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Background: Survival of neonatal hippocampal neurons during developmental neuronal death requires integrin.
Results:Levels of laminin increase because levels ofmatrixmetalloproteinase-9 decrease during developmental neuronal death.
Conclusion: Matrix metalloproteinase-9 regulates survival of neurons by regulating laminin-integrin �1 signaling during
developmental neuronal death.
Significance: This is the first report to show a role of matrix metalloproteinases in the survival mechanism in neurons during a
critical developmental process.

The number of neurons in the adult rodent brain is strongly
influenced by events in early postnatal life that eliminate
approximately half of the neurons. Recently, we reported that
neurotrophins induced survival of neonatal rat hippocampal
neurons by promoting neural activity and activation of the Ser/
Thrkinase,Akt.The survival of neurons alsodependedon integ-
rin signaling, but a role for the extracellularmatrix (ECM) in this
mechanism was yet to be explored. Here, we show that levels of
the matrix metalloproteinase-9 (MMP9) decrease, and the level
of the ECM protein laminin increases in rat hippocampus dur-
ing the period of neuronal death. Hippocampi fromMMP9 null
mice showed higher levels of laminin expression than wild type
at P1 and no further increase at P10. In vitro, the matrix metal-
loproteinase inhibitor FN-439promoted survival of neurons in a
laminin-integrin �1-dependent manner. Blocking laminin sig-
naling attenuated activation of Akt by depolarization. In vivo,
injecting FN-439 into the neonatal hippocampus increased the
level of laminin and promoted neuronal survival through an
integrin-dependent mechanism. These results show signals
from the ECM are not simply permissive but rather actively reg-
ulated, and they interact with neuronal activity to control the
number of hippocampal neurons. This work is the first to report
a role for MMP9 in regulating neuronal survival through the
developmental process that establishes the functional brain.

Extracellular matrix (ECM)2 is composed of proteins that
include laminin, fibronectin, and collagen. Integrins serve as
receptors for ECM proteins and consist of heterodimers (� and
� (1)). Integrin-ECM interactions provide cells with signaling
cues and play essential roles in fundamental aspects of cell biol-

ogy, such as morphogenesis, migration, and survival. Matrix
metalloproteinases (MMPs) regulate cell-ECM interactions
through the cleavage of ECM proteins (2, 3). In the adult brain,
proteolysis of ECM is a major cause of excitotoxin-induced
neuronal death (4, 5). Excitotoxic stimuli up-regulate MMP
activity (6) and induce changes in the electrophysiological
properties of neurons (7, 8). However, the role of MMPs and
their substrate ECM proteins during development and neuro-
nal maturation is unknown.
Neuron number is controlled by a process of cell death

throughout the central nervous system during postnatal devel-
opment. In the rodent hippocampus, this developmental death
occurs during the first postnatal week (9, 10). Spontaneous neu-
ral network activity that is thought to be important for the
development of functional neuronal circuits occurs during this
time in the neonatal hippocampus (11). Recently, we reported
that the development of active networks plays a key role in the
survival of neonatal hippocampal neurons (12). We found that
neurotrophins promote neurons to join active networks such
that calcium influx through L-type voltage-gated calcium chan-
nels regulates survival through sustained activation of the ser-
ine-threonine kinase Akt. This sustained activation of Akt also
requires integrin�1 (12). These results demonstrate the impor-
tance of an integrin-dependent signal in the survival of neonatal
neurons. However, whether this signal is merely permissive or
actively regulates neuronal survival was unknown.
Here, we report that MMP9 is expressed at high levels in the

immediate postnatal hippocampus and that their expression
levels fall just as laminin levels increase. Delivering an MMP
inhibitor to the hippocampus in vitro and in vivo controls neu-
ron numbers through a laminin-dependent process. These
results assign a critical role to MMP9 and ECM in the activity-
dependent regulation of neuron numbers in the developing
hippocampus and may also help illuminate disease conditions
in adult brain.

EXPERIMENTAL PROCEDURES

Reagents—FN-439was purchased fromCalbiochem.DQgel-
atin from pig skin and fluorescein conjugate were purchased
fromMolecular Probes. 4�,6�-Diamidino-2-phenylindole dihy-
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drochloride (DAPI), laminin, and p-aminophenylmercuric ace-
tate were purchased from Sigma. Mouse/rat recombinant
MMP2 (rMMP2), rat recombinant MMP9 (rrMMP9), and
fibronectin were purchased from R & D Systems.
Animals—Sprague-Dawley rats were purchased from

Charles River. FVB/NJ control mice andMMP9 null mice were
purchased from The Jackson Laboratory.
Antibodies—Antibodies were used for Western blot and

immunostaining with the following dilutions: polyclonal rabbit
anti-cleaved caspase 3 (c-cas3), anti-phospho-Ser-473 Akt, and
anti-pan-Akt (Cell Signaling Technology), 1:500; monoclonal
mouse anti-NeuN (Millipore); polyclonal rabbit anti-MMP2
and anti-MMP9 (Torrey Pines Biolabs), 1:200; polyclonal
rabbit anti-phospho-Ser-166 murine double minute 2
(MDM2) and anti-p53 (Santa Cruz Biotechnology), 1:200;
polyclonal rabbit anti-laminin, monoclonal mouse anti-MAP2,
and anti-�-actin (Sigma), 1:1000; Alexa 488-conjugated goat
anti-mouse IgG, Alexa 546-conjugated goat anti-rabbit IgG,
Alexa 488-conjugated donkey anti-goat IgG, and Alexa 546-con-
jugated donkey anti-mouse IgG (Molecular Probes), 1:500. For
functionblocking, hamster anti-integrin�1 (50mg/ml;BDBiosci-
ences) and rabbit anti-laminin (50mg/ml; Sigma) were used.
Antibody Pre-absorption—Prior to pre-absorption, 100ml of

0.5 mg/ml rabbit anti-laminin (Sigma) was dialyzed to remove
sodium azide with 1 liter of phosphate-based saline (PBS) over-
night at 4 °C using Slide-A-Lyzer dialysis cassette G2 (Thermo
Scientific). Culture dishes were coated with 3 �g/ml laminin
(Sigma) or fibronectin (R &D) in PBS for 2 h followed by wash-
ingwith distilledwater. The dialyzed antibodywas diluted to 50
�g/ml with Neurobasal and B27 (Invitrogen), applied to the
laminin- or fibronectin-coated culture dishes, and incubated
for 2 h at 4 °C. To confirm the efficiency of pre-absorption,
media containing antibodywere applied to a gel for SDS-PAGE,
and rabbit IgG was detected with Western blot analysis.
Dissociated Cell Cultures—Culture was prepared as de-

scribed previously (13). Hippocampi from embryonic day 18
(E18) Sprague-Dawley rat embryoswere used for both astrocyte
(plated at a density of 80,000 cells/ml) and neuron (density,
200,000 cells/ml) cultures. Astrocytes were cultured in Neuro-
basal (Invitrogen) with 5% fetal bovine serum (FBS) in 5% CO2
at 37 °C for 14 days. Medium was changed completely twice a
week. Neurons were plated on confluent astrocyte beds and
cultured in Neurobasal and B27 in 5% CO2 at 37 °C. Half of the
medium was changed every 2 days.
Western Blot—Hippocampi were taken from a P1 or P10 rat

or FVB/NJ control mouse or MMP9 null mouse (The Jackson
Laboratory), weighed, and homogenized in 300% (v/w) lysis
buffer (150 mM NaCl, 1% Nonidet P-40, 50 mM Tris-HCl, pH
8.0) containing a protease inhibitor mixture (Roche Applied
Science) on ice. Homogenates were then diluted with an equal
volume of 2� SDS loading buffer. Samples from dissociated
culture were collected with 1� SDS loading buffer (60 �l per
one 24-well culture dish). The samples were boiled for 5 min,
and then applied to a 4–10% gradient SDS gel (Bio-Rad). The
proteins were transferred to a nitrocellulose membrane. The
membranes were blocked with 4% skimmilk in PBS for 30min.
Incubationwith antibodies was performed in the blocking solu-
tion. Membranes were washed with Tris-buffered saline with

0.05%Tween 20. The proteinswere visualizedwith SuperSignal
West Pico System (Pierce), detected, and analyzed with a Bio-
Chemi System (UVP BioImaging Systems). Means � S.E. are
plotted.
Immunoprecipitation—Hippocampi were taken from P1 or

P10 rat pups and homogenized in 6.5 ml of lysis buffer (150mM

NaCl, 1%Nonidet P-40, and 50mMTris-HCl, pH 8.0), contain-
ing a protease inhibitor mixture (Roche Applied Science) per
1 g of tissue, and centrifuged at 12,000 � g for 10 min. Super-
natants were pre-absorbed with 10% (v/v) protein A-conju-
gated Sepharose beads (Amersham Biosciences) for 1 h and
then centrifuged at 3000 � g for 3 min. The supernatant was
incubatedwith 1% (v/v) antibodies for 2 h followed by 10% (v/v)
protein A-conjugated Sepharose beads for 1 h. The beads were
then washed twice with the lysis buffer. Proteins were eluted
with 10 times (v/v) nonreducing SDS sample buffer. Procedure
was done at 4 °C.
Gel Zymography—m/rrMMP2 and rrMMP9 were incubated

with 1 mM p-aminophenylmercuric acetate at 37 °C for 6 h for
activation (15). 10 ng/lane recombinant MMPs or equal vol-
umes (30 �l) of immunoprecipitation samples were applied to
Ready Gel Zymogram Gel (Bio-Rad; 10% SDS-PAGE contain-
ing gelatin) under nonreducing condition. Gels were washed
two times for 15 min with 2.5% Triton X-100 with/without 50
�MFN-439 and then incubated in 50mMTris-HCl, pH7.5, with
10 mM CaCl2, 1 mM ZnCl2, 1% Triton X-100, 0.02% sodium
azide (and 50 �M FN-439) at 37 °C for 2 days. Gelatinolysis was
visualized with Coomassie Brilliant Blue R-250 staining fol-
lowed by destaining solution (Bio-Rad).
In Vivo Injection—In vivo injection to CA1 was described

previously (16). Briefly, Sprague-Dawley rat pups (P2) of either
sex were anesthetized by hypothermia (in ice for 5min) prior to
the surgery. The anesthetized animal was placed on ice in a
stereotaxic instrument. The stereotaxic coordinates from
bregma are as follows: anterior-posterior �1.5; midline, �1.8;
ventral-dorsal, �1.8 mm. 0.3 �l of reagents were delivered at a
rate of 0.1�l/min using aHamilton syringewith an LASI needle
attached to a pump. FN-439 was injected at 720 �M. Hamster
anti-integrin �1 antibody has been reported to block �1 sub-
unit-containing integrins (17). Anti-integrin �1 antibody was
injected at 0.5 mg/ml. PBS was used as control. Pups were kept
at 37 °C for 1–2 h to recover from anesthesia, and then returned
to their mother and kept for 2 days.
In Situ Zymography—In situ zymography was performed fol-

lowing the method of Oh et al. (18). Brains from P4 pups were
quickly dissected and frozen in dry ice. The frozen brains were
then immersed in ornithine carbamoyltransferase compound
(Tissue-Tek) on dry ice. Hippocampal slices of 300 �m thick-
ness were incubatedwith 50mMTris-HCl, pH 7.5, with 150mM

NaCl, 5mMCaCl2 and 0.02% sodium azide (and 50�M FN-439)
containing 40 �g/ml DQ gelatin fluorescein conjugate at 37 °C
overnight. Proteolysis by gelatinases cleaves intramolecularly
quenched DQ gelatin-FITC into fluorescent peptides. Brain
sections were washed with PBS three times and fixed with 4%
paraformaldehyde on ice for 15 min. All fluorescence images
were taken using the same exposure time, and the fluorescence
intensities of the CA3 region were analyzed using ImageJ soft-
ware (National Institutes of Health).
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Reverse Transcription (RT)-PCR—Hippocampi were taken
from P1 or P10 rat, weighed, and homogenized in 300% (v/w)
lysis buffer (150 mM NaCl, 1% Nonidet P-40, 50 �M Tris-HCl,
pH8.0) containing a protease inhibitormixture (RocheApplied
Science) on ice. RNAwas isolated from the homogenates using
TriPure isolation reagent (Roche Applied Science). RT-PCR
was performed using SuperScript first-strand synthesis system
for RT-PCR (Invitrogen). Using 5 �g of total RNA, first-strand
cDNA synthesis reaction by reverse transcriptase was done
using oligo(dT)12–18 as primers. PCR was performed using Taq
polymerase (Roche Applied Science). The sequences of the
primers are the following: CCACACTTTCTACAATGAGC
and CCGTCAGGATCTTCATGAGG for �-actin; CTATT-
CTGTCAGCACTTTGG and CAGACTTTGGTTCTCCA-
ACTT for MMP2; AAATGTGGGTGTACACAGGC and TT-
CACCCGGTTGTGGAAACT for MMP9; and TGAAGT-
CGAACAGCTCT and TGTCTGCAGTGACTTTA for lam-
inin �1 chain. Conditions for PCRs are as follows: 35 cycles at
95 °C (30 s), 57 °C (30 s), and 72 °C (2 min) for MMP2 and
�-actin; 35 cycles at 95 °C (30 s), 62 °C (30 s), and 72 °C (2 min)
for MMP9; and 35 cycles at 95 °C (30 s), 60 °C (30 s), and 72 °C
(2min) for laminin �1 chain. The primers yield �300-bp prod-
ucts. The PCR products were separated in 2% agarose gel.
Immunostaining—Cultures were fixed with 4% paraformal-

dehyde, permeabilized in 0.5% Triton X-100, and blocked with
4% normal goat serum (NGS, Vector Laboratories). For immu-
nohistochemistry, pups were perfused with PBS and then 4%
paraformaldehyde. Brains were fixed with 4% paraformalde-
hyde for 2 days followed by incubation with 20% sucrose for 1
day at 4 °C and then frozen in dry ice-chilled 2-methyl butane
for 45 s. The frozen brains were then immersed in ornithine
carbamoyltransferase compound (Tissue-Tek) on dry ice. Cor-
onal cryostat 16-�msectionswere blockedwith 4%NGS in PBS
with 0.1% Triton X-100. Antibodies were diluted in 4% NGS.
Fluorescent imageswere takenwith anApotome (Zeiss, Thorn-
wood,NY,USA)with 10 or 40� lenses. Each imagewas taken at
1384 � 1040 pixels with 150 pixels/inch resolution. To com-
pare intensities, the same exposure time was used for all sam-
ples. Resolution of fluorescence intensity was 254 levels.
Cleavage of Hippocampal Laminin by MMPs—Coronal cry-

ostat 16-�msections of P10 brains were first incubated at 65 °C
overnight to reverse formaldehyde cross-links (19). The sec-
tions were then incubated with PBS containing 10 ng/ml acti-
vated mouse/rat rMMP2 or rrMMP9 (and 50 �M FN-439) at
37 °C for 24 h and washed twice with PBS. Sections were re-
fixed with 4% paraformaldehyde at 4 °C for 20 min, permeabi-
lized in 0.5% Triton X-100, and blocked with 4% NGS and then
immunostained.
Cell Quantification—Cell quantification was performed as

described previously (12). Neurons were visualized by immu-
nostaining neuron-specific microtubule-associated protein 2
(MAP2) (20). Fluorescence images were obtained from the fol-
lowing five fields; one from the center of the coverslip and two
vertically and two horizontally 400–3000 �m from the center.
We avoided sampling the edge of coverslips where densities of
neurons were higher than other regions. Each coverslip was
defined as an individual culture. Numbers represent means �

S.E. All results were obtained from multiple cultures. All anal-
yses were done blind.
To quantify the number of apoptotic neurons in the neonatal

hippocampus, every fourth sequential section was used for
immunohistochemistry. Identification of individual cells was
confirmed by DAPI staining (to visualize nuclei), and the cell
type was determined by immunostaining with the neuron-spe-
cific nuclear protein, NeuN (21). Ratio of apoptotic (c-cas3�)
neurons (NeuN�) over total neurons in one hippocampus was
defined as n � 1. All analyses were done blind.
Statistical Analyses—Statistical significance between two

groupswas determinedwith a two-tailed paired Student’s t test.
For multiple groups, statistical comparisons were made by
ANOVA followed by individual group tests with Bonferroni
corrections for multiple comparisons.

RESULTS

Levels ofMMP2andMMP9Decrease during the First 10 Post-
natal Days—MMP2 and MMP9 are expressed in adult hip-
pocampus (6). To determine whether these MMPs are
expressed in rat neonatal hippocampus, we first performed
reverse transcription (RT)-PCR analyses. The results of RT-
PCR showed both MMP2 and MMP9 were highly expressed at
postnatal day 1 (P1) but less expressed at P10 (Fig. 1A), suggest-
ing that transcriptions of these genes decreaseswith age. To test
whether levels of protein changed during this time, we next
performed Western blot analyses. As we had reported previ-
ously (6), the antibody against MMP2 detected the expected
band at�70 kDa and, in addition, a band with a highmolecular
weight (98 kDa) from P1 hippocampus (Fig. 1B). MMP9 (�95
kDa) was also present in P1 hippocampus (Fig. 1B). However,
levels of both MMPs had decreased significantly by P10 (Fig.
1B).We used gel zymography to test whether theseMMPswere
active. When MMP2 and MMP9 were immunoprecipitated
with their specific antibodies (6), we detected both active and
latent forms of MMP2 in P1 hippocampus (Fig. 1C), although
we observed very weak enzymatic activity (Fig. 1D). We
detected strong activity of MMP9 in the P1 hippocampus,
which had dramatically decreased by P10 (Fig. 1, C and D).
Consistent with the Western blot results, immunohistochemi-
cal analysis of P1 and P10 hippocampal regions showed a
decrease in levels of MMP2 and MMP9 between the two time
points (Fig. 1E). Double staining of the CA1 region with a neu-
ronalmarker, NeuN (21), showedMMP2 andMMP9were both
present at P1 in the pyramidal cell layer, the striatum oriens
(SO), and the stratum radiatum, but by P10 the amounts had
decreased dramatically (Fig. 1E). These results show levels of
MMPs are developmentally regulated during the first postnatal
10 days.
Levels of Laminin in Hippocampal Neurons Increase during

the First 10 Postnatal Days—Because levels of MMPs decrease
during the first 10 postnatal days, we tested whether compo-
nents of the ECM, such as laminin, a substrate for MMPs,
change expression levels. Laminin �1 is expressed in both
neonatal and adult hippocampus (22). When the transcrip-
tion of laminin �1 was analyzed by RT-PCR (23), we found
no changes in message level between P1 and P10 (Fig. 2A).
However, Western blot analyses of P1 and P10 hippocampus
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clearly showed that laminin levels increased between P1 and
P10 (Fig. 2B). To check which cells express laminin in the
neonatal hippocampus, we next performed immunohisto-

chemistry. As shown previously in adult hippocampus (4),
laminin was expressed mainly in the cell body of hippocam-
pal neurons (Fig. 2, C and D). Consistent with the results of

FIGURE 1. Levels of MMP2 and MMP9 decrease during the first 10 postnatal days. A, RT-PCR analyses of MMP2 and MMP9 in P1 and P10 hippocampi.
�-Actin was used as a control (n � 4). Means � S.E. are plotted. Asterisk, p � 0.0001 (Student’s t test). B, Western blot analyses of MMP2 and MMP9 in P1 and P10
hippocampi. �-Actin was used as a control (n � 4). Means � S.E. are plotted. Asterisk, p � 0.0001 (Student’s t test). C, immunoprecipitation (IP) of MMP2 and
MMP9 from P1 and P10 hippocampi. �Ab, homogenate from P1 hippocampi was incubated with protein-A agarose without antibody. IB, immunoblot. D, gel
zymography of MMP2 and MMP9 immunoprecipitated from P1 and P10 hippocampi. E, immunostaining of MMP2 and MMP9. Upper panel, P1 and P10
hippocampi. Fluorescence intensity is represented by a color scale. Lower panel, CA1 regions from P1 and P10 are shown. MMP2 or MMP9 (red); the neuronal
marker protein NeuN (green); and DAPI nuclear stain (blue).
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the Western blots, immunohistochemical analyses showed
that between P1 and P10, neurons in hippocampus expressed
increasing levels of laminin (Fig. 2, C and D). In addition to
CA1 and CA3 pyramidal cells, interneurons in the SO also
expressed laminin mainly in cell bodies and increased the
levels of laminin expression between P1 and P10 (Fig. 2D).
These results show that hippocampal neurons increase levels
of laminin during the first 10 postnatal days.

MMP9RegulatesLamininLevels inDevelopingNeurons—Anal-
yses of neonatal hippocampus revealed decreasing levels of
MMPs and concomitant increasing levels of laminin. Because
we detected only low enzymatic activity fromMMP2 in P1 hip-
pocampus, we tested, by comparing wild type and MMP9 null
mice, whether MMP9 plays a major role in regulating laminin
levels. As shown in Fig. 3A, profiles ofMMP9 and laminin levels
were similar in both wild type mice and rats. However, MMP9

FIGURE 2. Levels of laminin increase during the first 10 postnatal days. A, RT-PCR analyses of laminin �1 chain. Graph shows relative band intensities of
laminin �1 chain standardized against �-actin bands (n � 4). Means � S.E. are plotted. B, Western blot analyses of laminin in P1 and P10 hippocampal tissue.
Graph shows relative band intensities of laminin standardized against �-actin bands (n � 4). Means � S.E. are plotted. Asterisk, p � 0.0001 (Student’s t test).
C, immunostaining of laminin. P1 and P10 hippocampi. Fluorescence intensity is represented by a color scale. D, immunostaining of laminin (red) and NeuN
(green). Top, CA1 and CA3 pyramidal cell layers, and CA1 SO neurons of P1 and P10 hippocampi. Bottom, intensities of laminin immunostaining. Pyramidal cell
layer and soma region of SO interneurons were determined using NeuN staining. Fluorescent intensity of laminin staining from NeuN� region was subtracted
to plot laminin intensities (n � 5; means � S.E.). Asterisks, p � 0.001 (Student’s t test).
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null mice showed higher levels of laminin expression than wild
type at P1; this level showed no further increase at P10 (Fig. 3,A
and B). These results suggest that MMP9 plays a major role in
regulating laminin levels in neonatal hippocampus.
To directly evaluate the effects of enzymatic activity of

MMP9 on laminin, we treated P10 hippocampal slices with
MMP9prior to immunostaining.Whereas a strong laminin sig-
nal could be detected in the cell bodies of dentate gyrus neurons
under control conditions, only very weak signals were detected
from the rrMMP9-treated slice (Fig. 3C). The effects of treat-
ment with MMP9 were completely blocked in the presence of
the MMP inhibitor, FN-439 (Fig. 3C). These results confirm
that enzymatic activity ofMMP9 degrades rather than activates
laminin.
To further test whether MMP9 plays a role in regulating

laminin levels, we used dissociated cultured hippocampal neu-
rons. We previously showed that dissociated cultured neurons,
like those in vivo, go through developmental death between
days in vitro 5 (DIV5) toDIV9 (12).WeperformedWestern blot
analyses using samples from DIV4 and DIV14. The MMP2
expression levelswere very low in these samples (Fig. 3D).How-
ever, MMP9 was present at DIV4 but decreased at DIV14,
whereas laminin levels increased between DIV4 and DIV14,
just as we had observed in samples fromneonatal hippocampus
(Fig. 3D).
We then tested whether MMPs can influence levels of

laminin expression. Gel zymography confirmed that FN-439
efficiently inhibits the enzymatic activity of MMP9 (data not
shown). We then tested whether FN-439 also changed laminin
levels. Indeed, incubationwith FN-439 for 2 days betweenDIV4
andDIV6 increased the levels of laminin (Fig. 3E). The antibody
against laminin was specific; antibody that had been pre-ab-
sorbed with laminin did not yield these bands, but antibody
pre-absorbed with fibronectin was able to detect laminin (Fig.
3E). These data show MMP9 activity changes laminin expres-
sion levels.
Laminin Is Critical for Depolarization-triggered Phosphory-

lation of Ser-473 Akt—Next, we tested whether laminin is
involved in survival signaling in developing neurons. The ser-
ine/threonine kinase Akt responds to various extracellular cues
and induces cell survival signaling (24). Akt has two phospho-
rylation sites, Thr-308 and Ser-473, and each mediates distinct
cellular responses (25). As we reported previously (12), sponta-
neous network activity allows calcium influx through L-type
voltage-gated calcium channels, which then induces the phos-
phorylation of Ser-473 of Akt, thereby activating the critical
signal for survival. Here, we found depolarizing hippocampal
neurons by briefly exposing them to elevated potassium effi-
ciently induced phosphorylation of both sites (Fig. 4A). How-
ever, preincubating the neurons with laminin antibody abol-
ished depolarization-induced Ser(P)-473 without affecting
Thr(P)-308 (Fig. 4A). These results suggest laminin signaling is
required specifically for Ser(P)-473 Akt triggered by neuronal
activity.
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FIGURE 3. MMP9 and laminin are developmentally regulated in vitro. A,
Western blot analyses of MMP9 and laminin in the wild type and MMP9KO
mouse hippocampus. C, cleavage of laminin by rrMMP9. Immunostaining of
laminin in P10 dentate gyrus region is shown. Fluorescence intensity is rep-
resented by a color scale. Samples were incubated with 10 ng/ml rrMMP9 at
37 °C for 24 h. 50 �M FN-439 was used. Graph shows relative band intensities
standardized against �-actin bands (n � 4). Means � S.E. were plotted. Aster-
isk, p � 0.0001 (Student’s t test). B, immunostaining of laminin. P1 hip-
pocampi of wild type (top panel) and MMP9KO (bottom panel) mice. Fluores-
cence intensity is represented by a color scale. D, Western blot analyses of
MMP2, MMP9, and laminin, comparing expression in DIV4 and DIV14. �-Actin
was used as a loading control. Graph shows relative band intensities stan-
dardized against �-actin bands (n � 4). Means � S.E. were plotted. Asterisk,
p � 0.0001 (Student’s t test). E, Western blot analysis shows laminin expres-
sion is regulated by MMPs. Neurons were cultured with 0, 10, or 50 �M FN-439
from DIV4 to DIV6. Western blot was performed using laminin antibody
(�-LM), laminin-pre-absorbed laminin antibody (�-LM (pre-LM)), or fibronec-
tin-pre-absorbed laminin antibody (�-LM (pre-FN)). �-Actin was used as a
loading control. Analyses were done using the same membrane repeatedly

stripped by 100 mM glycine-HCl, pH 2.5, and reprobed. Graph shows relative
band intensities standardized against �-actin bands (n � 4). Means � S.E. are
plotted. Asterisk, p � 0.0001 (one-way ANOVA).
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To further analyze the effects of laminin blockade, we mon-
itored one of the targets of Akt, MDM2 (26). A brief depolar-
ization by high potassium phosphorylated MDM2 (Fig. 4B).
The phosphorylation of MDM2 induced degradation of p53
(27). We detected a decrease in levels of p53 upon brief depo-
larization (Fig. 4B). Preincubation with laminin antibody abol-
ished these changes (Fig. 4B). These results suggest the laminin
blockade affects events downstream of Akt activation.
Inhibition of MMPs and Laminin Regulates Survival of

Neurons—To examine whether activity of MMPs and laminin
signaling are involved in the survival of developing neurons,
from DIV5–7 we grew cultures in the presence of the MMP
inhibitor FN-439 and laminin antibody (Fig. 5). Incubationwith

FN-439 significantly increased the number of surviving neu-
rons, whereas incubation with laminin antibody significantly
decreased the number of neurons (Fig. 5). Numbers of astro-
cytes were unchanged by these treatments (data not shown).
Pre-absorption with laminin (but not fibronectin) completely
abolished the effect of laminin antibody; thus, the antibody
exerts its effect by inhibiting laminin signaling (Fig. 5). Incuba-
tion with activated 10 ng/ml rrMMP9 fromDIV5–7 resulted in
a severe loss of both neurons and astrocytes (data not shown),
suggesting multiple pathways, in addition to a loss of laminin
signaling, can lead to the death of neurons when they are
exposed to high MMP activity. As we reported previously (12),
a function blocking antibody against integrin �1 reduced the

FIGURE 4. A, activating the serine/threonine kinase, Akt, by depolarizing neurons requires laminin. Graph shows band intensities of pAkt (n � 4; means � S.E.).
cnt, control. B, activation of MDM2 and down-regulation of p53 induced by depolarization was blocked by inhibition of laminin signaling. Neurons (DIV14) were
depolarized by a brief (2 min) exposure to HBS containing 50 mM KCl. Neurons were preincubated with 50 �g/ml of laminin antibody for 2 h prior to the
depolarization. Graphs show relative band intensities of PMDM2 and p53 (n � 4; means � S.E.). Asterisks, p � 0.001 (Student’s t test).

MMP9 Regulates Developmental Neuronal Death

12190 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 15 • APRIL 6, 2012



number of surviving neurons to a degree similar to that caused
by treatment with laminin antibody (Fig. 5). Finally, the MMP
inhibitor failed to promote the survival of neurons when incu-
bated with laminin antibody or integrin �1 antibody (Fig. 5),
suggesting that the survival effect is due to an increase in
laminin-integrin signaling. These results show thatMMPactiv-
ity and laminin signaling are both involved in the survival of
developing neurons.
MMP Inhibitor FN-439 Increases Laminin Levels and

Decreases the Number of Apoptotic Neurons—The experiments
performed in vitro suggested that regulation of MMPs controls
the number of neurons during the period of developmental
death via laminin signaling. To test this possibility in vivo, we
injected the MMP inhibitor FN-439 into P2 hippocampi. We
first prepared hippocampal slices and used in situ zymography
to test whether the drug was spread effectively and was func-
tional throughout the hippocampus. The presence of active
MMPs in the CA3 region of P4 control animals was revealed by
a strong fluorescence signal. This signal emanates from gelatin
conjugated with a quenched fluorophore that dramatically
increases its fluorescence when the gelatin is cleaved by active
MMPs (Fig. 6A). Hippocampal slices from the FN-439-treated

P2 animals, however, showed a strong decrease in the fluores-
cence signal, confirming that the injection of FN-439 effectively
inhibited MMP activity in vivo (Fig. 6A).
Next, we tested the effect of MMP inhibitor on levels of

laminin. Hippocampi treatedwith FN-439 showed significantly
higher laminin immunofluorescence than hippocampi receiv-
ing a control treatment (Fig. 6B). These results show that levels
of laminin, the integrin ligand, increased when MMP function
was inhibited.
To determine the effect of MMP inhibition on neuronal

death, we counted the number of c-cas3� neurons between P2

FIGURE 5. Inhibition of MMPs and laminin signaling regulate neuronal
survival in vitro. Upper panel, MAP2 immunostaining of control (cnt), FN439-
treated, laminin antibody (�-LM)-treated cultures, and cultures treated with
both FN-439 and �-LM. Lower panel, quantification of neuron numbers (n �
10; means � S.E.) Asterisks, p � 0.05 (one-way ANOVA). Neurons were incu-
bated from DIV5 to DIV7. 50 �M FN439, 50 �g/ml �-LM, and 50 �g/ml anti-
integrin �1 antibody (�-�1) were used.

µ

α β

FIGURE 6. In vivo injection of FN-439 inhibits MMP activity and sup-
presses apoptosis. A, in situ zymography. FN-439 was injected at P2, and its
effect was analyzed at P4. Left panel, CA3 region of control and FN-439-in-
jected animal. DAPI staining (left) and gelatin-FITC (right). Right panel, fluores-
cence intensities of gelatin-FITC. CA3 regions of the control and FN-439-in-
jected animals were compared (n � 5; means � S.E.). Asterisk, p � 0.01
(Student’s t test). B, immunostaining of laminin. Left panel, CA3 regions of the
control and FN-439-treated animals are shown. Resolution of fluorescent
intensities is 0 –254 levels, with the color code for intensity shown as a scale
bar. Right panel, intensity of laminin immunostaining signals (n � 6; means �
S.E.). Asterisk, p � 0.0001 (Student’s t test). C, c-cas3� neurons in the control,
FN-439-injected and anti-integrin �1 antibody (�-�1)-injected animals were
analyzed for CA1, CA3 pyramidal cells, and CA1 SO interneurons (n � 10;
means � S.E.). Asterisks, p � 0.05 (one-way ANOVA). cnt, control.
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and P4.WhenMMPwas inhibited, the number of c-cas3� neu-
rons decreased significantly in both CA1 and CA3 pyramidal
cells and in the interneurons in SO of the CA1 region (Fig. 6C).
However, when FN-439 was co-injected with the function
blocking anti-integrin �1 antibody, the number of apoptotic
neurons increased compared with control (Fig. 6C), suggesting
the effect of FN-439 depends on integrin �1 signaling. These
results are consistent with our results obtained in vitro that
signals from the extracellularmatrix positively regulate the sur-
vival of hippocampal neurons in neonatal animals.

DISCUSSION

This study shows that the levels of MMP9 decrease during
the first 10 postnatal days, a time when large numbers of neu-
rons are eliminated. Immunohistochemistry tests show that
laminin levels increase during postnatal 10 days. Because pro-
teoglycans such as dystroglycan are known to bind to laminin
(28), abundant interactions with those molecules in P1 hip-
pocampus could potentially mask the binding site, preventing
the antibody from recognizing laminin. However, this is
unlikely because the results of Western blot analyses followed
by separation of proteins with SDS-PAGE are consistent with
the immunohistochemistry results. Alternatively, post-transla-
tional modification of laminin, such as glycosylation (29), could
potentially mask the epitope. However, we observed no change
in themobility of laminin species in SDS-PAGEbetweenP1 and
P10 hippocampal samples, suggesting that levels of post-trans-
lational modification are equivalent. Taken together, it is likely
that total levels of laminin increase between P1 and P10. The
MMP inhibitor FN-439 increased levels of laminin both in vivo
and in vitro. Consistently, the levels of laminin in MMP9 null
mouse hippocampus were high at P1 and showed no further
increases with age. Application of an MMP inhibitor increases
neuron numbers through a laminin-dependent mechanism.
Laminin is required for depolarization-induced Akt activation,
whichwe recently reported is critical for the survival of neurons
(12). Laminin blockade attenuated down-regulation of the
tumor suppressor p53 by Akt activation, which we also recently
reported is the key regulator of survival (30). Here, with results

obtained in vitro and in vivo, we provide the first report that
MMP9 is involved in the regulation of developmental neuronal
death (Fig. 7).
The serine/threonine kinase Akt has been widely studied

because of its important biological functions (24). Akt has two
phosphorylation sites that mediate distinct cellular responses,
and phosphorylation of Ser-473 is particularly involved in cell
survival (25). Our new results show that phosphorylation of
Ser-473 Akt by depolarization is blocked by inhibiting laminin
signaling. Similarly, echistatin, a type of disintegrin that blocks
�1/�3-containing integrins (31), and anti-integrin �1 antibody
(but not anti-integrin �3 antibody) attenuated depolarization-
triggered Ser(P)-473 Akt (12). These results show that laminin
is critically involved in the induction of neuronal activity-de-
pendent survival signaling.
The isoforms of laminin involved in activation of Akt remain

to be elucidated. In adult hippocampus, a major isoform that is
degraded by excitotoxic injury is laminin-10 (5), whose recep-
tors contain a �1 subunit (32). Although integrins containing a
�1 subunit are known to bind ligands other than ECM proteins
(33), our new results suggest that laminin-integrin �1 interac-
tions directlymediate survival. These results point to a need for
further analysis of the molecular events at the cell surface that
control the interactions among neurotrophins, activity, and the
ECM to initiate survival responses.
Downstream events that mediate survival are also of great

interest. Akt is known to induce degradation of the tumor
suppressor p53 through the activation of MDM2, the E3
ubiquitin ligase (26, 27). Sustained activation of Akt trig-
gered by neurotrophins effectively reduces levels of p53 and
its pro-apoptotic target, Bax (30). Inhibiting integrin �1
completely attenuates the effects of neurotrophin on p53
and Bax. Conversely, induction of neuronal death by inhibi-
tion of integrin �1 signaling is blocked by a genetic deletion
of p53. Transcription of MMPs, in turn, is regulated by p53
(34, 35). Thus, survival signals may exert feed-forward
effects through p53-dependent transcription of MMPs.
These results suggest a molecular model in which ECM/in-

FIGURE 7. As neurons mature, levels of MMP9 and laminin change, regulating critical survival signaling triggered by neuronal activity. In early
postnatal neurons, levels of MMP9 that cleave laminin are high. As neurons mature, the levels of MMP9 decline, and laminin expression increases. Laminin-
integrin signaling is required for depolarization-induced (L-type calcium-dependent) Ser(P)-473 Akt, which is critical for neuronal survival during the devel-
opmental period of neuronal death.
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tegrin signals play a key role alongside neurotrophins and
activity in controlling neuron numbers.
Neurons are thought to undergo multiple stages of matu-

ration during early postnatal life. Understanding howMMPs
are regulated developmentally during the period of neuronal
death may lead to new strategies for preventing neurodegen-
erative diseases. Genes for MMPs are associated with neuro-
degenerative diseases (36), and up-regulation of MMPs is
reported in patients with Alzheimer disease (37, 38) and in
animal models of Parkinson disease (39, 40). The experimen-
tal system we have developed may provide a model to define
the molecular mechanism linking ECM signals to survival of
neurons in disease.
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