivity in TNC+/+ wild type mice during the early
inflammatory response. A unilateral hemisection, which has been performed in
our study, may well result in minor microglial activation due to a cytokine
reaction that differs somewhat from that seen in a bilateral transection performed
by Schnell et al. (1999). This theory is supported by the fact, that F4/80 molecules
on microglia/macrophages can be down-regulated by interferon-y (IFN-y) (van
den Berg and Kraal 2005), which is detected following spinal cord injury in mice
(Ricci-Vitiani et al. 2006). Hence, in a less invasive injury, the F4/80 antigen might
not yet be expressed at the cell surface, since surface molecules on
microglia/macrophages can change with the morphological change of microglial

activation (Perry and Gordon 1987).
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A strain difference in mice is rather not responsible for the different temporal
activation of microglia, since strain differences after spinal cord contusion were

detected in the late, and not in the early course of microglial activation (Ma et al.

2004).

During the early inflammatory response, we have detected immunoreactivity
for ECM molecules, i. e. collagen type IV, laminin and fibronectin. Collagen type
IV has been confined to vessels in the surrounding area of TNC+/+ wild type

mice. At that time no extracellular deposits of collagen type IV has been detected.

Collagen type IV is a non-fibril forming collagen, which is restricted to the
basal membrane (Hermanns et al. 2001). Collagen type IV stabilizes and enhances
the elasticity of various tissues. Traditionally collagen type IV, as other ECM
molecules, is thought to be produced by invading fibroblasts (Hermanns et al.
2001). However, collagen type IV has been present one day following hemisection,
long before fibroblasts eventually invade the incision site. According to Bernstein
et al. (1985) astrocytes in the spinal cord are capable of synthesizing all precursor
proteins required for basement membrane formation at all/or some portions of
their life circle. This theory is supported by Liesi and Kauppila (2002), who
demonstrate that reactive astrocytes transiently express collagen type IV after

spinal cord injury in rats.

However, reactive GFAP-positive astrocytes in TNC+/+ wild type mice have
only been seen at later stages during wound repair and are therefore unlikely the
producers of collagen type IV. Morphologically, visualized with GFAP
immunoreactivity, astrocytes are not responding to injury one day after surgery.
Indeed, the term reactive astrocyte is a generic one, used to demonstrate a
morphological change in cell shape, which does not necessarily reflect the function
of the individual cell. GFAP-positive astrocytes are classified into diverse
subgroups and may well demonstrate a distinct production pattern of proteins.
Therefore it may be possible that astroglial cells may well respond to spinal cord

hemisection long before they turn morphologically into a reactive state.
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Generally, collagens are synthesized intracellularly as longer precursor
proteins called procollagens, which are secreted into the extracellular space where
they become tropocollagen due to the removal of pro-domains by certain enzymes
(Drenckhahn and Kugler 1994). That we have never observed collagen type IV-
positive astrocytes throughout the time course investigated is most likely
explained by the fact that the intracellular precursor protein procollagen is not
detected with a conventional anti-collagen type IV antibody. Hence, astrocytes in
TNC+/+ wild type mice may produce procollagen during this early stage, which
we can cannot prove or disprove with conventional anti-collagen type IV

immunohistochemistry.

On the other hand, leptomeningeal cells, which are present throughout the
time course after spinal cord injury are also known to produce ECM molecules
(Sosale et al. 1988; Fawcett and Asher 1999; Hermanns et al. 2001). In our series,
collagen type IV-positive vessels adjacent to the meninges have shown a stronger
immunoreactivity, compared to vessels situated more medially. Hence, the most
likely source of collagen type IV during the early inflammatory response after
spinal cord hemisection are leptomeningeal cells, although quiescent astrocytes

may play a minor role.

Parallel to collagen type IV findings, laminin immunoreactivity in TNC+/+
wild type mice has been confined to vessels in the surrounding area during the
early inflammatory response. Laminin-positive capillaries are also seen near the

injury site one day after neurotoxin injection to the rat’s brain (Liesi et al. 1984).

Laminin is thought to be produced by fibroblasts (Hermanns et al. 2001),
which as stated above have not invaded the incision site yet, hence may only
account for a laminin production at later time points. Although we have never
observed intracellular laminin, Liesi et al. (1984) noticed laminin-positive
astrocytes near the lesion site, implying astrocytes as a possible source of laminin
production. Liesi and Ristelli (1989) postulate, that laminin synthesized by glial
cells is a variant form of laminin and might not be detected by a conventional

laminin antibody. In addition, region-specific differences in the ability of
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astrocytes to synthesize laminin are well known (Hatten et al 1991; Alonso and
Privat 1993). Both facts explain the circumstance that we have not observed

intracellular laminin deposits throughout the time course.

In our study, laminin-positive vessels found near the meninges have shown a
stronger immunoreactivity, compared to laminin-positive vessels located further
away from the meninges. Hence, it is most likely that large amounts of laminin are
produced by leptomeningeal cells (Sosale et al. 1988; Fawcett and Asher 1999;
Hermanns et al. 2001,) in the early stage of wound repair, while astrocytes might

simultaneously take part in producing laminin.

In contrast to collagen type IV and laminin, fibronectin has not been
associated with vessels and has been exclusively found as extracellular deposits
during the early inflammatory response. Fibronectin-positive strands have been
observed along the incision edges and in the surrounding area of TNC+/+ wild
type mice. In accordance with our study, Farooque et al. (1992) state that 24 hours
after spinal cord compression in rats, fibronectin is found in multiple regions of

irregular configuration and sizes in the parenchyma.

In contrast to our observations, after rat spinal cord compression and
following neurotoxin injection to the rat’s brain, fibronectin is also seen in
neurons, glial cells and around capillaries (Farooque et al. 1992, Liesi et al. 1984).
Fibronectin in TNC+/+ wild type mice has never been seen within cells nor has it
been associated with vascular structures. This difference in fibronectin
immunoreactivity pattern might be due to a different location and mode of injury.
In compression injury and in deep brain injury, ECM deposits are seen less

frequently compared to spinal cord transection.

Depending on their location in the CNS, astrocytes have different capacities to
produce fibronectin (Liesi et al. 1986). In addition, fibronectins are a
heterogeneous group of molecules that differ in their splicing variants depending
on their origin. For instance, cultured astrocytes synthesize a fibronectin form that
differs from fibroblast-fibronectin by alternative splicing (Price and Hynes 1985;
Liesi et al. 1986; Liesi 1990) and Liesi et al. (1986) failed to demonstrate significant
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fibronectin immunoreactivity in the adult rat, which was synthesized by cultured
astrocytes. Furthermore, glial cells in vivo may fail to exhibit intracellular
fibronectin, because they rapidly secrete it (Liesi et al. 1986). In addition,
fibroblasts (Hermanns et al. 2001) and leptomeningeal cells (Sosale et al. 1988;
Fawcett and Asher 1999; Chesney and Bucala 2000; Hermanns et al. 2001) are
thought to produce fibronectin.

More likely, however, seems a theory by Farooque et al. (1992). They postulate
that fibronectin deposits in the wound are likely to originate from extravasated
fibronectins through early haemorrhage, and are not necessarily produced by local
cells (as discussed by Lorke and Moller 1985). Cellular fibronectin is structurally
and antigenically similar to insoluble globulin derived from plasma. Therefore
polyclonal antibodies, as ours, usually cross-react with both forms. We suggest
that fibronectin in the early stage of wound repair mainly originates from

extravasated blood, while local leptomeningeal may play a minor role.

Around three days following hemisection, the late inflammatory phase is
ending and slowly merges into the proliferation phase. During the late
inflammatory response, thin NF-positive fibres have entered, but never traversed
the incision site of TNC+/+ wild type animals. In agreement with our observation,
after a bilateral spinal cord transection in rats NF-positive fibres are seen adjacent
the lesion (Joosten et al. 2000). In the surrounding grey matter of TNC+/+ wild
type mice, we have observed thin NF-positive fibres. Similar findings of few
axonal elements observed within the perilesioned grey matter are documented by
Joosten et al. (2000). The surrounding white matter of TNC+/+ wild type mice has
shown signs of axonal damage, which is in agreement with findings after spinal
cord contusion injury in mice. Necrotic tissue and NF-positive fibres are seen in
the surrounding white matter three days following injury (Ma et al. 2004). In
addition to morphological changes at the incision site, we have observed severe
axonal damage and necrotic material in the distant CST, indicating ongoing

Wallerian degeneration.
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During the late inflammatory response, a shift from the neutrophilic influx to
a predominantly mononuclear infiltration at the incision site has been observed for
TNC+/+ wild type mice. This is well documented after different spinal cord
injuries in mice and rats (Zhang et al. 1996; Popovich et al. 1997; Guth et al. 1999;
Schnell et al. 1999; McTigue et al. 2000).

As seen in our series, neutrophils rapidly decline about two days post injury
(Bethea 2000). Three days following hemisection lymphocytes have first appeared
at the incision site of TNC+/+ wild type mice. The relatively low density of
lymphocytes throughout the time course is confirmed by several studies after
spinal cord injury in mice (Schnell et al. 1999) and in rats (Popovich et al. 1996;
Popovich et al. 2002).

During the late inflammatory response, invading monocytes have been
observed in TNC+/+ wild type mice. It is known that blood-borne mononuclear
cells invade the site of injury and show a peak between two and three days after
spinal cord injury. Soon after that, they differentiate into macrophages and show
phagocytic activity (Popovich et al. 1997). Once blood-borne monocytes have
entered the incision site they remain similar in number (Norton 1999) and persist

for several weeks following spinal cord injury (Popovich et al. 1997).

Our observations on blood-borne macrophages in H&E stain have been
confirmed with F4/80 immunoreactivity. Three days following hemisection in
TNC+/+ wild type mice, phagocytes have occurred in great number at the
incision site, while activated and hyper-ramified microglia have been seen in the
surrounding area. Phagocytes are characterized by a large, round cytoplasm,
while activated microglial cells display frequently branching ramifications, which
are short and thick (Streit et al. 1999). In contrast, hyper-ramified microglial cells

show fewer ramifications with more slender processes (Streit et al. 1999).

The temporal activation of microglia has previously been described in several
studies utilising spinal cord injury in mice (Fujiki et al. 1996; Zhang et al. 1996;
Schauwecker and Steward 1997; Sroga et al. 2003; Ma et al. 2004) and in rats
(Dusart and Schwab 1994; Popovich et al. 1997; Zhang et al. 1997a). A recent study

performed a species comparison between mice and rats after spinal cord contusion



5. Discussion 170

injury and consolidated similar findings of microglial/ macrophage activation
between the two species (Sroga et al. 2003). Subtle differences between mice and

rats for microglial morphology are only observed in the chronically injured animal.

Besides microglial activation at the incision site, F4/80 immunoreactivity in
TNC+/+ wild type mice has been observed in the ipsilateral spinal cord distant
from the incision site. A concurrent activation of microglia distant from the actual
lesion site is well known. After spinal cord crush injury in mice, microglial
activation is observed in the dorsal column (Fujiki et al. 1996). Microglial
activation distant from the lesion develops with a time course comparable to the
increase in immunoreactivity at the crush site (Fujiki et al. 1996), which has also

been observed in TNC+/+ wild type mice.

After CNS injury it is difficult to differentiate whether an individual
phagocyte is originating from resident microglia or recruited from monocytes
circulating in the blood. Microglia are found throughout the CNS, compromising
between five and 15 % of the cells (Kreutzberg 1996). It is known that resident
microglial cells enter the CNS during embryonic development (Jordan and
Thomas 1988). Hence both resident microglia and blood-borne monocytes derive

from the monocyte cell line (Chugani et al. 1991).

Carson et al. (1998) postulated to distinguish resident microglia from blood-
borne monocytes by characterizing the relative expression levels of only few
macrophage antigens in vitro. However, surface markers used to identify the
different developmental derivates of the monocytic line are themselves modulated
by the processes of phagocytic activation (Perry and Gordon 1987). Using
conventional F4/80 immunohistochemistry, it is not possible to determine
whether an activated phagocyte derives from a blood-borne monocyte or from
resident microglia, which many other authors agree on (Blight 1992; Fujiki et al.
1996; Norton 1999; Schnell et al. 1999; McTigue et al. 2000).

Previous studies have suggested that the preferential involvement of resident
microglia and blood-borne monocytes depends on the nature of the injury (Streit
et al. 1988). Non-invasive CNS injury involves the exclusive participation of

resident microglia (Norton 1999), while a lesion involving a compromised blood-
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brain barrier due to damaged vasculature also contains blood-derived monocytes
(Fawcett and Asher 1999). In conclusion, spinal cord hemisection results in a
mixture of invading monocytes and activated microglial cells (Stichel-Gunkel
1997; Fawcett and Asher 1999). While blood-borne monocytes are washed into the
injury site with the blood stream, microglial cells rapidly divide after spinal cord
injury and migrate to the injury site where they transform into an activated state

(Streit and Kreutzberg 1988; Norton 1999; McTigue et al. 2000).

During the late inflammatory response, phagocytes secrete chemoattractants,
which serve to promote fibroblast activation and replication (Bethea 2000). Three
days following hemisection, numerous activated fibroblasts have appeared at the
incision site of TNC+/+ wild type mice. It is known that fibroblasts rapidly invade
the site of injury three to five days following spinal cord injury where they initiate

wound repair (Fawcett and Asher 1999).

The precise origin of fibroblasts-like cells found within wounds has been
controversially discussed (Chesney and Bucala 2000). Traditionally it has been
thought that peripheral fibroblasts are recruited from a circulating precursor
population in the blood (Abe et al. 2001; Quan et al. 2004). In particular, with every
disruption of the continuity of the blood-brain-barrier, peripheral fibroblasts are
likely to invade the incision site. However, peripheral fibroblasts and
leptomeningeal cells look very much alike, so that it is difficult to distinguish them
morphologically and determine their source of origin (Chesney and Bucala 2000;
Grimpe and Silver 2002; Seitz et al. 2002). Fibroblasts in a spinal cord injury, which
penetrate the meningeal layers, are expected to originate predominantly from the
meningeal surface (Fawcett and Asher 1999). This hypothesis is supported by the
fact that, in mice, following a spinal cord transection that leaves the dura intact,
fibroblast infiltration is minimal (Seitz et al. 2002). After spinal cord hemisection in
TNC+/+ wild type mice, where the dura has been cut open and the blood-brain-
barrier has been impaired, the massive invasion of fibroblasts at the injury site is

almost certainly a mixture of both, peripheral fibroblasts and meningeal cells.
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During the end of the late inflammatory response, activated fibroblasts begin
to secrete ECM proteins (Carbonell and Boya 1988). In general tumour necrosis
factor-a (TNF-a) and transforming growth factor-p1 (TGF-f1) have been
implicated in the stimulation of ECM production in vivo (Fawcett et al. 1992). TGF-
1, in part derived from blood-borne macrophages, increases rapidly after a spinal
cord contusion injury in rats (Semple-Rowland et al. 1995; McTigue et al. 2000). In
response to TGF-f1, cultured fibroblasts of murine origin up-regulate collagen
type I in the injured tissue (Abe et al. 2001, Quan et al. 2004). Consistent with that
observation, three days following hemisection in TNC+/+ wild type mice we have
first observed collagen fibres in combined Masson trichrome and Verhoeff stain,
demonstrating collagen type I. After spinal cord transection in rats, a similar

temporal appearance of collagen type I is described (Hermanns et al. 2001).

Besides collagen type I, invading fibroblasts of either peripheral or
leptomeningeal origin, begin to produce large amounts of collagen type IV and
laminin during the late inflammatory response (Fawcett and Asher 1999;
Hermanns et al. 2001). In particular, TGF-f1 induces collagen type IV production
in cultured fibroblasts (Abe et al. 2001; Quan et al. 2004), which is different from
the early inflammatory response, where meningeal cells are seen as the major

source of collagen type IV and laminin.

In TNC+/+ wild type animals, elevated collagen type IV and laminin
immunoreactivity has still been seen around blood vessels three days following
hemisection. This is also documented after brain injury in rats (Maxwell et al. 1984;
Stichel-Gunkel 1997) and following spinal cord hemisection in cats (Risling et al.
1993). During the late inflammatory response, extracellular collagen type IV and
laminin deposits, not associated with vessels have first appeared at the incision
site of TNC+/+ wild type mice. Earlier work has shown a similar spatiotemporal
distribution of extracellular collagen type IV and laminin. After spinal cord
transection and hemisection in rats extracellular collagen type IV and laminin
deposits are seen three days following injury (Sosale et al. 1988; Joosten et al. 2000;
Hermanns et al. 2001). One could speculate, that the first appearance of

extracellular ECM deposition is associated with the shift of ECM production from
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a formerly predominant leptomeningeal source towards invading activated

fibroblasts from a peripheral origin.

In contrast to our observation, three days after a contusion injury in mice,
laminin is still restricted to blood vessels, and extracellular laminin is only
observed later (Ma et al. 2004). This is a typical difference between transection and
contusion injury models. The loss of integrity of meningeal layers results in a more
pronounced ECM deposition in transection injuries. This theory is supported by
the fact that three days after a deep brain injury to the rat, collagen type IV and
laminin staining is less abundantly deposited (Stichel-Gunkel 1997). The
characteristically difference between brain and spinal cord injuries is, that ECM
deposits are detected less frequently in deep brain lesions compared to spinal cord
injuries, where meningeal layers are much closer to the incision site and

fibroblasts invasion is more prominent.

During the late inflammatory reaction, less fibronectin deposits have been
seen in TNC+/+ wild type mice compared to the early inflammatory response.
This finding is in agreement with Egan and Vijayan (1991), who observed diffuse
fibronectin staining adjacent to the wound after brain injury in rats. Extravasated
fibronectin, the main source of fibronectin immediately after hemisection, has
gradually decreased due to restored vascular leakage during the late
inflammatory response. Concurrently a temporal shift from fibronectin produced
by local fibroblasts is very likely. One could speculate, that compared to
extravasated fibronectin, which has been observed in large quantities, fibronectin
of fibroblast origin is secreted in smaller amounts in TNC+/+ wild type mice,
since local fibroblasts are also producing large quantities of other ECM molecules
(Carbonell and Boya 1988) and the capacities for fibronectin production are

somewhat limited.

Due to a fibronectin receptor on mature astrocytes (Pesheva et al. 1988),
fibronectin facilitates proliferation and migration of astrocytes after injury

(Goetschy et al. 1987). Three days following hemisection in TNC+/+ wild type
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mice, we have observed GFAP-positive reactive astrocytes forming a rim in the
surrounding area, leaving the incision site devoid of GFAP-positive astrocytes.
This striking GFAP-negative area during the late inflammatory response is a well-
described feature in the formation of astrogliosis after stab wound, contusion,
crush or complete transection injury of the spinal cord in mice (Adrian and
Williams 1973; Inman et al. 2002; Faulkner et al. 2004; Ma et al. 2004) and in rats
(Frisén et al. 1995; Stichel-Gunkel 1997).

Besides GFAP immunoreactivity at the incision site, three days following
hemisection, TNC+/+ wild type mice have first shown GFAP-positive astrocytes
in the grey and white matter distant from the incision site. A widespread astroglial
activation in the white and grey matter has been documented in previous studies
after spinal cord hemisection in rats (Fawcett and Asher 1999; Leme and Chadi
2001). In rats this widespread astroglial reaction may extend for up to one cm from

the injury (Fawcett and Asher 1999).

Reactive astrocytes in the grey and white matter are known to express
different morphologies. Astrocytes reacting directly to a penetrating injury result
in anisomorphic gliosis, while astrocytes reacting to the occurrence of Wallerian
degeneration cause isomorphic gliosis (Mansour et al. 1990). This is in line with our
observation, that during the late inflammatory response GFAP-positive cells of
TNC+/+ wild type mice show a different morphology according to their location.
In our study reactive astrocytes have been seen in the grey matter. In contrast,
GFAP-positive astrocytes in white matter tracts distant from the incision site have
shown large, round vacuolated cytoplasm with a flat nucleus, indicating
phagocytosis of myelin sheath during Wallerian degeneration. Astrocytic-like
phagocytic cells are previously reported in the lateral geniculate nucleus following
optic enucleation (McClung 1972). GFAP-positive phagocytic-like cells, seen in
TNC+/+ wild type mice, are reminiscent of gemistocytes. Gemistocytes are glial
cells characterized by voluminous, eosinophilic cytoplasm and a peripherally
positioned often flattened nucleus. Gemistocytes are usually present in anoxic-
ischemic brains, regularly encountered in glial neoplasm (Kros et al. 2000).

Although the function of these cells is far from clear, morphologically these cells



5. Discussion 175

impress as GFAP-positive phagocytes that may clear debris in the white matter
tracts together with phagocytes of other origin.

Seven days following injury, the proliferation phase of wound repair merges
into the maturation phase. During the proliferation phase the incision site of
TNC+/+ wild type mice has been devoid of NF-positive fibres. This is also seen
seven days after spinal cord crush injury in mice. The lesion is devoid of intact
axons and NF-positive axonal debris impress as beaded fragments (Zhang et al.
1996; Inman and Steward 2003). Similar to that, in the surrounding white matter of
TNC+/+ wild type mice, we have observed gradually diminishing thick NF-
positive fibres resulting in necrotic material. Degenerating remnants of axons in
the surrounding white matter indicating dead or dying axons have previously
been documented after spinal cord crush injury (Zhang et al. 1996; Inman and
Steward 2003). In TNC+/+ wild type mice, white matter tracts near the incision
site have appeared to end bluntly, demonstrating Wallerian degeneration. This
has been described earlier in spinal cord crush injury (Zhang et al. 1996; Inman

and Steward 2003).

In the surrounding grey matter of TNC+/+ wild type mice, fine NF-positive
fibres have been seen. Likewise to our observation, thin axons of the grey matter
have a fine corkscrew or varicose configuration, indicating axonal sprouting
(Zhang et al. 1996). While three days after hemisection we have observed NF-
positive fibres entering the incision site, during the proliferation phase the scar has
become more rugged and seemed to inhibit axonal growth at the incision site.
During the proliferation phase sprouting axons have only been observed in the
surrounding grey matter of TNC+/+ wild type mice and no NF-positive fibre has

been seen at the incision site.

The origin of NF labelled axonal sprouts in TNC+/+ wild type mice is
difficult to determine using immunohistochemistry alone. Collateral axonal
sprouting (Schwegler et al. 1995, Goldstein et al. 1997) and spinal cord
interneurons (Nacimiento et al. 1997) are proposed to be a source of axonal

sprouting. In addition, ingrowth and intraspinal sprouting of dorsal root fibres
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due to PNS attachment to the cord has been described (Lampert and Cressman
1964; Nacimiento et al. 1997). Although we have observed attachments of a spinal
root to the cord on the level of incision, we have observed a comparable density of
axonal sprouts in TNC+/+ wild type animals regardless of PNS attachment.
Methodically we cannot rule out that dorsal root fibres have entered the spinal
cord, but PNS attachment to the cord in TNC+/+ wild type mice does not

necessarily result in a quantitatively significantly enhanced sprouting.

The lasting proliferation phase is characterized by a high density of activated
fibroblasts and reactive astrocytes, indicating the ongoing scar formation. The
preceding GFAP-negative area at the incision site of TNC+/+ wild type mice has
been replaced by heavily labelled GFAP-positive astrocytes. Processes of reactive
astrocytes have been tightly interwoven with each other and penetrated the
incision site and the surrounding area. This is in line with previous reports of
spinal cord stab wound, bilateral transection and contusion injury in mice (Adrian
and Williams 1973; Ma et al. 2001; Faulkner et al. 2004). During the process of
astrogliosis, astrocytes proliferate and are strongly positive for GFAP
immunoreactivity (Tacconi 1998). Furthermore, they show cytoplasmatic
processes, which are apposed to one another and bound together by tight or gap
junctions (Fawcett and Asher 1999, Tacconi 1998). This dense astroglial scar fills
the space vacated by dead neurons and glial cells (Stichel and Miiller 1998).

As already mentioned, GFAP-positive astrocytes are a heterogeneous class of
cells with different properties in different parts of the CNS (Stichel-Gunkel 1997,
Tacconi 1998). The astrocytic response varies with the proximity to the site of
injury. During the proliferation phase, reactive astrocytes at the incision site of
TNC +/+ wild type mice have shown an extensive response compared to
astrocytes distant from the incision site, which has previously been reported after
spinal cord hemisection in rats (Leme and Chadi 2001). GFAP immunoreactivity in
the distant grey and white matter of TNC +/+ wild type mice has decreased
during the proliferation phase. Furthermore, astrocytic-like phagocytes in the

distant white matter have now been replaced by reactive astrocytes. This indicates
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that myelin sheaths, which accumulated due to Wallerian degeneration, have been

almost cleared in TNC+/+ wild type mice.

During the proliferation phase, activated fibroblasts and reactive astrocytes
continue to produce large amounts of various ECM proteins in high quantities, i.
e. collagen type IV, laminin and fibronectin, which are deposited in a rather
disorderly way (Bernstein et al. 1985, Chesney and Bucala 2000, Hermanns et al.
2001). The ECM is a dynamic structure that changes in composition, density and
architecture at different time points following injury. ECM molecules bind by
homophilic and heterophilic interactions to one another (Yamagata et al. 1986).
Their deposition is mainly regulated by transforming growth factor-a (TGF-a) and
transforming growth factor-f (TGF-p) (Sandvig et al. 2004). TGF-f reaches its
maximum seven days post injury (Semple-Rowland et al. 1995), which is in line
with the finding that ECM deposition in TNC+/+ wild type mice is very

prominent during the proliferation phase.

Seven days following hemisection in TNC+/+ wild type mice, extracellular
collagen type IV deposits have fully extended the incision site, which has been
previously seen seven days after bilateral spinal cord transection of the rat
(Weidner et al. 1999; Joosten et al. 2000; Hermanns et al. 2001). Collagen type I
deposits have also widely extended the incision site and the surrounding area of
TNC+/+ wild type mice, which is confirmed after previous spinal cord injury
models in rats (Guth et al. 1999; Hermanns et al. 2001). Collagen type IV
spontaneously forms a sheet-like network (Hermanns et al. 2001), where other

ECM molecules anchor on (Liesi 1985; Stichel et al. 1999c).

Moderately labelled extracellular laminin deposits have been observed at the
incision site of TNC+/+ wild type animals during the proliferation phase. Similar
findings are observed six days following spinal cord hemisection in rats (Bernstein
et al. 1985). Laminin forms an independent network after spinal cord injury
(Stichel and Miller 1998), which is then seen to intermingle with the existing
collagen type IV network at around seven days after brain injury in rats (Stichel et

al. 1999¢).
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Fibronectin, which makes up a large amount of the ECM formation (Sandvig
et al. 2004), is also present in TNC+/+ wild type mice during the proliferative
phase.

The up-regulation of TGF-f on day seven suppresses the activation of
microglia and blocks microglial proliferation (Bottner et al. 2000), which is in line
with our observation in TNC+/+ wild type mice. F4/80-positive phagocytes have
been widely replaced by activated microglia at the incision site and in the
surrounding area of TNC+/+ wild type mice. Simultaneously, F4/80
immunoreactivity in the distant grey and white matter of TNC+/+ wild type mice
has abated. An analogous course of microglial/macrophage activation has
previously been reported in spinal cord contusion and crush injury as well as in a
brain injury in mice (Zhang et al. 1996; Schauwecker and Steward 1997; Ma et al.
2001; Sroga et al. 2003) and in rats (Popovich et al. 1997; Zhang et al. 1997b; Leme
and Chadi 2001). In all studies, including the current study, immunohistochemical
evidence of microglial/macrophage activation is maximal at the incision site

between three and seven days post injury.

F4/80-positive cells located around small cavitations have been observed in
TNC+/+ wild type mice. Small cavities, which are typically lined with
macrophages, are also reported after a spinal cord contusion injury in mice (Ma et

al. 2001).

Fourteen days following hemisection, the maturation phase is in progress. The
incision site of TNC+/+ wild type mice has remained free of NF-positive fibres,
which has recently been documented fourteen days after spinal cord crush injury
in mice (Faulkner et al. 2004). No axonal sprouts were found within the incision
site and one is again tempted to point out the spatiotemporal coincidence of the
ongoing fibroglial scar formation. The imminent stop of axonal fibres at the
wound border has previously been described fourteen days after brain injury in

rats (Stichel et al. 1999a). Of note, six days after a brain injury with experimentally
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reduced ECM deposits, axons either extended into or even traversed the lesion

centre (Stichel et al. 1999a; Stichel et al. 1999b).

Throughout the surrounding grey matter of TNC+/+ wild type mice, we have
observed NF-positive sprouting fibres without apparent orientation. This
distribution of sprouts is also observed three weeks following spinal cord

transection (Seitz et al. 2002) and eight weeks after spinal cord crush injury in mice

(Zhang et al. 1996).

Due to Wallerian degeneration in the surrounding white matter of TNC+/+
wild type mice, thick NF-positive fibres have been replaced by necrotic material
and for the first time thin NF-positive fibres, indicating axonal sprouting have
been observed during the maturation phase. An increase of NF-positive axons in
the immediate surrounding of the lesion is reported with increased post-injury

survival times following spinal cord crush injury in mice (Zhang et al. 1996; Inman

and Steward 2003).

The distant CST in TNC+/+ wild type mice has shown intense Wallerian
degeneration. In contrast to the white matter tract adjacent to the incision site, only
few NEF-positive thin fibres have been observed in the distant CST, indicating that
growth-promoting factors are rather found in the proximity of the lesion site. The
strong mononuclear infiltration, which has been seen in the distant CST, may be
an additional cause for the limited number of axonal sprouts. In contrast,
leucocytes and monocytes around the incision site of TNC+/+ wild type mice
have greatly decreased during the maturation phase and axonal sprouts in the

surrounding grey and white matter have been readily seen.

During the maturation phase, the scar in TNC+/+ wild type mice has
contracted and diminished in size. The tendency for lesions to decrease in size is
well known (Zhang et al. 1996; Inman et al. 2002) and commonly takes place
between five and 15 days after injury (Romo 2008). The expression of a-smooth
muscle actin by fibroblasts may be responsible for wound contraction (Abe et al.
2001; Sroga et al. 2003). Due to the breakdown of provisional ECM molecules,
activated fibroblasts are gradually triggered to stop migrating and proliferating
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(Scholar and Stadelmann 2006). Indeed, quiescent fibroblasts are the predominant
cell type in TNC+/+ wild type mice during the maturation phase, indicating that

activated fibroblasts have returned to their resting state.

Whether fibroblasts are beneficial or harmful to axonal growth is still unclear.
Fibroblasts are probably not in themselves a mechanical barrier to axonal growth,
since NF-positive axons grow along meningeal interfaces (Hermanns et al. 2001). It
is more likely that fibroblasts are the major source of inhibitory molecules,
especially during the proliferation and maturation phase and therefore indirectly
prevent axonal growth (Grimpe and Silver 2002). Fibroblasts, for instance, produce
chondroitin sulphate proteoglycan (CS-PG) (Culav et al. 1999), which is the most
inhibitory molecule to axonal growth observed so far (Schwab et al. 1993; Fawcett

and Asher 1999).

During the maturation phase, a vast amount of strongly GFAP-positive
astrocytes has been found at the incision site of TNC+/+ wild type mice. Tightly
interwoven astroglial processes throughout the incision site and the surrounding
area present a distinct astroglial scar. This spatiotemporal distribution of astroglial
activation and the subsequent formation of the astroglial scar have been described
earlier after spinal cord injury in mice and rats (Fawcett and Asher 1999; Ma et al.
2001; Faulkner et al 2004). The astroglial scar reaches its maximum within weeks,
thereafter, astrocytes slowly return to their resting state (Norenberg 1994, Tacconi
1998). Reactive astrocytes in the distant grey and white matter of TNC+/+ wild
type mice have returned to their protoplasmatic or fibrous state fourteen days

following hemisection.

Whether reactive astrocytes are valuable or detrimental to axonal growth is
still controversial. First of all, it is unknown whether astroglial scarring occurs as a
result of axonal elongation not having proceeded, or whether the scar prevents
long distance elongation of axons in the first place (Nicholls et al. 1999). Numerous
studies revealed that astroglial scarring is one of the major impediments to axonal
growth and therefore reactive astrocytes are widely regarded as detrimental to

overall outcome after spinal cord injury (Ramon y Cajal 1928; Reier and Houle
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1988; Fawcett and Asher 1999; Giménez y Ribotta et al. 2001; Giménez y Ribotta et
al. 2002; Faulkner et al. 2004). On the other hand, many studies demonstrate that
astrocytes may support axonal growth during development and under certain
other conditions in adults (Gage et al. 1988; Smith et al. 1990; Kawaja and Gage
1991; Stichel and Miiller 1994; Li and Raisman 1995). Moreover, axons are reported
to readily penetrate fibrous scars formed after spinal cord injury (Matthews et al.
1979a; Frisén et al. 1993). This is confirmed in monolayer cultures of astrocytes,
where axons tend to regrow well (Noble et al. 1984). However, monolayer cultures
tend to be less permissive with time in vitro (Smith et al. 1990) and in three-
dimensional tissue cultures, neurones almost completely fail to regrow their

axons, resembling their behaviour in vivo (Fawcett and Asher 1999).

For a long time the astroglial scar has been thought to act as a mechanical
barrier to growing axons (Reier and Houle 1988; Jakeman and Reier 1991; Stichel
et al. 1999b). However, fenestrations within the fibrous scar, which have a
diameter of 0.5-5 pm, are sufficient to allow a penetration of regrowing thin axons
(Stichel et al. 1999b). In a further elaboration of the barrier theory, the hypothesis
of a biochemical barrier emerged, which postulated the fact that either down-
regulation of growth-promoting or up-regulation of growth-inhibiting molecules
are responsible for the barrier function (Fawcett and Asher 1999; Fitch and Silver
1999). Reactive astrocytes are known to produce ECM molecules that may have
positive or negative influence on axonal growth (Bush et al. 1999). A particular
subgroup of astrocytes, for instance produces a variety of CS-PGs (Fitch and Silver
1997; Fawcett and Asher 1999) and CS-PGs incorporated within the ECM are
inhibitory to axonal growth. Other molecules produced by astrocytes that may
interfere with axonal growth are certain tenascins (Grierson et al. 1990; Ajemian et
al. 1994; Qiu et al. 2000). While tenascin-R impedes recovery after a nerve lesion,

TNC is more likely to promote axonal growth (Guntinas-Lichius et al. 2005).

During the maturation phase, also named remodelling phase ECM molecules,
which were previously laid down in a disorganized manner, are now rearranged
and cross-linked (Lorenz and Longaker, 2003), resulting in a scar that patches the

tissue disruption.
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Fourteen days after hemisection, fibronectin immunoreactivity in TNC+/+
wild type mice has nearly ceased, which is also seen fifteen days after penetrating
brain lesion in the rat (Egan and Vijayan 1991). In contrast, collagen type I has
been most prominent at the incision site and in the surrounding area of TNC+/+
wild type mice during the maturation phase, which is described in previous
studies (Matthews et al. 1979b; Stichel et al. 1999c). During the maturation phase,
the incision site of TNC+/+ wild type mice has been filled with extracellular
collagen type IV and laminin deposits. This is in agreement with previous studies
fourteen days after spinal cord injury in mice and rats (Frisén et al. 1995; Weidner

et al. 1999; Joosten et al. 2000; Hermanns et al. 2001).

Besides extracellular deposits, both collagen type IV and laminin
immunoreactivity in TNC+/+ wild type mice have been detected in blood vessels
throughout the time points investigated. The appearance of collagen type IV and
laminin-positive blood vessel at the lesion site is a well-known phenomenon of
postlesional changes and often related to lesion-induced angiogenesis (Maxwell et
al. 1984; Sosale 1988; Risling et al. 1993; Stichel-Gunkel 1997). Vasodilation has
been a prominent feature in TNC+/+ wild type mice until the proliferation phase.
In our series, an increase in capillaries adjacent to the incision site, indicated by
enhanced collagen type IV and laminin immunoreactivity has been first seen
during the proliferation phase and has been most striking fourteen days following
hemisection. It is known that after CNS injury the mean number of capillaries in
the lesion is twice that of uninjured regions and that newly formed blood vessels
often exhibit an increased luminal diameter (Blight 1991; Jaeger and Blight 1997),

which is in accordance with the present study.

ECM-mediated sprouting of vessels is important for wound healing in
restoring blood supply and providing nutrition for the formation of granulation
tissue (Hermanns et al. 2001). Microglia/ macrophages and fibroblasts contribute
to new blood vessel formation, in that they produce angiogenetic factors, like
TNF-a (Blight 1992; Chesney and Bucala 1997; Chesney and Bucala 2000; Hartlapp
et al. 2001).
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During the maturation phase, the incision site of TNC+/+ wild type mice has
still shown activated microglia, while in the surrounding area microglial cells have
already returned to a hyper-ramified or resting state. The decrease in
microglia/macrophage activation fourteen days after spinal cord lesion has been
described earlier in mice (Zhang et al. 1996; Schauwecker and Steward 1997; Ma et
al. 2001; Sroga et al. 2003). Although a consistent decrease in immunoreactivity for
microglia/macrophage is seen over the time (Popovich et al. 2002), cells persist in
various stages of activation at the injury site for many weeks (Fawcett and Asher
1999). In concordance with the decreased activation of microglia/macrophage at
the incision site, cells in the distant grey and white matter of TNC+/+ wild type

mice have also predominantly returned to a resting state.

The role of activated microglia and blood-borne macrophages with regard to
their influence upon axonal growth is also controversial. Traditionally
microglial/macrophage response to injury is thought to be detrimental to the
wound healing process (Leskovar et al. 2000). A better anatomical and functional
outcome in animals after CNS injuries is for instance observed when invading

monocyte numbers are reduced experimentally (Blight 1994; Popovich et al. 1999).

Interestingly, in certain fish and amphibians, where axonal regeneration takes
place a massive microglia/macrophage activation occurs in the early response to
CNS injury (McGlade-McCulloh et al. 1989; Dowding et al. 1991; Wilson et al.
1992). In addition, an increase in macrophages/microglia following CNS injury
due to macrophages/microglia transplantation or administering macrophage-
attracting agents is associated with an improvement of axonal regeneration
(Stichel-Gunkel 1997; Leskovar et al. 2000). This suggests that the presence of
activated microglia or blood-borne macrophages per se is probably neither harmful
nor helpful to axonal growth (Rabchevsky and Streit 1997; Fawcett and Asher
1999). Most probably the profile of cytokines, chemokines and other growth
factors, which are produced by activated microglia/macrophages determine the

beneficial or detrimental effect to axonal growth.
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In conclusion, this is the most comprehensively performed
immunohistochemical study after spinal cord hemisection in mice. TNC+/+ wild
type mice following spinal cord hemisection over a period of fourteen days

generally resemble previous findings of diverse spinal cord injuries in rodents.
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5.2. TNC-/- knock out mice

This is the first survey to characterize the inflammatory response, scar
formation and axonal growth following spinal cord hemisection in TNC-/- knock
out mice over a time period of fourteen days. In this study a detailed
morphological description of the lesion is provided, including NF, F4/80
(microglia), GFAP (astrocytes), collagen type IV, laminin and fibronectin
immunohistochemical analysis of the lesion. Besides morphological analysis,
quantitative densitometric measurements have been performed for all six

immunohistochemical reactions.

As expected, TNC-/- knock out mice show abnormalities in the
spatiotemporal course of the formation of ECM, the inflammatory response and
subtle alterations in axonal growth. Alterations in TNC-/- knock out mice are

discussed in detail below.

During the early inflammatory response, alterations in fibronectin
immunoreactivity and in lymphocytic influx have been observed in TNC-/- knock

out mice.

Quantitative densitometry for fibronectin immunoreactivity revealed a
significant difference between genotypes (p=0.036) over the time period and for
both regions (i. e. incision site, surrounding area) investigated. As this is the first
study to evaluate scar formation in TNC-/- knock out mice following spinal cord
hemisection, animal numbers on each evaluation day had to be kept small due to
restrictions of animal welfare reasons. Therefore statistical analysis has focused on
the overall chronological sequence of fourteen days. During the early
inflammatory response and during the maturation phase, IOD values for
fibronectin immunoreactivity have been significantly lower in TNC-/- knock out
mice than in TNC+/+ wild type mice. In particular, one day following
hemisection, the median IOD at the incision site for fibronectin immunoreactivity

has been 23.7 in TNC-/- knock out mice, compared to 92.3 in TNC+/+ wild type
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mice. In addition, the median IOD at the surrounding area of TNC-/- knock out

mice has been as low as 0.1, compared to 18.8 in TNC+/+ wild type animals.

A marked down-regulation of fibronectin has also previously been reported in
skin and cornea wounds of mice lacking TNC (for review see Mackie and Tucker
1999). This down-regulation of fibronectin observed in skin and cornea can now be
extended to the spinal cord, indicating that this down-regulation of fibronectin is a

general feature of TNC deficient mice.

The reduced fibronectin level may be a direct influence of absent TNC
deposition in the ECM. Fibronectin has several binding sites to other ECM
molecules and binding between TNC and fibronectin is possible with homologous
FNIII repeats (Hauzenberger et al. 1999). Absent TNC might be the cause for a
reduced capacity of binding sites for fibronectin, so that less fibronectin anchors at
previously laid down TNC molecules. Additionally, TNC may have a direct
influence on the expression of fibronectin. An intriguing reason for low fibronectin
levels one day after hemisection in TNC-/- knock out mice is an early onset of

lymphocytic infiltration.

During the early inflammatory response, lymphocytic infiltration has already
been seen in the surrounding area of the incision site in TNC-/- knock out mice. In
contrast, lymphocytic infiltration in TNC+/+ wild type animals has only been
seen three days after injury, which is known to be the normal temporal course for
lymphocytes in wound healing. Lymphocytes generally penetrate skin wounds
when wound closure has been completed and then accumulate with an

approximate delay of four days after injury (Eming et al. 2007).

TNC appears to regulate several aspects of lymphocyte behaviour. In
particular, it is suggested to alter the adhesion properties of B- and T-lymphocytes
(Riegg et al. 1989). TNC acts as an anti-adhesive substrate for T-lymphocytes
(Riegg et al. 1989; Gundersen et al. 1997). Moreover, the TNC subunit FN1-5 and
the alternatively spliced FNIII-A1A2 domain both suppress T-lymphocyte
proliferation (Hibino et al. 1998; Hauzenberger et al. 1999; Puente Navazo et al.
2001). In lung cancer, TNC is known to inhibit lymphocytes that infiltrate the

tumour (Parekh et al. 2005). This generally immunosuppressive function of TNC
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strongly suggests an increase and/or early onset of lymphocytic infiltration in
wounds of TNC deficient mice. Our study highly corroborates this theory, since
one day after spinal cord hemisection, TNC-/- knock out mice show an early onset
lymphocytic infiltration. During the late inflammatory phase, the proliferation and
the maturation phase of wound repair, numbers of lymphocytes in TNC-/- knock
out mice have been indistinguishable from TNC+/+ wild type animals. This
indicates that during later stages of wound repair other aspects contribute to
regulate lymphocytic maintenance in both TNC-/- knock out and TNC+/+ wild
type mice. At the same time, TNC seems to be responsible for a suppression of

lymphocytic influx during the early inflammatory response.

The interaction of ECM molecules with T-lymphocytes is of vital importance
for several lymphocytic functions, such as adhesion, migration, activation and
proliferation (Shimizu and Shaw 1991; Hauzenberger et al. 1995). A direct
interaction between fibronectin and lymphocytes has been described. T-
lymphocytes are known to express fibronectin receptors and adhere to fibronectin
(Lazarovits and Karsh 1993; Sundqvist et al. 1994). In addition, fibronectin is used
by T-lymphocytes for local positioning (Lazarovits and Karsh 1993; Sundqvist et
al. 1994).

In TNC-/- knock out mice, where fibronectin levels are reduced, local
positioning of lymphocytes is expected to be abnormal. However, we have
observed the same spatial distribution of invading lymphocytes in TNC-/- knock
out mice during the early inflammatory response as we have seen in TNC+/+
wild type mice three days following hemisection. This finding indicates that the
early onset of lymphocytic influx, due to the lack of immunosuppressive TNC, is
not altered with regard to its arrangement. One could speculate, that due to low
fibronectin levels fibronectin receptors on lymphocytes are compensatory up-
regulated resulting in a premature, but widely normal local positioning of
lymphocytes in TNC-/- knock out mice. It is highly likely that other factors,
especially later during the course of inflammation, contribute to lymphocytic

maintenance and local positioning (for review see Ley et al. 2007). However, the
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contradiction that an early onset, but normal distribution of lymphocytes in TNC

deficient mice occurs remains to be clarified.

During the late inflammatory response, no difference between genotypes has
been detected. In particular, fibroblast invasion, microglia/macrophage activation
and astroglial scarring has been observed in a comparable spatiotemporal course

in TNC+/+ wild type and TNC-/- knock out mice.

Fibroblasts, evaluated by semi-quantitative analysis have shown a similar
spatial distribution and temporal course in both genotypes throughout the time
course investigated. This is in accordance with findings in skin wounds of TNC
deficient mice. Proliferation and apoptosis of fibroblasts in the granulation tissue

of TNC deficient mice was not changed (Forsberg et al. 1996).

In our series, collagen type I has been normally deposited in TNC-/- knock
out mice over a time period of fourteen days. Again, this is in agreement with
findings by Forsberg et al. (1996), who found that collagen type I in skin wounds is
expressed equally in TNC deficient and wild type mice. In addition, healing rate
and wound contraction has been indistinguishable between TNC-/- knock out
and TNC+/+ wild type mice in our series and after skin wounds in TNC deficient

mice (Forsberg et al. 1996).

Our semi-quantitative analysis in H&E stain has shown a similar density and
distribution of macrophages in both genotypes. This finding corroborates earlier
findings in skin wounds of TNC deficient mice, showing that macrophage
numbers were not altered in comparison to wild type mice (Forsberg et al. 1996).
In our study, this has been confirmed with quantitative densitometry. For F4/80
immunoreactivity (microglia/macrophage) no significant difference between the
genotype (p=0.539) for any region (i. e. incision site, surrounding area, distant grey
matter) throughout the time course investigated has been detected. Our
observation is in line with a recent study, which revealed no significant alteration
in the density of microglial cells in the somatosensory and motor cortex of TNC

deficient mice (Irintchev et al. 2005).
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Although in vitro studies suggest a role for TNC in regulating chemotaxis and
adhesion properties of monocytes (Riiegg et al. 1989; Loike et al. 2001), this in vivo
study indicates that TNC only plays a minor role, if any in regulating

microglia/macrophage response after spinal cord hemisection.

The spatiotemporal distribution of GFAP-positive astrocytes and the
subsequent scar formation has been indistinguishable between TNC+/+ wild type
and TNC-/- knock out mice throughout the time course investigated. In
accordance with this finding, the glial scar after a cortical stab wound in TNC
deficient mice followed the same time course and spatial distribution as the one
seen in wild type mice (Steindler et al. 1995). However, that study indicated that
there might be a higher number of astrocytes in TNC deficient mice, but failed to
present quantitative data (Steindler et al. 1995). The present study performed a
quantitative analysis for GFAP immunoreactivity, which has revealed no
significant difference between genotypes (p=0.875) for all regions (i. e. incision

site, surrounding area, distant grey matter) throughout the time course tested.

An abnormal high number of astrocytes in astroglial scarring as described by
Steindler et al. (1995) may be due to a different location of injury in the CNS, i. e.
brain vs. spinal cord injury. More likely, however, seems that in TNC deficient
mice an abnormal high number of astrocytes already occurs during development,
since astrocytes cultured on TNC revert to a quiescent, non-activated state and
TNC significantly reduces the proliferation rate of astrocytes (Holley et al. 2005).
This hypothesis is corroborated by Irintchev et al. (2005), who found abnormally
high astrogliosis in the somatosensory and motor cortices of TNC deficient mice.
This indicates that in TNC deficient mice abnormal high astrogliosis in the cortex
may already occur during development and is not necessarily associated with the

presence of a cortical stab wound.

Whether abnormal high numbers of astrocytes are also present in the
uninjured spinal cord of TNC deficient mice remains to be clarified. However, the
present study suggests, that after spinal cord hemisection TNC has no influence

on the number of astrocytes and the formation of astroglial scarring,.
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During the proliferation phase of wound repair leucocytic infiltration
generally diminishes. In contrast to TNC+/+ wild type animals, TNC-/- knock out
mice have shown a much stronger neutrophilic infiltration seven days after spinal
cord hemisection. In our series, semi-quantitative analysis has only revealed
abnormally high numbers of neutrophils during the proliferation phase. During

the maturation phase neutrophils have equally receded in both genotypes.

In experimentally induced nephritis and dermatitis inflammation is more
severe in TNC deficient mice, compared to wild type animals (Koyama et al. 1998;
Nakao et al. 1998). Moreover, in chemically induced dermatitis granulocytes
persist for a longer time in TNC deficient mice, compared to wild type animals.
After five days granulocytes are still abundant in TNC deficient mice (Koyama et
al. 1998). The findings by Koyama et al. (1998) and Nakao et al. (1998) are
corroborated by our series, where an abnormal strong infiltration of neutrophilic
granulocytes in TNC-/- knock out mice has been observed seven days after spinal

cord hemisection.

The abundance of granulocytes during the proliferation phase in TNC
deficient mice may be due to the fact that TNC is known to block chemotaxis of
polymorphonuclear cells (Loike et al. 2001). Hence, in TNC deficient mice
polymorphonuclear cells are probably increased and their temporal course of
migration may be altered. Generally TNC immunoreactivity peaks at about six
days following penetrating cortical injury (Steindler 1993; Tang et al. 2003). During
that time the repellent capacity of TNC provides that neutrophilic infiltration
diminishes in TNC+/+ wild type mice. During the maturation phase, where
neutrophils have been equally reduced in both genotypes other factors, such as

altered cytokine levels may be responsible for the decline of neutrophils.

This study suggests, that TNC blocks neutrophilic influx in TNC+/+ wild
type mice after spinal cord hemisection. Furthermore, absent TNC seems to be
responsible for a prolonged neutrophilic infiltration after spinal cord hemisection

in TNC-/- knock out mice.
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During the maturation phase, a decreased staining intensity for fibronectin
immunoreactivity and subtle alterations in NF immunoreactivity have been

observed in TNC-/- knock out mice.

Compared to TNC+/+ wild type mice, significantly fewer fibronectin deposits
have been observed in TNC-/- knock out mice during the maturation phase.
Quantitative densitometry for fibronectin immunoreactivity has revealed a
significant difference between genotypes (p=0.036) for both regions throughout
the time course investigated. The median IOD at the incision site of TNC-/- knock
out mice has been as low as 1.4 compared to a median IOD of 25.4 fourteen days
following hemisection. This demonstrates a distinct down-regulation of

fibronectin immunoreactivity at the incision site during the maturation phase.

As stated above, a marked down-regulation of fibronectin in TNC deficient
mice is also reported in skin and cornea wounds (Forsberg et al. 1996; Matsuda et
al. 1999). In particular, thirteen days following skin wound, Forsberg et al. (1996)
observed a decrease in fibronectin immunoreactivity within the wound bed in
TNC deficient mice. In addition, fibronectin deposition in TNC deficient mice has
been reduced up to fourteen days after artificially induced glomerulonephritis
(Nakao et al. 1998), which corroborates our finding of reduced fibronectin
deposition fourteen days after spinal cord hemisection. The present study and
previous observations indicate that fibronectin deposition is decreased during the
first fourteen days of wound healing in TNC deficient mice. Whether fibronectin
deposition continues to be down-regulated at later time points remains to be

clarified in a further study.

It is an intriguing possibility, that in TNC deficient mice fibroblasts down-
regulate fibronectin expression to compensate for the absence of TNC protein
within wounds (Iglesia et al. 2000). Fibronectin is largely produced by fibroblasts
(Reier and Houle 1988; Hermanns et al. 2001) and fibronectin in our series has
been significantly reduced in TNC-/- knock out mice. Since fibroblast density has
not been altered in TNC-/- knock out mice after spinal cord hemisection or after
skin wounds (Forsberg et al. 1996), one could speculate that fibroblasts have an
altered expression pattern of fibronectin. Altered cytokine levels in TNC deficient

mice may be responsible for a low fibronectin release by fibroblasts. TNC is
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required for a normal TGF-f1 response and TGF-f1 levels are reduced in TNC
deficient mice (Nakao et al. 1998). In TNC-/- knock out mice reduced TGF-f1
levels are likely to be associated with a reduced deposition of fibronectin after
spinal cord injury. However, whether the expression pattern of fibroblasts in TNC-
/- knock out mice with regard to fibronectin production is truly altered remains to

be clarified in a further study.

As a multifunctional protein, fibronectin has an increasing number of
interactive sites to other ECM molecules. In particular, fibronectin can bind
collagen type IV (Leblond and Inoue 1989), which in turn possess binding sites to
laminin (Drenckhahn and Kugler 1994). Due to reduced fibronectin deposition a
subsequent down-regulation of collagen type IV in TNC-/- knock out mice may

be feasible.

However, quantitative densitometry for collagen type IV (p=0.651) and
laminin (p=0.895) has revealed no significant difference between genotypes for
both regions (i. e. incision site and surrounding area) over the time period tested.
This finding indicates, that deposition of collagen type IV and laminin occurs
independently from TNC deposition. Indeed after CNS injury, laminin forms an
independent network (Stichel and Miiller 1998), which is then seen to intermingle

with a preexisting collagen type IV network (Stichel et al. 1999c).

The coincidence of the imminent stop of axonal fibres is thought to be
associated with the formation of ECM after wounding. Degradation of ECM
molecules in CNS lesions has been shown to promote fibre growth across the
incision site (Stichel et al. 1999a; Stichel et al. 1999c). Hence, an altered ECM
composition as seen in TNC-/- knock out mice demonstrated by reduced
fibronectin levels may be associated with enhanced axonal sprouting. In addition,
in vitro, TNC selectively inhibits fibronectin-dependent neurite outgrowth
(Pesheva et al. 1994), which strongly suggests enhanced axonal sprouting in TNC

deficient mice.
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This hypothesis is corroborated by a higher density of NF-positive axonal
sprouts in TNC-/- knock out mice, as compared to TNC+/+ wild type mice,
fourteen days following hemisection. Quantitative densitometry for NF
immunoreactivity has just not reached significance between genotypes (p=0.061)
for all regions throughout the time course tested. This finding indicates a trend
that NF-positive fibres are seen more frequently in TNC-/- knock out mice,
compared to TNC+/+ wild type animals. In particular, during the maturation
phase a higher density of axonal sprouts has been morphologically apparent at the
incision site next to the grey matter. Quantitative analysis between post injury
days has also just not reached significance (p=0.051). However, fourteen days after
spinal cord hemisection a marked difference in median IOD levels between
genotypes at the incision site adjacent to the grey matter has been obvious. In that
region, the median IOD for NF immunoreactivity has been 33.7 in TNC-/- knock
out mice, compared to a median IOD of 0.2 for TNC+/+ wild type mice. This is
more than a 150-fold increase for NF immunoreactivity in TNC-/- knock out mice.
All other regions tested (i.e. incision site next to the white matter, surrounding
white matter cranial, surrounding white matter caudal, surrounding grey matter
cranial, surrounding grey matter caudal), have mostly shown a two-fold increase,

but never exceeded an 18-fold increase of median IOD values between genotypes.

Many abnormalities found in TNC deficient mice are subtle and not
discovered at first sight (Forsberg et al. 1996). In fact, the closer one looks, the
more evident it becomes that TNC deficient mice are far from normal (Jones and
Jones 2000). Hence, the trend of enhanced axonal sprouting in TNC-/- knock out
mice during the maturation phase is not surprising and should be confirmed in a
further study with a larger cohort of animals fourteen after spinal cord
hemisection. In addition, later time points may clarify the beneficial effect of TNC

depletion for axonal growth.

Traditionally TNC is thought to be growth-promoting (Wehrle and Chiquet
1990; Lochter and Schachner 1993; Taylor et al. 1993; Gotz et al. 1996; Cybulska-
Klosowicz et al. 2004; Guntinas-Lichius et al. 2005), hence poor axonal growth in
TNC deficient mice would be anticipated. However, reduced axonal sprouting has

never been observed in TNC-/- knock out mice.
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In recent years it became apparent, that in vitro TNC can be both neurite-
outgrowth promoting and repellent (Bartsch 1996). For example, soluble TNC in
culture inhibits outgrowth of axons and dendrites (Lochter et al. 1991). Similarly,
certain neurons in the brain avoid to grow neurites on to TNC containing areas,
when plated on patterned TNC substrates (Faissner and Kruse 1990). Moreover, in
choice situations neurites are deflected from TNC containing areas and purified
TNC constitutes an inhospitable substrate for neural cell cultures (Cybulska-

Klosowicz et al. 2004).

The effects of TNC on neurite elongation are strongly dependent on how the
molecule is offered to the nerve cell (Bartsch 1996). For example, the action of TNC
may differ depending upon whether it is part of the ECM or an isolated soluble
molecule (Meiners et al. 2000). In addition, neurite growth promoting and neurite
inhibitory effects can be associated with different domains of the molecule
(Bartsch 1996), hence alternative splice variants of TNC may well lead to different

functions.

A recent in vivo study has shown that an abnormally high neuronal density is
found in the somatosensory and motor cortices of adult TNC deficient mice
(Irintchev et al. 2005), demonstrating that enhanced neuronal density in the CNS
occurs in the absence of TNC. In addition, in neuron-glia co-cultures a subclass of
astrocytes produces a TNC-rich ECM that deflects neurite outgrowth (Grierson et
al. 1990, Meiners et al. 1995). Both studies indicate that enhanced NF
immunoreactivity in TNC deficient mice is highly likely and most probable

associated with an altered ECM composition due to the lack of TNC.

It is still unclear whether the ECM produced in TNC deficient mice is truly
normal (Jones and Jones 2000) and a change in the quality of ECM may be a
benefit for axonal growth. In the ECM, down-regulation of growth-promoting or
up-regulation of growth-inhibiting molecules are thought to be responsible for the
biochemical barrier that impedes axonal growth (Fawcett and Asher 1999; Fitch
and Silver 1999). CS-PG for instance, is one the most inhibitory molecules to
axonal growth (Schwab et al. 1993; Fawcett and Asher 1999). One could assume,
that due to the lack of TNC CS-PGs may be more accessible to degradation,
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leading to an enhanced axonal sprouting in TNC deficient mice. It is also possible,

that less binding sites for CS-PGs are present in an ECM that lacks TNC.

On the other hand, one could speculate, that growth-promoting molecules
incorporated into an ECM that lacks TNC are more exposed and able to express
their capacity to promote axonal growth more effectively. In vitro laminin has been
shown to be one of the most potent supporters of neurite outgrowth and
predominantly promotes neurite outgrowth of long neurites (Liesi 1990; Costa et
al. 2002). Moreover, in a lesioned co-culture model high levels of laminin and its
bioavailability in the ECM were associated with axonal growth (Costa et al. 2002).
In an ECM that lacks TNC, laminin may not be augmented as the present study
has shown, but may now have the potential to express its growth-promoting role

more effectively.

The molecular mechanism of the altered ECM in TNC-/- knock out mice is
not yet known, but this in vivo study points to an important role of TNC in the
composition of ECM after wounding. In summary, TNC seems to have no direct
influence on axonal growth after spinal cord hemisection. This survey rather
suggests that the lack of TNC fundamentally alters ECM composition in a way

that axonal sprouting is more likely to penetrate spinal cord scar tissue.

To elucidate the spatiotemporal course of wound repair mechanisms with
regard to the role of TNC, we have examined the inflammatory response,
microglia, astrocytes, ECM components and axonal growth in TNC-/- knock out

mice following spinal cord hemisection.

In summary, the most marked alterations in TNC-/- knock out mice have
been observed in ECM composition and NF-positive fibres. The present study has
chosen the time duration of fourteen days, resembling the inflammatory reaction
and scar formation during wound healing. In our study the most marked
alterations in TNC-/- knock out mice have been observed fourteen days after
injury. Hence a further study should be carried out at later time points to clarify

the beneficial effect of TNC depletion with regard to axonal growth.
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The evaluation of other ECM molecules in TNC deficient mice after spinal
cord hemisection could yield important insights into the altered ECM
composition. The generation of double or multiple knock out models for TNC and
other ECM molecules (i. e. fibronectin) might identify further components that

play a role in the success of axonal growth after spinal cord injury.

Developing a more thorough understanding of those different processes
during wound repair will be essential for developing effective therapeutic and

reparative strategies for treating spinal cord injuries.
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6. Summary

Patients suffering from spinal cord (SC) injury are challenged to maintain an
acceptable quality of life and complete functional recovery after SC injury has not
been described to date. Tenascin C (TNC), an extracellular matrix (ECM)
glycoprotein is involved in wound healing and its role is somewhat paradoxical,

because in vitro it can be both neurite-outgrowth promoting and repellent.

To assess its effects in vivo, 20 TNC-/- knock out (TNC-/-) and 20 TNC+/+
wild type (TNC+/+) mice underwent lumbar SC hemisection. According to the
sequence of the inflammatory response, systemic perfusion was performed at 1, 3,
7 and 14 days post surgery. Cryostat sections were examined in H&E and
combined Masson trichrome and Verhoeff stain as well as by immunohisto-
chemistry using antibodies against neurofilament (NF), GFAP (astrocytes), F4/80
(microglia) and the ECM molecules collagen type IV, laminin and fibronectin.
Staining intensity was quantified by measuring Integrated Optical Density at the

incision site, the surrounding area and distant from the lesion site.

TNC+/+ mice resembled the findings of previous studies in normal mice.
However, distinct alterations after SC hemisection were seen in TNC-/- mice.
After one day, an early onset lymphocytic infiltration was seen in TNC-/- mice.
Seven days after injury neutrophil influx was more prominent in TNC-/- mice
compared to TNC+/+ mice. Quantitative densitometry demonstrated that
microglial and astrocytic responses to injury were identical in TNC-/- and
TNC+/+ mice. However, after fourteen days, fibronectin was significantly
(p=0.036) decreased in TNC-/- mice. At the same time, NF-positive axonal sprouts

were markedly increased along the incision edges of TNC-/- mice.

The increase in NF-positive sprouts in TNC-/- mice indicates that lack of TNC
fundamentally alters ECM composition in a way that axonal fibres are more likely
to penetrate SC scar tissue. These differences between TNC+/+ and TNC-/- mice
were detected fourteen days after injury. Hence further in vivo studies should be
carried out at later time points in order to assess the beneficial effect of TNC

depletion in axonal regeneration further.
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2 Collagen 1V

Tests der Inreroubjpkisfiokie

Maf2: MASS 1
} Quadratsumm Mitteldar
Cucle @ vom Typ |l df Quadrate F Sigrifkare
CoLL Sphariziat angenammen ZTEspeE 1 278%,605 23,532 000
Greerhouse- Geisaer TES555 1,000 27e5,605 2353 o
H.y nh-Feldt TEs 588 1,000 27E%,685 253 000
Untergrenze ZES 585 1,000 2765685 n5: 000
OCOLL* GENOTYP Spharziat angenommen 23085 1 23,085 RES 28
Greerhouze- Geisser 23083 1,000 23,085 RES &8
Huy nh-Feldt 2085 1,00 23,085 RE- %8
Untergrenze 23083 1,020 23,085 RE -] &58
OCLL* TAG Spharziat angenommen 106,312 3 ;21 3,122 42
Greerhouze. Geisser 1086312 300 ;14 322 42
Huy nh-Feldt 1086 312 3,000 ;2104 3122 M2
Untergrenze 1086312 3000 204 3,122 42
OCLL* GENOTYP * TAG Spharzidt angenammen E17,33% 3 208,978 1,780 ATS
Greenhouse. Geizaer E17 338 3000 208,978 1,780 AT
Huy nh-Feldt E17 335 3,000 206,978 1,780 ATS
Urtergrenze E17 335 3,000 200,978 1,780 ATS
Fehler(COLL) Spharziat angenommen 3124533 z 18727
Greerhouze- Geizaer 24533 rm0 s TaT
Huy nh-Foldt 324533 W0 115727
Unteraromzo 324533 21000 1ETer
Tests der hnereubpkikonirasie
Maf: MASS 1
) Cuadratumm Mital der
Ouslle oo cvom Typ I di Cuadrate F Sianikare
COLL Sofe 1 gegen Stule 2 5531,%73 1 5531373 23,098 ,000
COLL* GENOTYP Sufe 1 gegen Stulfe 2 4E1E9 1 46,169 199 859
COLL"* TAG Snfe 1 gegen Stufe 2 2172625 3 724202 3,129 042
COLL* GENOTYP * TAG Sufe 1 gegen Stule 2 1225,869 3 4119856 1,780 A75
FohlonlOOLL) Soufe 1 Stule 2 6248 266 Zr 231454
Tests dar Zwischansubekeifeke
Maf: MASS 1
Transtomiarie Variabke: Mittel
Quadratsumm MEtel gar
Quele evom Typ Il dr Quadrate F Synifikarz
Intarcapt 2562124 1 2852124 24,144 000
GENOTYP 22,185 1 22185 210 651
TAG 880,226 2 236742 2,807 ,oee
GENOJOTYP* TAG 418,225 3 130,408 1,218 ,209
Fahler 2864,028 7 105,705
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Me hifachvergieiche
Mah: MASS 1
Games Howall
Milliere 95% Konfdaraintervall
{ post QP day (J) post OP day Diferarz (1-J) Standardfahler Synifkamz Unlergrerze  Obargranze
1 1
3 -3,81300 4965004 273 -9.7 4491 2,11830
7 -14,22321 5,140640 192 -24 80747 5,24034
14 -6,24989 4 876040 272 -15,05289 3,853M
3 1 2,81300 4965004 273 -2,11830 974491
3
7 -10,41621 4965004 424 -31,04807 10,21245
14 -2,43589 4723022 802 1282246 7,94020
7 1 14,2231 5,140640 192 -5,24884 24 20747
3 1041621 4965004 424 1021246 2104807
7
14 7.97972 4 876040 670 -13,12882  29,08027
14 1 6,24969 4576040 272 -3,85371 16,05289
3 243589 4723622 803 -7,04929 1282246
7 -7,97972 4376240 670  -29,08027 13,12882
14
Baskert aur beobachtalen MElehw ertan.
3 Laminin
Tests der Inneraubjkistickle
Mal3: MASS 1
) Quadratsumm Mitel dor
Qucle evom Typ Il di Cuodrate F Signikanz
LAM Sphart 8t angenommen 12824733 1 12324783 13,024 o
Gresrhouse-Gelssar 12624733 1,000 12324783 12,024 oM
Huyrh Feldht 12824733 1,000 12324783 13,024 oM
Untergrenze 12824733 1,000 12324783 12,024 o0
LAM* GENOTYP Sphare iat angenommen 408,155 1 403,166 A12 e
Gresrhowse-Gelsser 400,185 1,000 405,166 A2 28
Huyrh Feldht 408,185 1,000 403,166 A2 S2s
Untergrenze 408,155 1,000 403,166 412 Ja2e
LAM* TAG Sphirtiat ongenommen esss Ty 3 2185258 2,202 g2
Gresrhouse.Gelsaar e388,7TT7 3000 2185258 2,202 J12
Huyrh Feldt eIy 3000 2185258 2,202 g2
Untergrenze - ad 3000 2185259 2,202 J12
LAM * GENOTYP * TAG Sphart it angenommen €8 452 a 22817 023 33
Gresrhouse-Gelssar E8 452 3000 287 023 -
Huyrh Feldt €8 452 3000 22817 023 858
Untergrenze E84%2 3000 22817 023 825
Fehiar(LAM) Sphart i1 angenommen 2m800,243 % 952284
Gresrhouse-Getsser 2%a00,243 25,000 932,284
Huyrh Feldt 2tece 243 H000 32,284

Untergrenze 25800,243 25,000 332,284
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Tests der Innersubjkktkontrase

Mag: MASS=1
Cuadratzumm MElel der
Queliz LAM avom Typ il di Cuadrale F Shynilikarz
LAM Slufa 1 gagan Sule 2 26849,585 1 25849505 12024 oo
LAM* GENOTYP Siufa 1 gagan Stule 2 818,332 1 812332 A2 526
LAM* TAG Slufe 1 gagan Stule 2 12111,558 3 4370518 2202 A2
LAM* GENOTYP * TAC Shufa 1 gagan Stule 2 136,908 3 45535 02 p )
Fenl M Siufe 1 nule 2 51504,485 26 1984788
Tests der Zwischansublekeikee
MaB: MASS 1
Transtormiarie Variable: Miltel
Quadratzumm Mitled dar
Quele evom Typ Il dar Quadrata F Sinifikarz
Inlercapl 12524,274 1 12624374 9,036 06
GENOTYP 24 652 1 24 582 ,o1e 866
TAG 6716,008 2 223e5€63 1,602 213
GENOJOTYP* TAG 108,034 3 B0 026 99
Fahler 36324372 26 1337 091
4 Fibronektin
Teats der Inmsrsubjekisflokie
Maf2: MASS 1
Quadratsumm Nitel der
Queks evom Typ Il df Quadrate F Signikanz
FIERD Sphirt ial angenommen 15254717 1 15284717 31,317 00
Gresrhouse-Gelsser 15224717 1,000 12224717 AR g 00
Huyrh Fadt 15224717 1,000 15224717 N7 00
Untergrenze 15224717 1,000 12224717 N7 00
FIERO * GENOTYP Sphareiat angenommen 27T 483 1 2707 483 5,58 027
Gresrhouse-Gelsser 7 482 1,000 2707453 5,528 o0zr
Huyrh Fadt 2707 483 1,000 2707483 5,558 027
Untergrenze 27 482 1,000 2707453 5,558 o027
FIERD* TAG Sphare #a1 angenommen SOT8.6T4 3 2326,22% 4776 010
Gresrhouse-Gelzoer S078,674 3000 2328223 4,776 010
Huyrh Fadt 507,674 3000 2326,22% 4,776 012
Untergrenze S978,674 3000 2326225 4,776 010
FIERD * GENOTYP * TAC Sphart it angenommen 145,750 3 £48,383 1,331 287
Gresrhouse-Gelsaer 135750 3,000 £48,5583 1,331 287
Huyrb Fadt 1045750 3,000  €48,583 1,331 287
Untergrenze 145,750 3,000 £48,583 1,391 287
Fehlar(FBARO) Sphart it angenommen 11650,585 24 487,108
Gresrhouse-Gelssear 11650,505 4,000 408
Huyrb Fadt 11€50,585 24,000 47108
Untergrenzs 11£50,385 24000 427108
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Testo der Inneraubjektkontraste

Maf2: MASS 1
Quadratzumm Mitad der
Quale FERO evern Typ Ul o CQuadrate F Signikamz
FERO Stule 1 gegen Stufa 2 30500,424 1 20800424 N37 0o
FERD* GENOTYP Stule 1 gegen Stfe 2 5414,5€6 1 S4146€2 5,558 0F
FERD TAG Stule 1 gegen Stfe 2 13667 249 3 4652430 4778 0o
FERO® GENOTYP * TAG Stulke 1 gegen Stife 2 389,501 3 127167 130 2B
FohlenFIBRO) Stule 1 gegen Siufe 2 23281172 24 4.2
Tests der Zwischansub jeke ke
MaB: MASS 1
Transfomiarte Variabla: Mittel
Quadratsumm Mitiel dar
Quele evom Typ Il dar Quadrata F Synifikarnz
Inlercapt 123926,728 1 13826729 20,916 ,oco
GENOTYP 2199,979 1 2198979 4019 0%
TAG 441510 2 14N 700 3,23 0z
GENOTYP* TAG 2391606 3 797202 1,782 A77
Fahier 10723430 24 447 229
Mshrfachvergkichs
Maf: MASS 1
Games-Howell
Mitlore 5% Konfiderz nteral

(0 pozt CP day ) peat OP day Diflerere (HJ)  Standardfehler Sigrifkarz  Untergrorze  Obergrerze

1 1

3 ,22002 10,57aee 1000 -3943248 39,0667
7 a0 esee2 10,945012 01 -142491 6221224
14 2220843 10,27 597e 27 -4ETTs 560ee12
3 1 -, 22002 10,&7age 1000 -2929257 3042242
3
7 20,7913 10,945012 &1 -143347 621972
14 21,00024 10,Z7597e 243 1471218 52,5024
7 1 -a0,ese22 10945012 sl -E22134 1,454
3 30,7912 10945012 el 8219772 1,42047
7
14 -8,44972 10657421 T4 2407251 1792
14 1 -22,20043 10,Z7597e 237 -5903813 14ETE
3 -21,86034 10,Z75497e 243 -E25T084 147121E
7 2,44072 10657421 J4 -1TET234 34
14

Baziert auf beobachteten Mtolweron.
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5 F4-80
Tests der hnsroubjekis fickts
Mafl: MASS 1
Quadratsumm Mitclder
Quslle svom Typ |l di Cuadrate F Signilkarc
F4_20 Spharizitdt angenommen 46835,536 3 1361145 35882 ,000
Greenhouze Gelsser 46835,536 1,465 31936325 35882 ,000
Huyrh-Feld 45B835,536 1,902 23306016 35852 000
Unkrgrenze 45835,536 1,000 #SHBE: 35882 ,000
F4_=0" GENOTYP Spharzitat angenommen e 3 124070 <53 837
Greenhousze-Gelazer kbl | 1,465 253,951 <53 686
Huyrh.Fal 372,211 1,003 15805 253 754
Unkrgrenze rzzn 1,000 IRz s ] 500
F4 20" TAG Spharzitdt angenommen 25702,360 9 2=%64e3 6525 ,000
Greenhouse-Gelsser 25702,360 4,307 S2460E3 6,525 ,000
Huyrh-Fal 25702,380 5078 4200247 6,525 ,000
Unkrgrenze 25705,380 3,000 5350455 6,525 ,002
F4_ 20" GENOTYP * TAG Spharziat angenommen B2, 241 ° NnEM 210 902
Greenhouse-Gelszer 825,241 4,307 188,053 210 9043
Huyrh-Fal B2, 241 5072 138325 210 o2
Unkrgremze 825,241 3,000 275514 <10 889
Fehler(F4_aa) Sphariziat angenommen 21519,908 72 AT
Greenhousze-Gelszer 31519,968 3BT SR
Huyrh-Feld 31519,968 47,820 630,135
Unisersnze 31515,90 24000 1313331
Tests der Inmsroubjektkontaste
Mal: MASS 1
Cuxdratsumm Mitel der
Cucle Fa_80 evom Typ Il o Cundrale F Signitkarz
Fa &0 Stufe 1 gegen Stufe 4 28585, 247 1 2860524 23,568 Rax}
Stfe 2 gegen Stufec 4 71584,144 1 Ti8B4,144 47,268 00
Stufe 3 gegen Stufe 4 £8533, 261 1 €a535,2¢1 44,008 00
Fa_s0 ' GENOTYP Stfe 1 gegen Stufc 4 211,067 1 211,09 AT 53
Stufe 2 gegen Stufe 4 501,506 1 601,200 a8 43
Stfe 3 gegen Stufc 4 502, 166 1 508166 a7 573
Fa 50" TAG Stufe 1 gegen Stufe 4 16731,3%0 3 E26373 sor2 oF
Stufe 2 gegen Stufe 4 30525,554 3 1287563 8,162 o
Stufe 3 gegen Stufe 4 ITIN, 36 3 1zsaQ 112 2125 Lo}
F4_50° GENOTYP * TAG Stfe 1 gegen Stufe 4 244,041 3 81,347 065 am
Stfe 2 gegen Stufc 4 TR 44 3 255,1% A60 b 73
Stufs 3 gegen Stufc 4 S40.217 3 213,406 A7 3=
Fehlar(F4_20} Stife 1 gegen Stufe 4 29532,625 24 123450
Stufe 2 gegen Stufe 4 37950,046 24 oI
Stufs 3 gegen Stufe 4 IT333,834 24 1555576
Tests der 2Zwischansubjekreffeke
MaB: MASS 1
Tranzformierte Vanable: Mitsl
Cuadratsumm Mitiol dar
Quelle evom Typ Il df Cuadrate F Signikarz
Intercept 2379174 1 €774 57317 000
GENOTYP 62,709 1 70 a2 539
TAG 4517 AN 3 1805820 9,202 000
GENOTYP* TAG 150,710 3 50,287 307 820
JFahle 3327 208 24 163832
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Maf: MASS 1
Gamea-Howsl|

Mehrfachvergkiche

Mitlore

95% Konfidere nicral

() post OP day L)) post OP day Diflererz (I-J)  Standardfehler  Signifkanz

Untergrorze  Obergremnze

1 1

3 -11,15481 E,446511 &3 -2292270 613242
7 -34 22457 €237exd 215 -e0 45T -.A210
14 -26,20081° €446211 000 -2878308  -15,22084
3 1 11,18481 €.44E211 fx =) -E1348 22,9270
3
7 -ZBITEE E,44E211 087 -4949538 3,1342
14 -15,14520° €0a0es3 e -2023828 -1,06212
7 1 24 22457 £0837e24 015 221210 604504
3 23170 E44E511 er -3,13543 49453
7
14 2,00478 €441 JEE -1212099 34,1505
14 1 26, 2c621° £,44E6511 000 1523054 367ecCe
3 1514520 €caces2 023 105212 2922822
7 -8,00478 £,446211 JEE -24.19051 1812060
14
Baziert auf beobachteten Mitlelwerion.
*. Die mittkrs Diferonz izt auf der Stufe 05 signifkant.
6 GFAP
Teal der Inns raubjckiclick i
Mag: MASE 1
B Quackalsumm Mital der
e T evom Typ il =4 Cuadrate F Signitkane
GFAP Sphirz i angenommen 1314582 3 438,183 13,325 00
Gresrhouse-Gdssar 1314543 1569 TET 510 13,825 00
Huynh-Fadt 1314543 2,250 584,143 13,325 00
Untergience 1314542 1000 1314548 13,525 Kixd)
GFAP* GENOTYP Sphinz i angencmmen 27,802 3 0.2¢8 B2 B3
Gresrhouse-Gasaar 27,802 1569 16556 282 g [
Hynh-Fadt 27,802 2250 12335 222 781
Untergiencs 27,803 1000 e 282 600
GFAP" TAG Sphiviziid angencmmen 753,019 9 B3 £50 2,544 01z
Gresrhouse-Gasaar 753,019 5008 150273 2,544 L042
Huynh-Fadt 753,019 €,751 11159 2,544 025
Untergience 753,019 3000 251046 2,544 King-3
GFAP* GENOTYP * TAC Sphivziid angencmmen 352,153 9 390,126 1,160 313
Gresrhouse-Gdsser 352,133 5008 70310 1,190 320
Huynh-Fedi 352,153 &.751 52,150 1,190 323
Untergiencs 352,153 2000 17278 1,190 333
FehlenGFAF) Sphirz i angencmmen 254,075 78 32584
Gresrhouse-Gdssar 254,075 43 400 50,101
Huynh-Fadi 254,075 82510 43238

Unterq 2554075 26000 98553
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Testo der Insroubje kikoniraste
Mal2: MASS 1
Cundratsumm Mitelder
Quchs GFAP evom Typ il o CQuodrate F Signikam
GFAP Shufe 1 gegen Stuls 4 0,312 1 90,312 \TED ]
Stufe 2 gegen Stuls 4 197 615 1 1907613 21,51 020
Stufe 3 gegen Stuls 4 1340,854 1 1340,854 14,746 001
GFAP* GENOTYP Stufe 1 gegen Stule 4 1,65 1 1,675 3 o1
Stufe 2 gegen Stule 4 7,225 1 7.2 a3 J75
Stufe 3 gegen Stuls 4 3,025 1 31,025 ,330 555
GFAP* TAG Stufe 1 gegen Stuke 4 424,074 3 161,358 1,235 a7
Stufe 2 gegen Stuls 4 106€,233 3 3mnan 4,005 017
Stufe 3 gegen Stuke 4 936,053 3 32018 3,400 032
GFAP* GENOTYP * TAC Stufe 1 gegen Stule 4 424,665 3 141,555 1,083 73
Stufe 2 gegen Stuke 4 322,391 3 12044 1,402 240
Stule 3 gegen Stule 4 425,205 3 151,735 1,628 21
Fohlar(GFAF) Stufe 1 gegen Stuls 4 306,064 26 130,652
Stufe 2 gegen Stuks 4 226,405 6 26,785
Shufe 3 gegen Stuls 4 2379,075 % 91,538
Tests der Zwischansub ek fieke
MaB: MASS 1
Transformiarte Variabla: Mittel
Quadratsumm Mittel dar
Quele evom Typ il dr Quadrata F Shnifikanz
Inkercapt 731,961 1 731961 76,694 ,000
GENOTYP 241 1 241 028 876
TAG 229,375 2 76,458 2,001 oo
GENJTYP* TAG 14,442 2 4814 504 6E3
Fahier 243456 26 9588




8. Appendix 224

Mehrfachvergkiche

MaB: MASS 1
Games Howell

Miltiere 5% Konndaraintervall

{ly post OP day (J) post OP day Differanz (1-J) Standardfehler Sinifkanz Unlergrenze  Obargranze
1 1

3 -2,61504 1502121 170 -5,15412 82402
7 -6,00020" 1,589620 014 1065808 -1,24674
14 -6,39724" 1 AE5351 000 -971188 -3,08261
3 1 2,61504 1502121 Jg79 -,92402 6,15412
3
7 -2,328585 1567028 248 -8,45652 1,68482
14 -3,78220 1420372 ,081 -7.92048 254002
7 1 6,00000° 1589820 014 1,24674 1065806
3 3,28585 1567028 248 -1,68482 845652
7
14 -,39524 1523428 896 -5,37173 457904
14 1 6ag9724" 1 465251 000 3,08251 971188
3 378220 1420372 ,081 -, 35400 792040
7 29524 1523428 896 -4, 57904 537173
14

Baskrt suf beobachtalen MEletw ertan.
*. DIz mitllere Differenz st aul der Stufa 05 signilikant.

7 Neurofilament

Teoto dorinnersubkkieitkie

MaB: MASS_1
Quadratsumm Mitil dar
Quste svem Typ 1l g Ouhae F Snkam
NF Sphirztitargenommen  207835,070 § 415,614 22,481 00
Gnsenhouss Galsose 07838070 2715 TEs40.@€ 22,481 200
HuyTh Feks 7BIROTO 4120 SM4D,M2 22481 200
Lntevyenes 07838070 100 20753807 22,481 200
NF * GENCTYP Sphiztstargecamen 18237760 5 552 1078 o
Greenhouss Golsssr 18287760 2795 €734, 1078 132
HyThFakt 18287760 4320 4438276 1978 108
Untsgsrcs 18287760 1000 18270 1978 A74
NFTAG SphirztStargenommen  34552,660 15 2304178 1248 240
Gnsenhouss Galsose 4652660  B145 4242810 1246 228
HyTh ekt 34552660 12381 2796017 1246 259
Untagsres 4552660 3000 11520890 1246 an
NF* GENOTYF * TAG Sphirckitargeommen 15761806 15 1050793 568 B
Grsenhouss Golsose 15761806 8,145  1904,857 568 o
HyThFakt 15761806 12381 1275000 568 256
Untavgysres 15761806 3,000 529,085 568 £42
FarkerNF) Sphirztitargenommen  203991,502 110 1240,014
Grsenhouss Galsosr 203391502 50738  2404,608
HyThFekt 03391502 00850 2249,605

Lntenysres 203591,502 22000 9245058
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Tests der Innersubje kikontraske
Mal3: MASS 1
Quadratsumm Nittel dar
Quels NF @ vom Typ Il Quadrate F Signikanz
NF Sife 2 gegen Stufe 1 93421,250 1 93421,280 15,437 001
Sufe 3 gegen Stfe 1 130644,132 1 13064414 35,220 000
Sife 4 gegen Snfe 1 280,733 1 280,733 ,%a 783
Sife 5 gegen Stufc 1 325,39 1 3£85,3% ,738 300
Sifo € gogen Stufo 1 14243,300 1 14243,300 3,707 057
NF* GENOTYP Sife 2 gegen Stufe 1 149€3,45%0 1 14963,4%0 2473 RES)
Sife 3 geen Stufo 1 1226,503 1 1286,53 428 520
Sifo 4 gegen Stk 1 13a7,320 1 137,320 215 (648
Sufo 5 gogen Stufo 1 4,045 1 4,045 ,co1 975
Sife € gegen Stufe 1 6,784 1 3F6784 o8 48
NF* TAG Sufe 2 gegen Stufe 1 212,210 3 707 &G M7 40
Sife 3 gegen Stufe 1 16350,443 3 S4N040 1,42 250
Stfe 4 gegen Stufe 1 14525075 3 455,328 783 R L)
Sifo = gegen Stufo 1 13791 597 3 4% 921 M7
Sifs € gegen Stufe 1 10171,478 3 3300402 247 (483
NF* GENOTYP * TAG Sife 2 gegen Stufe 1 5164,340 3 1721,4% 284 835
Sifs 3 gegen Stufe 1 TEAT 142 3 2540040 ,ca8 550
Sifo 4 gogen Stufo 1 12674,0% 3 4224683 &8 575
Sife 5 genen Stufe 1 £003,840 3 2M7.9% 404 751
Sifs € gogen Stufe 1 £420,55% 3 21%0,18 T 652
Fehlar(NF) Sife 2 gogen Stufe 1 133136,595 2 09,653
Sife 3 gegen Stufe 1 51467 550 2 3703,072
Sife 4 gogen Stufe 1 137002,3328 2 e84
Sife = gegen Stufe 1 109823,251 2 490,055
St.fot‘.p?nsuol 523080,80%5 22 4003677
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Teats der Innersubjektkonirasts

Mafl: MASSE 1
) Quadratzumm Witiel dn
Qe NF svem Typll o Qudike F Signifikanz
NF Safe 1 gegen Stufc & 14243300 1 14843,300 3,707 67
Sufe 2 gegen Sule e 182741 203G 1 18274120 42,047 00
Sufe3genen Stules 233380268 1 233380,27 0,732 £00
Sufe 4gegen Sufe e 9352,142 1 0552142 5111 a4
Sife 5 geaen Stule & ITHA 1 373%5,433 2,079 08
NF* GENOTYP Sufe 1 gegen Swfe e 576,724 1 3675784 912 248
Sufe 2 gegen Stule & 32474975 1 33474075 7702 o
Safe 3 gegen Stufe e 10006 929 1 10083929 2,163 53
Sufe 4 gegen Suifee 448023 1 9443083 5,035 a5
Safe 5 gegen Stulc & 3951 415 1 3051,415 3,150 £90
NF*TAG Sufe 1 gegen Sule s 1T AT 3 3390402 BT A83
Sufe 2 genen Stule & 18916 350 3 6305523 1,451 255
Sufe 3 gegen Stufe e 33M0AT2 3 11045401 2,990 f05
Sufe 4gegen Sufe e 305,701 3 2798567 1,407 243
Sufe 5 gegen Stule & 37272 3 1057571 843 A85
NF* GENOTYP * TAG Sufe 1 gegen Stulc & £420555 3 2130188 537 £82
Sufe 2 pegen Sufe e 4054257 3 1351422 a1 BT
Sufe 3 gegen Sife wze2 3 30761 007 0
Sufe 4gegen Sfe s 180,903 3 2Tz2e8 1,435 254
Sufe 5 gegen Stule e 2700 565 3 001,189 Jig S52
FehlerNF) Sufe 1 gegen Swfe e B20E0 505 2 400GETT
Sufe 2 gegen Swle e 93514331 2 4345106
Sufe 3 gegen Sufe e 101253,139 2 4eaTT9
Sufe 4 gegen Swfe e T zes 2 18935,068
Sufecoeoenltules  J7Soeced4 0 22 1034088
Tests der Zwischansubekefieke
MaB: MASS 1
Transtomierie Variable: Mitel
Quadratzumm Mitled dar
Quele evom Typ il ar Quadrata F Shynifikarz
Inkarcapt 72217 852 1 72217 562 e),gaz oo
GENOTYP 2465745 1 3486745 3,89 ,061
TAG £125,229 2 2708743 3,022 ,081
GENOTYP* TAG 1313841 2 437 847 490 554
Fahler 19716,208 2 896,195
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