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Abstract Cell—cell and cell-matrix interactions are necessary
for neuronal patterning and brain wiring during development.
Matrix metalloproteinases (MMPs) are proteolytic enzymes
capable of remodelling the pericellular environment and
regulating signaling pathways through cleavage of a large
degradome. MMPs have been suggested to affect cerebellar
development, but the specific role of different MMPs in
cerebellar morphogenesis remains unclear. Here, we report a
role for MMP-3 in the histogenesis of the mouse cerebellar
cortex. MMP-3 expression peaks during the second week of
postnatal cerebellar development and is most prominently
observed in Purkinje cells (PCs). In MMP-3 deficient
(MMP-3""") mice, a protracted granule cell (GC) tangen-
tial migration and a delayed GC radial migration results in
a thicker and persistent external granular layer, a retarded
arrival of GCs in the inner granular layer, and a delayed
GABAergic interneuron migration. Importantly, these
neuronal migration anomalies, as well as the consequent
disturbed synaptogenesis on PCs, seem to be caused by an
abnormal PC dendritogenesis, which results in reduced PC
dendritic trees in the adult cerebellum. Of note, these
developmental and adult cerebellar defects might contribute to
the aberrant motor phenotype observed in MMP-3"" mice
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Introduction

The cerebellum is a good model system to study develop-
mental brain processes because of its limited number of cell
types, its well characterized wiring pattern, and its largely
postnatal development. Granule cell precursors (GCPs)
proliferate massively in the embryonic and postnatal stage
to form the external granular layer (EGL), thereby
generating the most abundant cell type of the cerebellum.
During the first postnatal week, postmitotic granule cells
(GCs) start to migrate tangentially in the deeper EGL and
radially along Bergmann glia fibers in the molecular layer
(ML) towards their final position in the internal granular
layer (IGL) [1]. Concomitant with dynamic Purkinje cell
(PC) dendritic outgrowth, parallel fibers of differentiated GCs
are massively contacting the distal parts of the dendritic trees
[2]. These excitatory synaptic contacts on PC dendrites are
formed before the inhibitory synapses, made up by
GABAergic interneurons (INs). These INs consist of Golgi
cells, present in the IGL and innervating the GCs, and
basket and stellate cells, residing in the ML and intensively
contacting the PCs during the second and third postnatal
week [3]. The intercellular interactions taking place during
cerebellar development, e.g., GCs influencing PC dendrito-
genesis and vice versa, PCs affecting GC survival, prolif-
eration, and migration, are necessary to built up a proper and
functional cerebellar circuitry [2].

@ Springer



18

Mol Neurobiol (2012) 45:17-29

MMP-3 (stromelysin-1; EC 3.4.24.17) belongs to the
matrix metalloproteinase (MMP) family, proteinases cleav-
ing structural elements of the extracellular matrix and many
molecules involved in signal transduction. Besides a proven
detrimental role in neurological diseases, a beneficial role
for MMPs in key physiological and regenerative brain
events is emerging. Previous studies already demonstrated
an involvement of MMP-3 in axon guidance, dendrite
extension, neuronal apoptosis, synaptogenesis, and plasticity
[4]. Based on its expression pattern, MMP-3 was suggested
to be involved in GC migration and axonal growth in the rat
cerebellum [5]. Among the other MMPs, MMP-2, MMP-9,
and MT5-MMP are known to be expressed in the developing
cerebellum [5]. However, until now, only a role for MMP-9
in cerebellar morphogenesis was established by functional
studies in which MMP-9 activity was blocked by specific
inhibitors and function-blocking antibodies and in MMP-9
knockout mice [6, 7].

To address whether MMP-3 plays a role in the
development of the mouse cerebellar cortex, both in vivo,
ex vivo, and behavioral studies were performed in MMP-3-
deficient mice.

Materials and Methods
Animals

All experiments were performed in MMP-3-deficient
(MMP-37") and wild-type (WT) mice from a similar
background (50% Bl6x25% B10x25% RIII) (Mudgett,
Merck labs). For most parts of the study, littermates were
used. Genotyping was performed on tail DNA with a
forward primer (5 AACATGGAGACTTTGTCCCTT 3')
and a reverse primer (5" CAGTGACATCCTCTGTCCAT 3)
for the WT mice and a forward primer (5 GAGGAGCCA
GAGAACCTACTGAAG 3') and a reverse primer (5’
TCATAGCCTGAAGAACGAGATCAGC 3') for the mutant
mice. All animal experiments were approved by the
Institutional Ethical Committee of the K.U.Leuven and
in strict accordance with the European Communities
Council Directive of 24 November 1986 (86/609/EEC).

Real-Time PCR

Mice (between PO (postnatal day 0, day of birth) and P70)
were anesthetized with sodium pentobarbital (35 mg/kg,
Ceva) and decapitated. Cerebella were collected, immediately
frozen in liquid nitrogen, and total RNA was isolated using
TRI-Reagent (Applied Biosystems). Subsequently, cDNA
was synthesized with the Quantitect Reverse Transcription
kit (Qiagen), and real-time PCR reactions were performed
using the SYBR® Green method (Invitrogen) with previously
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described primers for MMP-3 and 18S rRNA [8, 9]. Relative
gene expression was calculated using the gene expression
CT difference (GED) formula [10] and represented as fold
difference towards levels at P6.

Histology, Immunohistochemistry and In Situ Zymography

For all histological and immunohistochemical stainings,
mice of various developmental stages were deeply anesthe-
tized and intracardially perfused with 4% paraformaldehyde
(PFA). Sagittal 10 pum-thick cryostat sections were cut.
General morphology was studied using hematoxylin—eosin
(H&E) stainings. Immunostaining for MMP-3 was per-
formed with a primary rabbit antibody against MMP-3
(Santa Cruz, sc-6839-R, used at 1/50), followed by
incubation with a horseradish peroxidase (HRP)-labeled
goat anti-rabbit secondary antibody (Dako). Amplification
via the TSA™ Biotin system (Perkin Elmer) was followed
by an HRP-labeled streptavidin and subsequent staining
using DAB as chromogen. Phenotypical fluorescent stain-
ings were performed on similar sections, using appropriate
Alexa Fluor secondary antibodies (Invitrogen) or the
TSA™ FT/Cy3 System (Perkin Elmer) with the following
primary antibodies: anti-GFAP (Dako, 20334, used at 1/
1000), anti-Calbindin D-28K (Sigma-Aldrich, C9848, 1/
1000), anti-p27 (Santa Cruz, sc-1641, 1/50), anti-VGLUT2
(Invitrogen, 42-7800, 1/250), anti-VGLUT1 (Synaptic
Systems, 135 302, 1/1000), anti-Pax-6 (Covance, PRB-
278P, 1/300), anti-Pax-2 (Invitrogen, 71-6000, 1/750), anti-
BrdU (AbD serotec, OBT0030CX, 1/300), anti-Phospho-
Histone H3 (Cell Signaling, 9701, 1/1000), anti-TAG-1
(Developmental Studies Hybridoma Bank, 1/50), anti-
VGAT (Synaptic Systems, 131 002, 1/200), anti-Active
Caspase-3 (Gentaur, 3015-100, 1/20). Apoptosis was also
detected using TUNEL (in situ cell death detection Kkit,
Roche Applied Science) labeling.

In situ zymography was performed immediately after
cryo-sectioning on 30 wm unfixed brain slices from
different postnatal ages. Controls implied pre-incubation
of sections at room temperature for 1 h with EDTA (20 mM
in DMSO) or a more specific MMP-3 inhibitor (5 uM in
milli-Q) (MMP-3 inhibitor I, Calbiochem). Subsequently,
all sections were incubated overnight with 100 pg/ml
FITC-casein in zymogram buffer (Invitrogen) at 37°C in a
dark, moist environment, rinsed with PBS, and fixed during
20 min with PFA.

All bright-field or fluorescently labeled sections were
examined under a Zeiss Imager Z1 microscope, and
histomorphometric analyses were performed using the
digital image processing software Axiovision (Zeiss). All
cell counts and area measurements were performed on
similar areas of comparable midsagittal sections over a
distance of 400 wm within cerebellar lobe IX. To measure
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the relative VGLUTI1 and VGLUT2 positive areas, the
surface of the ML and the corresponding VGLUT1" and
VGLUT2" area in that surface was determined over a
distance of 400 um in lobe IX of comparable midsagittal
sections. Caspase-3" cell numbers were determined in all
vermal lobes and VGAT" synaptic contacts were counted
per Purkinje cell along lobe IX.

BrdU Birthdating Experiments

For analysis of GC proliferation, WT and MMP-3""" mice
were injected intraperitoneally with 5-bromodeoxyuridine
(BrdU, 100 mg/kg body weight) at PO, P3, P6, P8, P10,
P12, and P15 and perfused with 4% PFA 3 h later. Mice
used for studying the GC migration profile were given a
BrdU injection at P6 and P10 and were sacrificed 2, 5, or
11 days later, respectively, at P8, P12, P15, and P21.

Single or combined immunostainings were performed as
described above, and the number of BrdU" cells per layer
was determined over a pial distance of 400 um in lobe IX
of midsagittal sections.

Golgi—Cox Staining

For visualization of PC dendrites, P12 and 3 months old
WT and MMP-3"" mice were anesthetized and perfused
with 0.9% NaCl. Cerebella were dissected and cut into two
halves at the midsagittal line, rinsed with milli-Q water, and
stained according to the manufacturer’s instructions (FD
rapid Golgi stain kit, FD Neurotechnologies). The brain
halves were embedded in 20% gelatine, vibratome-
sectioned at 70 um thickness, and mounted on slides. The
PC primary dendrite length and dendritic tree size were
measured on bright-field images, taken with a Zeiss Imager
Z1 microscope and Axiovision software, on at least 65
individual PCs of entire cerebellar sections, from three mice
per genotype and per age.

Cerebellar Microexplant Cultures

P8 WT and MMP-3"" mice were decapitated and the
cerebellar cortices were quickly dissected in Gey’s balanced
salt solution, containing 0.65% glucose. Meninges were
removed and the vermis was selected and cut into 200 um
sagittal slices using a Mcllwain Tissue Chopper. Mainly,
EGL was dissected, cut into 200 pm pieces, and subsequently
plated on poly L-lysin/laminin coated coverslips in 50% basal
medium eagle, 25% Hank’s balanced salt solution, 25%
inactivated horse serum+penicillin/streptomycin and
4 mg/ml methylcellulose. After 48 h, microexplants
were fixed overnight with 4% PFA and stained for {3-III
tubulin (Sigma-Aldrich, T8660). The length of the six
longest parallel fibers and the number of GCs that

migrated over 50 pm from the core explant were
analyzed in explants with homogeneous radial process
outgrowth, relative to the explant perimeter (see also
Fig. 3e).

Western Blotting

Cerebella of P8 mice were dissected and homogenized in
lysis buffer (50 mM Tris—HCI, pH 8, 300 mM NaCl, 0.5%
NP-40, 0.5% sodium deoxycholate, | mM EDTA, pH 8
and 0.1% SDS), supplemented with protease inhibitors.
Homogenates (10 pg) were loaded on 4-12% SDS-PAGE and
transferred onto a polyvinylidine fluoride membrane.
Overnight incubation with primary antibodies to BDNF
(Santa Cruz, sc-546, 1/100) or GAPDH (Millipore,
MAB374, 1/20000) was followed by a 1-h incubation
with HRP-labeled secondary antibodies (Dako, 1/2000).
Protein bands were visualized using a luminol-based enhanced
chemiluminescent kit (Thermo Scientific).

Motor Performance Tests

Treadmill analyses were used to define gait parameters
(base distance and overlap distance) in P16 male and
female WT and MMP-3"" mice. Three training trials were
conducted at a speed of 19 cm/s and at a 5° slope.
Afterwards, mice were forced to run on the treadmill with a
speed of 16 cm/s and a slope of 0° during a 60 s test trial.
Video-recording and subsequent footprint data analysis
with Matlab enabled the determination of several gait
parameters.

Next, adult mice (8 to 9 weeks) of both sexes were tested
for circadian activity, rotarod, and balance beam perfor-
mance. Circadian cage activity was measured by placing
the animals individually into 26.7x20.7 cm transparent
cages between three IR beams for 23 h in a normal day—
night rhythm. The total number of photobeam-crossings
was automatically counted every 30 min [11]. General
motor behavior and equilibrium was first tested using an
accelerating rotarod (MED Associates, St. Albans,
Vermont, USA). After a training phase of 2 min at
4 rpm, mice were forced to run on the accelerating
rotarod, starting from 4 until 40 rpm in 5 min. This test
was performed three times a day over three sequential
days and latency to fall was recorded. Secondly, mice
were subjected to the balance beam test. Three days of
testing on the largest wooden square beam were
followed by 1 day of trials on square and round beams
with decreasing diameter (28, 12, 9, and 5 mm for the
square beams and 28, 17, 11, and 5 mm for the round
beams). All mice were forced to traverse each of the
beams twice and the number of paw faults or slips was
noted by two observers, blinded for the genotype.
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In addition, male and female postnatal and adult mice
were subjected to a hindlimb extension test as previously
described [12].

Statistical Analyses

All values are represented as mean+SEM. Statistical
analysis for histomorphometric measurements and gait
analysis was performed using a Student’s ¢ test. For cage
activity, balance beam and rotarod tests, a repeated-
measures 2-way ANOVA and Student’s ¢ test was used.
Multilevel analysis (SAS Proc Mixed) was applied for
explant and PC data analysis. For all statistical tests, a p
value of 0.05 was considered statistically significant.

Results

Spatiotemporal Expression of MMP-3 mRNA and Protein
in the Developing Cerebellum

RT-PCR analysis revealed increasing MMP-3 mRNA levels
during cerebellar development with maximal expression
around P15 and a steep decline towards the end of the third
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Fig. 1 MMP-3 expression and activity in the developing cerebellum.
a MMP-3 mRNA levels increase during development and peak at the
end of the second postnatal week. Data (mean+SEM) are normalized
to 18S rRNA levels and relative to levels at P6. b Immunostaining for
MMP-3 reveals, throughout development, an increasing protein
expression in PC somata and primary dendrites (PD), Golgi cells
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postnatal week (Fig. la). Immunostainings showed MMP-3
protein expression at PO in the cell soma of the prospective
white matter (WM) and the future Purkinje cell layer (PCL)
(Fig. 1b). At P6, MMP-3 protein was visible in the cells and
neuropil of the PCL and weakly expressed in cells of the EGL
and IGL (Fig. 1b). From P10 on, also all Golgi cells,
identified by their location and morphology, showed intense
MMP-3 immunoreactivity. At this stage, the PCs and their
proximal dendrites, the Golgi cell somata in the IGL and cells
in the WM were the major producers of MMP-3 (Fig. 1b).
From P12 on and at least until P21, the MMP-3 expression
pattern remained similar to the one observed at P10, but also
interneurons (INs) in the ML, located near the PCL and
therefore presumably basket cells (BCs), and randomly spread
cell somata from GCs or INs in the IGL weakly expressed
MMP-3 protein. In situ zymography visualized active MMP-3
on cerebellar sections of WT animals (Fig. Ic). Sections
incubated with MMP-3 inhibitor I (Calbiochem) showed a
generally reduced fluorescence level (Fig. 1c). In addition, the
fluorescent signal was also abolished upon preincubation with
buffer or EDTA, a non-specific metalloproteinase inhibitor
(not shown). At all stages of cerebellar development, MMP-3
activity could be detected in the PC somata, Golgi cells, and
to a lesser extent in cells of the EGL and IGL, INs of the
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(G), and ML interneurons (INs). Weak staining is also visible in EGL
and IGL cells. ¢ In situ zymography shows high MMP-3 activity in
the PCL and lower fluorescent staining in the ML interneurons and
IGL. The fluorescent signal is strongly reduced after preincubation
with a specific MMP-3 inhibitor. Scale bars in panels b and c,
respectively, 50 and 75 pum



Mol Neurobiol (2012) 45:17-29

21

ML and WM cells. Overall, MMP-3 expression levels and
activity remarkably increase during cerebellar development
and peaked during the second postnatal week, coinciding with
extensive PC tree branching and ongoing GC migration [2].

MMP-3 Deficiency Results in an Increased EGL Thickness

Hematoxylin and eosin-stained mid-sagittal sections did not
show obvious phenotypic abnormalities in the overall
cytoarchitecture of cerebella of MMP-3"" mice, as compared
to WT animals; however, a more detailed morphometric
analysis revealed an increased EGL thickness in MMP-3""
cerebella from P8 on. It is well known that towards the end
of the first postnatal week, GC precursor (GCP) proliferation
declines [13] (see also Fig. 2¢) and GCs start to migrate. As
a result, between P6 and P8, the EGL thickness of WT pups
decreased by 20.0+£2.0%, while this was only by 3.4+3.1%
in MMP-3"" pups (Fig. 2a). Furthermore, at P15, the EGL
of WT mice had almost disappeared, while MMP-3""
cerebella still showed an apparent EGL. Interestingly, the
increased EGL area was due to a higher GC number, not to a
difference in cell size or in matrix between the GCs (Fig. 2b).
Overall, MMP-3"" mice show an increased GC number and
consequently a thicker EGL from P8 on.
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Fig. 2 Increased EGL thickness in MMP-3" cerebella. a, b
Morphometric analyses on sagittal H and E-stained sections show,
from P8 on, a decrease in EGL thickness (a) and in the number of
GCs (b) in WT cerebella, while both remain significantly elevated in
MMP-3""" cerebella. ¢ Using 3 h BrdU pulse experiments, the number
of proliferating GCPs is found to be significantly increased in MMP-
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MMP-3 Deficiency Influences GC Proliferation
but only at a Later Stage During Development

To further investigate whether the observed increase in
EGL thickness and GC number is due to differences in
GCP proliferation rate, 3 h BrdU pulse studies were
performed at various postnatal ages. Of note, in WT as
well as in MMP-3"" mice, the GCP proliferation rate was
already found to decrease after P3 (Fig. 2c). Although
proliferation seems to be slightly increased at all develop-
mental stages studied, we did not detect significant differ-
ences in the GCP proliferation rate between mutant and
control mice from PO until P10 or at P15 (Fig. 2c).
Remarkably, at P12, when the GCP proliferation rate in
WT animals is abruptly decreasing, a clear difference in
proliferation was noticed in MMP-3"" mice. Immunos-
tainings for the mitosis marker ‘“Phospho-Histone H3
(PH3)” again revealed no differences in the number of
PH3" cells in the EGL of mutant and WT mice until P10
(data not shown), but significantly more PH3" cells were
counted in the EGL of MMP-3"" cerebella at P12
(Fig. 2d). Our data thus indicate that proliferation deficits
do not account for the increased EGL thickness in the
MMP-3 """ cerebella at P8 and P10 but might contribute to
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37" cerebella only at P12. d Immunostainings for PH3 (arrowhead)
confirm the increased GCP proliferation rate in MMP-3"" mice at
P12. Scale bar, 50 um. All the area measurements and cell countings
are performed on similar midsagittal cerebellar sections over a pial
distance of 400 wm in lobe IX. Data are represented as mean+SEM
(*p<0.05, **p<0.01, or ***p<0.005)
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the difference in EGL thickness at P12 and consequently
at P15.

MMP-3 Deficiency does not Affect GC Apoptosis
in the EGL

To verify whether the increased amount of GCs in the EGL
of MMP-3""" mice might be attributable to a decrease in
GC apoptosis and to check for possible (secondary)
apoptotic deficits later on during development, caspase-3
and TUNEL stainings were performed. At P8, P10, and
P12, the number of apoptotic cells in the EGL, analyzed in
whole cerebellar vermal sections, was equal in both
genotypes (data not shown). Therefore, the increased EGL
thickness is not attributable to aberrant apoptotic processes.

MMP-3 Deficiency Affects the Thickness of the Deep EGL

To determine whether the observed increase in EGL
thickness is due to changes in the superficial or deeper
EGL, immunostainings for TAG-1, a cell adhesion mole-
cule transiently expressed on GC axons (parallel fibers)
[14], and for p27, a cyclin-dependent kinase inhibitor
expressed by GCs after cell cycle exit [15] were performed.
The superficial EGL zone, where GCPs actively proliferate,
resembles the TAG-1 or p27 area, while the deeper EGL
zone, where differentiated postmitotic GCs extend their
parallel fibers and migrate tangentially, is defined as the
TAG-1" or p27" area. At P8 and P10, the TAG-1" area was
significantly larger in MMP-3"" mice as compared to WT
animals, while the TAG-1  area was similar in size
(Fig. 3a). Remarkably, at P12, also the TAG-1 area was
significantly enlarged in mutant mice. Analyses on p27-
stained sections confirmed these findings (data not shown).
These data correlate with the previously observed higher
GCP proliferation rate in MMP-3"" animals at P12
(Fig. 2c). Taken together, the thicker EGL in MMP-3"~
mice at later postnatal stages can be caused in part by a
sustained high GCP proliferation rate, but this cannot
account for the increased thickness of the deep EGL
observed at earlier developmental stages.

MMP-3 Deficiency Delays Radial GC Migration

To further investigate a possible perturbed GC migration,
BrdU birthdating experiments were performed. At first, the
ratio of BrdU" cells per layer over the total number of BrdU"
cells was analyzed at P8 (after injection at P6), which
resulted in a significantly higher percentage of BrdU" GCs in
the EGL and a significantly lower percentage in the IGL of
MMP-3"" mice (Fig. 3b), indicating anomalies in GC
distribution. No differences were found in the percentage of
cells in the ML nor in the total number of BrdU" cell counts in
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all layers (336+17 BrdU" cells in WT vs. 338+9 in
MMP-3"" pups, n=6-5, p=NS). The latter findings indicate
that no GC proliferation, but rather radial GC migration
abnormalities in the EGL, are underlying the higher EGL
thickness observed in MMP-3"~ cerebella at P8.

At P12, 2 days after BrdU injection at the peak of migration
(P10), a similar pattern, namely a significantly higher percent-
age of BrdU" GCs in the EGL and a lower percentage in the
IGL was observed in MMP-3 "~ cerebella as compared to WT
brains (Fig. 3c). Despite a similar amount of BrdU" cells in
the IGL, a significantly higher number of BrdU" cells was
located in the EGL and ML of MMP-3"" cerebella (data not
shown). Consequently, the total number of BrdU" cells was
significantly higher in MMP-3"" cerebella (109+10 BrdU"
cells in WT vs. 151£10 in MMP-3"" pups, n=10, p<0.01).
These findings again indicate a delayed radial GC migration
towards the IGL and a higher GCP proliferation rate in the
EGL of MMP-3"" cerebella between P10 and P12.

Five days after BrdU injection (P15), the distribution of
BrdU" GCs in the MMP-3"" cerebella showed a similar
trend but was no longer significantly different from that in
WT brains (Fig. 3d). However, at P15, a significantly
increased number of BrdU" cells was detected in each layer
of the MMP-37" cerebella (total number of BrdU™ cells, 72+
8 BrdU" cells in WT vs. 103+8 in MMP-3"" pups, n=10-9,
p<0.005). Moreover, at P21, 11 days after injection, the
number of BrdU"™ GCs was still slightly higher in the IGL of
MMP-3"" mice as compared to WT animals (number of
BrdU" cells in the IGL, 5145 BrdU" cells in WT vs. 71+7
in MMP-3"" mice, n=5, p=NS), suggestive of an increased
GCP proliferation around P12 and consequently a delayed
radial GC migration.

Thus, MMP-3 seems necessary to allow differentiated
GCs to exit the EGL as MMP-3 deficiency leads to an
increased EGL thickness from P8 on. Importantly, this
GC stalling in the deep EGL delays the time point at
which GCs reach the IGL, which is supported by the
significantly reduced IGL thickness in MMP-37" cere-
bella at P8 and P10 (IGL area at P8, 64,277+1,584 um? in
WT vs. 52,747+3,154 in MMP-3"" cerebella (n=5, p<
0.05); IGL area at P10, 64,085+2,487 in WT vs. 56,640+
1,716 in MMP-37" cerebella (n=5, 1<0.05)). Further-
more, this GC stalling affects the GCP proliferation rate in
the superficial EGL, which finally results in a prolonged
radial GC migration in MMP-3"" cerebella.

MMP-3 Deficiency Increases GC Parallel Fiber Outgrowth
and Tangential Migration

In order to explain the observed delayed radial GC migration
in MMP-3"" mice, we first looked for possible defects in
parallel fiber outgrowth and tangential migration of GCs
using microexplants of P§ cerebella (Fig. 3e). The length of
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Fig. 3 Aberrant GC migration in MMP-3"" cerebella. a Analysis of
the proportion of the TAG-1" area (white beam) to the TAG-1" area
(gray beam) in the EGL of MMP-3"" and WT pups reveal an
increased TAG-1" area or inner EGL in MMP-3"" cerebella at P8,
P10, and P12. At P12, also the TAG-1" area is significantly enlarged
in the MMP-3"" EGL. b BrdU birthdating experiments at P6 reveal a
significantly higher percentage of labelled cells in the EGL and a
reduced percentage in the IGL of P§ MMP-3""" mice. ¢, d Injection of
BrdU at P10 reveals a higher percentage of BrdU" cells in the EGL
and a lower percentage in the IGL of MMP-3"" mice at P12 (c), but at

the parallel fibers (PFs) extending from the transgenic
explants was significantly increased as compared to the
WT explants (Fig. 3e). As GCs migrate along previously
formed parallel fibers during tangential migration [16], we
also analyzed the number of migrating GC nuclei. Microex-
plants from mutant mice showed a significantly increased
number of migrating GCs (Fig. 3e). Taken together, these ex
vivo data indicate that both GC parallel fiber outgrowth and
GC tangential migration are increased by MMP-3 deficiency.
Although these ex vivo data might not entirely reflect the in
vivo situation, they provide evidence for the observed

mean PF length  number of GCs/perimeter

P15, the distribution of BrdU" cells is rather similar in both genotypes
(d). All the morphological measurements (a—d) are performed on
similar midsagittal cerebellar sections over a pial distance of 400 um
in lobe IX. e Representative microexplants from WT and MMP-3"~
cerebella with radially outgrowing parallel fibers (PFs) and migrating
GCs. Analysis of the length of the PFs and the number of GCs that
migrated over a distance of 50 um or more from the core explant
(=outside from the red circle) reveals a significantly increased
outgrowth in MMP-3"" mice. Scale bar, 200 pm. Data are
represented as mean£SEM (¥p<0.05, **p<0.01, or ***p<0.005)

increased size of the deep EGL. Together with the data
obtained using immunostainings for TAG-1 and p27 and
revealing an increased inner EGL thickness in P8 MMP-37~
brains, these findings are suggestive for a delayed onset of
radial GC migration in MMP-3"" cerebella.

MMP-3 Deficiency does not Affect Bergmann Glia Fiber
Morphology

As GCs accomplish their inward radial migration along
Bergmann glia fibers, the morphology of these fibers was
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examined. However, no abnormalities in the radial organi-
zation pattern or density of the GFAP-labeled Bergmann
glia were found at any developmental time point analyzed
(data not shown), suggesting that the observed radial
migration problems are not attributable to any changes in
the structure of these glial processes.

MMP-3 Deficiency Affects Purkinje Cell Dendrite
Morphology

As MMP-3 is expressed by PC soma and primary dendrites,
which are also known to influence GC proliferation and
migration [17-20], a possibly altered PC morphology was
determined on Calbindin-stained cerebella at different
postnatal days. No differences could be found in the
number, diameter, or alignment of PC somata in postnatal
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60 -
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20 -

W/t
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% of wild-type

PD length

Adult

dendritic tree size
120 - F‘
100 A *k o -/-

80 -
60 A
40 -
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*kk

% of wild-type

PD length dendritic tree size

Fig. 4 Aberrant PC dendritic morphology and synaptogenesis in
MMP-3"" cerebella. a Representative pictures of P12 Golgi-stained
PCs in WT and MMP-3"'" cerebellar sections. Morphometric analyses
on entire sections show a decreased PC primary dendrite (PD) length
and a reduced dendritic tree size in P12 and adult MMP-3"" cerebella.
Measurements were performed on at least 65 PCs per genotype and
per age. b VGAT immunostainings reveal a reduced number of
VGAT" BC contacts on the PC soma in MMP-3"" cerebella at P10
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and adult WT and MMP-3""" cerebella (data not shown).
However, additional Golgi stainings, performed to distin-
guish separate PCs and their dendrites [21, 22] in P12 and
adult mice, revealed a reduction in the length of the
primary dendrites (PDs) by 17% (n=3, p<0.05) at P12
and by 26% (n=3, p=0.005) in adult MMP-3""" cerebella
(Fig. 4a). Furthermore, in the adult stage, the size of the
dendritic trees was decreased by 10% in the absence of
MMP-3 (n=3, p<0.01). Also at P12, a reduced dendritic
tree size was observed in MMP-3""" mice. Significance
was not reached here (n=3, p=0.07), most likely because
of the high variability in PC arborization at this develop-
mental age (Fig. 4a) [23]. In conclusion, MMP-37"~
deficiency results in an abnormal dendritic growth of
PCs, which might underlie the observed aberrant cerebel-
lar development in these animals. Importantly, abnormal
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and P12, with a consequent transient delay in pinceau formation on
the PC axon hillock. ¢ Analysis of Pax-6 immunostainings show a
significantly reduced number of interneurons in the ML at P10 and
P12 in MMP-3"" cerebella. VGAT and Pax-6 measurements were
performed over a distance of 400 pum in lobe IX of comparable
midsagittal sections. Scale bar, 50 um. Data are represented as mean+
SEM (¥p<0.05, **p<0.01, or ***p<0.005)
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PC dendritic trees are still present in adult MMP-37"~
brains.

MMP3 Deficiency Retards Synapse Maturation of GC
Axons on PC Dendrites

To further study whether the delayed onset of GC radial
migration and the abnormal PC dendritic development had
any effect on GC-PC synapse maturation, immunostainings
for the presynaptic vesicular glutamate transporter
VGLUT2 were performed on cerebella of P12, P15, and
P21 mice. During the first postnatal week, parallel fibers
express VGLUT2. However, during the second and third
postnatal week, VGLUT2 expression is replaced by
VGLUTI1, upwards across the ML, resulting in parallel
fibers exclusively expressing VGLUTI1 by the end of the
fourth postnatal week [24]. Morphometrical analyses
showed an increased relative VGLUT2" area in the ML of
MMP-3"" mice (VGLUT2" area in ML/total ML area at
P12, 25.3+1.3% in WT vs. 36.0£3.0% in MMP-3""" mice
(n=7, p<0.05); at P15, 14.3+1.9% in WT vs. 21.2+1.8%
in MMP-3"" mice (n=9, p<0.05)). At P21, however,
cerebella of both genotypes still contained a small but equal
VGLUT?2 expression in the ML. These data indicate a delay
in the switch from VGLUT2 to VGLUT1, which could also
be confirmed by immunostainings for VGLUTI1 (data not
shown). Taken together, an aberrant tangential/radial migra-
tion of differentiated GCs in the deeper EGL and an
anomalous PC dendritogenesis in MMP-3"" mice result in
a delayed GC-PC synapse maturation.

MMP-3 Deficiency Influences Maturation of GABAergic
Neurons

As MMP-3 was also expressed in all GABAergic cells and
to further investigate whether the defective PC dendrito-
genesis and the delayed arrival of GCs in the IGL affects
IN-PC synaptogenetic processes, immunostainings for
VGAT, a vesicular GABA transporter, were performed.
Subsequent analyses in the PCL revealed a significantly
reduced number of VGAT' basket cell (BC) synaptic
contacts on PC soma in MMP-3"" mice at P10 (n=5,
p<0.01) and P12 (n=10, p<0.001). However, this was no
longer visible at P15 (Fig. 4b). Also the formation of
pinceaux, specialized structures of BC axon terminals on
the PC axon hillock, which occur from P12 on, was
transiently delayed at P12 (n=6-10, p<0.01), but normalized
at P15 (n=3-4, p=NS) and in adult mice (n=9-10, p=NS)
(Fig. 4b). To study whether this difference in the number of
VGAT" contacts is due to a reduced proliferation of BC
precursors or a delayed BC migration from the WM, we
stained for Pax-6, a transcriptional regulator expressed by
GCs, and determined the number of Pax-6 /DAPI" cells as a

measure for INs in the ML and PCL. These cells represent
both BCs and stellate cells (SCs) coming from a common
pool of GABAergic IN precursors and generated during early
postnatal life [25]. Although BCs are restricted to the deeper
one third of the ML, and SCs are located in the outer half
[26], it is impossible to clearly distinguish both cell types.
At P8, no difference in the number of INs in the ML/PCL
was found, suggesting normal BC proliferation properties in
MMP-3""" WM during the first postnatal week. However, a
significantly lower number of INs in the ML/PCL was
detected in MMP-3"" mice at P10 and P12, but not
anymore at P15 and P21 (n>5) (Fig. 4c). These observa-
tions implicate a transient delay in IN migration towards the
ML after P8. In conclusion, our data indicate that the
transiently decreased amount of VGAT" synaptic contacts
between the BCs and PCs in MMP-3"" mice might be due
to a delayed migration of INs after P8, in turn probably a
secondary effect of the delayed GC arrival in the IGL.

MMP-3 Deficiency Results in Mild Motor Coordination
and Balance Problems

As it is well known that an aberrant development of the
cerebellar cortex can contribute to motor deficits [27], P16
MMP-3"" and WT pups were subjected to treadmill gait
analysis. Significantly increased mean values for front base
distance (between the front paws) and left overlap
distance (between overlapping left front and hind paws)
(n=9, p<0.005) were recorded in MMP-3""" pups
(Fig. 5a), indicative for an impaired gait.

Permanent disturbances in motor performance and motor
learning were further investigated in adult mice. Cage activity
did not differ remarkably between the two genotypes (data not
shown), suggesting that no abnormalities in activity can
influence motor behavior during testing. When challenged to
run an accelerating rotarod, WT mice managed to stay longer
on the rotating rod as compared to their MMP-3""" littermates;
however, only significantly longer at the third day (n=17—
14, p<0.05) (Fig. 5b). Although the interaction was not
significantly different, WT animals improved their motor
performance over the three consecutive days, while MMP-
37" mice only enhanced their time on the rotarod signifi-
cantly between day 1 and day 2. As such, this rotarod test
suggests possible mild motor coordination and learning
problems in MMP-3"" mice. To further assess motor
coordination and balance deficits, mice were forced to
traverse a range of square and round beams in the balance
beam test. No foot faults were noticed for both genotypes on
the large square or round beam; however, by narrowing the
beam, MMP-3"" mice showed remarkably more difficulties
traversing it (Fig. 5c). A significant interaction between
genotype and beam diameter was found for performance on
the round beam (p<0.0001), but significance was not
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Fig. 5 Abnormal motor performance in MMP-3" animals. a Investiga-
tion of the gait pattern (base distance and overlap distance) of P16 pups
on a treadmill shows a significantly longer front-base distance and left
front-hind distance in MMP-3"" mice, as compared to WT animals. b
Adult motor performance evaluated on a rotarod reveals that MMP-3"~
mice spent less time on the rod; however, it is only significant on day 3.
Performance of WT mice increases significantly over the three
consecutive days while MMP-3"" animals cannot enhance their time

reached on the square beam. Due to frequent failures
traversing the smallest round beam, we could not generate
data for statistical analyses using this beam (% of failures:
11% for WT vs. 60% for MMP-3"" mice, n=18-14).
Finally, adult and postnatal mice were subjected to the
hindlimb extension test as it is known that deviations in
hindlimb extension are more often spotted in mice suffering
from motor neuron anomalies [12]. However, both genotypes
showed normal extension reflexes, thereby excluding possible
motor neuron deficits contributing to the above described
aberrant motor phenotype in MMP-3"" mice (n>20).

Discussion

MMP-3 is known to play an important role in several brain
pathologies [4, 28], but its involvement in brain develop-
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spent on the rotarod between day 2 and day 3. ¢ WT mice also perform
better in a balance beam test than their MMP-37" littermates, which make
a higher number of paw slips while traversing square and round beams
with decreasing diameter. As mice do not make paw slips on the largest
beams (28 mm), these are not included in the graphs. Remarkably, no
data could be collected for the smallest round beam as most of the MMP-
37" mice fail to complete this test. Data are represented as mean+SEM
(*p<0.05, **p<0.01, or ***p<0.005)

ment and neuronal wiring remains elusive. The cerebellar
cortex serves as an ideal model system to study neuronal
processes like proliferation, migration, and synaptogenesis.
The spatiotemporal MMP-3 expression observed in the
developmental rat cerebellar cortex suggests a role for
MMP-3 in processes of granule cell (GC) migration and
neurite outgrowth [5]. In the present study, we identified a
role for MMP-3 in the development of the mouse cerebellar
cortex.

Our MMP-3 mRNA and protein expression data reveal
an apparent increase in expression at the beginning of the
second postnatal week, suggesting a role for MMP-3 in
cerebellar morphogenesis and wiring. Indeed, during this
second postnatal week, GC and interneuron (IN) migration
is initiated and followed by neurite extensions and synaptic
wiring, concomitant with extensive Purkinje cell (PC)
dendritic branching [2]. The observed MMP-3 distribution
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resembles the MMP-3 expression pattern previously
demonstrated in the developing rat cerebellar cortex,
except for a diffuse immunopositivity around the
Bergmann glia fibers in the rat ML [5], which was not
present in the mouse cerebellum. Although MMPs were
initially named for their ability to cleave extracellular
matrix proteins, more recent evidence indicates their
implication in intracellular and even intranuclear substrate
cleavage. The few cellular and nuclear substrates discov-
ered until now could associate MMP-3 with protein
synthesis, transcriptional regulation, and the cytoskeleton
[29]. In addition, MMP-3 is assumed to be involved in
apoptosis [30-32]. However, our experiments did not
reveal nuclear MMP-3 expression nor linked MMP-3
deficiency to apoptosis of cerebellar neurons during
development. As MMP-3 protein expression and activity
are clearly present in PC soma and primary dendrites, we
hypothesize that this proteinase exerts a cell-autonomous
effect on PC dendritogenesis. Despite a similar number
and soma diameter of PCs in MMP-3"" cerebella, a
reduced PC primary dendrite length and tree size was
noticed in postnatal as well as in adult MMP-3""" mice.
These findings correlate with an increased MMP-3
expression observed in the second postnatal week. Indeed,
PC somatic growth and monolayer formation is completed
at the beginning of the first postnatal week, but around P6,
these PCs start extending their final primary dendrite and
continue dendritic growth until P30 [2, 33].

Importantly, our study also showed an increased number
of GCs in the EGL from the second postnatal week on. As
proliferation, differentiation, and migration of GCs occur
simultaneously with PC dendrite formation, interactions
between both cell types are necessary for proper histogenesis.
It is well known that PC disruption causes GC proliferation
and migration deficits [34]. Indeed, PCs can affect GC
proliferation and/or migration by production and release of
proteins like sonic hedgehog and vascular endothelial growth
factor [19, 35]. In addition, it has been suggested that PC
dendrites can act as a means for regulating GC tangential
migration as the GC migration route in the innermost EGL is
predictably defined by the PC dendritic arbors [36]. Despite
a normal GCP proliferation rate in cerebella of young MMP-
3 deficient pups, immunostainings for postmitotic markers
revealed a specific increase in the thickness of the deep EGL,
where GCs migrate tangentially and extend their parallel
fibers before inward radial migration. Together with the
BrdU birthdating experiments, these findings suggest a
delayed onset of GC radial migration, which consequently
leads to a delayed arrival of GCs in the IGL. No major
changes were detected in Bergmann glia morphology,
required for an optimal GC radial migration through the
ML. Ex vivo microexplant cultures, applied to mimick the
process of GC tangential migration, revealed longer parallel

fibers and an increased number of GCs migrated along
these fibers in MMP-3"" explants. Although we cannot
exclude that our ex vivo observations do not entirely
resemble the in vivo situation, a protracted tangential
migration might contribute to the increased and sustained
EGL thickness and delayed radial GC migration observed
during development in MMP-3"" cerebella. Thus, MMP-3
seems to affect parallel fiber outgrowth and subsequent
GC tangential migration, directly or indirectly, through
cleavage of signalling molecules, adhesion molecules or
others present in the matrix of the microexplant. The
underlying mechanisms or substrates contributing to this
effect of MMP-3 remain elusive. MMP-3 might affect GC
tangential migration by degrading tenascin, an MMP-3
activatable glia-derived matrix glycoprotein, known to
alter parallel fiber outgrowth and thereby affecting GC
migration, probably indirectly as suggested by its distri-
bution pattern [1, 37]. On the other hand, MMP-3 might
also influence GC tangential migration by modulating GC
soma translocation. The chemokine stromal cell-derived
factor 1o¢ (SDF-1) is known to prevent GCs from leaving
the EGL by chemoattracting them towards the pia [38, 39].
An upregulation of MMP-3 at the correct developmental
stage could degrade SDF-1oc and subsequently initiate GC
radial migration. Although our ex vivo data clearly indicate
that MMP-3 is necessary for proper GC tangential migration,
we cannot exclude any direct or indirect defects on the onset
of radial migration at the EGL/ML border. One of the most
prominent growth factors known to be activated by MMP-3
and contributing to cerebellar histogenesis is brain-derived
neurotrophic factor (BDNF). Both pro-BDNF and BDNF
show high expression in the IGL, PCL, and ML and a lower
expression in the EGL, creating a concentration gradient
which is necessary for proper GC migration out of the EGL.
The phenotype observed in MMP-3"" mice seems, in most
respects, a milder version of the one described earlier in
BDNF "~ mice [40-44]. However, Western blot analysis of
pro- and mature BDNF levels were not found to be
prominently altered in MMP-3"" cerebella (data not
shown), indicating that BDNF might not be the major
MMP-3 substrate responsible for the observed cerebellar
phenotype in MMP-3"" mice. Other substrates out of the
very broad MMP-3 degradome and known to be involved
in parallel fiber outgrowth and/or GC migration are
vitronectin, NMDA receptors, and MMP-9 [1, 5, 7, 38,
45-47]. Although MMP-9 shows a resembling mRNA and
protein expression profile in the developing cerebellum
and modulates GC exit from the EGL, MMP-9 deficiency
or inhibition is known to affect GC apoptosis and reduce
parallel fiber outgrowth, processes which were not
affected or opposite in MMP-3"" animals [5, 7].

Taken together, a deficit in MMP-3 expression can,
through intracellular functioning in PCs, hamper production
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of signaling cues by these latter cells and alter parallel fiber
outgrowth and GC migration. However, we cannot exclude
that extracellular MMP-3 functions around PC soma by (in)
activating matrix proteins, receptors, signaling molecules,
cell adhesion molecules, etc., or by interfering with
repellent/attractive gradients of signalling molecules
throughout the cerebellar cortex and as such influences
GC migration and/or PC dendritogenesis. Finally, changes
in input or output structures might also contribute to the
observed phenotype and we cannot exclude that, e.g.
defective climbing fibers in MMP-3""" mice influence the
Purkinje cell morphology [33].

An additional delayed GC-PC synapse maturation was
found in MMP-3"" cerebella as a result of the disturbed PC
dendritogenesis and GC migration. As the expressed
VGLUT subtype is believed to determine the efficacy of
glutamatergic neurotransmission, the observed perturba-
tions might affect cerebellar functioning [48]. In addition,
a delayed basket cell-PC synapse formation was noted
in MMP-3""" pups from P10 on, possibly caused by a
retarded GABAergic IN migration from the white matter
towards the ML. Moreover, there is evidence that in the
developing cerebellum, GCs influence the migration of
basket and stellate cells from the white matter towards the
ML [49, 50]. As such, we hypothesize that the delayed
GABAergic IN migration in absence of MMP-3 is
secondary to the retarded GC arrival in the IGL. Also
the prolonged retention of GCs in the EGL probably
accounts for the observed prolonged or increased GC
proliferation at P12, as previously been suggested by in
vitro and in vivo experiments for SDF-1c and observed in
BDNF ™ mice [40, 51].

Of note, the mostly transient nature of phenotypical
anomalies in the developing cerebellum and the lack of
profound defects in the adult cerebellum of MMP-3""" mice
can be due to compensation by and/or redundancy of other
MMPs. However, the observed morphological developmen-
tal defects seem to have important functional consequences.
Indeed, although our behavioral data do not exclude the
importance of MMP-3 in other parts of the brain involved
in motor coordination and balance, they amplify the
importance of MMP-3 in the developmental building up
of the cerebellum. The aberrant gait pattern observed in
MMP-3"" pups resembles the gait abnormalities previously
described in mice with defective cerebellar development
[52]. In addition, impairments in motor coordination, motor
learning, and balance, as demonstrated in mice with
dysfunctional PCs [53], were also found in adult MMP-
37" animals.

Taken together, although the exact working mechanism
still needs to be determined, our findings clearly show that
MMP-3 is essential to proper development of the cerebellar
cortex.
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