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METALLOPROTEINASES:
MEDIATORS OF PATHOLOGY AND
REGENERATION IN THE CNS

V. Wee Yong

There has been an increase in research activity pertaining
to metalloproteinases, which include the matrix metallo-
proteinases (MMPs) and A disintegrin and metallo-
proteinases (ADAMs), in the nervous system. Not only
have these metalloproteinases now been convincingly
implicated in a myriad of neurological conditions, they
have also been associated with important neurophysio-
logical functions, including synaptic remodelling
and long-term potentiation (LTP). More recently, the
demonstration that metalloproteinases impact on Nogo
signalling, and regulate neural stem cell biology and
remyelination suggests their importance in regeneration
of the nervous system.

This review first introduces members of the metallo-
proteinase families and their biochemistry. This is
followed by a description of the detrimental aspects of
metalloproteinases in the CNS; this description is brief
and encompasses only general principles given the many
reviews that have already dealt with the subject. The article
then focuses on the beneficial roles of metalloproteinases
in the CNS during development and following injury,
and discusses their functions and mechanisms in neuro-
genesis, axonal growth and myelin formation. Because
this is a relatively new concept, the beneficial aspects
of metalloproteinases are given extensive coverage.

Abstract | The matrix metalloproteinases and related A disintegrin and metalloproteinase
enzymes are implicated in various diseases of the nervous system. However,
metalloproteinases are increasingly being recognized as having beneficial roles during nervous
system development and following injury. This review discusses general principles that govern
the expression of metalloproteinases in the nervous system and their detrimental outcomes.

It then focuses on the roles of metalloproteinases and their mechanisms in regulating
neurogenesis, myelin formation and axonal growth. It is clear that metalloproteinases are
important determinants in enabling recovery from injury to the nervous system.

The determinants of metalloproteinases as either
beneficial or detrimental are then explored. Finally,
considerations of therapeutics that inhibit the excess
metalloproteinase activity that occurs after CNS injury
are discussed. Careful use of therapies that target metallo-
proteinases is advised in view of the increasing recogni-
tion of the beneficial functions of metalloproteinases in
the CNS. It is hoped that this review will stimulate an
expansion of research on the varied and novel roles of
metalloproteinases in the nervous system.

Metalloproteinases and their properties

The metzincin metalloproteinases are those that bind
azinc ion in their active site using three histidine resi-
dues in the sequence motif HExxHxxGxxH (where x is
any amino acid). In addition, there is a distinct B-turn
at the active site, which is delineated by a methionine
residue and is important for activity. There are four
subgroups of metzincins: astacins, serralysins, MMPs
and the adamalysins; the last comprise the snake
venom metalloproteinases and ADAMs. There is
~20% homology between the metzincin subfamilies,
although identity at the catalytic domain is much
higher. This review addresses the MMPs and ADAM
metalloproteinases.
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Figure 1 | Structure of matrix metalloproteinases and A disintegrin and
metalloproteinases. The different domains of matrix metalloproteinases (MMPs) allow them to
be subclassified into the categories depicted here (based on classifications listed in REE. 1).
The figure lists both the MMP designation by numerals and the common names of the various
MMPs (in parenthesis). The pre- and pro-domains that are found at the amino terminus adjacent
to the catalytic region are not shown. The catalytic domain has also been referred as the
metalloproteinase domain. There are various differences between members of each category,
but these are not depicted. MMP21 (Xenopus MMP) is not included in this list. This has a
vitronectin-like insert in the pro-domain, but is otherwise similar to the simple hemopexin
domain MMPs, except that MMP21 lacks a hinge region. Molecular weights range from the
smallest MMP (MMP?7) of 28 kDa, to 92 kDa for human MMP9 in its pro-forms. A generic
structure for A disintegrin and metalloproteinases (ADAMs) is shown, but there are several
differences between members of this family®*°, EGF, epidermal growth factor;
GPI, glycosyl phosphatidylinositol; Ig, immunoglobulin; IL-1, interleukin-1; MT, membrane type.

There are 24 mammalian MMP members (MMP1-28),
each the product of a different gene. These can be sub-
divided on the basis of domain structure' (FIG.1). The
names MMP4-6 are no longer used, as the originally so-
called members were subsequently found to be MMP2
or MMP3; MMP18 has only been cloned from Xenopus
and there is no mammalian homologue. MMP22 is
present in chickens, but not in mice or humans. In
mice, there are two subtypes of MMP1, ColA and ColB.

INTEGRINS

Receptors on cells that interact
with ECM proteins or other cell
surface molecules, and that
regulate important functions
such as growth and survival.

MMP26 is present in humans, but there is no mouse
orthologue; there are also two versions of human
MMP23. Therefore, there are 23 mouse MMPs and 24
human MMPs.

With the exception of the six membrane-type MMPs
(MT-MMPs), MMP family members are generally
secreted from cells. Nonetheless, these MMPs can be
concentrated on the cell surface to improve their effi-
ciency of proteolysis by virtue of binding to MT-MMPs,
cell adhesion molecules, cell surface proteoglycans and
INTEGRINS. Pro-MMP?2 forms a complex consisting of
MT1-MMP (MMP14) and tissue inhibitor of metallo-
proteinase 2 (TIMP2), which allows a neighbouring
MMP14 to activate it on the cell surface. Pro-MMP2
can also be localized to cell surfaces by binding to a3,
integrin®. Similarly, active MMP9 binds to CD44, the
hyaluronan receptor. Some MMPs, such as MMP7, can
also be bound on the cell surface by association with
membrane heparan sulphate proteoglycans®.

The pericellular MMPs are believed to be the physio-
logical mediators of matrix degradation or turnover
and, collectively, the MMPs can cleave all protein comp-
onents of the extracellular matrix (ECM)*. Indeed, many
peptides liberated by the partial proteolysis of ECM
macromolecules can regulate cell activities. Besides
the ECM, other substrates of MMP processing include
growth factors, receptors and adhesion molecules®.
These activities confer on MMPs functions as diverse as
cellular differentiation, migration, regulation of growth
factor activity, survival or apoptosis, angiogenesis,
inflammation and signalling"*.

MMPs have the potential for massive tissue destruc-
tion, and their expression and activity are tightly regu-
lated”. MMP activity is controlled at three main levels:
first, transcription (many MMPs are only expressed
following cell activation or stimulation); second,
proenzyme activation, during which MMPs — initially
expressed as inactive zyMoGENs — require processing to
expose the active catalytic site; and third, inhibition by
physiological inhibitors, including the four TIMPs (1-4)
and 0.-2 macroglobulin in serum. There are additional
mechanisms that control MMP activity, including
internalization, post-translational modifications (for
example, glycosylation of MMP9), storage of MMPs
(for example, MMP9) in granules of neutrophils, and
compartmentalization and availability of substrates.

The ADAMs are membrane-anchored enzymes
with more domain structures than the MMPs (FIG. 1).
The additional features include a disintegrin domain,
a cysteine-rich region, an epidermal growth factor
(EGF)-like domain and a cytoplasmic domain. The dis-
integrin domain can bind integrin and the cysteine-rich
region can interact with proteoglycans; these structures
therefore help target ADAMs to substrates®®. The cyto-
plasmic domain of ADAMs often contains signalling
motifs, thereby implicating ADAMs as mediators of
signal transduction. Interestingly, some ADAM family
members do not contain the HExxH catalytic site
consensus sequence for metalloproteinases, and little is
known about how these proteins function. There are 29
mammalian ADAM family members, 17 of which have
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ZYMOGEN

An inactive pro-form of an
enzyme. All metalloproteinases
are initially expressed as
zymogens that require
processing to expose their
active catalytic site.

ECTODOMAIN SHEDDING
Refers to the release of an active
factor from the cell membrane,
usually from an inactive form,
by proteases. For instance, all
EGF receptor ligands, which
affect development and disease,
are released in this manner.

GELATIN ZYMOGRAPHY

A gel-based method, using gels
impregnated with gelatin, to
measure the level of MMP2 and
MMP?9 through their ability to
degrade gelatin.

EXPERIMENTAL AUTOIMMUNE
ENCEPHALOMYELITIS

(EAE). An animal model of
multiple sclerosis that is
initiated in animals by injecting
myelin proteins or peptides to
raise autoreactive T cells, or by
the transfer of autoreactive

T cells into naive recipients.

the HExxH consensus sequence. Not much is under-
stood about the regulation of ADAM expression or their
endogenous inhibitors; TIMP3, but not TIMP2, inhibits
the activity of some ADAM metalloproteinases'®,
and TIMP1 inhibits ADAMI0 (REE. 11).

ADAMs can cleave and remodel components of
the ECM?. However, their best characterized function
is the proteolytic processing of membrane-anchored
precursors and the subsequent release of mature pro-
teins. This process is referred to as ‘protein ECTODOMAIN
SHEDDING, and substantially alters the activity of the
substrate. Examples of proteins modulated in this
manner include the cell-surface receptor Notch and
its ligand Delta, which are important in nervous
system development, amyloid precursor protein,
which is implicated in Alzheimer’s disease, tumour
necrosis factor-o. (TNFa), and the ligands of the EGF
receptor®. The last category includes EGF, transform-
ing growth factor-o., neuregulins and heparin-binding
EGF-like growth factor. These ligands are synthesized
as membrane-anchored precursor forms, many of
which have some activity, and are shed by metallo-
proteinase-dependent cleavage to generate soluble
ligands with increased activity. It should be noted
that MMPs can also promote ectodomain shedding,
although ADAMs might act as physiological mediators
in this regard.

More recently, another group of ADAM-related
proteases has been described. These proteins have
the protease, disintegrin and cysteine-rich domains
but differ from ADAMs in having thrombospondin
(TS)-like repeats. These are referred to as ADAMTSs,
of which 19 have been described'?. Unlike the ADAMs,
the ADAMTSs lack the transmembrane domain and
are secreted molecules. As there is minimal literature
on ADAMTSs in the nervous system, these metallo-
proteinases will not be discussed further. However,
research in this area should be encouraged as many
of the substrates for ADAMTSs, such as brevican and
other proteoglycans, are upregulated in CNS injury
sites where they are barriers to axonal regrowth (see
below). At present, TIMP3 is the only known natural
inhibitor of ADAMTSs.

Metalloproteinases as mediators of disease
The adult mammalian CNS contains several metallo-
proteinases with detectable levels of transcripts or pro-
teins*"'°. Their upregulation, and increased expression
of other metalloproteinases that are not detectable in the
normal state (for example, MMP12), occur in all diseases
of the CNS. As MMP upregulation in nervous system
pathology and the detrimental effects of these proteins
have been extensively reviewed'¢"'%, this article discusses
only the principles of the elevation of metalloproteinases
in CNS insults and their detrimental mechanisms.

General principles of the elevation of metalloproteinases.
An increase in the expression of gelatinase B, or
MMP?9, has been well documented in insults to the
CNS. Gelatinases can be easily detected by GeLarin
ZYMOGRAPHY, an electrophoresis-based method in

which the gel contains gelatin, resulting in the focus
of their expression. However, it should be noted that
the metalloproteinases constitute a large family and
that the non-gelatinase members could serve more
important roles. When techniques are used to detect
the expression of multiple metalloproteinases — such
as multi-probe RNAase protection assays — a typical
result is the simultaneous elevation of several mem-
bers. In an acute insult such as spinal cord compression
injury, we have documented the increase in transcripts
encoding MMP?2, 3,7, 10-13, 19 and 20 (see below for
the comments on MMP9 and the release of preformed
MMP?9 by neutrophils; alteration of MMP9 transcript
is not informative in spinal cord injury). This increase
is time-dependent, with elevations in MMP3, 7, 10, 11,
19 and 20 observed within 24 h of injury, and the rest
within 5 days". During the period of peak clinical signs
iN EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS (EAE),
an animal model of multiple sclerosis, the transcripts
encoding the majority of MMPs are elevated, with the
exception of MMP?7, 20 and 28 (which are unchanged),
and MMP15-17, 21 and 24 (which are reduced)**. In
EAE, it is remarkable that 11 MMP family members are
elevated in peak disease state; furthermore, although
the significance is unclear, four of the five MMPs
that are downregulated (MMP15-17 and 24) belong
to the MT-MMP class. Expression of ADAM family
members, especially ADAMI12 (REE 20), is also altered
in EAE.

Comparisons across EAE and spinal cord injury
show that not all metalloproteinases are altered in a
similar manner. For example, the expression of MMP7
is increased in spinal cord injury but it is unaltered
in EAE; the expression of MMP15-17 is unchanged
in spinal cord injury but is reduced in EAE'*". So,
although many metalloproteinases are expected to be
elevated at peak disease severity, those that are altered
vary depending on the nature of the injury.

The increase of several metalloproteinase family
members in nervous system pathology is the result of
contributions from various cellular sources. In general,
the different leukocyte subsets express a spectrum of
metalloproteinases* and the CNS contains most of the
ADAM family members and MMPs'#'>"_ Therefore,
in injuries/disorders such as stroke, multiple sclerosis
and neurotrauma, in which there is an influx of leuko-
cytes, the metalloproteinases that are detected might
be the result of production and secretion by not only
infiltrating cells, but also neural and endothelial cells.
The prominent induction of MMP12 in cases of neuro-
trauma and intracerebral haemorrhage results from
expression in CNS-intrinsic microglia, and peripheral
macrophages that enter into the CNS?*.

CNS insults with neutrophil infiltration provide
another example of metalloproteinase expression. In
spinal cord injury and stroke, the influx of neutrophils
is an early and significant event. Neutrophils have
preformed stores of MMP9 (REE 24), and the prompt
elevation of MMP9 protein that is seen in CNS insults
with neutrophil infiltration®>* might be the result of
the release of preformed MMP9 into the injury site.
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Table 1 | Outcomes of adult MMP-null mice in CNS insults

Genotype Reported outcome Reference
MMP2-~ Earlier onset and more severe EAE due to a 27
compensatory increase in MMP9
No difference from wild type after focal ischaemia 116
Reduced glioma growth 117
MMP9~ Better recovery from spinal cord injury 25
Reduced apoptosis of retinal ganglion neurons after 49
optic nerve ligation
Less severe EAE disease course 118
Improved histological and motor outcome in brain 119
trauma
Better histological outcome from ischaemic stroke 120
Increased haemorrhage, neurological deficits and 121
lethality after intracerebral haemorrhage
Impaired remyelination after a spinal cord lesion 26
MMP12-/ Worse disease course in EAE 14
Better recovery from spinal cord injury 23
Better functional recovery from intracerebral 122

haemorrhage

The varied outcomes highlight the influence of both the beneficial and detrimental properties of
matrix metalloproteinases (MMPs) in the CNS. EAE, experimental autoimmune encephalomyelitis.

Therefore, when the MMP9 transcript is measured
soon after these insults, its elevation is often not
remarkable'®, which shows that the use of transcripts
alone can under-represent the role of MMP?9 at sites of
neurotrauma. These observations highlight the impor-
tance of studying the expression of a metalloproteinase
at several levels, including enzymic activity, and protein
and transcript expression.

The increase of many metalloproteinases in CNS
pathology raises the question of which of these
enzymes are important for the pathophysiological
process. The alleviation of disease pathology in
response to metalloproteinase inhibitors'® shows that
the net effect of the expression of metalloproteinases
in CNS injury is detrimental. As these metalloprotei-
nase inhibitors (for example, BB94 and GM6001) are
not specific to particular proteins, and often do not
discriminate between the MMP and ADAM classes,
their use might guide but cannot conclusively impli-
cate specific members. Mice deficient in particular
metalloproteinases are still the best tool with which
to implicate that enzyme in CNS pathology. In this
regard, MMP9-null mice have been found to be less
afflicted than wild-type mice by EAE and stroke,
whereas MMP9- and MMP12-null mice recover
better from spinal cord injury (TABLE 1). MMP2-null
mice have been found to be more susceptible to EAE,
which has been attributed to a compensatory increase
in MMP?9 in these animals?.

Different metalloproteinases might have distinct and
opposite roles. We have noted in the mouse model of
EAE that MMP9 promotes the development and progres-
sion of the disease (V. W. Y., unpublished observations),
whereas MMP12 has a role in its resolution'.

A convergence of data also implicates MMP9 in
human diseases. For example, the upregulation of
MMP9 in serum and cerebrospinal fluid in multiple
sclerosis has been documented in several studies, espe-
cially when it is expressed as a ratio to TIMP1 (REE 28).
This corresponds to the development of gadolinium-
enhancing lesions on brain MRI, which are reflective of
inflammation and blood-brain barrier breakdown. The
level of MMP9 in the serum of patients diagnosed with
clinically isolated syndrome (which might represent
the first recorded event of multiple sclerosis) is already
raised from control levels, and is further increased in
patients who register a second event to become con-
clusively diagnosed as having multiple sclerosis*. A
polymorphism in the MMP9 promoter, which confers
increased transcriptional activity, is correlated with an
earlier onset of multiple sclerosis™. It should be noted
that, in addition to MMPs, ADAM10 and 17 are also
upregulated in brain tissues from patients with multiple
sclerosis’!, whereas ADAMTS14 has been associated
through genetic linkage with the disease™.

Another feature of changes in metalloproteinase
expression in neurological diseases is that they are
accompanied by concordant changes in TIMP expres-
sion. For example, the expression of both TIMP1 and
some metalloproteinases are elevated in EAE and after
spinal cord injury'*'>*, which raises the question of
whether there is net proteolytic activity. Indeed, it has
been revealed that there is with in situ gelatin zymog-
raphy, in which the result of overlaying a tissue section
with gelatin conjugated to fluorescein was that gelatin
was degraded”. The improved outcome after injury
noted above in mice that were deficient for particu-
lar metalloproteinases or that had been treated with
inhibitors also points towards net proteolytic activity
as being detrimental in several neurological diseases.
Overall, although these findings show that the net effect
of the acute upregulation of many metalloproteinases
in nervous system pathology is detrimental, certain
metalloproteinases that are discreetly expressed at
specific sites, particularly during the repair or recovery
phase, can have beneficial activity, which is noted above
for MMP12 in EAE (see also discussion below).

How is the expression of metalloproteinases regu-
lated after CNS injuries? A prominent stimulus is the
inflammatory cytokines (FIG. 2) that are also upregulated
in CNS injuries, expression of which typically precedes
that of the metalloproteinases. In culture, interleukin-1
(IL-1) is a strong inducer of the expression of metallo-
proteinases®*, and the promoter region of many
metalloproteinase genes contains binding elements for
IL-1-regulated transcription factors. In brain trauma,
the local application of IL-1-receptor antagonist reduces
the expression of MMP9 (REE 35). The promoter region
of TIMP1 also contains binding elements for IL-1-
regulated transcription factors, which might be responsible
for the simultaneous elevation of metalloproteinases
and TIMP1 during the acute or peak phases of a nervous
system insult. Other inducers of metalloproteinase
expression include alterations of ECM molecules,
integrin signalling and cHEMOKINES.
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Figure 2 | Interactions between

metalloproteinases, cytokines, chemokines and other

molecules present at a site of injury and their consequences. The expression and

activity of metalloproteinases can
the elevated protease activity can

be upregulated by inflammatory cytokines and chemokines;
, in turn, process cytokines and chemokines to alter their

properties. In addition, metalloproteinase activity can result in the processing of growth factors
and receptors, free radicals, extracellular matrix (ECM), integrins and other proteins. The net
result of these interactions includes the alteration of the extent of neuroinflammation,
neurotoxicity or survival, and growth and regeneration. Therefore, it is not only important to
determine whether there is a change in metalloproteinase activity, but also whether this affects
the interactions of MMPs with other molecules in their microenvironment. ADAM, A disintegrin
and metalloproteinase; MMP, matrix metalloproteinase; NO, nitric oxide.

CHEMOKINES

A subfamily of inflammatory
molecules that were initially
described in regulating the
chemotaxis of inflammatory
cells, but that also have
important roles in other
processes, such as cell growth
and differentiation.

As metalloproteinases can activate each other, the
net effect of the simultaneous expression of several
metalloproteinases is an overall increase in their
activity. The interaction with non-metalloproteinase
proteases is also significant; the serine protease plas-
min activates MMP2, and this facilitation of MMP2
activity is one mechanism by which glioma cells exploit
astrocytes to promote their invasiveness®. Reactive
astrocytes and microglia also interact, which results in
local MMP?9 activation”. Generally, the interaction of
proteases after injuries to the nervous system is an area
that needs further investigation.

The interaction of metalloproteinases with other
molecules at injury sites is also important. Nitric oxide
production is increased at lesion sites, where it might
contribute to the evolution of an injury. Significantly,
nitric oxide activates MMP9 through S-nitrosylation
and the resultant product is neurotoxic®. Similarly,
chemokines are also present at injury sites and there is a
complex but fascinating interaction between these and
metalloproteinases (FIG. 2). For example, MMP2 (as well
as MMP13 and 14 but not MMP7-9) removes an amino
(N)-terminal tetrapeptide from macrophage chemo-
attractant protein 3 (MCP3, also known as chemokine
(C-C motif) ligand 7, CCL7) and the cleaved MCP3
becomes an antagonist at chemokine receptors; this
supports a role for the MMP-processed chemokine to
terminate inflammation®. By contrast, MMP9 removes
6 amino acids from the N terminus of interleukin-8
(IL-8) and the truncated form becomes a more
potent stimulus for the recruitment of neutrophils®.
Similarly, it has been observed that in damaged lungs
the shedding of the complex of syndecan 1 and the
chemokine (C-X-C motif) ligand 1 (KC) by MMP7

establishes a gradient for the infiltration of neutrophils
into the lungs*', and similar concepts might apply
to the nervous system. The processing of stromal cell-
derived factor 1 (SDF1) by MMP2 results in a short-
ened SDF1 that acquires neurotoxic properties*.

The general features of expression and activity of
metalloproteinases in CNS injury might be summa-
rized as follows. First, several metalloproteinases are
upregulated simultaneously, particularly shortly after
an acute insult (for example, spinal cord injury) or at
peak pathological state of a chronic injury (for example,
EAE). Second, different metalloproteinases might be
more prominently represented at different phases of
the pathology. Third, particular metalloproteinases are
elevated in specific diseases. Fourth, there are many
cellular sources of metalloproteinases. Fifth, proteases
work in concert with or activate one another. Finally,
the metalloproteinases interact with other molecules
(FIG. 2) in the vicinity of an insult to confer various out-
comes. Overall, metalloproteinases are key molecules
that help to determine the outcome of an insult.

Mechanisms of metalloproteinases in pathology.
The abundant expression of some metalloproteinase
members in nervous system injuries can lead to several
undesirable outcomes. The breakdown of the blood-
brain barrier has been alluded to above. Other outcomes
include the development of demyelination and axonal
injury's, as the deposition of purified MMPs in the brain
parenchyma results in the loss of myelin*® and axonal
injury*. However, it is not clear whether these outcomes
are primary or secondary to other processes that develop
as the result of large amounts of metalloproteinases
injected into the brain parenchyma.

The modulation of neuroinflammation is another
significant outcome of changes in metalloproteinase
expression and activity after injury. Several MMPs can
generate encephalogenic fragments from CNS proteins,
examples of which include the cleavage of myelin basic
protein into fragments that produce neuroinflamma-
tion in animals*. Many inflammatory molecules, such
as TNFao, are synthesized as precursors that require
metalloproteinase processing to generate the active
form. The interaction of metalloproteinases with
chemokines to produce pro- or anti-inflammatory
molecules has been alluded to above. Finally, metallo-
proteinases can also degrade inflammatory molecules,
such as IL-1[3 (REE 46), to terminate their actions.

Perhaps the most significant consequence of the
overexpression of metalloproteinases in the CNS is the
regulation of cell survival and death. Various mecha-
nisms contribute to metalloproteinase-mediated cell
death (FIG. 2). The adherence of cells to the ECM pro-
vides survival signals through mechanisms that include
the activation of integrin receptors that have engaged
particular ECM proteins. When such anchored cells are
detached from the substratum, the loss of integrin sig-
nalling can result in apoptosis, a phenomenon that has
been referred to as anoikis (‘homelessness’). An advan-
tage of anoikis is that cells that are detached from their
usual locations do not become the seed of a tumour
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Figure 3 | The metalloproteinases regulate developmental and regenerative events in the CNS. The figure depicts the
genesis of progenies from a neural stem cell, the migration and differentiation of the progenies into neurons and
oligodendrocytes, and the subsequent formation of axons and myelin. The mechanisms by which metalloproteinases (MPs)
regulate these events are listed. Similarly, following an injury, metalloproteinases are involved in the repair process through
specific mechanisms. ECM, extracellular matrix; EGFR, epidermal growth factor receptor.

elsewhere. Therefore, in the CNS, the degradation of
ECM proteins and loss of integrin signalling by abnor-
mally expressed MMPs can affect cell survival®**.
Notably, the disintegrin domain of ADAMs can inter-
act with integrins* and MMPs can engage integrin
signalling’. In optic nerve injury in mice, the upregula-
tion of MMP9 and subsequent degradation of laminin
from the underlying inner membrane are thought to
be the mechanisms that accounts for the apoptosis of
retinal ganglion cells. This is consistent with the fact
that MMP9-deficient mice are protected from laminin
degradation and apoptosis of retinal ganglion neurons
after optic nerve injury®.

Kainic acid is a neurotoxin that is used extensively
to produce damage to neurons. The kainate-induced
excitotoxicity in the rat hippocampus is accompanied
by a net increase in MMP activity in hippocampal neu-
rons, and broad spectrum metalloproteinase inhibitors
protect these neurons™. Intravitreal injection of kainate
increases MMP9 activity in astrocytes, which correlates
with a decrease in laminin immunoreactivity in the
ganglion cell layer and apoptosis of retinal ganglion
neurons; this toxicity is protected by GM6001 (REE 51).

The results of tissue culture studies have also shown
that direct application of purified MMPs results in
neuronal death. Human fetal neurons are destroyed by
MMP1, and Conant et al. speculate that MMP1 disrupts
ECM and affects membrane receptors that modulate
cell survival®™. In more recent work, the same group™
showed that pro-MMP1 interacts with o, 3, integrin on
the neuronal surface, which results in a rapid reduction
in the phosphorylation of Akt, a kinase that influences
caspase activity and cell survival.

The interaction of metalloproteinases with other
molecules present in the injured CNS is also crucial
for determining whether toxicity occurs. As dis-
cussed above, nitric oxide activates MMP9; the stable

S-nitrosylated MMP9 product, which is toxic to neu-
rons®, has been detected in vitro and in vivo in a model
of stroke injury. Reactive oxygen species produced
after CNS injuries might contribute to the induction
and/or activation of MMPs, thereby exacerbating
injury, although inactivation of metalloproteinases by
oxidants, through modification of amino acids crucial
for catalysis, can also occur®. As noted above, active
MMP2 cleaves SDF1 to form a neurotoxic product®.

Metalloproteinases in growth and regeneration
Although many metalloproteinases have detrimental
effects when they are overexpressed in CNS injuries,
they also have various roles in conferring beneficial
activities. This section describes the roles of metallo-
proteinases in neurogenesis, axonal growth and
myelinogenesis (FIG.3). These beneficial functions
occur not only during development but also in repair
of the CNS after insult in adult animals.

Metalloproteinases and neurogenesis. In vitro, neural
stem cells express MMP2 and all four TIMPs***. I situ,
TIMP3 mRNA is expressed in areas of extensive neuro-
genesis, including the embryonic ventricular zone, the
postnatal subventricular zone and the rostral migratory
stream to the olfactory bulb®. Although the expression
of TIMP3 suggests roles for metalloproteinases during
development, TIMPs might exert their effects through
functions unrelated to protease regulation. For example,
TIMP2, through an MMP-independent mechanism,
promotes neuronal differentiation in vitro and in vivo™.
However, reports of metalloproteinase expression in
areas of neurogenesis, which relate expression to func-
tion, have since come to light. In Xenopus, neural crest
cells express ADAM13, and cranial neural crest cell
grafts that express protease-defective ADAM13 fail
to migrate along the hyoid and branchial pathways®.
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In postnatal development of the cerebellum, the expres-
sion of MMP?9 is spatiotemporally related to granule
cell migration, which is delayed in MMP9-deficient
mice®. Both MMP2 and 9 are expressed and involved
in postnatal morphogenesis of the cerebellum®.

The mechanisms by which metalloproteinases
regulate neurogenesis have not yet been defined.
One possibility is the modulation of the ECM and/or
other guidance molecules. In the rostral migratory
stream to the olfactory bulb, the pattern of expression
of TIMP3 is similar to the ECM proteoglycan brevi-
can®. Furthermore, many of the molecules that effect
cell fate decisions in neurogenesis are substrates for
metalloproteinases, an example of which is the Notch
pathway, which is mediated by ADAM10 and 17 sig-
nalling®’. Another mechanism of metalloproteinases in
neurogenesis might involve interaction with integrins,
growth factors and other molecules to confer activities
such as survival, differentiation and signalling®. Finally,
the EGF receptor ligands, which include EGF and
neuregulins, are potent mediators of proliferation and
lineage specification of neural stem cells®; ADAM:s reg-
ulate the activity of these ligands through ectodomain
shedding’, as can MMPs.

We await reports of the roles of metalloproteinases
in neural development, and whether neural stem cells
and their differentiation into committed progenies is
altered in the CNS of metalloproteinase-deficient
mice. Such reports would help us to define which
metalloproteinase family members are crucial for
neural development. Similarly, experiments involving
the use of metalloproteinase inhibitors during neu-
ral stem cell proliferation and differentiation could
help further establish a role for metalloproteinases in
neurogenesis.

Metalloproteinases and axonal growth. There is sub-
stantial evidence that metalloproteinases regulate axonal
growth. The metalloproteinase activity is localized to the
growth cones of neurons, and inhibition of metallopro-
teinase activity reduces growth cone motility**. In PC12
cells treated with nerve growth factor (NGF), neurite
extension correlates with the localization of MMP3 by
immunohistochemistry to the growth cones®; PC12
lines that stably express MMP3 antisense RNA have
reduced capacity to penetrate matrigel, a reconstituted
basement membrane®®. Active proteolytic activity
demonstrated by in situ zymography with gelatin-FITC
(fluorescein isothiocyanate) as a substrate has also been
shown in cerebellar neurons and at the edge of growth
cones from dorsal root ganglion neurons”. MT5-MMP
expression is closely associated with the formation of
dendritic trees of Purkinje neurons®. Growth factors
and ECM molecules that promote neurite outgrowth,
such as NGF and laminin, increase the expression of
MMP2 in neurons®.

Mutational analyses have also shown that metallo-
proteinases have roles in axonal elongation. In
Drosophila melanogaster, defects in kuzbanian, which
is homologous to mammalian ADAMI10, lead to stalled
axons during development™. In a phenotype-based

gene-trap screen, ADAM23 was identified as a regu-
lator that controls axonal wiring in the murine CNS”',
and ADAM23 mutant mice show tremor and ataxia™.
Indeed, ADAM23 expression is enriched in neurons
throughout the rat brain and at all stages of postnatal
development 7.

Besides the elongation of axons, metalloproteinases
are also implicated in their guidance. In vivo studies of
development of the retinotectal projection of Xenopus
embryos found that the addition of metalloproteinase
inhibitors at low concentrations disrupted guidance
cues, whereas higher concentrations reduced axonal
outgrowth’. Ephrins are guidance molecules that
bind to Eph family receptors and Hattori et al.”
found that the ephrin-Eph interaction was disrupted
by ADAM10. The engagement of another guidance
molecule, netrin 1, with its receptor, DCC (deleted
in colorectal carcinoma), was altered by metallo-
proteinase activity through the shedding of DCC; it
was proposed that proteolytic activity might regulate
axonal growth by controlling the number of functional
extracellular axon guidance receptors. Kuzbanian
may act partly through the proteolytic activation of
the Slit and Robo receptor complex that regulates
axonal guidance”. In Caenorhabditis elegans, mutants
with loss-of-function of UNC-71 (which is probably a
homologue of mammalian ADAM14) have defects in
the guidance of motor axons; double mutant analysis
of UNC-71 with other axon guidance signalling mole-
cules implicates a mechanism involving integrins and
netrins that provide distinct axon guidance cues.
Different metalloproteinases are now thought to regu-
late axon behaviour at distinct ‘choice points’ during the
development of retinal ganglion neurons: one is thought
to provide guidance at the optic chiasm and another
is proposed to guide axons in the mid-diencephalon
en route to the tectum”.

In conclusion, the formation of neurites and the
activity of growth cones during development are
associated with the expression of several metallo-
proteinases. This relationship is functionally coupled,
as the reduction of metalloproteinase activity decreases
neurite outgrowth and affects guidance decisions.

Metalloproteinases and axonal regeneration. If metallo-
proteinases are expressed during development to
guide axonal growth, does the same occur following
an injury? Can some of the metalloproteinases that
are expressed abundantly after nervous system injury
be used for repair? Evidence that metalloproteinases
facilitate regeneration of axons in vivo is lacking, but
various lines of evidence point towards this potential.
First, expression of metalloproteinases has been shown
to correspond with periods of recovery. In regenerating
sciatic nerve fibres, MMP9 expression is co-localized
with phosphorylated neurofilament M, a marker for
regenerative elongation; the phosphorylated neuro-
filament M is also induced by MMP9 treatment and
inhibited by an anti-MMP9 antibody treatment®.
Regenerating axons show immunoreactivity for MMP2
and 3 (REE 81). Ahmed et al.* report that MMP1, 2 and
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CHONDROITIN SULPHATE
PROTEOGLYCANS

(CSPGs). Important
components of the ECM. The
deposition of these proteins at
sites of CNS injury is an
important impediment to
axonal regrowth.

9 levels are higher in a regenerating (non-scarring)
versus a non-regenerating (scarring) model of optic
nerve injury in rats.

A second line of evidence that implicates metallo-
proteinases in axonal regeneration comes from studies
of their application to non-permissive substrates.
When primary dorsal root ganglion neurons are grown
on cryostat sections of normal adult nerves, neurite
outgrowth is poor as the adult nerves constitute an
unfavourable substrate. However, when the nerve sec-
tions are treated with active MMP2, which degrades
inhibitory CHONDROITIN SULPHATE PROTEOGLYCANS (CSPGs)
to expose permissive laminin, neurite outgrowth from
dorsal root ganglion neurons is promoted®. The inhibi-
tory effect of CSPGs on neurite extension from dorsal
root ganglion neurons is also eliminated by the addi-
tion of MT5-MMP¥. In a chronically denervated distal
tibial nerve segment, successful regeneration of axons
is facilitated by supernatant from a neural stem cell line
containing large quantities of secreted MMP2, which
degrades the CSPGs in the chronically denervated
nerve sections™.

There is also data that indicates a role for metallo-
proteinases in synaptic plasticity. Both the MMP9
transcript and protein are upregulated in the cell
bodies and dendrites of hippocampal neurons within
hours of intraperitoneal kainate administration, and
the protease appears to have a role in the dendritic
remodelling®. In traumatic brain injury involving the
hippocampus, the resultant reactive synaptic plasticity
corresponds to increased MMP3 expression®. In adult
rats with unilateral lesions of the entorhinal cortex,
those receiving vehicle showed normal sprouting and
synaptogenesis, with the emergence of the capacity
for LTP within the sprouting pathway; by contrast,
lesioned rats receiving a metalloproteinase inhibitor
fail to develop the capacity for LTP*.

Wallerian degeneration occurs after injury and
involves the breakdown of myelin and axons, and
removal of degenerating nerve components. This
clearance is necessary for eventual repair. MMP levels
increase during Wallerian degeneration, and this cor-
relation is functionally significant as Wallerian degener-
ation of a transected nerve is delayed by hydroxamate
metalloproteinase inhibitors®.

In summary, the data for metalloproteinases in
axonal regeneration and dendritic remodelling is scant
but suggestive. More definitive evidence, perhaps in the
form of application of metalloproteinases to an area of
injury in vivo to improve axonal regrowth, is required. In
this regard, the complementary work of a glycosidase,
chondroitinase-ABC, is of interest. Chondroitinase-
ABC, a bacterial enzyme that removes the glyco-
sylaminoglycan side chain but not the core protein of
CSPGs, facilitates axonal regeneration when applied to
the lesion site in rats with spinal cord injury®. As the core
proteins of CSPGs also contain inhibitory domains®, it
is possible that improved regeneration can occur when
both chondroitinase-ABC and metalloproteinases are
used in tandem, as the latter can clear the core proteins
of CSPGs™ left behind by the chondroitinase-ABC

treatment. The in vivo application of proteases must
be conducted carefully, as it is necessary to prevent the
toxic properties of metalloproteinases from becoming
manifest.

Mechanisms of metalloproteinases in axonal growth.
There are several mechanisms by which metalloprotein-
ases might facilitate the growth of axons (FIG. 3). The
interaction with ECM proteins and guidance molecules
has been mentioned earlier. Another possibility is
through the activity of metalloproteinases on the Nogo
and Nogo receptor (NgR, also termed NgR1) complex
(FIG. 4). Besides the axon inhibitory properties of CSPGs
described above, members of the other major group of
molecules involved in inhibiting axonal regeneration
are components found in CNS myelin, including oligo-
dendrocyte myelin glycoprotein, myelin associated
glycoprotein (MAG) and NogoA (reticulon 4)*. These
myelin components inhibit neurite outgrowth by bind-
ing NgR on axons, which then transduces inhibitory
signals intracellularly through an interaction with a
transmembrane co-receptor, the p75 neurotrophin
receptor (p75N™); a third component, LINGO, might
also be necessary.

p75NT® has been the subject of extensive research
focused on processing by metalloproteinases. p75N™
undergoes proteolysis mediated by ADAM17, which
results in the release of an N-terminal fragment con-
taining the binding domain for NGF*; this reduction
of p75N® signalling by increasing metalloproteinase
activity might reduce the inhibitory signals for axonal
regeneration. The situation is complicated, however, by
arecent report that MAG initiates the cleavage of p75~™®
through sequential activation of an o.-secretase (which
is probably an ADAM) and a y-secretase, and that the
combined proteolysis leads to the MAG-inhibition
of neurite outgrowth®. In this context, increasing
metalloproteinase activity could enhance inhibitory
signalling for axonal regeneration.

For NgR, metalloproteinase activity generates an
N-terminal fragment that binds the Nogo66 domain
of NogoA, thereby blocking its binding to intact NgR%;
therefore the result of enhancing metalloproteinase
activity could be improved axonal regrowth. This
metalloproteinase activity probably resides in the
MT-MMPs* based on profiles of antagonism by various
inhibitors. Interestingly, the N-terminal fragment of
NgR generated by metalloproteinase activity in vitro
was detected in human brain cortex and cerebrospinal
fluid, which indicates that NgR proteolysis by metallo-
proteinases is a physiological or pathological event in
humans®.

It is not clear whether metalloproteinases can
remove oligodendrocyte myelin glycoprotein and
MAG, thereby clearing these myelin inhibitors from
sites of CNS injury. Previously, it was found that MT1-
MMP could digest NI-220 (REE 95), an inhibitory
protein on myelin that was subsequently found to be a
fragment of NogoA. So, besides inhibiting signalling by
NgR and p75™%, metalloproteinases might also remove
the ligands that trigger inhibitory signalling.
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Figure 4 | Mechanisms by which metalloproteinases might regulate axonal
regeneration of neurons. Among extracellular matrix (ECM) molecules, various
proteoglycans are responsible for the activity that inhibits axonal regrowth. By removing
these inhibitory ECM components (1), it might be possible to achieve disinhibition of neurite
outgrowth. The Nogo66 domain of NogoA interacts with the Nogo receptor (NgR), which
then associates with the p75 neurotrophin receptor (p75NF) to mediate inhibitory signalling
for axonal regrowth. Metalloproteinases (MPs) can remove the amino (N)-terminal fragment
(2) that binds Nogo66, thereby blocking its interaction with intact NgR. Metalloproteinases
can mediate the release of an N-terminal fragment of p75N'™ (3), which contains the binding
domain for nerve growth factor (NGF), thereby reducing inhibitory signalling through p75N™",
Finally, metalloproteinases can cleave and remove molecules such as NogoA (4) and
possibly other inhibitory myelin proteins such as myelin associated glycoprotein (MAG).
Overall, these activities of metalloproteinases could enhance axonal regeneration.

There are other activities of metalloproteinases
that are relevant to CNS regeneration. First, metallo-
proteinases impact on many aspects of cell survival
and apoptosis®. In neurons, MMP3 has been found
to confer neuronal survival properties by virtue of
removing FasL from the neuronal surface, thereby
protecting against Fas-induced apoptosis”. ADAMS8
also has a role in suppressing neuronal death. The
CHLI (close homologue of L1) protein, a neural cell
adhesion molecule, is processed by ADAMS, which
results in vitro in the stimulation of neurite outgrowth
from cerebellar granule neurons and the suppres-
sion of neuronal apoptosis; this activity of ADAMS
was not mimicked by ADAMI10 and 17 (REE 98).
Second, metalloproteinases interact significantly
with integrins as the disintegrin domain of ADAMs
can interact with integrins and several MMPs bind
integrins®. As noted earlier, integrins are vital to the
development of the nervous system®. Third, metallo-
proteinases can potentially remove growth factors that
are anchored to ECM or plasma membranes®, making
these bioavailable for regenerating structures. Fourth,
metalloproteinases have remarkable interactions with
neurotrophins, which are initially generated as a pro-
form requiring proteolytic conversion to the active
molecule. Both forms can have different properties:
the pro-neurotrophins and active growth factors differ

in their affinity for p75™ and Trk receptors, and
although pro-NGF has been found to kill neurons, NGF
promotes neuronal survival and neurite extension'®.
Of particular interest is that the conversion of pro-
NGF to NGF, and of pro-brain-derived neurotrophic
factor (BDNF) to BDNE, is facilitated by metallo-
proteinases'®!?!. These observations provide an
interesting environment of neurotrophins and metallo-
proteinases at sites of injury whereby the concurrent
absence or presence of metalloproteinases may result
in different outcomes.

Collectively, there are many mechanisms through
which metalloproteinases can potentially alter the
capacity of neurons and axons to regenerate after nerv-
ous system injury (FIGS. 3,4). This is a field that must be
investigated further to bring about successful nerve
regeneration in the CNS.

Metalloproteinases and myelin formation. In the CNS,
myelin is formed by oligodendrocytes. Myelin facilitates
efficient saltatory conduction of nerve impulses along
axons and also provides axons with nutritional and
survival factors. Successful remyelination following
injuries to the nervous system is therefore a prerequisite
for successful recovery.

The mechanisms leading to successful remyeli-
nation have been well reviewed'®. Because an early
step in remyelination is the production of extensive
processes by an oligodendrocyte to contact several
axons, a requirement for metalloproteinase activity in
remodelling the ECM seems likely. In this regard, we
first described that oligodendrocytes express MMP9
coincident with their extension of processes along an
astrocyte ECM in vitro'®. For tissue culture studies,
oligodendrocytes cultured from adult human or mouse
brains are stripped of their processes during the cell iso-
lation process, and the regrowth of processes provides
a model of potential remyelinating capacity. We found
that process re-extension by adult murine oligodendro-
cytes is impaired in cells derived from MMP9-null mice
compared with wild-type controls and, furthermore,
that inhibitors of MMP9 reduce process extension'®.
These in vitro experiments were extended to models
of remyelination in adult mice, in which a demyelinat-
ing insult was produced in the spinal cord by a lipid
disrupting agent, lysolecithin. We showed that after
demyelination in adult mice the subsequent remyeli-
nation in MMP9-null mice was retarded compared
with that in wild-type animals*. The mechanism for
the requirement of MMP9 in remyelination in vivo
was attributed in part to the requirement of MMP9 to
clear NG2, a CSPG that was deposited into the ECM
following injury. In the absence of MMP9, the NG2 in
the matrix persisted and provided an inhibitory barrier
that prevented the maturation of oligodendrocytes into
myelin forming cells®.

More recently, the expression of several metallo-
proteinases was investigated in the optic nerve and
corpus callosum of mice during the period of postnatal
developmental myelinogenesis. MMP9 and 12 were
found to be elevated during this period (P. H. Larsen
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Figure 5 | Metalloproteinases regulate myelinogenesis. a | Evidence is emerging that
implicates matrix metalloproteinases 9 and 12 (MMP9/12) in the maturation of
oligodendrocyte precursor cells to oligodendrocytes and the extension of their processes.
MMP9 and 12 are known to influence myelin formation during development, as there is a
deficiency of myelination in the development of mice that are genetically deficient for MMP9
and 12; this is probably achieved through the effect of these MMPs on the bioavailability of
insulin-like growth factor 1 (IGF1). IGFBPS, IGF binding protein 6. b | Following
demyelination in the adult mouse spinal cord, MMP9 regulates remyelination. One
mechanism through which it does this is the clearance of the NG2 proteoglycan, which
constitutes an inhibitory barrier for maturation of oligodendrocytes and their subsequent

reformation of myelin.

and V. W. Y., unpublished observations). The absence
of these metalloproteinases in MMP9- and 12-null
mice led to a delay in myelin formation, as the lack of
these MMPs prevented the degradation of a substrate,
insulin-like growth factor (IGF) binding protein 6
(IGFBP6), which normally sequesters IGF1. In the
absence of MMP9 and 12, the persistence of IGFBP6
reduces the bioavailability of IGF1, an important mat-
uration factor for cells of the oligodendrocyte lineage
(P. H. Larsen and V. W. Y., unpublished observations).
A role for MMP12 in myelin formation has also been
suggested previously from in vitro experiments in
which cells from adult MMP12-null mice were less
able to reform morphologically mature processes'®.
Opverall, these studies emphasize that when MMPs are
expressed in a spatially and temporally restricted man-
ner during development or after an insult, they can have
important roles. Indeed, the elevation of these MMPs
might be so restricted that the use of tissue homogenates
from an injury site could fail to detect their increase. We

were able to show a localized upregulation of MMP9
at an area of remyelination in the adult mouse spinal
cord only with immunohistochemistry, and not through
gelatin zymography of tissue homogenate®.

It is likely that other metalloproteinases also have
important roles in myelin formation. ADAM22 null
mice were recently found to have hypomyelinated
peripheral but not central nerves, and altered differ-
entiation of Schwann cells might underlie the defect'®.
Another metalloproteinase with possible links to
myelination is ADAM12, which has been found in
oligodendrocytes; in adult rat and human brains,
the density of ADAMI12-positive oligodendrocytes is
higher in grey than in white matter, which suggests that
there are different subgroups of oligodendrocytes with
specific metalloproteinase functions'®.

There may be other mechanisms accounting for
the effect of metalloproteinases in remyelination.
Metalloproteinases regulate Notch signalling, and the
Notch-jagged 1 pathway has been implicated in limit-
ing remyelination in multiple sclerosis'®. Integrins have
a well established role in oligodendrocyte biology®?,
and integrin functions are impacted by metalloprotei-
nase activity, as noted above. Furthermore, there is an
interaction between metalloproteinases and the chem-
okine GRO-a (CXCL1), which deserves attention.
GRO-0 has been shown to regulate the proliferation
and positioning of oligodendrocyte precursors'®”
and it is of interest that GRO-c. can be degraded by
MMP9 (REE. 40).

Opverall, evidence is mounting in support of a role
for metalloproteinases in regulating myelin formation.
Several mechanisms may be involved (FIG. 5), and the
unravelling of these mechanisms could lead to new
targets for enhancing remyelination in demyelinating
conditions such as multiple sclerosis.

Determinants of beneficial or detrimental roles
It is clear that metalloproteinases perform both bene-
ficial and detrimental activities in the CNS (80X 1). For
example, MMP9 is detrimental in multiple sclerosis
and in acute insults to the nervous system, such as
stroke and spinal cord injury. However, MMP9 has
a beneficial effect on repair processes such as axonal
regeneration and remyelination. MMP12 is detrimental
in acute injuries, as noted for spinal cord injury and
intracerebral haemorrhage, but it is beneficial to
recovery from EAE (TABLE 1). How might we resolve
the duality of metalloproteinase function?

At least three factors might determine whether
metalloproteinases are beneficial or detrimental after
nervous system injuries: the stage of CNS injury, the
type of injury inflicted, and the pathophysiology of the
disorder involved. With respect to the stage of CNS
injury, it is likely that in the early phase after an insult,
when many metalloproteinases are induced or released
into a milieu that normally has low levels of proteases,
the metalloproteinases are detrimental. Indeed, in
rodents, the early and short-term treatment (for 3 days)
of spinal cord injury or intracerebral haemorrhage with
metalloproteinase inhibitors attenuates the extent of
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Box 1 | Effects of metalloproteinases in the CNS

Metalloproteinases can have beneficial and detrimental effects on the developing and
adult brain and spinal cord.

Detrimental effects

Blood-brain barrier dysfunction | Demyelination | Neuroinflammation |
Neurotoxicity | Roles in CNS injuries and diseases, such as spinal cord injury,
multiple sclerosis and stroke

Beneficial effects

Development of nervous system | Cell fate determination and neurogenesis |
Proliferation and migration of precursors | Axonal growth and regeneration |
Myelinogenesis and remyelination | Angiogenesis | Survival |

Terminate neuroinflammation

neurotoxicity and subsequent loss of function®*°.
More latterly after injury, when metalloproteinases
are expressed discreetly and locally but studies of
homogenates might not reveal any increase in metal-
loproteinase expression, metalloproteinases might be
important in the remodelling and repair process. This
is highlighted by the observation that, 7 days after
lysolecithin-induced demyelination of the spinal cord,
the increase in MMP9 expression is detectable only by
immunohistochemistry and not by zymography analy-
ses of homogenates; MMP9 promoted remyelination
in this study*.

The second factor that might determine whether
metalloproteinases are beneficial or detrimental
relates to the type of injury, as this affects the profile
of inflammatory cells present at the injury site and the
available metalloproteinase substrates expressed in that
microenvironment. For example, chronic diseases such
as multiple sclerosis and EAE entail significant repre-
sentation by T lymphocytes, which promote inflamma-
tion and neurotoxicity, whereas in acute insults such
as spinal cord injury the injury site is infiltrated with
neutrophils and macrophages rather than T cells. In
different cellular contexts, and with the differences in
gene expression in these cell types, the substrates for,
and functions of, metalloproteinases therefore differ.

The third factor that might determine the outcomes of
metalloproteinase activity lies in the pathophysiology of
the disorder in question. For example, in EAE, recovery
from the disease depends on a switch of CD4* T
lymphocytes from a proinflammatory T-helper 1 (Th1)
subset to a T-helper 2 (Th2) environment in order for
inflammation to subside'. MMP12 might be required
for this switch, and its absence results in animals with
amore inflamed CNS and a greater EAE severity'!. By
contrast, in spinal cord injury, which represents an
insult less dependent on T cells, MMP12 would not be
required to alter the Th1:Th2 ratio. Rather, MMP12
expression increases the activation state of microglia/
macrophages, which exacerbate damage to an injured
spinal cord®.

To date, a systematic analysis of the reasons why
metalloproteinase activities lead to different outcomes
in different diseases, or at particular phases of a spe-
cific disorder, is lacking. Studies on this subject should
be encouraged, as the capacity to reveal biological

substrates in a given microenvironment is improving
at an increasing rate. Such studies not only have the
capacity to unravel the biology and mechanisms of
metalloproteinases, but could also lead to therapies to
target substrates for increased selectivity of action.

Therapeutic implications

If metalloproteinases have diverse and widespread
functions, what are the prospects for metalloproteinase
inhibitors in the treatment of neurological diseases?
This is a complex issue that requires careful considera-
tion. It seems that metalloproteinase inhibitors would
be useful in treating acute neurological insults, in which
the expression of several metalloproteinases is elevated
and their overall activity is detrimental. Such insults
would include stroke and spinal cord injury, in which
a brief period of treatment with metalloproteinase
inhibitors could be sufficient to reduce subsequent loss
of neurological functions. It is instructive that the use
of the metalloproteinase inhibitor GM6001 for only the
first 3 days after spinal cord injury in rodents was suf-
ficient to improve neurological functions®. Similarly,
in mice, treatment with GM6001 for the first 2 days
after haemorrhagic stroke was adequate to reduce
neutrophil infiltration, oxidative stress, brain oedema
and neurotoxicity'"’.

Chronic usage of selective metalloproteinase
inhibitors, in diseases such as multiple sclerosis, will
be more problematic as the long-term application of
these inhibitors might affect reparative processes such
as remyelination. Interferon-f3, an immunomodulator
that has beneficial effects in the treatment of multiple
sclerosis, inhibits the production of MMP9 (REFS 111,112).
However, this is a medication with significant activity
in the periphery and at the level of the blood-brain
barrier, and it does not appear to gain access to the CNS
parenchyma to affect metalloproteinase-dependent
repair processes within''>. Another medication that
is currently in clinical testing for long-term usage in
multiple sclerosis is minocycline, an antibiotic that
affects several aspects of CNS neurobiology, including
the inhibition of MMP activity'"*. Minocycline does
have access to the CNS and its long-term impact and
potential for inhibiting repair need to be carefully
reviewed.

As different metalloproteinases might carry out bene-
ficial or detrimental activities in chronic diseases, and as
a given metalloproteinase might have disparate functions
at different phases of the disease state, the outcome
of targeting metalloproteinases using a nonspecific
inhibitor might be complex. To achieve selectivity of
function, the first step should be a thorough under-
standing of the pathophysiology of metalloproteinases
in a given disorder, so that inhibitors with selectiv-
ity to particular metalloproteinases, used at specific
times, can be considered. Another approach is the
understanding of the stimulus that has led to the
increased activity of a given metalloproteinase, so
that the removal or targeting of that stimulus might
offer a means of controlling metalloproteinase activity
(FIG. 6). The inhibition of particular metalloproteinases,
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Figure 6 | Multiple ways of targeting the metalloproteinases. If the stimuli, including
environmental cues, for upregulating the expression of metalloproteinases (MPs) can be
identified, these could be removed to normalize the expression of metalloproteinases. Various
pharmacological inhibitors are available that could be used to target the increase in the content or
activity of metalloproteinases. At present, many inhibitors are relatively nonspecific and fail to
discriminate between matrix metalloproteinases (MMPs) and A disintegrin and metalloproteinases
(ADAMSs), let alone between members of a particular subclass of MMP or ADAM. However, it is
anticipated that pharmacological inhibitors will become more selective, as this is a drug discovery
goal in the pharmaceutical industry. A perhaps more selective approach to targeting the
metalloproteinases is to identify the substrates that modulate the action of a particular
metalloproteinase in a given context, and to either modulate the availability of these substrates or
to target the effector pathway that results from them. The ability to inhibit the detrimental aspects
of metalloproteinases in the CNS while maintaining or even enhancing the beneficial ones will
require improved selectivity for targeting particular metalloproteinases and their substrates.

using inhibitors selective to individual metallo-
proteinases, offers another level. Although the early
generation metalloproteinase inhibitors might lack
selectivity or the ability to discriminate between MMPs
and ADAMs, let alone between members of the same
class, newer inhibitors are being chosen for improved
selectivity. Finally, the identification of the substrates
that mediate the activity of a given metalloproteinase
in a particular disease might be the most crucial
endeavour, as these substrates are probably unique to a
given disease context as noted above. The modulation
of the availability of substrates, as well as the specific
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