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Abstract

The ADAMTSs (a disintegrin and metalloproteinase with thrombospondin type 1-like
motifs) are a group of peptidases with important roles in normal physiology and
pathology. ADAMTS-9 is expressed in the central nervous system (CNS) and has been
reported to cleave aggrecan and versican, which are chondroitin sulphate proteoglycans
(CSPGs) with critical roles in the extracellular matrix (ECM) of the brain. CSPGs are
structural components of the glial scar, which forms in response to destructive CNS
inflammation, inhibiting axonal outgrowth but protecting neurones against
inflammatory infiltrates. Therefore, ADAMTS-9 has the potential to be involved in
normal processing of the brain ECM as well as contributing to or protecting against
pathology. In this study the expression of ADAMTS-9 was analysed in CNS-derived
cells in vitro under basal conditions and following treatment with factors pertinent to
CNS inflammatory disorders. ADAMTS-9 expression was also analysed in rat brains
following transient middle cerebral aftery occlusion (tMCA0), a model of focal cerebral

ischaemia.

Real-time RT-PCR data demonstrated that ADAMTS-9 mRNA was constitutively
expressed by human astrocytic (U373-MG, U87-MG and B327-01), microglial
~ (CHME3) and neuronal (SHSY-5Y) cell lines in vitro, under basal conditions. In U373-
MG cells, ADAMTS-9 mRNA expression was increased 25 and 8-fold following
treatment with 1 ng/mL interleukin-1 beta (IL-1B) and tumour necrosis factor (TNF)
respectively. In B327-01 cells, IL-1p (100 ng/mL) modulated a 6-fold ‘increase in
ADAMTS-9 mRNA expression. In contrast, treatment with 1 ng/mL interferon-gamma
(IFN-y) led to a decrease in ADAMTS-9 expression in B327-01 cells. The effect of
IFN-y in CHMES3 cells differed to that observed in B327-01 in that 10 ng/mL increased
expression of ADAMTS-9 mRNA 2-fold in the astrocytic cells. The study also
demonstrated that ADAMTS-9 mRNA expression was modulated by retinoic acid in
SHSY-5Y cells. Immunocytochemicél analysis of U373-MG cells indicated that

ADAMTS-9 protein is localised in the nucleus under basal conditions.

Real-time RT-PCR analysis of ADAMTS-9 mRNA expression demonstrated it was up-
regulated in tMCAo tissue compared to sham-operated at 6, 24 and 120 h post-
procedure. In addition ADAMTS-9 mRNA levels were higher in ipsilateral (occluded)

hemispheres when compared to contralateral (non-occluded) hemispheres in tMCAo

i



'B
P 5
I " n
& 723 "
/ n
D6>1 E)
3
& - 04 5

04



Contents

Abstract i
Contents iii
List of Figures X
List of Tables xiii
List of Abbreviations Xiv
Publications Relevant to this Thesis xvii
Acknowledgements Xviii
Chapter 1 Introduction 1
1.1 The ADAMTSs 2
1.1.1 Overview of Peptidases 2
1.1.2 The M12 Peptidase Family 3
1.1.3 Overview of ADAMTSs 4
1.1.4 Basic Domain Structure/Function 7
1.1.4.1 Signal Peptide and Prodomain 7
1.1.4.2 Metalloproteinase Domain 9
1.1.4.3 Ancillary Domains 11
1.1.4.4 Binding of ADAMTSs via the Ancillary Domains 12
1.1.5 Activation and Control of ADAMTSs 13
1.1.5.1 Evidence for Furin-Mediated Activation of ADAMTSs 14
1.1.5.2 Activation of ADAMTSs by C-Terminal Processing 16
1.1.5.3 Alternative Splicing of ADAMTSs 17
1.1.6 Inhibitors of ADAMTSs 19
1.1.6.1 Tissue Inhibitors of Metalloproteinases (TIMPs) 19
1.1.6.2 Inhibition of ADAMTSs as Potential Therapies 20
1.2 Glutamyl Endopeptidase ADAMTSs 21
1.2.1 Overview 21
1.2.2 Chondroitin Sulphate Proteoglycans 22
1.2.2.1 The Lecticans 22
1.2.3 ADAMTS Proteoglycanase Activity 24

1.2.3.1 Aggrecanase ADAMTSs in Arthritis 25

iii



3*3:3* F 17

g & - *,

3*3@ & - 04 .
3*3@3 & - 04 8! " & .
3*3@3* 6" " " & - 04 *4
3*3@3: & - 04 85 " ! a *4
3*3@3@ & - 04 " +

3*3@ 3 & - 04

3:3 ( "=
3:3* 6
3:3*3 6 "
3:3*3* "6
3:3: 7 @
3:3@ 6 85 - 5 :?

3@3 e 6
3@3 3 ""0 4
3@3* 6 " gt 0 ( / @
3@3: "9 " " ! @:
3@3@ 7 6 " " @
3@3@3 oo @ ?

3@3 6 " " @,
3@3 3 10 . 02> @,
3@3 3* "6 " > " 6>2 @:
3@3 3: " 07 . >60 2 @ 4
3@3 3@ 0 - " @4
3@3 3 6 " " > @ 4

3 3 " & - 6 +
3 3* & - 04 6 G



37

*3
* 3 * " /
*3: - ! ( L.

&6

*3, "7 8 v

*3; 9 0
+1+9 0 9 09 "
*3;3% & 7 9 0 9 0" 9
*3;3: " B - " " & L2
*3;3@ 9 O 9 0' 9" ! " 8
*3;3 $" 1 7 F "
*3;37 "9 0

*34 & 0' 78 !

* 3 + " 1] n n

1 noon

9 0' 9 &

*3 $
,+**+* $

*3 3* ( " "

1 " n

*3 3: 91" oo

&6

'3 &" : AR * B R B

*3 * $ "5

?
4
?
?
?*
?:
?:
?:
?,
*
,?
4
* .
, @
, @
1 II! ;@
0 ?
0 ?

4+



0 % 12 3 %
& I"# 9

:3*3 T { ) 47?

:3*3* 9 4,
:3*3*3 9 & - 04 ' " " 4,
:3*3*3* 9 & - 04 7 &% 8 4,
:3*3*3: " R | 0 9 09 " " H 4,
:3*3*3@ F oen 4,
:3*3*3 *,0+ $ <0 < $" 1 7 F

:3*3: 9 0 9 0" 9 ( & " + *

13 $ ! "0 ( " " ol " +@

:3:3 ( " " +@

:3:3* 9 +
:3:3*3  ( " " ol +

3@ $ ! 09 I" "l " +
:3@3 ( /" & " ( " +
:3@3* 9 +,
:3@3*3 9 ! "I 7 " +,
:3@3*3* F ot 9t "L & 70 !
:3@3*3: & - 04 9 !" "I +
3@ 3: $ ! " & " +



3.6 Summary

Chapter 4 ADAMTS-9 Expression and Modulation in
CNS-Derived Cells In Vitro

4.1 Background

4.2 ADAMTS-9 in Astrocytic Cells
4.2.1 Overview of Approach
4.2.2 Results
4.2.2.1 Characterisation of Astrocytes
4.2.2.2 Comparison of ADAMTS Expression between different
Astrocytic Cells under Basal Conditions
4.2.2.3 Modulation of Astrocytic Adamts9 Expression by
Pro-Inflammatory Cytokines
4.2.2.4 Cellular Localisation of ADAMTS-9 Protein

4.3 ADAMTS-9 in the CHME3 Microglial Cell Line
4.3.1 Overview of Approach
4.3.2 Results
4.3.2.1 Effect of Pro-Inflammatory Cytokines on Adamts9
Expression Levels in CHME3 Microglial Cell Line

4.4 ADAMTS-9 in the SHSY-5Y Neuroblastoma Cell Line
4.4.1 Overview of Approach
4.4.2 Results
4.4.2.1 Comparison of Aggrecanase ADAMTS mRNA Expression
in SHSY-5Y Cells under Basal Conditions
4.4.2.2 Effect of RetA Differentiation of SHSY-5Y Cells on
Morphology and ADAMTS-9 mRNA Expression Levels
4.4.2.3 Effects of Treatment of SHSY-5Y Cells with Cytokines
and Growth Factors on Adamts9 Expression

4.5 Discussion

4.5.1 Astrocyte Characterisation Discussion

vii

118

119

120

120
120
121

121

124

124
128

133

133

133

133

133
133
137

137

137

137

140
140



4.5.2 Discussion of the Effects of Factors on ADAMTS-9 mRNA

Expression in CNS-Derived Cells 142
4.5.3 Potential Implications for Cancer 144
4.5.4 Discussion of the Effects of Factors on ADAMTS-9 mRNA

Expression in SHSY-5Y Cells 145
4.5.5 Limitations of In Vitro Cell Culture Study 146
4.5.6 Summary 147

Chapter S ADAMTS-9 Expression and Modulation in

Cerebral Ischaemia 148

5.1 Background 149

5.2 ADAMTS-9 Expression in the tMCAo Rat Model of Focal Cerebral

Ischaemia 149
5.2.1 Overview of Approach 149
5.2.2 Results : 150

5.2.2.1 Analysis of ADAMTS-9 mRNA Expression Levels in

tMCAo Tissue 150
5.2.2.2 Analysis of ADAMTS-9 Protein Expression in

tMCAo Tissue 160

5.2.2.3 Cellular Origin of ADAMTS-9 mRNA in tMCAo Tissue 165
5.2.2.4 Morphological Analysis of Adamts9-Positive Cells in

tMCAo Tissue 172
5.4 Discussion ' 172
5.4.1 Implications of ADAMTS-9 mRNA and Protein Data at 6 Hours
Post-tMCAo 174
5.4.2 Implications of ADAMTS-9 mRNA and Protein Data at 24
Hours Post-tMCAo 175
5.4.3 Implications of ADAMTS-9 mRNA and Protein Data at 120
Hours Post-tMCAo 176

5.4.4 Overall Discussion of tMCAo0 Real-Time RT-PCR and Western
Blotting Data 177

vili



3@3
3@37?
3@3,

?3 1

?3*

?3: 9
?73:3

?3:3*

?23@ &
?3@3
?3@3*
?3@3:

, 3% > &

’3: n 1]

4
-k
, @
, @
0 ?
1 ?
1 ?
4+
4
4
47
4,



List of Figures

Chapter 1

1.1 Homo Sapiens Members of the M12B Family: Phylogenetic Tree
1.2 ADAMTS Phylogenetic Tree

1.3 Basic Domain Structure of the ADAMTSs

1.4 Catalytic (Metalloproteinase) Domain of ADAMTSs

1.5 Potential Processing of ADAMTS-9

1.6 The Structure of the Lecticans

1.7 Structure of the CNS Extracellular Matrix

1.8 Structure of the Blood-Brain Barrier (BBB)

Chapter 2

2.1 Procedure of Inducing tMCAo in the Rat

2.2 Representative Real-Time PCR Amplification and Melt Curves

2.3 ADAMTS-9 Plasmid DNA and pBluescript KS+ Vector

2.4 Schematic Representation of Linearisation of ADAMTS-9 Plasmid
DNA and In Vitro Transcription

Chapter 3

3.1 Rat ADAMTS-9 Primer Concentration Test

3.2 Rat ADAMTS-9 and GAPDH Primer Efficiency Tests

3.3 Analysis of Real-Time RT-PCR Product Obtained with Rat ADAMTS-9
Primers

3.4 Primer Efficiency Comparison Tests to Validate use of 2"**“r Method

3.5 GeNorm Validation of Real-Time RT-PCR Housekeeping Genes for
use with SHSY-5Y and B327-01 Cells

3.6 In Situ Hybridisation of tMCAo Tissue Sections with
Oligonucleotide Probes showing Non-Specific Binding

3.7 ADAMTS-9 Riboprobe Generation

3.8 Determination of DIG-Labelling Efficiency of ADAMTS-9 Riboprobes

10
18

23
38
40

59
65
87

91

98
99

100
101

103

106
108
111



134

@3
@3*

85
@3,

3 9
g
3* 9
o
3: 9

n n & - n
& - 04 9 I" "I
" 0 & - 04 e
n n $ n
" & - 04 96 85
n 1 n O n n 1 n
-7 mooom

04

L)

*4

"t & - 04 %:,:0-7 mo
" / ' "0 " "1 " & - 04
" $-8: - " @
mo & - 96 85 "
" $ <0 < ;
"9 0 " $<0<6 "I "
& - 04 96 85 " 14
" & - 04 96 85 " 9 ?
S ( "
" & - 04 96 85 " 9 *@
n ( " Q@
" & - 04 96 85 " 9 * 4
S ( " 5
" & - 04 96 85 " 9
ot - 0( " ;

?



5.7 Expression of ADAMTS-9 Protein in Rat Brains at 24 H Post-tMCAo
or Sham-Operation 163
5.8 Expression of ADAMTS-9 Protein in Rat Brains at 120 H Post-tMCAo

or Sham-Operation 166
5.9 Cellular Expression of ADAMTS-9 mRNA Expression in tMCAo Tissue

Sections 168
5.10 Neuronal expression of ADAMTS-9 mRNA 173
Chapter 6

6.1 Map of Putative Human ADAMTS-9 Promoter Region Showing Consensus
Binding Sites of Transcription Factors Pertinent to CNS Inflammation 185
6.2 Map of Putative Rat ADAMTS-9 Promoter Region Showing Consensus

Binding Sites of Transcription Factors Pertinent to CNS Inflammation 187

Chapter 7

7.1 Modulation of ADAMTS-9 Expression in the CNS 192

xii



*3 $
*3* 6 |
*3:

& -
*3@

$" 1
*3 M
*3? 6

@3

) %

" %
% 9
96 85 "

' %
7 "
% "
-1 P
9 "
" 6 0&
/

0 9 0' 9 85 "
"9 0 9 0' 9
/ $ <0 < * 0+
85 "
"1 7 "/ > "



&6 n

""0@0 ""0:MO " !

&6

ON 1"!

& ' @MO0?0& "0*0 !

6 ' "5

&6 "

O 0 0 0 o o

"5

&6

"0!



78"
7> "
7> "
$08
$ >0

$9'

>60
>60 9

09
0
(&
9>0
=>

K(1" 10"

67>

(v

>60 O "



' ! 0!

|& 1 1 n

& 0' 78 "

&6
F & 1

76 ov"

6> "

6>9 "

% 0 > M

< $ Q "
Q - H 0!

M &

=+3+ P
"y "
/"1
| v om "
" 2
!

MO "

0" ""5

/ *+



Publications Relevant to this Thesis

Manuscript in Preparation

Reid, MJ, Cross, AK, Haddock, G, Allan, SM, Stock, CJ, Apte, SS, Woodroofe, MN,
Buttle, DJ, Bunning, RAD (2007). ADAMTS-9 Expression is Up-Regulated following
Transient Middle Cerebral Artery Occlusion (tMCAo) in the Rat and its Cellular Origin

is Predominantly Neuronal. In Preparation

Published Abstracts

Reid, MJ, Cross, AK, Haddock, G, Woodroofe, MN, Buttle, DJ, Bunning, RAD (2005).
Pro-Inflammatory Cytokines Modulate ADAMTS-9 mRNA Expression in Human
CNS-Derived Cell Lines. International Journal of Experimental Pathology 86; A57-A94

Reid, MJ, Cross, AK, Haddock, G, Allan, SM, Stock, CJ, Apte, SS, Woodroofe, MN,
Buttle, DJ, Bunning, RAD (2006). ADAMTS-9 is Up-Regulated at the mRNA Level
following Middle Cerebral Artery Occlusion (MCAo) in Rats. International Journal of
Experimental Pathology 87; A1-A58

Reid, MJ, Cross, AK, Haddock, G, Allan, SM, Stock, CJ, Apte, SS, Woodroofe, MN,
Buttle, DJ, Bunning, RAD (2007). Studies of the Expression of ADAMTS-9 in the
Middle Cerebral Artery Occlusion (MCAo) Model of Stroke. International Journal of
Experimental Pathology 88; A1-A45 \

Xvil



"1
)

%

n

1 " 1
) %



1.1 The ADAMTSs

1.1.1 Overview of Peptidases

Peptidases are enzymes that hydrolyse peptide bonds. In the human genome, 1.6 %
(over five-hundred) of all genes encode for peptidases and their inhibitors (Rawlings et
al, 2006). Exopeptidases are peptidases that hydrolyse a bond close (within three
residues) to either the N-terminus or C-terminus (or both). Alternatively, the hydrolysis
of internal (away from N-terminus or C-terminus) a-peptide bonds is the hallmark of
endopeptidases, which includes oligopeptidases that act on substrates smaller than
proteins (peptides) (Rawlings ef al, 2004). Endopeptidases vary in the type of catalysis
they perform and examples include the serine-, aspartic-, threonine- and metallo-

proteinases.

The term given to a peptide bond which is hydrolysed by a peptidase is 'scissile bond'.
Many peptidases have substrate specificity for certain amino acids that make up scissile
bonds as well as the location within the substrate. The active site of peptidases is
located in a structural groove along which a substrate can bind at different sites
(subsites). A method of representing the substrate specificity taking into account
subsites as well as the location of the scissile bond within the substrate was originally
described by Schechter & Berger (1967) and is shown below:

scissile
bond

;

Substrate: -P3-P2-P1+PI1'-P2'-P3'-
Peptidase: - S3-S2-S1*S1'-82'-83"-

Where: + = scissile bond, * = catalytic site, S/Pn = subsite/peptide numbered from
catalytic site/scissile bond to N-terminus, S/Pn' = subsite/peptide numbered from

catalytic site/scissile bond to C-terminus.

The MEROPS database is a valuable resource, providing a hierarchical system of
classification of about three-thousand peptidases and their inhibitors in many different

organisms (Rawlings et al, 2006). MEROPS classifies into families; peptidases with



relationships in amino acid sequence in the part of the molecule termed the 'peptidase
unit' (catalytic site). MEROPS also classifies peptidases into clans, which contain
families with common ancestry. Sets of families in which all the peptidases have
diverged from a single gene over time are grouped into clans, of which there are about

forty.
1.1.2 The M12 Peptidase Family

The M12 family contains peptidases with a metallopeptidase catalytic site: His-Glu-
Xaa-Xaa-His-Xaa-Xaa-Gly-Xaa-Xaa-His (where His residues are ligands of a zinc
atom). Members of the M12 family have been shown to be expressed in bacteria,
protozoa, fungi and animals and include; ADAMSs (a disintegrin and metalloproteinase)
(also known as adamalysins), the snake venom metalloproteinases (reprolysins) and the
ADAMTSs (a disintegrin and metalloproteinase with thrombospondin type 1-like

motifs).

The M12 family, along with a variety of other metallopeptidases is contained within
clan MA. The families in clan MA all contain the motif Xaa-Xbb-Xcc-His-Glu-Xbb-
Xbb-His-Xbb-Xdd (where Xaa is hydrophobic or Thr, Xbb is uncharged, Xcc is any
amino acid except Pro, and Xdd is hydrophobic) (Jongeneel et al, 1989). Clan MA
peptidases also possess a third zinc ligand towards the C-terminus, the nature of which
varies depending on the subclan to which the peptidase belongs. The M12 family is
categorised as being in subclan MA(M). The other subclan of clan MA is MA(E).

All secreted proteinases including those belonging to both MA(E) and MA(M) subclans
are synthesised as proenzymes. The general difference between the two is that some
MA(E) subclan peptidases are activated by removal of an N-terminal propeptide (e.g. by
furin-cleavage) (Kessler & Safrin, 1994). Alternatively, peptidases in some families of
the MA(M) subclan are secreted as latent proenzymes requiring activation by
proteolytic cleavage of an amino terminal domain to expose the active catalytic site
(‘cysteine-switch' mechanism) (Van Wart & Birkedal-Hansen, 1990). Virtually all the
peptidases in the MA(M) subclan that lack the ‘cysteine switch’ contain a Tyr located 2
residues beyond Met of the Met-turn (described in Section 1.1.4.2). Peptidases in
subclan MA(M) are termed metzincins because of the presen’ce of zinc-binding

segments and a Met-turn in the catalytic domain.

3



The M12 family can be divided into two subfamilies. The M12A subfamily is also
known as the Astacin family, so named after the crayfish metalloproteinase astacin. The
M12B subfamily (Adamalysin) contains a total of thirty-two peptidases found in Homo
sapiens including the ADAMs and ADAMTSs. Figure 1.1 shows the phylogenetic
(evolutionary) tree of the human members of the M12B family. A phylogenetic tree
displays the evolutionary relationship between the different peptidases by aligning the

sequences and calculating the percentage difference.
1.1.3 Overview of ADAMTSs

In 1997, Kuno et al transplanted colon adenocarcinoma cells into mice and screened the
resultant tumour for genes which were expressed in vivo to further understand cancer
cachexia pathogenesis. One novel complementary DNA (cDNA) clone was identified
which encoded a cysteine-rich protein related to the ADAMs in that it contained a
prodomain, a metalloproteinase domain and a disintegrin-like domain. The protein
possessed thrombospondin type 1-like motifs (TSP-1) absent in the ADAMs, hence the
name ADAMTS-1 was given to the protein and ADAMTS was used subsequently to
describe a new group of peptidases with sequence similarity to the reprolysins.
ADAMTSs lack the transmembrane (TM) domain present in ADAMs and thus have
generally been considered to be secreted as opposed to membrane-bound, until recently

(Koo et al, 2007).

Since ADAMTS-1 was discovered, eighteen more ADAMTS genes and the proteins
they encode have been identified in humans. It is now believed that all the human
ADAMTSs have been discovered, mainly due to the work of Cal et al (2002) who
cloned the final seven members following a bioinformatics screen of the human genome.
The complete list and phylogenetic tree of the ADAMTS:s is displayed in Figure 1.2. All
ADAMTSs have the same basic domain organisation as the prototype ADAMTS-1 with
the main differences between the peptidases existing at the C-terminus. In addition to
the ADAMTSs, three ADAMTS-like genes have been identified which encode proteins
called ADAMTSL-1 (punctin), ADAMTSL-2 and ADAMTSL-3, containing ancillary
ADAMTS domains but lacking obvious metalloproteinase domains and a disintegrin-
like module (Wang et al, 2007).
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Figure 1.2 ADAMTS Phylogenetic Tree
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45 ADAMTS-13 (R. norvegicus)
46 ADAMTS-13 (H. sapiens)
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Tree adapted from MEROPS Peptidase Database. % identity relates to how similar the

primary sequences are following a multiple sequence alignment of peptidase units

(Rawlings et al, 2006). ADAMTS-9 represented by ''.



Documented roles of ADAMTSs include processing of procollagens (ADAMTS-2, -3
and -14), von Willebrand factor (ADAMTS-13) and extracellular matrix (ECM)
components such as chondroitin sulphate proteoglycans (CSPGs) (ADAMTS-1, -4, -5, -
8 and -9) (reviewed by Flannery, 2006). ADAMTSs have also been demonstrated to
mediate connective tissue organisation, coagulation, inflammation, arthritis,

angiogenesis and cell migration (reviewed by Tang, 2001).
1.1.4 Basic Domain Structure/Function

ADAMTS peptidases have the same basic domain organisation as illustrated in Figure
1.3, in that they all possess (from N-terminus to C-terminus) a signal peptide,
prodomain, metalloproteinase domain, disintegrin-like domain, central TSP-1 motif,
cysteine-rich domain (CRD), spacer region and C-terminal TSP-1 motifs. The
‘proteinase domains’ (from signal peptide up to and including metalloproteinase domain)
are highly conserved between ADAMTSs (except ADAMTS-13). The main structural
difference between ADAMTSs occurs at the C-terminal ancillary domains, where the
number of TSP-1 motifs varies. Many ADAMTSs also contain additional domains (e.g.
a cubulin [CUB] motif) at the C-terminus which (as described in Section 1.1.4.3)
potentially influences the function of the peptidase (Tao et al, 2005).

1.1.4.1 Signal Peptide and Prodomain

The amino-terminal signal peptide of ADAMTSs directs the post-translational transport
of the peptidase into the secretory pathway via the endoplasmic reticulum (ER),
involving a signal recognition particle. The size of the signal peptide varies in length
between ADAMTSs (~5-30 amino acids) and is removed prior to the secretion of the

protein from the cell (Dunn ef al, 2006).

The prodomain displays a high level of sequence similarity between the ADAMTSs and
is generally of a comparable length throughout (220-300 amino acids). The exception to
this rule is ADAMTS-13, which has a significantly smaller prodomain (74 amino acids).
In fact this is the only notable structural variability between all the ADAMTSs within
the ‘proteinase domains’ (N-terminus). It has been widely reported that the prodomain
of ADAMTSs contain highly conserved residues, which are of importance in the

maturation, protein folding and secretion of these peptidases (Longpré and Leduc, 2004,

7
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Cao et al, 2000). Most ADAMTSs contain three cysteine residues in the prodomain
with the exception of ADAMTS-2, -3, -14 (which contain two) and -13 (one). The
presence of a prodomain is generally considered to confer latency on ADAMTS
enzymatic activity as it has been shown to do for other members of the MA clan (Hijova,

2005).
1.1.4.2 Metalloproteinase Domain

A 193-249 residue metalloproteinase domain as shown in Figure 1.4 enables
ADAMTSs to function as peptidases. There is a high level of sequence similarity
between the catalytic domains of the different ADAMTSs with an average sequence
identity (ASI) of 43%. It is worth noting that the catalytic domain of ADAMTSs is also
highly similar to that of the ADAMs with an ASI of 24% between the two types of
peptidases (Andreini et al, 2005). The domain consists of a reprolysin-type zinc-binding
motif (ZBM) containing three conserved His in the C-terminal region,
HEXGHXXGXXHD (X' = any amino acid residue). The conserved aspartic acid
residue (D) distinguishes the ADAMTSs (and ADAMs) from other metalloproteinases
(Porter et al, 2005).

In order for ADAMTSs to be catalytically active, it is essential for a zinc ion to be
bound to the His residues within the ZBM. The zinc activates a water molecule by
removal of a hydrogen, rendering it a reactive nucleophile with the ability to attack
peptide carbonyl groups (Berg et al, 2002). The glutamate (E) has been shown to have
an important role in this mechanism by polarising (deprotonation) the water molecule
through hydrogen bonding (Andreini et al, 2005). Yiallouros ef al (2000) performed site
directed mutagenesis to substitute glutamate for alanine in astacin, the prototype
member of the metzincin superfamily. The resultant mutant was unable to cleave known

substrates of astacin, whereas the wild-type (WT) was.

In common with other members of subclan MA(M), ADAMTS metalloproteinase
domains have a conserved methionine residue within the sequence V/IMA/S C-terminal
to the ZBM (10-20 amino acids after 31 His), which forms the ‘Met-turn’. The
crystallographic structure of the Met-turn was characterised by Bode er al (1993)
and it is known to provide a hydrophobic environment for the zinc ion and the three His

residues in the catalytic site. It is thought that the presence of the Met-turn also
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contributes to the catalytic properties of the ADAMTSs because of the presence of a
tyrosine residue. Using methods described above, Yiallouros et al (2000) showed that
the presence of the Tyr residue increased astacin catalytic activity 40-fold. The group

proposed that the Tyr stabilised the substrate binding to the zinc ion during hydrolysis.
1.1.4.3 Ancillary Domains

The domains C-terminal to the metalloproteinase domain are known as the ancillary
domains. All ADAMTSs have a highly conserved 60-90 amino acid domain with
primary sequence similarity to snake venom disintegrins (SVD), hence the name
| 'disintegrin-like domain'. SVDs are low molecular mass (J;), cysteine-rich peptides
which bind to cell-surface adhesion molecules; the integrins (Huang, 1998). Some
SVDs contain a characteristic arginine/glycine/aspartic acid (RGD) integrin-recognition
sequence, although this is lacking from the disintegrin-like domain and there is no
evidence to suggest ADAMTSs adhere to integrins. This differs from many ADAM
enzymes where the corresponding region is involved in integrin-mediated adhesion e.g.
the binding of ADAM-2 to aeP; during sperm passage through oviducts (Kim et al,
2005).

C-terminal to the disintegrin-like domain is a highly conserved 48-54 amino acid central

"TSP-1, homologous to type I motifs seen in thrombospondins 1 and 2. The
thrombospondins are glycoproteins proven to have a role in platelet function, wound
healing, inflammation and angioinhibition (Bornstein, 2001). As well as having a single
central TSP-1, ADAMTSs have additional TSP-1s at the C-terminus, ranging from zero
(ADAMTS-4) to fourteen (ADAMTS-9, -20). The motifs of the C-terminal TSP-1s are
far more variable than the highly conserved central TSP-1 and are usually arranged
singly or in groups of two, three or four (except ADAMTS-9, -20 [both have TSP-1s in
groups of four and seven] and -13 [a group of six]) separated by short linker peptides
(reviewed by Jones & Riley, 2005).

Rather than have linker peptides between TSP-1s, ADAMTS-12 and -7 have a longer
mucin-like domain between the third and fourth of their seven C-terminal TSP-1s, a
region which is heavily O-glycosylated (Somerville et al, 2004). Similarities are drawn
between mucin and the mucin-like domain because both are high in threonine, proline

and serine residues (Porter ef al, 2005). ADAMTS-7 has a glycosaminoglycan (GAG)
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attached to the mucin-like domain, hence it can be described as a 'proteoglycan’, a fact
that could have profound effects on the peptidase's localisation and function (Somerville

et al, 2004).

Immediately adjacent to the central TSP-1 is a highly conserved CRD containing ten
cysteine residues. The next domain downstream to the CRD is a cysteine-free spacer
region of 127-221 amino acids containing a conserved N-terminal region of
hydrophobic amino acids and a highly variable C-terminal region (Hurskainen et al,
1999). Additional C-terminal domains are present in some ADAMTSs e.g. ADAMTS-
13 contains two CUB domains, perhaps involved in binding to ligands such as an
'unusually large' multimer of von Willebrand factor (UL-vWF) (Zheng et al, 2001; Tao
et al, 2005). The C-termini of ADAMTS-2, -3, -10, 14, -17 and -19 terminate with a
forty-residue PLAC (proteinase and lacunin) domain containing six cysteines, originally
observed in lacunin. As yet the function of the PLAC domain in ADAMTSs is largely
unknown, although lacunin is an important ECM protein in basal lamina formation in

lepidopteron Manduca sexta wing morphogenesis (Nardi ef al, 2001).

The ancillary domains are highly important in terms of ADAMTS function, activation,
localisation and substrate specificity. Rodriguez-Manzaneque et al (2000) demonstrated
this by deleting two TSP-1s from the C-terminus of ADAMTS-1. The resulting protein
had a decreased ability to inhibit endothelial cell (EC) proliferation as well as reducing
the enzyme’s affinity for sulphated GAG, heparin and EC cultures. Therefore it appears
that the TSP-1s contribute to the angio-inhibitory properties displayed by recombinant
full-length ADAMTS-1, reported in a study by Vazquez et al (1999). Further evidence
implicating TSP-1s in the angio-inhibitory process came from the same study because
thrombospondin-1 protein also inhibited vascular endothelial growth factor (VEGF)-
mediated vascularisation. In fact thrombospondin-1 is now well known to be anti-

angiogenic (Bocci et al, 2003).

1.1.4.4 Binding of ADAMTS:s via the Ancillary Domains

It became apparent from early work on ADAMTSs that they sequester themselves into
the ECM and that it is the ancillary domains that are responsible for this. The first
observation of this property came from Kuno et a/ (1997) who demonstrated that the

TSP-1 of ADAMTS-1 is functional for binding to heparin and almost certainly to the
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structurally related heparan sulphate. Both molecules are composed of repeating
disaccharide units, the difference being that only heparan sulphate GAG-side chains
connect to core proteins to form proteoglycans (HSPGs) such as in syndecans, perlecan
and the glypicans (glycosylphosphatidylinositol [GPI]-anchored protein) (Capila &
Linhardt, 2002).

There have been further studies characterising the binding of ADAMTSs to substrates
via the ancillary domains. When compared to the zymogen, isoforms of ADAMTS-4
(lacking cysteine-rich and/or spacer domains) (Flannery et al, 2002) and truncated
ADAMTS-9 (lacking all domains C-terminus to the central TSP-1 motif) (Zeng et al,
2006) displayed a reduction in binding with heparin. Also full-length ADAMTS-4 and -
5 bound to chondroitin sulphate with higher affinities than the autocatalytically
produced isoforms. In contrast, the loss of these domains did not have an important
effect on the heparin-binding affinity of ADAMTS-5 (Zeng et al 2006). It therefore
appears that the binding properties of the ancillary domains vary between ADAMTSs
and that removal of them alters the interactions of the peptidase with different ECM

components.

It has become apparent that such binding of ADAMTSs to the ECM has a profound
impact on catalytic activity. The fact that ADAMTSs can localise themselves to the
ECM via GAGs is likely to be a contributing factor in their ability to cleave specific
substrates e.g. proteoglycans containing GAG side-chains (lecticans). On the other hand
the binding of ADAMTSs to ECM ligands may have an inhibitory effect on proteolytic
activity by immobilising/sequestering the peptidase. For example, Hashimoto et al
(2004) showed that the binding of ADAMTS-4 to the adhesion molecule fibronectin

inhibited its cleavage of aggrecan.
1.1.5 Activation and Control of ADAMTSs

In contrast to the matrix metalloproteinases (MMPs), there is no conclusive evidence to
suggest that ADAMTS activation occurs extracellularly via the 'cysteine-switch'
mechanism. Despite an unpaired cysteine being present in the prodomain (XXCGVXD)
of ADAMTSs, it has not been reported that it forms an inactivating bridge to the zinc
atom forming the active site. Instead, ADAMTSs are synthesised as inactive ‘full-

length’ zymogens prior to intracellular cleavage of the prodomain and subsequent
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secretion as an active mature peptidase. It has been well documented that a ubiquitously
expressed 794 amino acid proprotein convertase (PC) named furin is responsible for
such activation in the secretory pathway. In fact all ADAMTSs (except ADAMTS-10, -
12) have a furin cleavage consensus site (RXR/KR) located at the C-terminal end of the

prodomain (reviewed by Porter et al, 2005).

Furin was the first PC to be identified (Bresnahan et al, 1990) and it has been shown to
have important roles in many diseases as well as in protein trafficking (Thomas, 2002).
It belongs to the subtilisin superfamily of serine peptidases which includes six other PCs
(PC2, PC1/PC3, PC4, PACEA4, PCS5/PC6 and PC7). All the PCs contain a signal peptide,
propeptide, subtilisin-like catalytic domain (SLCD), homo B domain and a CRD. In
addition, furin, PC7 and an isoform of PC5/PC6 each contain a single TM domain
(Nakayama, 1997). There is a level of amino acid sequence identity between all the PCs,
the most similarity occurring in the SLCD (Thomas, 2002).

1.1.5.1 Evidence for Furin-Mediated Activation of ADAMTSs

The first report of furin-mediated activation of ADAMTSs was by Kuno et al (1999).
The group transfected an ADAMTS-1 expression vector (X5) into a human colon
carcinoma cell line (LoVo) which does not express functional furin. Western blotting
showed that only the precursor (zymogen) form of ADAMTS-1 was detected in the
culture supernatant. However, in a cell line expressing furin (COS-7), both the precursor
and mature forms of ADAMTS-1 were detected. Furthermore, following the co-
transfection of LoVo with furin cDNA and XS5, the precursor form of ADAMTS-1 was
not detected but the mature form was. Following on from these data, evidence for furin-
cleavage activation was obtained for other ADAMTSs, with particular emphasis on
ADAMTS-4. Gao et al (2002) reported that proADAMTS-4 (100 kDa) in media from a
cell line transfected with ADAMTS-4 was converted to a smaller form (75kDa) by

digestion with recombinant furin.

Following on from these preliminary experiments, Wang et al (2004) conducted an in-
depth analysis of the processing of intracellular ADAMTS-4 by furin. Initially,
ADAMTS-4 transfected cells (HEK293 and SQ1253) were used to show that cleavage
of the prodomain was blocked by chloromethylketone (CMK), an inhibitor of furin. It

was demonstrated that endogenous furin was responsible for the processing of
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ADAMTS-4 by using siRNA (short interfering RNA) to block furin expression within
the cells. The result was an increase in the levels of proADAMTS-4 protein when
compared to cells that were not subjected to siRNA. The group also characterised three
potential furin recognition sites between the prodomain and catalytic site of ADAMTS-
4 (PRPRR?, 2®RAKR?*? 'KR?'2) as well as performing important studies to
ascertain the location within the cell where furin cleavage of ADAMTS-4 occurred. By
conducting experiments to block protein trafficking, it was shown that the processing of
pro-ADAMTS-4 occurred in the trans-Golgi network (TGN) and not the ER (where
furin is synthesised) or cell surface (where furin is also localised). The group also
demonstrated by confocal microscopy that ADAMTS-4 was colocalised with furin in

the TGN.

It has been demonstrated that furin-cleavage can occur at locations other than the TGN.
Activation of ADAMTS-7 appeared to involve a multi-step mechanism with partial
processing in the TGN prior to further removal of the prodomain at the cell surface
(extracellular) by membrane-bound furin (Somerville et al, 2004). Another study
showed that ADAMTS-9 was processed exclusively extracellularly at the cell surface
by furin (Koo et al, 2006). The authors extended their analysis of ADAMTS-9 to show
that the peptidase has unique properties in terms of activation and secretion.
Experiments in HEK293F cells suggested that a) ADAMTS-9 requires the presence of
the propeptide to be secreted, b) the ADAMTS-9 propeptide must be N-linked
glycosylated in order for ADAMTS-9 to be secreted and it remains highly-resistant to
furin cleavage throughout the secretory pathway, c) propeptide fragments and the
catalytic domain of ADAMTS-9 remain non-covalently associated following furin
processing, and surprisingly d) ADAMTS-9 cleaved versican more efficiently when the
propeptide was still attached as opposed to it being cleaved by furin (Koo et al, 2007).
However, these data are subject to conjecture as many of the experiments were
performed with transfected mutants of ADAMTS-9 lacking many domains, which may

influence peptidase maturation.

In a furin-deficient cell line (RPE.40), Wang et al (2004) showed that ADAMTS-4 was
processed to a smaller form indicating that a furin-independent activation pathway
exists for this peptidase. Following on from this evidence, Tortorella et al (2005)
investigated five of the PCs, serine proteases (trypsin, chymotrypsin and plasmin) as
well as twelve MMPs and ADAM-17 in respect to ADAMTS-4 activation. Out of this
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- comprehensive list of enzymes, it was shown that only PACE4, PC5/6B, furin (all by
cleavage at Arg®'>-Phe’"), MMP-9 and trypsin had the capacity to remove the
prodomain. This work indicated that ADAMTS-4 activation occurs by a limited number
of mechanisms and activators, a conclusion supported by the fact that MMP-9-

processed ADAMTS-4 did not show aggrecanase activity.
1.1.5.2 Activation of ADAMTSs by C-Terminal Processing

It is clear that ADAMTSs are not solely cleaved at the N-terminus, but also at the C-
terminus and that such processing has a significant effect on enzyme activity, substrate
specificity and localisation. There are a number of mechanisms by which C-terminal
processing of ADAMTSs is likely to occur including proteolysis by MMPs and

autocatalysis.

There have been a number of studies that have implicated MMPs in ADAMTS C-
terminal processing. Rodriguez-Manzaneque et al (2000) transfected kidney cells with
the complete ADAMTS-1 cDNA prior to detecting only a 110 kDa unprocessed form in
the cell layer. In contrast an 87 kDa and 65 kDa form was detected in the conditioned
media. It was shown that the 87 kDa form was a result of prodomain cleavage by furin
whereas the 65 kDa form was a result of additional processing events at the C-terminus
(following initial furin-cleavage to produce p87). The group showed that MMP-2,
MMP-8 and MMP-15 had the ability to cleave p87 to form p65. ADAMTS-4 has also
been shown to be processed by MMPs (MMP-17) at the C-terminus (Gao et al, 2004).

Evidence that C-terminal processing has a direct effect on activation of ADAMTS
catalytic activity was shown by Gao et al (2002). Only isoforms of ADAMTS-4
generated by C-terminal truncation (shown by domain-specific antisera) displayed
aggrecanase and versicanase activity. Consistent with data by Rodriguez-Manzaneque ef
al (2000), C-terminal cleavage appeared to have occurred following initial prodomain
removal by furin. Importantly, both studies identified the C-terminal cleavage site as

being close to the same amino acid residue (744).

Another mechanism of ADAMTS C-terminal activation that has been described is
autocatalysis. Flannery et a/ (2002) incubated purified recombinant full-length
ADAMTS-4 at 37°C without the presence of any PCs or MMPs. The presence of
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ADAMTS-4 isoforms that displayed aggrecanase activity suggested that autocatalytic
activation by C-terminal clipping (showed by sequencing) had taken place.
Autocatalysis has also been described for ADAMTS-1 generating N- and C-terminal
cleavage fragments (Liu et al/, 2005). When compared to full length ADAMTS-1, these
fragments inhibited pulmonary metastasis in carcinoma cells by inhibiting cell
signalling pathways, proliferation, survival and angiogenesis. An important observation
was that autocatalysis was inhibited by HSPGs, suggesting that the interaction of
ADAMTSs with the ECM has a bearing on activation.

Further evidence that ADAMTS activation occurs by removal of ancillary domains
came from Kashiwagi et a/ (2004) who constructed ADAMTS-4 C-terminal domain
deletion mutants. The results showed that deleting each of the ancillary domains had a
profound effect on ADAMTS-4 activity and specificity. These data appeared to suggest
that the spacer domain acts as an ‘intramolecular suppressor’, deletion of which
coincided with ADAMTS-4 being able to cleave different substrates including
carboxymethylated transferrin, fibromodulin and decorin. Further deletions of C-
terminal domains created mutants that varied in ability to cleave different bonds within
the aggrecan molecule and with different efficiencies. For example the spacer domain
deletion mutant cleaved the Glu*”>-Ala*™ and Glu'**-Gly'**! inter-globular bonds more

effectively than a mutant lacking just the CRD.

Another study utilising domain deletion mutants showed that the CRD and spacer
region are required for ADAMTS-13 to cleave UL-vWF (Soejima et al, 2003). This is
an important finding because a lack of ADAMTS-13 and thus insufficient UL-vWF
breakdown causes thrombotic thrombocytopenic purpura (TTP) which is characterised
by thrombus formation, renal failure and neurological dysfunction (Zheng et al, 2001).
The spacer region has also proved crucial for ADAMTS-1 to cleave aggrecan as shown
by domain deletion studies (Kuno et al, 2000). The potential processing of ADAMTS-9
by removal of the signal peptide, prodomain and C-terminal domains is summarised in

Figure 1.5.
1.1.5.3 Alternative Splicing of ADAMTSs

Another potential mechanism of ADAMTS regulation is pre-transcriptional via the

generation of multiple isoforms. This phenomenon is caused by alternative splicing,
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whereby pre-RNA exons are arranged in various ways to yield slightly different
messenger RNA (mRNA) and hence proteins. Splice variants have been demonstrated
for ADAMTS-6, -7, -9 and potentially -16 and -18 (reviewed by Jones & Riley, 2005).
The generation of proteins with different C-terminal domain structures could be a

mechanism of controlling the function of ADAMTSs.
1.1.6. Inhibitors of ADAMTSs

The ADAMTSs are important in many normal physiological roles such as angiogenesis,
wound healing and development. It is important that ADAMTS activity is controlled to
prevent the shift in balance from normal physiology td destructive pathological
conditions. ADAMTSs are controlled at many levels including: transcriptional (e.g.
cytokine modulation of transcription initiation), post-transcriptional (e.g. alternative
splicing) and post-translational (e.g. prodomain or C-terminal cleavage) regulation. As
is the case with all secreted eukaryotic proteinases, it is apparent that in order to
counteract the destructive potential of ADAMTSs, endogenous inhibitors are present in

the body as another form of regulation.
1.1.6.1 Tissue Inhibitors of Metalloproteinases (TIMPs)

Tissue inhibitors of metalloproteinases (TIMPs), of which there are four (TIMP-1, -2, -3
and -4), are the major endogenous inhibitors of the MMPs. Recent studies indicate that
TIMP-3 is the main inhibitor of ADAMTSs, although TIMP-1 and TIMP-2 also show
‘slight inhibitory capacity when used in higher concentrations in vitro (Hashimoto ef al,
2001). Compared to ADAMTSs, TIMPs are relatively small proteins of between 21 and
34 kDa, with twelve conserved cysteine residues. The proteins are folded into two
domains, with all the TIMPs containing a conserved binding site for proteinases
(VIRAK amino acid sequence), in the domain responsible for the inhibitory activity, the

N-terminal domain (Lambert et al, 2004).

There have been a number of studies implicating TIMP-3 in the inhibition of
ADAMTSs. Hashimoto er al (2001) showed that TIMP-3 blocked aggrecan cleavage
by ADAMTS-4 at a significantly lower concentration than TIMP-1 and TIMP-2
whereas TIMP-4 had no effect. Kashiwagi et al (2001) observed similar results with the
N-terminal domain of TIMP-3 (N-TIMP-3), which blocked ADAMTS-4 and -5
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cleavage of aggrecan in vitro. In contrast, N-TIMP-1 and TIMP-2 had no effect on
aggrecanase activity of both ADAMTSs whereas TIMP-4 showed 35% inhibition when
added in higher concentrations to ADAMTS-4 but not to ADAMTS-5. These data
obtained by Kashiwagi et al would perhaps have been more conclusive if the full length
TIMP-3 protein was utilised as opposed to the truncated construct lacking the C-
terminus, which is perhaps crucial in directing the inhibitory effect of TIMP-3 in vivo.
In fact the C-terminus is thought to be involved in binding to proenzymes as opposed to

active metalloproteinases (Lambert e al, 2004).

TIMP-3 was also shown to inhibit ADAMTS-1 although in contrast to its action on
ADAMTS-4 (as described above) not all activity was blocked (Rodriguez-Manzaneque
et al, 2002). Further evidence that ADAMTSs have varying inhibitor profiles came
from the same study, with TIMP-2 having a similar effect on ADAMTS-1 activity as
TIMP-3. The question of where inhibition of ADAMTSs is occurring is an important
one. TIMP-3 is the only TIMP known to bind to the ECM (via GAGs) (Yu et al, 2000),
suggesting it has the potential to inhibit ADAMTSs in matrix-rich tissue e.g. cartilage or
brain. Inhibition of ADAMTSs may also be taking place in the circulatory system
because ap-macroglobulin which is present in the blood (~2-4 mg/mL) has been shown

to inhibit ADAMTS-4 and -5 (Tortorella et al, 2004).

1.1.6.2 Inhibition of ADAMTSs as Potential Therapies

The field of '"ADAMTS inhibition' is important in that potential therapies could be
developed based on such studies. One such treatment could involve the augmentation or
activation of endogenous TIMP-3. Another potential approach could be to use
molecules/drugs to inhibit ADAMTSs directly. Therefore, as well as studying the
TIMPs, Rodriguez-Manzaneque ef al (2002) performed a comprehensive analysis of the
effects of a number of synthetic inhibitors on ADAMTS-1 activity. Partial or total
inhibition was observed with monoclonal antibodies (raised against ADAMTS-1
epitopes), metal (zinc) chelators such as ethylenediamine tetraacetic acid (EDTA), 1,10-
phenanthroline and doxycycline, hydroxamates e.g. BB94, MMP inhibitor I and heparin.
It has also been shown that catechin gallate esters, present in green tea inhibit

ADAMTS-1, -4 and -5 (Vankemmelbeke et al, 2003).
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With such a variety of roles for the ADAMTS peptidases in normal turnover, it could
prove difficult to achieve beneficial tissue-specific inhibition in vivo to treat diseases
where ADAMTS-induced proteolysis is a factor. There is a complex balance in all
systems between inhibitors and enzymes which is lost during pathological conditions.
Further understanding of the inhibitory mechanism of endogenous TIMPs as well as the
pathways by which ADAMTS expression is modulated prior to activation is required

before any ADAMTS-related therapeutic interventions can be contemplated.

1.2 Glutamyl Endopeptidase ADAMTSs

1.2.1 Overview

The glutamyl endopeptidases (GEPs) are defined as enzymes that cleave proteins at the
carboxyl end of glutamate residues. ADAMTSs which are GEPs are among the most
extensively studied because of their ability to cleave aggrecan, the major CSPG of
cartilage, thus implicating them in arthritic disorders including osteoarthritis (OA) and
rheumatoid arthritis (RA). For this reason the ADAMTS GEPs are also known as the
aggrecanases and include ADAMTS-1, -4, -5, -8, -9 and -15 (and possibly ADAMTS-
20 due to similar domain structure to ADAMTS-9) (reviewed by Porter et al, 2005). OA
is characterised by progressive degeneration of articular cartilage ECM by an increase
in proteinase activity and insufficient synthesis of new matrix components (reviewed by
Hedbom & Héiuselmann, 2002). Rheumatoid arthritis (RA) is a systemic autoimmune
inflammatory disorder, caused by autoreactive T cells, cytokines, chemokines and

proteinases, resulting in joint destruction (reviewed by Lee & Weinblatt, 2001).

The GEPs do not have greatly similar domain structures or primary sequences that are
as highly conserved as the pro-collagen convertases. This suggests that the breakdown
of collagen requires stringent structural requirements whereas aggrecan breakdown can
be achieved with structurally diverse ADAMTSs. GEPs are expressed in a large number
of tissue-types within the body and degrade substrates other than aggrecan e.g. the
lectican; versican and cartilage oligomeric matrix protein (COMP, processed by
ADAMTS-4), thus they are likely to have roles other than in cartilage turnover
(reviewed by Flannery, 2006).
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1.2.2 Chondroitin Sulphate Proteoglycans

The main substrates of ADAMTS GEPs are the proteoglycans, which are important
components of the ECM, found in all tissue types including cartilage and the brain.
Some of the functions of proteoglycans were summarised by Rhodes & Fawcett (2004)
including; cellular adhesion and growth, binding to receptors, formation of barriers and
interactions with other ECM constituents. Proteoglycans are comprised of a core protein
carrying covalently bound, negatively charged GAG chains of ~20-200 residues in
length. GAGs are unbranched chains of repeating disaccharide units usually consisting
of an uronic acid and an amino sugar. The main types of proteoglycan known to be
cleaved by GEPs all have chondroitin sulphate GAGs (CSPGs), although aggrecan also
has keratan sulphate GAGs attached (Roughley, 2006).

The disaccharide unit of chondroitin sulphate GAGs is glucuronic acid which is linked
to N-acetyl galactosamine via a B-glycosidic bond. Polymerisation into the long GAG
chains is facilitated by human chondroitin synthase and chondroitin sulphate
polymerising agent. The serine residues of proteoglycan core proteins are linked to
GAGs by the sugar xylose (by xylosyltransferase). The position on the core protein
where GAGs bind has a profound influence on the ability of the proteoglycan to bind to
other molecules (Galtrey & Fawcett, 2007).

1.2.2.1 The Lecticans

A group of CSPGs that have been shown to be GEP substrates are the lecticans, which
are structurally related in that they have similar N and C-terminal domains but vary in
the size of core protein as well as the length and number of GAGs attached as shown in
Figure 1.6. The lecticans are also known as the hyalecticans (or hyaladherins) because
of their ability to bind non-covalently to hyaluronan, a GAG residing in the ECM and
on cell-surfaces. This interaction is stabilised by a link protein, to which lecticans also
bind. In mammals, there are four members of the lectican family, two of which are
expressed throughout the body; aggrecan (cartilage, notochord, central nervous system
[CNS]) and versican (virtually all connective tissue, blood vessels, mesenchyme, brain,
kidney, cartilage) and two which are only found in the CNS; brevican and neurocan

(reviewed by Viapiano & Matthews, 2006; Bandtlow & Zimmermann, 2000).
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The core protein of aggrecan consists of three globular domains; G1, G2 and G3 with an
interglobular domain (IGD) between G1 and G2 and a GAG-attachment region between
G2 and G3. Aggrecan exists in the ECM as aggregates, forming structural complexes
with hyaluronan and link proteins and it is the G1 domain at the N-terminal end of the
protein which is important for such interactions (Knudson & Knudson, 2001). The
function of G2 has yet to be deciphered but no interactions with hyaluronan have been
observed. At the C-terminus of aggrecan is G3, which can be alternatively spliced,
producing aggrecan variants, the implications of which are as yet unknown (Roughley,
20006).

The GAG-binding region of aggrecan can be divided into three domains, one binding
keratan sulphates (next to G2) and two binding chondroitin sulphates. The GAG-
attachment domain is considerably larger in aggrecan than the other lecticans with ~100
chondroitin sulphates attached compared with ~20 in versican, ~3-7 in neurocan and ~1-
3 in brevican (Viapiano & Matthews, 2006). It is this large GAG-attachment region
which gives aggrecan a high anionic charge density, rendering the protein with crucial
osmotic properties required for cartilage function (Roughley, 2006). Aggrecan prevents
compression of cartilage by hydrating and swelling against the type II collagen scaffold.
Proteolytic liberation of the GAG-attachment region may initiate a series of cellular

responses that cumulate in the loss of load-bearing properties (reviewed by Arner, 2002).

Brevican, versican and neurocan lack the G2 domain but contain highly similar G1 and
G3 domains to aggrecan. As a result of alternative splicing four different isoforms of
versican have been identified; V0, V1, V2 (major species in adult brain) and V3. The
four isoforms vary in terms of GAG-binding domains, with VO having two (GAG-a and
GAG-B); V1 (GAG- B) and V2 (GAG-o) having one and V3 lacking both (just the

globular domains).
1.2.3 ADAMTS Proteoglycanase Activity

Sandy et al (1991) discovered a novel aggrecan cleavage-site which was not a target for
MMPs, thus triggering an eight-year search for the unknown aggrecanases. The bond
was Glu’-Ala’™ and similarly to the characteristic-cleavage site of MMPs (Asn*'-
Phe**?) was located in the IGD, cleavage of which liberated the G2, GAG-binding and
G3 domains of aggrecan from hyaluronan (Gl still attached). A group at DuPont
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Pharmaceuticals (USA) were the first to show that ADAMTS-4 (aggrecanase-1) and
ADAMTS-5 (aggrecanase-2) cleaved at the Glu’”’-Ala*™ bond and as a result
aggrecanases have become the focus of intensive research (Tortorella et al, 2000;
Abbaszade et al, 1999).

The same group further characterised ADAMTS-4 cleavage of aggrecan by identifying
two more cleavage-sites, both within the GAG-binding domain. Purified ADAMTS-4
was incubated with bovine aggrecan (the cleavage-sites of which are highly similar to
human aggrecan) over a period of time and antibodies were used to detect breakdown
products. It was demonstrated that the preferred cleavage-site for ADAMTS-4 was the
G1u1667-Gly1668 bond followed by Glu'**-Gly'**! bond with Glu*7*-Ala>™ bond the least
preferred. However, these data did not answer the question of whether Glu'*¢’-Gly'®®is
the first to be targeted or whether it is the bond which is just cleaved the fastest (i.e. all
sites are initially targeted at the same time). Problems with varying antibody reactivity
for different breakdown products were also cited by the authors (Tortorella et al, 2000).
Since this study it is understood that ADAMTS-4 and ADAMTS-5 generally cleave at
the same sites and further bonds have been characterised or proposed as targets for these
aggrecanases (Glu1545-G1y1546, Glu'®”-Ala"®° and Glu'"'"-Leu'®®) (reviewed by

Flannery, 2006).

ADAMTS-1 has also been demonstrated to cleave aggrecan at the Glu*™-Ala®™ site
(Kuno et al, 2000) as well as all the bonds cleaved by ADAMTS-4 and -5, as shown by
N-terminal sequencing of fragments, a more objective approach than using antibodies
(Vankemmelbeke er al, 2003). Other aggrecanases, which cleave aggrecan far less
efficiently than ADAMTS-1, -4 and -5 include ADAMTS-8, major cleavage site at
Glu*™-Ala’™, which is expressed in human articular cartilage (Collins-Racie et al,
2004), ADAMTS-15, major cleavage site at Glu’>-Ala®™* (Yamaji et al, 2004) and
ADAMTS-9 at Glu*"'-Ala**? (Somerville et al, 2003).

1.2.3.1 Aggrecanase ADAMTSs in Arthritis

In arthritic disorders, ADAMTS-4 and -5 are considered to be the most important.
ADAMTS-17" mice challenged with methylated bovine serum albumin (mBSA), which
induced arthritis-like pathology, displayed no protection against ‘accelerated

aggrecanolysis' when compared to WT animals (Little et a/, 2005). A recent study
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utilising siRNA techniques to knockdown ADAMTS-1, -4 and -5 genes in human
cartilage explants showed further the redundancy of ADAMTS-1 in arthritis. A marked
reduction in aggrecan degradation was observed in ADAMTS-4 and -5-suppressed
explants. However no reduction in aggrecan catabolism was observed in explants
transfected with ADAMTS-1 siRNA (Song et al, 2007). These findings backed up
earlier data which demonstrated that ADAMTS-4 and -5 were the predominant
aggrecanases in OA cartilage, based on the detection of aggrecan-neoepitopes cleaved at

target sites for these enzymes (Malfait ef al, 2002).

An in-depth in vivo analysis of aggrecan processing in human knee cartilage and
synovial fluid was conducted by Sandy & Verscharen (2001). These data showed an
important role for both ADAMTSs and MMPs. In normal, injured and late stage OA
knee joint cartilage, five (>50% of total aggrecan present) of the seven major aggrecan
breakdown products resulted from MMP processing and not ADAMTS activity. The
major product detected that was a result of ADAMTS proteolysis was formed by
cleavage at the Glu’”>-Ala®™ site. In contrast to the results obtained in cartilage tissue,
aggrecan breakdown products in the normal synovial fluid and fluid-obtained from
injured knee joints are a result of cleavage by ADAMTSs as opposed to MMPs (Sandy
& Verscharen, 2001).

Recently the question of which aggrecanase is the most important in arthritis has been
addressed by studies in ADAMTS-4 and ADAMTS-5 knock-out (KO) mice. There is
substantial evidence demonstrating that ADAMTS-5 (not ADAMTS-4) is the crucial
aggrecanase mediating OA and RA-like pathology in mice. Glasson et al (2004)
originally showed that ADAMTS-4 KO mice showed no difference in progression or
severity of OA-like pathology (induced surgically by transecting the meniscotibial
ligament) compared to WT. Following on from this study, Glasson et al (2005) deleted
the catalytic domain of ADAMTS-4 and -5 prior to inducing the same joint instability.
In contrast to the ADAMTS-4 data, ADAMTS-5"" mice displayed a reduction in
aggrecan-cleavage product production compared to WT in vivo (showed by
immunostaining technique). Furthermore, cartilage obtained from ADAMTS-5" mice
and cultured in the presence of interleukin-1B (IL-1B) and RetA in vitro showed
minimal release of proteoglycan fragments. This was in contrast to tissue from WT and

ADAMTS-4™ tissue.
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Similar methods were adopted to ascertain the key aggrecanase in a RA mouse model,
whereby ADAMTS-4 and -5 KO mice knee joints were injected with mBSA. In a
similar pattern to the study undertaken by Glasson ef al (2005), ADAMTS-57 cartilage
tissue explants displayed no release of aggrecan in vitro following inflammatory
stimulus when compared to ADAMTS-4" and WT. Furthermore, in vivo studies
showed that ADAMTS-5" mice had less aggrecan loss and cartilage erosion as showed

by toluidine blue staining (Stanton et al, 2005).
1.2.3.2 Versican and Brevican Processing by Glutamyl Endopeptidase ADAMTSs

Aggrecanases have the potential to cleave lecticans other than aggrecan, although many
have still to be tested. When incubated with brevican in vitro, ADAMTS-4 generated
two major fragments thus demonstrating that only one cleavage site was targeted
(Glu***-Ser**®) (Nakamura e al, 2000). This same result was obtained by another group
who conducted similar incubations following the observation that a glioma cell line
synthesised and cleaved brevican at the same site (Matthews et al, 2000). Furthermore,
Nakada et al (2005) showed that glioblastoma cells transfected with ADAMTS-4 and -5
produced brevican cleavage products, whereas ADAMTS-1 and un-transfected cells

displayed no cleavage.

ADAMTS-1 and ADAMTS-4 have been shown to cleave V1 versican in the GAG-f
binding domain at Glu**'-Ala**?
fragment (70 kDa) was detected in human aorta (Sandy er al, 2001). Additionally
ADAMTS-4 has been shown to process V2 versican at the Glu*®-GIn*® site within the
GAG-a binding domain (Westling et al, 2004). ADAMTS-9 has also been described as

in a study which demonstrated that the resultant

having the ability to cleave versican (Somerville ef al, 2003).

1.2.4 ADAMTS-9

ADAMTS-9 was originally cloned by Clark et al (2000), who localised the gene to
chromosome 3p14.2-p14.3. The aggrecanase was characterised as having one central
TSP-1 motif and three TSP-1s at the C-terminus. However, Somerville et al (2003)
described a much longer form that is considered to be the full-length product of the
ADAMTS-9 gene (Addamts9), containing fourteen TSP-1s at the C-terminus.
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ADAMTS-9 has an identical domain organisation and exon structure to ADAMTS-20
(Somerville et al, 2003; Llamazares et al, 2003). In addition, both enzymes have similar
primary sequences with ADAMTS-9 (1935) containing twenty-five amino acids more
than ADAMTS-20 (1911). An important difference between the two enzymes is that
they do not have identical zinc-binding catalytic site motifs. The catalytic site of
ADAMTS-9 is identical to ADAMTS-1 and -15 in that a proline residue precedes the
third zinc-binding histidine. In contrast, the catalytic site of ADAMTS-20 is not
identical to that of any other ADAMTS but most closely resembles that of ADAMTS-7
and ADAMTS-12 (8/12 matched amino acids) (Somerville et al, 2003). ADAMTS-20
has been shown to be sparingly expressed in all tissues studied, when compared to
ADAMTS-9 (except in leukocytes where ADAMTS-20 levels are higher than
ADAMTS-9) (Somerville et al, 2003). Hence ADAMTS-9 has been far more

extensively studied, especially in the field of development and embryogenesis.

1.2.4.1 ADAMTS-9 in Embryogenesis and Development

It is not surprising that the ADAMTSs have been implicated in development
considering the need for remodelling of the ECM to allow for growth. Somerville et al
(2003) and Llamazares et al (2003) demonstrated that human ADAMTS-9 and -20 have
comparable domain organisations and primary sequences to GON-1, a proteinase
required for gonadal morphogenesis in Caenorhabditis elegans nematode, by migration
of distal tip cells. In fact ADAMTS-9, ADAMTS-20 and GON-1 have a unique 200
residue GON domain containing several conserved cysteine residues at the C-terminus,
which defines these enzymes as being in their own subgroup. Furthermore, either
human ADAMTS-9 or -4 can substitute for GON-1 in GON-1 KO mice (Hesselson ef al,
2004). Preliminary evidence implicating ADAMTS-9 in such processes came from
reverse transcriptase polymerase chain reaction (RT-PCR) data showing that the
peptidase was expressed in all foetal tissue tested (brain, heart, kidney, liver, lung,
skeletal muscle, spleen and thymus) by Clark et al (2000). Somerville et al (2003) also
detected Adamts9 in the same tissues as well as detecting it in foetal cartilage. Adamts9

is also widely expressed during mouse embryo development (Jungers ef al, 2005).
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1.2.4.2 Novel Activation Mechanisms of ADAMTS-9

ADAMTS-9 has recently attracted much interest because it appears to be retained at the
cell-surface as opposed to being secreted into the ECM (Somerville et al, 2003; Koo et
al, 2006; Koo et al, 2007), which is unusual for ADAMTSs because they lack a TM
domain. In addition, novel mechanisms exist for ADAMTS-9 secretion and activation
(described in Section 1.1.5.1), which the authors postulate; 'ensures that ADAMTS-9
activity is maximal at the cell-surface', perhaps implicating the enzyme in cell migration

and growth by clearing a path through the ECM.

1.2.4.3 ADAMTS-9 Expression and Substrate Profile

In addition to being expressed in foetal tissue, Adamts9 is widely expressed throughout
the adult body including brain, heart, placenta, lung, liver, skeletal muscle, kidney,
pancreas, spleen, thymus, prostate, testis, ovary, small intestine, colon and skin
fibroblasts (Somerville ef al, 2003). The role(s) of ADAMTS-9 in such tissues can be

speculated to some extent based on a very limited amount of substrate specificity data.

ADAMTS-9 is considered to be an aggrecanase and is categorised in this way in a
number of reviews based on data by Somerville et al, 2003. However, there is some
doubt as to whether ADAMTS-9 does in fact function as an active aggrecanase. COS-1
cells were transfected with ADAMTS-9 or ADAMTS-4 (positive control) expression
plasmids and incubated overnight with aggrecan or versican. Antisera and antibodies
raised against aggrecan or versican catabolites generated by cleavage at known sites
were utilised for western blotting. A V1 versican neoepitope of approximately 75 kDa
was detected with sera raised against the C-terminus resulting from cleavage at Glu™!-
Ala**? generated by ADAMTS-9-transfected cells. The same band was detected with
ADAMTS-4-transfected cells whereas no band was observed with cells expressing the

plasmid but lacking the insert (negative control). Therefore, from these findings

ADAMTS-9 can be considered a versicanase.

The amount of aggrecan (20 pg) that was incubated with the transfected cells was four-
fold greater than the amount of versican utilised. Intense immunoreactivity (band at 100

kDa) to antisera raised against an aggrecan neoepitope generated by cleavage at Glu'""l-
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Ala'" bond was observed following incubation with ADAMTS-4-transfected cells.
However, a very faint band is observed with ADAMTS-9-transfected cells.

The conclusion that can be drawn from these data is that ADAMTS-9 cleaves aggrecan
less effectively than it cleaves versican in vifro. However, the investigators do not report
that they tested antibodies or antisera raised against other neoepitopes, consequently
there is no evidence to suggest that ADAMTS-9 does not cleave aggrecan at sites other
than those tested, such as at the Glu>”-Ala®™ bond. Another limitation with the work
was that only the signal peptide, prodomain and catalytic domain of ADAMTS-9 was
expressed and not the full-length protein. The ancillary domains of many ADAMTSs
are crucial for activity/substrate specificity, therefore the fourteen C-terminal TSP-1s
(and other domains) of ADAMTS-9 may contribute to a more efficient cleavage of
aggrecan. A direct comparison between ADAMTS-9 and ADAMTS-4 activity cannot
be drawn because of variations in transfection efficiencies, expression levels and
secretion levels (Somerville et al, 2003). It is likely that ADAMTS-9 has substrates
other than aggrecan and V1 versican, such as other isoforms of the latter and the

structurally similar brevican.
1.2.4.4 ADAMTS-9 in Arthritis and Inflammation

In light of this study demonstrating that ADAMTS-9 has the potential to cleave
cartilage proteoglycans, arthritis is an area of research in which it has been investigated.
Expression of Adamts9 was shown to be synergistically induced by IL-1p and tumour
necrosis factor (TNF) in OUMS-27 chondrosarcoma cells and in human chondrocytes.
In the same study, Demircan et al (2005) showed that p38 and p44.42 mitogen activated
protein kinases (MAPKSs) played a role in regulating some responses of Adamts9 to IL-
1B. These data indicate that ADAMTS-9 is potentially involved in physiology and/or
pathology as a result of cytokine-induced inflammation. ADAMTS-9 may not be as
critical in OA, in which inflammation is a less significant aspect when compared to RA.
Adamts9 levels were shown to be decreased in hip joints and synovium from patients
with OA when compared to samples from the same region displaying normal

physiology (Davidson et al, 2006).

Further evidence that ADAMTS-9 is involved in inflammation came from a study

utilising a retinal pigment epithelium (RPE) derived cell line ARPE-19. The RPE is a
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cell layer that plays an important role in the regulation and development of the
photoreceptors in the vertebrate retina. It lies adjacent to Bruch's membrane, a region of
ECM containing numerous CSPG species. Treatment of ARPE-19 with TNF resulted in
an up-regulation of Adamts9 expression (as well as Adamts] and Adamts6) (Bevitt et al,

2003).

Analysis of Adamts9 expression levels in response to an anti-inflammatory stimulus
shed further light on its role in inflammation. Cross et a/ (2005a) showed that
transforming growth factor-1 (TGF-B1) initiated a down-regulation (~3-fold decrease
compared to control) of Adamts9 (as well as other ADAMTSs) in prostatic stromal cells.
Treatment with TGF-B1 also initiated a ~7-fold increase in the expression of versican.
The authors speculated that the increased levels of versican observed in benign prostatic
hyperplasia (BPH) is a result of both decreased ADAMTS expression and increased

versican expression modulated by TGF-B1.

1.2.4.5 ADAMTS-9 in other Pathologies

Recent work has identified Adamts9 as a potential tumour suppressor gene in
oesophageal cancer. The group used microcell-mediated chromosome transfer to
introduce chromosome 3 into an oesophageal cell line prior to identifying the
ADAMTS-9 gene within the tumour suppressive critical region. Furthermore, levels of
ADAMTS-9 were lower in 94% of oesophageal cell lines tested as well as in over 40%
of primary tumours in high-risk regions (Far East) (Lo ef al/, 2007). In another study,
Keating et al (2006) demonstrated by gene-silencing approaches that ADAMTS-9 could
be involved in the pathogenesis of lung fibrosis. Despite ADAMTS-9 mRNA being
abundantly expressed within the adult and developing brain, as of yet no studies have

focussed on ADAMTS-9 within the CNS from a functional or pathological view point.

1.3 Central Nervous System

1.3.1 Organisation/Structure

The CNS consists of the brain and spinal cord which are made up of a complex
meshwork of a variety of cell-types, structural proteins, vasculature and circuits that
relay electrical signals; triggering neural functions such as memory, cognition, emotion
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and movement. The human brain weighs ~1-1.5 kg and can be divided into regions,

each with generally specific functions and structures (Purves et al, 2001).

The cerebrum is concerned with conscious thoughts such as memory and emotions and
can be separated into two hemispheres; right (controls left side of body) and left
(controls right). Each cerebrum hemisphere consists of four lobes; frontal, parietal,
temporal and occipital. The cerebellum is located at the back of the brain and is
important for balance and coordination. The cerebral cortex (grey matter) is a thin layer
of tissue that forms the outer surface of the cerebrum and cerebellum and has long been
considered responsible for perception/cognition. Two hippocampuses are located in
medial temporal lobes, located on either side of the brain and are involved in memory
and spatial recognition. The brain stem is at the bottom of the brain, connecting it to the
spinal cord and ultimately the rest of the body and is crucial for sustaining important

processes such as blood pressure, heart beat and breathing (Purves et al, 2001).

The brain receives blood from four arteries; two vertebral arteries (which join to form
the basilar artery) and two internal carotid arteries. The vasculature within the brain is
arranged around the circle of Willis from which the main arteries branch off including
posterior cerebral artery (serves the midbrain and superior cistern), internal carotid
artery (delivers to the optic chiasm), middle cerebral artery (MCA, feeds lateral sulcus
and entire lateral surface of cerebral hemisphere and temporal pole) and anterior
cerebral artery (leads to the optic nerve). In general it has been established that arteries
dictate cerebral blood pressure and the much smaller more branched capillaries control

CNS nutrition and waste removal (Farkas & Luiten, 2001).

A number of problems exist when studying the human brain including: a) samples are
difficult to obtain from the tissue (because of the skull), b) volunteers are reluctant to be
involved in studies, ¢) its 3-D structure is easily distorted during handling (due to its
high state of hydration and loose connections), d) post-mortem tissue is often not stored
(frozen) quickly enough, leading to tissue degradation and e) there is a lack of post-
mortem tissue (few donors). Consequently, the brain is perhaps the least understood

organ in the human body and animal-models are relied upon for experimental analysis.

32



1.3.2 Neurones

The role of neurones (nerve/neuronal cell) as the information processors/transmitters of
the body is well established. The basic mechanism by which 'messages' are passed from
neurone to neurone and ultimately to other regions of the brain/target-tissues can be
termed 'synaptic transmission'. The process involves the generation of an action
potential in an electrically excited axon prior to the influx of Ca®" ions and the passage

of neurotransmitter molecules across the synaptic cleft (Siegel et al, 1999).

1.3.2.1 Neuronal Structure

All neurones have the same basic structure consisting of a soma (perikaryon), an axon
and dendrites. The neuronal soma (cell body) contains organelles common to most cells
of the body including the nucleus, smooth ER, Golgi apparatus and lysosomes. The
axon can extend a great distance from the soma and can be divided into four
morphologically distinct regions: 1) the ribosome-abundant 'axon hillock', 2) the 'initial
segment', containing axolemma, responsible for action potential generation, 3) the 'axon
proper' (also contains axolemma), which is surrounded by insulating myelin sheath,
aiding in smooth nerve-impulse propagation and 4) the 'axon terminal', which interacts
with other neurones by extending out from the axon proper and releasing
neurotransmitters. Dendrites are arranged around the neuronal soma in many branches,
hence the term 'dendritic tree'; they are responsible for the nerve impulse entering the

cell prior to transmittance down the axon (Siegel ef al, 1999).

1.3.2.2 Types of Neurones

Within the CNS different types of neurones exist with subtle structural variations and
functions. Some neurones are widespread throughout the brain whereas others are
specific to a particular region. The most abundant neuronal cell type in the CNS is the
granular neurone (granule cells), present in the cerebellum (granular layer), cerebral
cortex, dentate gyrus of hippocampus and the olfactory bulb (forebrain). Granular
neurones are the smallest neurones in the CNS and are characterised by a round soma

(Yamasaki et al, 2001).
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Another neuronal-type is the pyramidal neurone, which is characterised by a conical
(triangular) soma, one large apical dendrite and numerous, distinctly large basal
dendrites, which extend over vast regions of the cerebral cortex and the hippocampus
(Tsiola, 2003). Elston (2003) proposed that the evolution of the specialised structure of
pyramidal neurones within the cerebral cortex is a major factor in how humans have
developed such a complex level of cognition. Furthermore, there is evidence to suggest
that pyramidal neurones in the hippocampus play a key role in environmental and

spatial responses by becoming active and changing their orientation (O'Keefe, 1999).

The presence of Purkinje cells is a characteristic morphological feature of the
cerebellum. Purkinj‘e cells have multiple postsynaptic dendritic spines which change
morphology in different experimental conditions e.g. mushroom-shaped spines are more
dynamic and have different signalling mechanisms than branched spines (Lee et al,
2005). Another morphological feature of Purkinje cells is an extremely large soma
(Purves et al, 2001). Other types of neurones include Renshaw cells, medium spiny

neurones and Basket cells.

1.3.3 Glial Cells

Spindle-shaped glial cells are the most abundant (~90% of all cells) cell-type in the
CNS, consisting of astrocytes, microglia and oligodendrocytes, which are all smaller
than neurones. Glia possess no synaptic contacts and were originally considered to play
supporting roles for neurones with no real functions, other than structural hence they
were named after the Greek word for 'glue' (He & Sun, 2007). However, it has become
apparent that glial cells perform essential roles in neuronal function and maintenance as

well as in response to injury (Siegel et al, 1999).

Astrocytes are the most abundant cell-type in the brain, providing physical support,
chemicals and nourishment to neurones. These star-shaped cells form a matrix which
keeps neurones in place and isolates synapses, thus aiding in transmission of neural
messages (Bear ef al, 2001). Other functions of astrocytes in normal CNS physiology
include; glycogen storage and export of metabolites, uptake of unutilised
neurotransmitters  (glutamate), neurotrophic  factor (NTF) and cytokine
production/secretion, synapse genesis and maintenance (Flynn er al, 2003; Farina et al,

2007).
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Microglia, the smallest of the glial cells, are the resident immune cells of the CNS,
whose roles include immune surveillance and phagocytosing debris from damaged
nerves. They belong to the same phagocytic lineage as other tissue macrophages e.g.
Kupffer cells, a liver-specific macrophage population. Morphologically, microglia are
similar to dendritic cells in that they have many 'spiky' outgrowths from the cell body,
however an amoeboid shape is adopted in response to injury (Vilhardt, 2005). In the
healthy brain, microglia are supportive cells but are also extremely motile suggesting
they are 'busy and vigilant housekeepers' (Nimmerjahn et al, 2005). There is evidence to
suggest microglia are kept in a quiescent state in the healthy brain by signalling from
neurones. The mechanism is thought to involve the interaction of the neuronally
expressed CD200 membrane glycoprotein with the CD200 receptor, present on
microglia (Hoek er al, 2000). Noted functions of microglia in normal physiology
include stimulating migration of neuronal precursor cells by releasing soluble factors
including chemokines (Aarum et al, 2003), axonal growth (via the release of NTFs)
(Batchelor et al, 2002) and synthesis of ECM components (Vilhardt, 2005).

The cells responsible for manufacturing myelin sheaths around axons are
oligodendrocytes (Schwann cells are principle myelinating cells in the peripheral
nervous system [PNS]) as first described by Hortega & del Rio (1921). The process of
myelination initially involves the migration of the oligodendrocyte precursors to the
axons where adherence takes place. Next, the cells proceed to differentiate and spiral
their processes around the axon via a poorly understood mechanism. One theory is that
the timing of oligodendrocyte differentiation and thus myelination is controlled by the
developmentally regulated decrease in the expression of Jaggedl in axons (Stangel &
Hartung, 2002). Jaggedl is thought to inhibit oligodendrocyte differentiation by
interacting with the Notchl receptor; therefore the down-regulation of Jaggedl
potentially increases oligodendrocyte maturation and thus myelination (Wang et al,

1998).

Glial precursor cells have become the focus of extensive study in recent years because
of their ability to differentiate into various cell-types. During embryogenesis, radial glial
cells can differentiate into neuronal, oligodendrocyte and astrocyte precursor cells.
Furthermore, astrocyte precursor cells can also differentiate into neuronal and
oligodendrocyte precursor cells as well as astrocytes in the perinatal period. It has been

described that MAPK1/2 and extracellular signal-regulated kinase 1/2 (ERK1/2) are
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important signalling pathways within radial glial cells, which contribute to the

proliferation of these cells (Vaccarino et af, 2007).

1.3.4 CNS Extracellular Matrix

The ECM is a complex structure which surrounds and supports cells in all tissue-types
in the body. It is made up of diverse proteins and proteoglycans which are secreted into
the extracellular space by numerous cell-types. The composition and form of ECM
varies greatly between tissue types and has a large impact on its different functions.
CNS ECM lacks fibrillar collagen, fibronectin and laminin, giving the brain a soft
consistency when compared to other proteoglycan-rich tissues (e.g. cartilage). The
matrix has a critical role in a wide variety of physiological brain processes such as
development (migration of precursor cells), repair, proliferation and cell signalling (via

integrins) (Bellail er al, 2004).

A significant percentage (~20%) of the normal brain volume is occupied by the ECM,
forming both general 'loosely-defined' matrices as well as perineuronal nets (PNN)
which surround and support neurones in a tightly packed, condensed manner. PNNs
have been shown to stabilise/limit synaptic plasticity (cellular adaptation to the
environment) and support ion homeostasis of neurones (Galtrey & Fawcett, 2007). It is
known that neurones and glial cells contribute to the secretion of PNN components;
principally hyaluronan, proteoglycans, tenascin-C (adhesive molecule related to laminin

and fibronectin) and thrombospondins (Yamaguchi, 2000; He & Sun, 2007).

The GAG hyaluronan is a major component of the cerebral ECM. It is comprised of
long chains of up to 25,000 repeating non-sulphated disaccharide units (made of
glucuronic acid and N-acetylglucosamine) forming molecules of up to 10° Da in size
(Galtrey & Fawcett, 2007). It is highly anionic, electrostatically attracting Na* and
inducing an osmotic influx of H,O into the extracellular space (Bellail er al, 2004).
Many ECM components are attached non-covalently to hyaluronan, which acts as the
'back-bone' to form complex ECM structures with lecticans, tenascins, link proteins and

carbohydrates.

The lecticans have been described as 'organisers of the brain ECM' and 'molecular

bridges' because they bind to two key ligands; hyaluronan via the N-terminus and to
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tenascin-C/-R via the C-terminus (Yamaguchi, 2000) as shown in Figure 1.7. Lecticans
are the most abundant CSPGs in the brain and are important because they a) provide
structural support to the hyaluronan scaffold and b) influence matrix function by
interacting with cell-surface molecules of other ECM components. Link proteins are
small glycoproteins thought to secure the interactions of lecticans with hyaluronan.
Bral2/Hapln4 is a link protein which is colocalised with brevican in PNNs, whereas
Bral2/Hapln2 is colocalised with V2 versican (Aono & Oohira, 2006).

Examples of lectican molecular interactions in the CNS ECM include neurocan with
members of the cell adhesion molecule superfamily (CAM), brevican with sulphated
glycolipids and aggrecan/versican with fibulin family members. In addition all lecticans
have the potential via their GAG-side chains to interact with NTFs, cytokines and cell-
surface signalling receptors (e.g. tyrosine kinases, CD44) (Viapiano & Matthews, 2006).

The ECM of the CNS contains proteoglycans other than the lecticans; including
phosphacan, which interacts with tenascin-R but is unable to bind to hyaluronan
(Galtrey & Fawcett, 2007). Another PNN component is thrombospondin-1, which binds
to HSPGs via its C-terminus and promotes platelet aggregation and cell adhesion (De

Fraipont et al, 2001).

In normal physiological conditions the ECM of the brain is a dynamic structure which
undergoes constant remodelling. In brevican” mice, neurocan expression was found to
be up-regulated because there were more binding sites for it within the matrix
(Brakebusch ef al, 2002). Furthermore, mice lacking neurocan, brevican, tenascin-C and
-R were healthy and fertile because aggrecan and versican compensated for the absent
molecules. Also, fibulin-1 and -2 increased in expression to neutralise the loss of
tenascin-C and -R (Rauch et al, 2005).

1.4 CNS Inflammation

1.4.1 Immunology of the CNS

Inflammation is the body's innate response to injury or microbial infection involving
white blood cells (leukocytes) and plasma enzyme systems, which generate
inflammatory mediators. If it is localised correctly with limited severity and duration it
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