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Development/Plasticity/Repair

Myelin Formation during Development of the CNS Is
Delayed in Matrix Metalloproteinase-9 and -12 Null Mice

Peter H. Larsen,' Angelika Goncalves DaSilva,' Katherine Conant,?> and V. Wee Yong'
"Hotchkiss Brain Institute and Department of Clinical Neurosciences, University of Calgary, Calgary, Alberta, Canada T2N 4N1, and ?Department of
Neurology, Johns Hopkins University, Baltimore, Maryland 21205

The matrix metalloproteinases (MMPs) are implicated in several activities within the nervous system. Although many functions of
abnormally elevated MMPs are undesirable, the discrete expression of particular MMP members can have beneficial roles. We previously
found that MMP-9 expressed locally around a demyelinating lesion of the spinal cord of adult mice facilitated remyelination. In the
current study, we have addressed whether and how MMPs might be required for myelin formation in normal ontogeny. Using a probe for
multiple MMPs and the developing mouse optic nerve, we found two members, MMP-9 and -12, to be upregulated during the period of
myelin formation. These MMPs partake in myelinogenesis because myelination in the corpus callosum of MMP-9 and/or MMP-12 null
mice was deficient from postnatal days 7 to 14 compared with that of wild-type mice. The deficient myelination was correlated with fewer
mature oligodendrocytes, but similar precursor cell numbers, in MMP null animals compared with wild type. Because an important
growth factor for oligodendrocyte maturation is insulin-like growth factor-1 (IGF-1), we addressed whether this was involved in the
deficient myelination in MMP null mice. Indeed, the addition of IGF-1 normalized the lack of maturation of oligodendrocytes that
occurred in cultures from MMP-12 null mice. Furthermore, we determined that IGF binding protein 6 (IGFBP-6), which sequesters IGF-1,
was a substrate for MMP processing. Finally, we found IGFBP-6 levels to remain high in MMP-deficient mice. These results reveal a novel

function for MMP-9 and -12 in developmental myelination likely through regulating IGF-1 bioavailability.
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Introduction

Myelin formation in the brain occurs predominantly after birth
in well regulated steps (Skoff et al., 1976; Dangata and Kaufman,
1997). During this event, oligodendrocytes (OLs) mature and
they extend processes to contact and enwrap axons. Myelin for-
mation is critical for the proper function and survival of axons
(Lappe-Siefke et al., 2003). Equally important is the recognition
that the survival of OLs depends on their interactions with axons
(Trapp et al., 1997). The loss of myelin thus results in disease, a
common one of which is multiple sclerosis in which demyelina-
tion and concurrent axonal loss lead to significant disability.
Thus, recognizing the factors that can promote myelin formation
is of major importance for the well being of the CNS.

Matrix metalloproteinases (MMPs) are a group of proteolytic
enzymes that are generally considered to be detrimental to the
CNS. However, although the massive upregulation of MMPs in
the CNS is associated with many neurological conditions (Yong
et al., 2001), their discrete expression at particular disease phase
may have important physiological or regenerative roles (Yong,
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2005). We were the first to demonstrate that MMP-9 (Uhm et al.,
1998; Ohetal., 1999) and MMP-12 (Larsen and Yong, 2004) were
produced by OLs in vitro to help regulate their extension of pro-
cesses. Moreover, we found that, after a demyelinating lesion
inflicted on the spinal cord of adult mice, MMP-9 promoted the
maturation of OLs and remyelination by removing an inhibitory
NG2 proteoglycan (Larsen et al., 2003). These studies indicate
multiple roles for MMPs in OL biology in vitro and after injury to
the CNS. Whether MMPs control myelination in development is
unknown.

Many growth factors are involved in the normal development
of myelin, and among these is insulin-like growth factor 1
(IGF-1) (D’Ercole et al., 2002). Myelin formation is enhanced
developmentally in IGF-1 transgenic mice (Carson et al., 1993)
and reduced in IGF-1-null mice (Ye et al., 2002). In animals with
disrupted IGF-1 receptor signaling, remyelination is impaired
after cuprizone-induced demyelination (Mason et al., 2003). The
actions of IGF-1 are tightly regulated by six high-affinity IGF
binding proteins (IGFBPs), which sequester and reduce the bio-
availability of IGF-1 (Pollak et al., 2004; Rosenzweig, 2004). Of
relevance to myelination is IGFBP-6, because it is synthesized in
the CNS, by astrocytes and OLs (Mewar and McMorris, 1997),
and its decreasing levels in cultures coincide with increasing mat-
uration of OLs (Kuhl et al., 2003). Furthermore, IGFBP-6 added
exogenously to cultures led to a reduction in the survival of OL
precursor cells (OPCs) and the expression of myelin proteins
(Kuhl et al., 2003). Because IGFBPs are substrates for MMPs
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(Bunn and Fowlkes, 2003; Sadowski et al., 2003; Fowlkes et al.,
2004; Miyamoto et al., 2004), a potential interaction between
MMPs, IGFBPs, and myelination can be considered.

In this study, we investigated the expression and function of
MMP members during developmental myelin formation in mice,
and we have addressed whether their regulation of myelination
involves the processing of IGFBPs to regulate IGF-1
bioavailability.

Materials and Methods

RNase protection assay. Multiprobe RNase protection assay (RPA) was
performed to analyze simultaneously the expression of several MMP
members during specific postnatal days from postnatal day 2 (P2) to P30.
We used the optic nerve for RPA analyses, because this structure could be
dissected out from animals of all ages without the contamination of other
regions. The optic nerves were dissected and placed in Trizol for RNA
extraction. Ten nerves were collected and pooled for each time point to
get enough RNA for a single analysis. After RNA extraction, 15 ug of total
RNA was used for each sample. The mouse MMP multiprobe set was
kindly provided by Dr. Iain Campbell (The Scripps Research Institute, La
Jolla, CA) (Pagenstecher et al., 1998). RPA was performed as described
previously (Larsen and Yong, 2004). In brief, RNA samples were hybrid-
ized to the radioactive [a->>P]UTP-labeled antisense multiprobe set
overnight at 56°C. After 1.5 h digestion of unhybridized probe with an
RNase A and T1 mix (PharMingen, San Diego, CA), the protected frag-
ments were treated with proteinase K (10 ug/ml) and extracted with
phenol/chloroform. Samples were separated on a 6% polyacrylamide gel,
analyzed by phosphor imaging (Molecular Dynamics, Amersham Bio-
sciences, Piscataway, NJ), and normalized to a ribosomal housekeeping
protein, RPL-32.

MMP-9 and MMP-12 null mice. MMP-9 null mice on the 129/SvEv
background were obtained from Dr. Zena Werb (University of Califor-
nia, San Francisco, San Francisco, CA) (Vu et al., 1998), whereas
MMP-12 null mice on the same background were from Dr. Steve Shapiro
(Harvard Medical School, Boston, MA) (Shipley et al., 1996). These mice
were bred in-house and their genotype and lack of MMP-9 or -12 enzy-
matic activity have been confirmed previously (Oh et al., 1999; Larsen
and Yong, 2004). To generate MMP-9 and -12 double-null mice, the
single mutants were bred and offspring with mutations in both their
MMP-9 and MMP-12 genes were identified by Southern blot. The probes
for genotyping the animals were obtained from Dr. Werb (Vu et al.,
1998) and Dr. Shapiro (Shipley et al., 1996). There was no obvious be-
havioral phenotype in the single- or double-null mice. Wild-type mice in
all cases were 129/SvEv mice bred in-house.

Immunohistochemistry. For ease of sample preparation for immuno-
histochemistry, we chose to focus on using brains rather than the optic
nerve. The corpus callosum in the brain is a well studied region for OL
ontogeny (Skoff et al., 1976; Cammer and Zhang, 1992; Gordon et al.,
1992), as is the optic nerve. Brains from P7, P10, and P14 mice were
carefully removed and immediately fixed in 4% paraformaldehyde over-
night and sucrose protected. They were embedded and sections contain-
ing the corpus callosum were cut on a cryostat. Sections from each animal
were double-labeled with myelin basic protein (MBP) (mouse monoclo-
nal; 1:150; Sternberger Monoclonals, Lutherville, MD) and neurofila-
ment H (heavy chain; rabbit polyclonal; 1:400; Serotec, Oxford, UK)
antibodies. Adjacent sections were used to identify immature and mature
OLs, using double labeling with antibodies to platelet-derived growth
factor receptor a (PDGFaR) (rabbit polyclonal; 1:100; a gift from Dr. Bill
Stallcup, Burnham Institute, San Diego, CA) and CC1 (mouse monoclo-
nal; 1:25; Chemicon, Temecula, CA), respectively. All sections were
treated with Triton X-100 for 30 min before blocking with goat serum
and then incubated overnight at 4°C with the respective antibodies. After
incubation with the primary antibody, sections were incubated with sec-
ondary antibodies, which were anti-mouse IgG conjugated to Alexa 546
or anti-rabbit IgG conjugated to Alexa 488 (1:500; Invitrogen, Eugene,
OR), for 1 h at room temperature.

Western blot analysis. Brains from P10 mice were used for analysis of
myelin products in the developing mouse brain. Total protein was ex-
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Figure 1.  MMP expression profile in mouse optic nerve during postnatal development. RPA

analysis revealed that six of the nine MMP members studied were present in the optic nerve at
various points from P4 to P30 (4), with MMP-3,-10, and - 13 being below the limit of detection.
Each lane contained pooled RNA extracts from age-matched animals, and the trend of A was
observed in five experiments. There was consistently an elevation of MMP-9 and MMP-12, and
this is displayed in a different experiment and in a magnified format in B. MMP-9 transcripts
were elevated at P7 and subsequently decreased from P10 to P21. In contrast, MMP-12 tran-
scripts were progressively elevated from P7 to P21.

tracted by homogenizing the tissue in 1% SDS extraction buffer (1%
SDS, 10 ug/ml aprotinin, 10 ug/ml leupeptin, 10 pg/ml pepstatin, and 1
um PMSF). Homogenate was boiled for 5 min and centrifuged at 12,000
rpm for 5 min. The supernatant was obtained and 20 ug of total protein
was subjected to 12% SDS-electrophoresis. Gels were transferred to poly-
vinylidene difluoride membrane and probed with MBP (1:750; antibody
described above), IGFBP-6 (1:100; polyclonal rabbit; GroPep, Adelaide,
Australia), or B-actin (1:2000; mouse monoclonal; Santa Cruz Biotech-
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Table 1. Incidence of deficient myelination in P7 mice

Genotype Incidence of mice with reduced MBP over number examined
Wild type 112
MMP-12 null 112
MMP-9 null 10/10
MMP-9/12 null 10/10

The corpus callosum of mice was examined following MBP immunohistochemistry. All mutant genotypes examined,
with the exception of one MMP-12 null mouse, exhibited a reduction in MBP immunoreactivity.

nology, Santa Cruz, CA) antibodies. Secondary mouse or rabbit antibod-
ies conjugated to horseradish peroxidase together with ECL illumines-
cence (Amersham Biosciences) were used for detection of the antigens.

Precursor cell purification and IGF-1 treatment. OPCs were purified as
described by Larsen and Yong (2004). Briefly, brains were removed from
P3 wild-type and MMP-12 null mice and the cells were dissociated by
0.25% trypsin treatment (20 min). The cells were then separated from
debris using Percoll density centrifugation and incubated with a mouse
monoclonal A2B5 antibody (Eisenbarth et al., 1979) for 1 h at 4°C, fol-
lowed by incubation with magnetic bead-coated anti-mouse IgM for 30
min at 4°C. Finally, the cells were purified by magnetic sorting according
to the manufacturer’s instructions (MACS; Miltenyi Biotec, Auburn,
CA). The purified OPCs from wild-type or MMP-12 null mice were
plated onto 16-well Lab-Tek (Nunc, Naperville, IL) chamber slides
coated with poly-L-ornithine at a density of 75,000 cells/well. After cell
plating, the A2B5 precursors were allowed to mature for 48 hat 37°Cina
5% CO, environment. Feeding medium consisted of an OPC differenti-
ation medium (DMEM/F12) containing 100 wg/ml transferrin, 60 ng/ml
progesterone, 30 nM sodium selenite, 5 mg/ml dextrose, 30 ng/ml T3
(triiodothyronine), 10 nm p-biotin, 10 ng/ml PDGF, 1 mm sodium pyru-
vate, 2 mM L-glutamine, and 1% fetal calf serum (FCS). The number of
mature galactocerebroside-positive OLs present after 48 h in each con-
dition was obtained by counting the total number of labeled (O1+)
(Sommer and Schachner, 1981) cells within each well.

In some cultures, the MMP-12 null OPCs were treated with 25 or 100
ng/ml recombinant human IGF-1 (R&D Systems, Minneapolis, MN) to
address whether this could promote their maturation.

IGFBP-6 cleavage. IGFBP-6 cleavage experiments were performed by
incubating recombinant mouse IGFBP-6 (25 ug/ml; R&D Systems) with
active MMP-9 (2.5 pg/ml; Calbiochem, La Jolla, CA) or MMP-12 (2
ng/ml; R&D Systems) for 6 h at 37°C. BB-94 (batimastat; 1 wMm; British
Biotech, Oxford, UK) was used to inhibit metalloproteinase activity in

Reduced myelin development in the corpus callosum of MMP-deficient mice at P7. Comparison of MBP (red) at P7
revealed reduced immunoreactivity in similar regions of the corpus callosum in MMP-12 (B), MMP-9 (€), and double-mutant mice
(D) compared with wild-type mice (A). Axonal integrity assessed using a neurofilament (NF) antibody (green) indicated that there
was no apparent alteration in the overall development of the axonal tracts between genotypes (E-H ). Superimposed images of
A-D and E-H are visualized in the corresponding bottom panels (/-L). Allimages were captured with the same camera exposure
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double null

some experiments. Western blot for IGFBP-6
(goat anti-mouse IGFBP-6; R&D Systems) was
then performed.

Statistical analysis. Statistical analyses were
performed using one-way ANOVA. Dunnett
multiple comparisons were used for post hoc
analysis. In all figures, data are presented as
mean = SEM.

Results

MMP expression during

developmental myelination

The expression profile of several MMP
genes during developmental myelination
was determined using a multiprobe RPA
that allows for the simultaneous detection
of nine MMP members. Mouse optic
nerves were dissected at various develop-
mental postnatal times from P2 to P30.
Myelination in the mouse optic nerve usu-
ally commences ~P5-P6, and its progres-
sion then is most intense from the second
week to the fourth week postnatally
(Sefton et al., 1985; Dangata and Kaufman,
1997). Six of the nine MMP members were
present in the optic nerve (MMP-2, -7, -9,
-11,-12,-14), whereas MMP-3, -10, and -13 were below the limit
of detection (Fig. 1 A). Of the six MMP members present, only
MMP-9 and MMP-12 changed their expression profile notice-
ably over the time course studied. MMP-9 was elevated at ~P7,
with subsequently lower levels detected at P10 and P14 (Fig. 1 B).
Conversely, MMP-12 levels increased progressively from P7 to
P21. Thus, MMP-9 was present during the initiation of myelin
formation, whereas MMP-12, although also present at the onset
of myelinogenesis, continued to increase its expression at later
stages when myelination was proceeding a rapid rate.

Altered developmental expression of myelin basic protein in
MMP-null mice

To determine whether MMP-9 and -12 have functional roles in
developmental myelination, mice deficient for MMP-9 and
MMP-12 were studied with respect to myelin development. Fur-
thermore, MMP-9/12 double-null mice were also examined for
their capacity to initiate myelination. We focused on the corpus
callosum because the larger area of this structure compared with
the early postnatal optic nerve allowed for a more thorough ex-
amination of the extent of myelin formation.

Similar regions of the corpus callosum were analyzed for the
expression of MBP, a protein present in myelin and a marker of
myelination. In P7 mice, we found that MMP-12 null animals
had less MBP-positive profiles compared with wild-type mice
(Fig. 2A, B). Similarly, MMP-9 and double null mice at P7 had
reduced MBP staining (Fig. 2C,D) in the corpus callosum com-
pared with wild-type animals. The incidence of mice with re-
duced MBP immunoreactivity is tabulated in Table 1, and the
data were accumulated across several litters with consistent
observations.

Given the mutual sustenance of axons and myelin as noted
previously, and to rule out the possibility that the observed re-
duction of MBP immunoreactivity was attributable to an overall
delay in the development of the corpus callosum, adjacent sec-
tions were labeled for axons. Similar neurofilament H immuno-
reactivity was observed across the different genotypes at P7 (Fig.
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2E-H), suggesting that axonal develop-
ment in the corpus callosum was not af-
fected by deletion of either MMP-9 or
MMP-12. MBP
The decreased myelination in MMP-null
mice is transient

We investigated later stages of myelination
to address whether the difference in MBP
immunoreactivity observed in the MMP
mutants at P7 was transient or long-
lasting. In previous investigations of adult
mice (2-3 months of age) subjected to
lysolecithin-induced demyelination, we
had noted that the amount of myelin was
not different between wild-type and
MMP-9 null mice before injury (Larsen et
al., 2003). Thus, we examined the corpus
callosum of P10 and P14 mice. We found
that there was still deficient MBP immu-
noreactivity in P10 MMP-9, -12, or
double-null mice compared with age-
matched wild type (data not shown), and this deficiency was
similar to the extent observed at P7. However, at P14, there were
no longer any apparent differences in MBP immunoreactivity
between the genotypes compared with wild type (Fig. 3A-D).
Thus, the deficiency of myelin formation in MMP-9 and -12 null
mice was transient, being apparent at P7 and P10, but no longer
visible at P14.

Western blot analysis was performed to confirm and quanti-
tate the observations by immunohistochemistry of delayed mye-
lin formation in MMP-deficient animals. Total brain homoge-
nates from P10 mice were probed for MBP, and this was
normalized to B-actin signals. In wild-type mice, the antibody to
MBP detected four prominent bands, in accordance with reports
that there are at least four different MBP isoforms (~21.5, 18.5,
17, and 14 kDa) (Campagnoni et al., 1987; Ye et al., 2002). Com-
pared with wild-type specimens, a reduction in the 21.5 and 18.5
kDa forms was visually apparent in samples from the MMP-9 and
-12 single- and double-null genotypes (Fig. 4A). Image analyses
of scanned gels confirmed that the 21 kDa form of MBP was
significantly reduced in the MMP-null samples relative to wild
type (Fig. 4B). The 14 kDa MBP species did not appear altered
between the genotypes, whereas the 18.5 kDa isoform, although
visually reduced in MMP-null mice relative to wild-type animals,
could not be quantitatively compared because of its absence in
the MMP-null animals. These results support the immunohisto-
chemistry results of a decrease of MBP and myelination in
MMP-9 and -12 null mice.

It has been noted for some time that a fifth MBP isoform may
exist, at least as evaluated by cDNA clones, and that its predicted
mass is ~17 kDa (Newman et al., 1987). More recently, Kruger et
al. (1999) reported that a 16 kDa form, aside from the 21.5, 18.5,
17, and 14 kDa forms, could be detected by Western blot analyses
in the brains of P11 rat brains, but not when these animals were at
P70. In vitro, the 16 kDa isoform was found by Western blots in
cultures growing for 2 weeks, but not 3 weeks (Kruger et al.,
1999), suggesting that this was an immature form of MBP that
declined with maturity. Interestingly, in the P10 wild-type brains
in this study (Fig. 4A), a 16 kDa form was barely discernible in the
wild-type samples, and the level of this was increased in brains
from MMP-null mice.

Overall, and consistent with immunohistochemistry, the

Figure 3.
between all four genotypes at P14. E=H show the intensity of neurofilament staining (green), and the overlay of MBP and NF
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Figure4. Delay in overall MBP protein production in total brain is verified by Western blot.
Confirmation of the reduced MBP immunoreactivity in tissue sections was obtained using West-
ern blot analysis of whole-brain lysates of P10 animals. In 4, the five MBP isoforms, indicated by
arrows from top to bottom, are of 21.5, 18.5, 17,16, and 14 kDa. Three mice per genotype were
analyzed here. In B, the density of the 21.5 kDa MBP isoform, normalized to B-actin, is dis-
played. *p << 0.05 compared with wild-type mice. Error bars indicate SEM.

Western blot results support the finding of a transient delay in
developmental myelination in MMP-9 and -12 null mice. In all
cases of MBP immunohistochemistry or Westerns analyzed
(Figs. 2 and 4), we did not find that the deficit in the double-null
mice was exaggerated when compared with the single MMP-9 or
-12 animals.

MMP-null mice have reduced number of mature OLs

Because myelin is formed from mature OLs, we investigated
whether the deficiency of myelination in MMP-null mice was a
result of the lack of OLs or OPCs. Sections of the corpus callosum
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at P10 were compared between wild-type and null mice after
immunolabeling for PDGFaR-positive cells, which labels OPCs
(Pringle and Richardson, 1993; Hall et al., 1996), and for CC1
(Fuss et al., 2000; Messersmith et al., 2000), a marker of mature
OLs. In each animal, cell counts were made in four sections
spaced 100 wm apart. There were no differences in the number of
PDGFaR-positive cells between the genotypes (Fig. 5A). How-
ever, a significant decrease in the number of mature OLs (CC1-
positive) was observed in all mutant mice when compared with
wild type (Fig. 5B). Representative images are shown in Figure
5C-E. Thus, our results indicate that the delay in myelination in
MMP-deficient mice is attributable to a decreased number of
mature OLs. Because the number of OPCs is not different be-
tween the genotypes, these data suggest that MMPs are involved
in regulating the maturation of OLs or their survival.

IGF-1 normalizes the decreased number of OLs in

MMP-null cultures

A key growth factor that regulates the maturation and survival of
OLs is IGF-1 (for review, see D’Ercole et al., 2002). We addressed
whether the lack of mature OLs in MMP-9 and MMP-12 null
mice could be reproduced in vitro and, if so, whether this was
attributable to alterations in IGF bioavailability. We focused on
the MMP-12 null mice, because we have previously found that
there was a reduced number of mature OLs in this genotype that
develop from OPCs in culture (Larsen and Yong, 2004). In the
current series, OPCs were allowed to mature for 48 h in vitro with
or without IGF-1 treatment. Counting of the number of O1-
positive mature OLs confirmed our previous finding that there

PDGFRa

Overlay ' .

Deficient number of OLs in the corpus callosum of P10 MMP-null mice. A, The number of PDGFRc-positive OL
precursor cells (OPCs) was similar between wild-type and MMP-null mice. B, Conversely, the number of CC1-positive mature OLs
in MMP-null mice was reduced to ~50% of wild-type numbers. Each bar represents the mean == SEM number of cells from three
to five mice, where four sections were evaluated per mice. **p << 0.01 compared with wild type. (—E, Representative pictures of
(C1-positive cells (red), PDGFRae immunoreactivity (green), and the overlay, respectively. The insets of € and D are high-
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was deficient maturation of cells in the
MMP-12 null group compared with wild-
type cultures (Fig. 6). Significantly, this
deficiency of mature OLs in MMP-12 null
cultures was overcome and normalized to
wild-type levels by the addition of IGF-1
(Fig. 6). Both concentrations of IGF-1
tested were comparable in efficacy. These
results suggest that the reduced bioavail-
ability of IGF-1 contributes to the lack of
maturation of OLs in the MMP genotypes.

IGFBP-6 is a substrate for MMP and its
level is elevated in MMP-null mice

We addressed whether IGFBP-6 was in-
volved in regulating the bioavailability of
IGF-1 and thus the reduced maturation of
OLs in the context of MMP deficiency.
First, we examined whether recombinant
IGFBP-6 could be processed by MMP-9
and -12. After incubation of IGFBP-6 with
active MMP-9 (Fig. 7A) or MMP-12 (Fig.
7B), the parent IGFBP-6 compound was
reduced in level while lower molecular
weight fragments became visible. The re-
sults indicate that IGFBP-6 was a substrate
for MMP-9 and -12 processing, and this
was confirmed by the retention of the par-
ent compound when IGFBP-6 was incu-
bated with MMP-9 in the presence of a
metalloproteinase inhibitor, BB-94.

To examine the interaction of MMPs
with IGEBP-6 in vivo, we measured the
level of IGFBP-6 in whole brain of P10
mice by Western blot analysis. Figure 7C shows that IGFBP-6 is
present during myelinogenesis. That IGFBP-6 is a substrate for
MMP in vivo is denoted by the increase in IGFBP-6 content in
MMP-9- and double-null mice compared with wild type. The
level of IGFBP-6 is higher in the MMP-12-null mice compared
with wild type, but this did not attain statistical significance.

In aggregate, these findings support the conclusion that
IGFBP-6 is a substrate for MMP-9 and -12 and that the lack of
these MMPs results in the higher level of IGFBP-6 in null mice
versus wild type, thereby reducing myelination by limiting the
availability of IGF-1.

Discussion

The upregulation of MMPs in the CNS has traditionally been
thought to impart detrimental consequences, and this has been
supported by data that the sudden and massive increase of several
MMP members after CNS injury promotes neuroinflammation,
produces demyelination, and inflicts neurotoxicity (Yong et al.,
2001; Lee et al., 2004). However, the discrete expression of MMPs
in a temporal and spatial manner may have beneficial effects on
CNS development or recovery (Yong, 2005), given the recogni-
tion that MMPs regulate the apoptosis and survival of several cell
types and have roles in cell signaling (Egeblad and Werb, 2002;
Parks et al., 2004). In line with the favorable roles of MMPs is our
observation that MMP-9 and -12 regulate the maturation of OLs
and their process-extending capacity in vitro (Uhm et al., 1998;
Oh et al., 1999; Larsen and Yong, 2004). We also noted that,
during remyelination in adult mice in vivo, the focal expression of
MMP-9 at injury sites served to clear an inhibitory proteoglycan



2212 - J. Neurosci., February 22, 2006 - 26(8):2207-2214

>

90 -
80
70 1 *
60
50
40
30 4
20 4
10 4

Nnumber of oligodendrocytes

Wildtype MMP-12 -/- MMP-12 -/- MMP-12 -/-
plus IGF-1  plus IGF-1

(100ng/ml) (25ng/ml)

Figure 6.  |GF-1normalizes the decreased number of OLs in MMP-null cultures. 4, The num-
ber of mature OLs developing from progenitors was determined ( y-axis) per culture. There was
a deficiency of mature OLs in MMP-12-null cultures compared with wild type, but the addition
of IGF-1 for 48 h to MMP-12-null cells increased the number of mature OLs to approximate
wild-type numbers. Both concentrations of IGF-1 gave comparable results. Values are mean =+
SEM of the number of OLs in three to four cultures. *p << 0.05 compared with MMP-12-null cells.
Brepresents a control MMP-12-null culture, whereas C has been exposed to IGF-1. Mature OLs
of many morphologies are encountered.

barrier and that such clearance of a nonpermissive substrate then
allowed OLs to mature and reform myelin (Larsen et al., 2003).
Despite these advances, the possibility that MMPs have functions
in developmental myelination, when the extent of myelinogene-
sis is most robust compared with myelin turnover or remyelina-
tion in adulthood, is unknown. In this study, we have investigated
whether and how MMPs may have roles in developmental myelin
formation in the mouse CNS.

Using an RPA assay that allowed the simultaneous detection
of nine MMP members, we show that MMP-9 and MMP-12
transcripts are selectively upregulated in the optic nerve at peri-
ods correlating with myelination; a correlation between the up-
regulation of MMP-12 transcript and myelination in the
rhombencephalon and spinal cord of mice was recently reported
(Ulrich et al., 2005). We found that the elevation of MMP-9 and
-12 has functional roles, because there is deficient myelination in
MMP-9 and -12 null mice from P7 to P14. The deficient myeli-
nation was not the result of a delay in the overall development of
mice, because axonal profiles were comparable across the geno-
types. Investigations of OL cell numbers in MMP-9 and -12-
deficient mice revealed a 50% reduction in the number of mature
OLs compared with wild-type controls (Fig. 5). Because there was
no difference in PDGFaR-positive OPCs across genotypes, this
suggests that precursor cells were not maturing into OLs in ap-
propriate numbers for developmental myelination to proceed at
a normal rate.

Several molecules are involved in the differentiation of OL and
myelination (Barres et al,, 1993). For example, changes in
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Figure 7.  Elevation of IGFBP-6 in MMP-null mice at postnatal day 10. A demonstrates that
MMP-9 can cleave the parent IGFBP-6 protein (lane 1) into smaller fragments (lane 2) and that
this proteolytic event can be inhibited by BB-94 (lane 3). In B, the Western blot for IGFBP-6
shows the parent compound (first 2 lanes) and the generation of new fragments when the
parent compound is incubated with MMP-12 (next 2 lanes). € displays Western blot analysis of
total brain extract from three animals each of wild-type and MMP-null mice; actin was used as
aloading control. In D, quantitation of both the 32 and 36 kDa species of IGFBP-6 shows a slight
increase in the single-null genotype compared with wild type, and this was exacerbated in the
double-null mice. Each bar is the mean = SEM from three or four mice. *p << 0.05; **p << 0.01
compared with wild type.

polysialylated-neural cell-adhesion molecules (PSA-NCAM) are
linked to the initiation of myelination (Charles et al., 2000). A
chemokine, CXCL1 (CXC chemokine ligand 1) [GRO-«
(growth-related oncogene )], is important for OL migration
(Tsaietal., 2002), and the Notch/Jagged pathway has been impli-
cated to play a role in remyelination in lesions of multiple sclero-
sis patients (John et al., 2002). Another important molecule for
myelin formation is IGF-1, which regulates not only the matura-
tion of OLs but also their survival (Barres et al., 1993; Ye and
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D’Ercole, 1999; D’Ercole et al., 2002). In line with this is the
enhancement of developmental myelination in IGF-1 transgenic
mice (Carson et al., 1993) and its reduction in IGF-1-null mice
(Yeetal., 2002). In animals with disrupted IGF-1 receptor signal-
ing, remyelination is impaired after cuprizone-induced demyeli-
nation in adult mice (Mason et al., 2003).

In this study, we focused on the possibility that the deficiency
of myelination in MMP-null mice is the result of altered IGF-1
signaling because the bioavailability of IGFs is regulated by IG-
FBPs and MMPs can cleave IGFBPs without degrading the bound
IGF (Bunn and Fowlkes, 2003; Sadowski et al., 2003; Fowlkes et
al., 2004; Miyamoto et al., 2004). In this manner, MMPs would
play a role in myelination through controlling the bioavailability
of IGF-1. We addressed IGFBP-6 specifically because IGFBP-6 is
synthesized in the CNS (Mewar and McMorris, 1997) and
IGFBP-6 transgenic mice show a number of CNS defects such as
reduced cerebellum and reduced astrocyte numbers (Bienvenu et
al., 2004). Moreover, the decreasing levels in cultures of IGFBP-6
coincide with increasing maturation of OLs and IGFBP-6 added
exogenously led to decreased survival of OPCs and the expression
of myelin proteins (Kuhl et al., 2003). Thus, we found that
IGFBP-6 levels was relatively high in the brains of MMP-null
mice compared with wild type, suggesting that IGFBP-6 was a
substrate for MMP-9 and -12 in vivo and that its continued high
expression sequestered IGF-1 and reduced its availability for OLs
to mature and myelinate. In support, progenitor cells from
MMP-12 null mice were less able to mature to OLs in culture, and
this was overcome by the exogenous addition of IGF-1.

Thus, our results favor a model in which MMP-9 and -12
expression is required for processing of IGFBP-6 to free IGF-1 for
OLs to mature and form myelin. Nonetheless, we cannot rule out
the possibility that other mechanisms of MMP-9 and -12 are
involved, such as their potential effect on PSA-NCAM, Notch
signaling, or the removal of inhibitory proteoglycans. These are
topics for future studies.

Are MMP-9 and -12 acting through precisely the same mech-
anisms to regulate myelinogenesis? We cannot be certain, but
because MMP-9 and -12 double-null mice do not show an exag-
gerated outcome in MBP expression and OL numbers compared
with the single deficiency, it is possible that both MMPs work
through similar mechanisms. It is possible that MMP-9 and -12
both contribute early on in myelinogenesis, consistent with their
early expression at P7, but that MMP-12 becomes more domi-
nant later on as its content continues to rise with maturity. We
note that IGFBP-6 content is enhanced in double-null mice com-
pared with the single deficiency (Fig. 7), and it is likely that this
reflects a greater efficiency in removing IGFBP when both pro-
teases are present. Until the entire spectrum of activity of MMPs
in developmental myelinogenesis is elucidated, the question of
whether MMP-9 and -12 works through similar mechanisms
cannot be conclusively addressed.

We note that the deficient myelination in MMP-9 and -12 null
mice was a temporary phenomenon from P7 to P14, because a
comparable extent of myelin markers is evident at P14 between
wild-type and MMP-null mice. This could reflect redundancy of
proteases, because other MMPs are also found in the CNS at
P7-P14 (Fig. 1), or it could reflect relevant growth factors such as
IGF-1 being made available through alternate mechanisms. In
reviewing the literature, we note that the phenotypes described in
MMP-9 null mice, such as reduced growth of long bones (Vu et
al., 1998) or altered axonal outgrowth in the cerebellum (Vaillant
et al., 2003), have all tended to be transient. Nonetheless, our
results help pinpoint mechanisms by which myelinogenesis oc-
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curs, because we now add the expression of MMPs to the list of
factors that regulate this process.

In conclusion, we have observed that an increase in MMP-9
and -12 in early postnatal development helps to regulate myeli-
nogenesis. We propose a mechanism whereby the expression of
MMP-9 and -12 removes IGFBP-6, thereby freeing IGF-1 to drive
OL maturation and myelination. Our study advances the knowl-
edge of developmental myelination, and it sheds light on future
strategies to repair myelin in the adult CNS after a demyelinating
insult.
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