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Abbreviations: 

 

AMPA,   α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate 

AMPAR,  AMPA receptor 

BBB,   blood-brain barrier 

CaMKII,  Ca2+-calmodulin-dependent protein kinase II 

CNS,   central nervous system 

DG,   dentate gyrus;  

-DG,   -dystroglycan  

DIV,   days in vitro 

ECM,   extracellular matrix 

GABA,   γ-aminobutyric acid 

HABP,   hyaluronic acid binding protein  

ICAM,   intercellular adhesion molecule 

KA,   kainic acid;  

LTD,   long-term depression 

LTP,   long-term potentiation;  

MCA,   middle cerebral artery;  

MMP,   matrix metalloproteinase 

mPFC,   medial prefrontal cortex 

MT-MMP,  membrane type MMP 

NMDA,  N-methyl-D-aspartate  

NMDAR,  NMDA receptor 

nNOS,   neuronal nitric oxide synthase;  

PKA,   protein kinase A  

PTZ,   pentylenetetrazol, also known as metrazol 

QD,   quantum dot 

RGC,   retinal ganglion cells  

SD,   spreading depression;  

TBI,   traumatic brain injury;  

TIMP,   tissue inhibitor of matrix metalloproteinases;  

tPA,   tissue type plasminogen activator;  

uPA,   urokinase type plasminogen activator;  

uPAR,   uPA receptor 
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Chapter 1; General Introduction 

Domain structure of MMP-9 

There are 24 human matrix 
metalloproteinases (MMPs), zinc-
dependent endopeptidases, which operate 
extracellularly (predominantly secreted 
pericellularly, whereas six are membrane-
type). MMP-9 together with the most 
closely related MMP-2, form a subfamily of 
gelatinases2,3, which like all MMPs have a 
domain structure (Figure 1). MMP-9, 
starting from N-terminus, consists of 
signalling peptide, propeptide, catalytic 
domain with three fibronectin type II inserts 
(typical only for gelatinases), hinge region 
with unique type V collagen-like insert and 
hemopexin domain. MMP-14, -15, -16, and 
-24 have also transmembrane domain which 
anchors them to the cell membrane whereas 
MMP-17, and -25 have on the C-terminus 
hydrophobic region that acts as 
glycophosphatidyl inositol membrane 
anchoring signal3,4. Catalytic domain of all 
MMPs has highly conserved Zn2+ binding 
motif – HExGHxxGxxH (where x is any 
amino acid) and a distinct -turn (usually 
ALMYP). That is why all MMPs have 
distinguishable, but often overlapping, 
substrate specificities3,5. N-terminal signal 
sequence is removed after it directs MMPs 
synthesis to the endoplasmic reticulum3. All 
MMPs are expressed as inactive zymogens, 
in which the cysteine residue in the 
propeptide binds to Zn2+ present at the 
active site of the enzyme. Activation occurs 
when interaction between cysteine and Zn2+ 
is disrupted, mainly by cleavage the 
propeptide off2,6 but also by other means 
such as S-nitrosylation7, detergents or 
sulphates2. Additionally, unique fibronectin 
type II inserts are present in the catalytic 
domain of gelatinases (MMP-2 and -9). 
These inserts are required for collagen and 
elastin binding and cleavage3. Except 
MMP-7, MMP-26 and MMP-23, all MMPs 
have a hemopexin domain that is connected 
to catalytic domain via hinge region and it 
influences Tissue Inhibitors of 
Metalloproteinases (TIMPs) binding, 

binding of some substrates, membrane 
docking and proteolytic activity2,3. 
Hemopexin domain was also shown to be 
responsible for formation of MMP-9 
homodimer and heterodimer with 
Neutrophil Gelatinase-associated Lipocalin 
(NGAL)8,9. Finally MMP-9 hinge region has 
unique type V collagen-like insert which 
was recently shown to be very important for 
inhibition of the gelatinase by TIMP-1 and 
internalization by low density lipoprotein 
receptor-related protein-1 (LRP-1), and 
megalin10,11. It has also been recently shown 
that glycosylation of hinge region of MMP-
9 can influence MMP-9 structure and thus 
probably also activity on the enzyme12. 

Secretion and activation of MMP-9 

To date, not many reports addressed 
intracellular distribution and secretion of 
MMP-913-15, however it can be said that 
MMP-9 is present in cells in vesicles 
distributed along microtubules and 
microfilaments16-18 and are secreted in a 
Golgi-dependent pathway, in 200 – 1000 
nm vesicles16,17. 

Even though secreted, MMP-9 is 
thought to act very focally and can be 
concentrated at the cell membrane by 
binding to cell adhesion molecules like the 
hyaluronian receptor CD4419, integrins20, 
LRP-1 and megalin10 or cell surface 
associated proteins like 2(IV) chain of 
collagen IV21.  

The activation of the MMP-9 pro-form 
(Figure 2) occurs extracellularly after the 
release and is controlled by a cascade of 
steps involving other MMPs and/or serine 
proteases3,22. It particular, it was shown that 
serine proteases: tissue plasminogen 
activator (tPA) or urokinase plasminogen 
activator (uPA), which can be docked to 
membrane by its receptor – uPAR, activate 
plasminogen to plasmin, which in turn can 
activate proMMP-922,23. Some MMPs such 
as MMP-11 or -27 and all membrane type 
MMPs (MT-MMPs) have also furin-

 8 



Chapter 1; General Introduction 

 
Figure 1. Domain structure of MMPs (based on Sternlicht and Werb, 20013). 
Pre – signal sequence; Pro – propeptide with thiol group (SH) in cysteine residue, which binds free zinc 
ion in catalytic domain; F – furin cleavage site; Zn2+ – zinc ion binding site (catalytic centre); Fn – 
collagen binding fibronectin type II inserts; TM – transmembrane domain; C – cytoplasmic tail; GPI – 
glycophosphatidyl inositol-anchoring domain. The hemopexin-like domain consist of four repeats 
which the firs and the last are linked by disulfide bond. 

 

like recognition motif in their propeptide 
and can be thus activated inside the cell 
before secretion or exposure to cell surface, 
and activate other secretory MMPs3,24. 
MMP-2 has especially interesting 
mechanism of activation which requires 
formation of tertiary complex with TIMP-2 
and MT1-MMP25. When activated, the 
MMP-9 can be inhibited by TIMPs, 
particularly by TIMP-1.2,26 It has been 
shown that TIMP-1 via its N-terminal 
domain can inhibit MMP-9 directly by 
binding to the catalytic site of the enzyme27 
and inhibition of MMP-9 can be also 

achieved by binding TIMP-1 C-terminus to 
hemopexin domain thus blocking interaction 
of MMP-9 with substrate or membrane 
docking proteins28. Interestingly, MMP-9 
and TIMP-1 share the same release 
kinetics29 and it has recently been shown 
that those two proteins can be co-released 
even from a single vesicle16,17,30. Moreover, 
it has been proposed by Ogata and co-
workers31 that TIMP-1 bound to MMP-9 via 
hemopexin domain is also important during 
activation of the gelatinase. Notably, due to 
all the regulatory mechanisms, such as 
secretion, interaction with membrane 
receptors, internalization and TIMP-1 

 9 
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Figure 2. Schematic representation of MMP-9 release, activation and inhibition. 
MMP-9 mRNA translocated toward the dendrites is locally translated and the protein eventually 
localized to secretory vesicles usually with TIMP-1, which can directly bind hemopexin domain of pro-
MMP-9. In response to glutamate-driven neuronal activity, MMP-9 is released outside the cell, where 
through the cascade of proteolytic steps (involving for example tPA, uPA and plasmin) is transformed 
from the latent (pro-MMP-9) to the active form (MMP-9). Activation of pro-MMP-9 can occur in 
solution but it can be anchored to the cell membrane by for example hyaluronian receptor – CD44. 
Once activated, MMP-9 is quickly inactivated by interactions with its inhibitor, TIMP-1, which binds 
with its N-terminal domain to the active site of the enzyme. TIMP-1: tissue inhibitor of matrix 
metalloproteinases-1; MMP: matrix metalloproteinase; tPA: tissue type plasminogen activator; uPA: 
urokinase type plasminogen activator; uPAR: uPA receptor; LRP-1: low density lipoprotein receptor-
related protein-1 

 

inhibition, MMP-9 acts outside the cell only 
focally and transiently to prevent excessive 
activity5,29. 

Substrates of MMP-9 

Even though there are dozens of 
substrates of MMP-9 identified in vitro, 
only a few of them have been confirmed in 
vivo2,3,32. This includes for example: 
laminin, -dystroglycan, zonae occludens-1 
and myelin basic protein in the brain or 
NG2 proteoglycan in the spinal cord33-36. In 
general, due to structural similarity of 

active site cleft and specificity sub-site 
pockets37,38 MMP-9 was for long thought to 
share many substrates with MMP-2, 
however, recent study comparing 
degradomes of both proteins revealed large 
differences in their specificities39. Prudova 
and co-workers39 found that under identical 
conditions MMP-2 cleaved 201 substrates 
and MMP-9 only 19. MMP-9, similarly to 
other MMPs, is thought to process mostly 
structure proteins of ECM like collagen IV 
and V but many of the known substrates are 
growth factors or signalling molecules 
which are released or activated from ECM 
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by MMP-9. This include interleukin (IL)-
840, proBDNF41, proTGF-42 or proTNF-
43. MMP-9 was also shown to cleave in 
vitro substance P – a neuromodulatory 
peptide44 and thus can decrease level of 
active neuropeptide in the extracellular 
space. Another interesting substrate of 
MMP-9 is -amyloid peptide especially that 
MMP-9 expression was shown to be 
elevated in Alzheimer Disease patients45-48. 
Even cleavage of structural proteins such as 
collagen IV, can influence cell signalling. 
Triple-helical form of collagen IV binds 
11 and 21 integrins but it reveals as 
much as 11 cryptic RGD sites after 
cleavage which binds v3 integrin49,50. 
MMP-9 was also shown to cleave certain 
receptors IL2 receptor 51, or ephrin B 
receptor52, what also may influence cell 
signalling. 

MMP-9 expression in the brain 

MMP-9 is expressed ubiquitously, 
albeit at low levels, in various mammalian 
organs and tissues, such as osteoclasts, 
macrophages, trophoblast cells, migrating 
keratinocytes at the margins of healing 
wounds53,54. MMP-9 expression in the brain 
is especially well documented during 
development of cerebellum, where it is 
maximal on postnatal day 10 and localized 
in granule cell layer and Purkinje cells 
soma, and dendrites55-57. Is was shown to be 
important for neurite outgrowth, granule 
cell migration and seemed involved in 
regulation of apoptosis which tunes up 
balance of neurons ratio during 
development55-57. It was also shown to be 
expressed in developing cortex in 
embryonic period58 but also postnatally in 
the hippocampus57 and during critical 
period of visual cortex development59. In 
the adult brain, it is produced at low level in 
the hippocampus, amygdala and cortex, 
mainly by neurons and, to some extent, by 
glia55,60-65. Recently, we studied a 
subcellular localization of MMP-9 in the rat 
hippocampus, using high resolution 

morphological as well as biochemical 
approaches66,67. We found MMP-9 to 
colocalize with N-methyl-D-aspartate 
(NMDA) and α-amino-3-hydroxyl-5-
methyl-4-isoxazole-propionate (AMPA) 
receptors and to be present at synapses. 
Moreover at the ultrastructural level, MMP-
9 was found to be present in a subset of 
dendritic spines bearing asymmetric i.e. 
glutamatergic synapses66,68, but not on 
symmetric i.e. inhibitory synapses66. The 
presence of MMP-9 in spines was reported 
also in the cerebellum55, whereas in 
neuronal culture MMP-9 was detected in the 
growth cones69. 

MMP-9 in neuronal cell death 

It was soon discovered that MMP-9 
which expression level in the brain is very 
low, is dramatically increased during CNS 
pathology70-72, thus majority of the studies 
regarding MMP-9 role in the brain 
concentrated on its role in neuronal cell 
death. MMP-9 appears to be engaged in 
numerous pathological processes in the 
CNS, many of which are associated with 
glutamate dysfunction. The most obvious 
example is excitotoxicity, which occurs if 
glutamate receptor activation becomes 
excessive or prolonged, leading to the point 
where the target neurons become damaged 
and eventually die, e.g., in the CA1 and 
CA3 hippocampal subfields after the kainate 
(KA)73,74 and indeed using kainate treatment 
of the organotypic hippocampal cultures 
Jourquin et al.64 showed that MMP-9 is 
directly involved in the excitotoxic neuronal 
loss. Furthermore, over-expression of 
TIMP-1 in such cultures showed 
neuroprotective effect after 300 M 
glutamate stimulation75. Excitotoxicity was 
also studied in retinal ganglion cells (RGC) 
layer where KA caused cell death and 
increased level of MMP-9 in astrocytes, 
which coincided with laminin degradation76. 
The excitotoxic effect was abolished by 
application of non-NMDA receptor 
antagonists and a broad MMPs' inhibitor – 
GM600176. However in another study it was 
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shown that also NMDA receptor dependent 
excitotoxicity increases MMP-9 expression 
and activity, already three hours after 
NMDA injection77. Interestingly, this 
increased expression does not occur in glial 
cells and is also abolished in nitric oxide 
synthase (nNOS) KO mice77, what implied 
activation of MMP-9 via S-nitrosylation of 
the propeptide which mechanism was 
shown previously7. Furthermore application 
of MMPs inhibitor – GM6001 also in 
NMDA-evoked excitotoxicity reduces RGC 
death77. Recent studies shown also that 
enzymatically inactive caspase mimetic 
IQACRG applied in RGC excitotoxicity 
model induced by NMDA reduced neuronal 
cell death and increase in MMP-9 activity78. 

Excitotoxicity is also present as a 
secondary effect after traumatic brain 
injury. It was shown in both most popular 
models of that disorder (controlled cortical 
impact and corticectomy) that already at 3 
hours post-injury, MMP-9 activity was 
increased and remained elevated even until 
7 days61,79,80. Importantly, MMP-9 KO mice 
were found to be more resistant to traumatic 
brain injury, since they had smaller post-
traumatic lesions after the head trauma, and 
recovered motor skills faster80. 

Another disorder of CNS in which 
MMP-9 play a vital role is ischemia. It is 
either an absolute or relative shortage in the 
blood supply. If the ischemic conditions are 
maintained in the brain, they result in 
neuronal loss that involves multiple 
neuronal death pathways. For instance, 
transient global cerebral ischemia that may 
arise for example from cardiac arrest or 
severe hypotension, induces selective, 
delayed neuronal death, which is limited to 
some of brain regions, including CA1 of the 
hippocampus. CA1 neurodegeneration is 
accompanied by activation of microglia and 
astrocytes and their invasion to the sites of 
neurons death81. The level of MMP-9 was 
reported to increase significantly at 3 days 
after the ischemia and reached a peak at 6 
days82,83. Unfortunately, the studies on 

localization of gelatinase activity after 
ischemia are inconsistent. According to 
Rivera and co-workers82 immunoreactivity 
of MMP-9 decreased in neurons of the 
hippocampus of ischemic animals, 24 hours 
after reperfusion and increased outside the 
cell bodies as well as in association with 
cells scattered in the CA1 subfield. Three 
days after the ischemia, MMP-9 staining 
was present mostly in microglial cells with 
some immunoreactivity associated with 
neurons in CA1 subfield, and 6 days after 
the ischemia MMP-9 was observed almost 
exclusively in astroglia. Other studies 
showed, however, that MMP-9 and its 
gelatinolytic activity 3 days after ischemia 
was present mainly in neurons and only to 
some extent in astrocytes83,84. Never the 
less, also in this condition, MMP-9 KO 
mice and treatment with MMP inhibitor 
reduced the neuronal damage83. 

In contrast to the global ischemia 
model, in focal ischemia, lesions develop 
already within 12 hours81. Furthermore, in 
this case, ischemic injury appears to be 
caused mainly by necrosis, and only in the 
later stages, if the appropriate energy state 
of tissue is maintained, may also be caused 
by apoptosis81. Notably, models of focal 
cerebral ischemia are also models of stroke. 
In a model of transient focal cerebral 
ischemia that involved intraluminal 
occlusion of middle cerebral artery (MCA) 
for around 2 hours and subsequent 
reperfusion, MMP-9 was found to co-
localize with nNOS and was activated by S-
nitrosylation7. Notably, nNOS activation has 
been implicated in the pathogenesis of 
ischemia as involved in producing reactive 
nitrogen radicals85. Moreover, 24 hours after 
the reperfusion, an increase in MMP-9 
activity and protein level in the ischemic 
hemisphere was demonstrated7,33. 
Interestingly, MMP-9 activation, as shown 
by in situ zymography, was abolished after 
focal ischemia in either nNOS KO mice or 
in wild-type (WT) mice that have been 
treated with nNOS specific inhibitor7. There 
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was also significant reduction in 
neurodegeneration in nNOS KO mice86 and 
after nNOS inhibition7. Furthermore, 
incubation of neurons with S-nitrosylated 
(activated) MMP-9 induced their apoptosis, 
and this effect was abolished by treatment 
with MMP inhibitor7. Interestingly, also 
minocycline and doxycycline (tetracycline 
derivatives), which was shown to decrease 
expression of MMP-987,88 also reduced 
lesions when applied before and 2 hours 
after induction of ischemia89,90 

Localization studies after the transient 
focal cerebral ischemia showed that MMP-
9 was present mainly in the endothelial 
cells, neutrophils, myelinated fiber tracts, 
and to some extent in neurons33,62,91,92. This 
localization is consistent with findings that 
MMP-9 in the ischemic brain degraded 
blood-brain barrier (BBB)-associated 
protein, zonae occludens-1 and myelin 
basic protein33. In fact, disruption of BBB 
by MMP-9 was addressed repeatedly in the 
focal cerebral ischemia33,62,92,93. 
Furthermore, it was shown that in the model 
of transient focal cerebral ischemia, 
disruption of BBB was attenuated in MMP-
9 KO mice, and that the ischemic lesions 
were smaller than in WT mice33,92. It should 
however be noted that aforementioned 
localization studies in ischemia were 
performed later than 16 hours after 
reperfusion, when, as mentioned above, the 
ischemic lesions are well pronounced94. 
Moreover, neutrophils expressing MMP-9, 
infiltrate the cortical tissue 24 hours after 
the reperfusion and are the significant 
source of MMP-993. Interestingly, the 
analysis of localization of MMP-9 
expression made between 2 and 4 hours 
after the reperfusion showed that MMP-9 
protein and activity co-localized mainly 
with neurons34,91. This data suggest early 
involvement of MMP-9 in neuronal death in 
ischemic models, probably through 
degradation of laminin-neuron 
interactions34, similarly to the KA-evoked 
excitotoxicity in RGC76. Recent studies 

show however that also in the blood MMP-9 
level increases as short as 3 hours after 
MCA occlusion, especially in a heterodimer 
with NGAL what suggests neutrophil origin 
of MMP-995.  

On the other hand, Zhao and co-
workers92 showed that MMP-9 expression 
in neurons and astrocytes was elevated also 
in the later phase of stroke (7-14 days after 
the infarction) and was associated with 
neurovascular remodelling. Treatment with 
MMP inhibitors 7 days after the onset of 
ischemia suppressed neuronal plasticity, 
neurogenesis and angiogenesis and led to 
increased brain injury92. Late treatment with 
MMP inhibitor resulted also in decreasing 
the migration of neuroblast cells from 
subventricular zone into the striatum96. 
Hence, MMP-9 appears to play distinct 
roles in stroke pathogenesis at various times 
after the insult34,93,97-99. 

In permanent focal ischemia (without 
reperfusion) activity of MMP-9 was 
reported to be elevated as early as 1 hour 
after MCA occlusion with further increases 
up to 24 hours, when it reached the peak 
activity. Concomitantly, mRNA and protein 
levels became also upregulated95,97. 
Interestingly, in this model, MMP-9 KO 
mice were demonstrated to be more resistant 
to pathological lesions induced by focal 
cerebral ischemia in comparison with WT 
mice97. Furthermore, application of MMP 
inhibitors reduced the ischemic lesions97,98. 
This again suggests that MMP-9 plays an 
important role in the development of brain 
injury, but it also shows that in contrast to 
the global cerebral ischemia, inhibition of 
MMP-9 activity, either pharmacological or 
at the genetic level in focal cerebral 
ischemia, may protect brain, e.g., by BBB 
stabilization33,100.  

Analysis of MMP-9 expression in 
human stroke shows, similarly to animal 
models, an increase in the levels of protein 
and gelatinolytic activity in the brain tissue 
after ischemic and hemorrhagic stroke101. 
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MMP-9 expression within the infarct 
regions was mainly located around the 
blood vessels. In the peri-infarct areas, 
MMP-9 was mainly located in activated 
microglia and neutrophils. In addition, 
MMP-9 reactivity was detected also within 
neurons and macrophages101,102. It should, 
however, be noted that all analyzed samples 
were collected from patients at different age 
and usually relatively late after stroke, i.e., 
4-28 hours in cases of the hemorrhagic 
stroke and 37-108 hours in cases of the 
ischemic stroke101. Therefore, it is difficult 
to draw precise conclusions from this study 
apart from involvement of MMP-9 in 
human stroke.  

MMP-9 in neuronal plasticity 

Apart from its pathological role(s) in 
the brain, the synaptic localization of 
MMP-9 implies its role in neuronal 
plasticity. Neuronal plasticity is commonly 
accepted model of learning and memory 
and in principle means any long lasting 
change of neuronal behaviour in a response 
to certain stimulus. The modes of plasticity 
can be expressed by changes in efficacy of 
the existing synapses and/or in the number 
of synapses103. Neuronal plasticity can be 
studied at different levels, including gene 
expression, which seems to be mandatory 
for persistent cellular changes, where 
immediate early genes such as c-fos, junB 
or zif268 are rapidly expressed upon 
plasticity-inducing stimulation and cause 
changes in so called effector genes, i.e, 
those that code for, e.g., synapse-modifying 
proteins104-106. The first implication that 
MMPs can be involved in neuronal 
plasticity was suggested by Nedivi and co-
workers who identified timp-1 to be 
upregulated upon KA-induced seizures107. 
Further studies proved that increase in timp-
1 expression depends on AP-1 transcription 
factor, which consist of Fos and/or Jun 
proteins108. AP-1 binding element is also 
present in mmp-9 gene109 and its importance 
for MMP-9 gene expression was described 
also in neurons110-112. 

Another form of synaptic plasticity is 
its physiology that can be studied by 
monitoring changes in synaptic 
transmission. The most well characterized 
are long-term potentiation (LTP) and long-
term depression (LTD)113. Both LTP and 
LTD are very heterogeneous in terms of 
their induction and maintenance, and can be 
caused by changes in postsynaptic receptors 
number and composition, presynaptic 
neurotransmitter release, or both. LTP 
which is evoked by high frequency 
stimulation, can be divided on “early phase 
of LTP” lasting up to an hour and “late 
phase of LTP” lasting in vivo up to 
weeks113. The mostly studied is NMDA 
receptor- dependent LTP, which by 
definition requires activation of NMDA 
receptor leading to Ca2+ influx through this 
channel and transient increase in 
postsynaptic Ca2+ level114. The maintenance 
of LTP requires on early stages activation of 
various kinases like Ca2+-calmodulin-
dependent protein kinase II (CaMKII), 
protein kinase A (PKA), or protein kinase 
M (PKM), as well as local translation and 
finally gene transcription113,115-118.  

MMP-9 importance for LTP has 
recently been well established. Nagy and 
co-workers119 using MMP-9 KO mice as 
well as MMP-2/-9 inhibitors, reported 
deficiency in late phase of LTP in the 
hippocampal slices. These results were also 
extended to the hippocampus in vivo by the 
same group120 and in in vitro by Meighan et 
al.121. Furthermore, deficiency did not affect 
LTD and, moreover, MMP-2, which shares 
many features with MMP-9, did not alter 
LTP119. Interestingly, only the maintenance 
and not the induction of the LTP seems to 
be affected by blockade of MMP-9 activity 
and application of inhibitors 30 – 60 
minutes after induction of LTP does not 
abolishes increased transmission119. Also 
recently, Okulski et al.122 reported that 
blocking MMP-9 by specific chemical 
inhibitor or by overexpression of TIMP-1 
impairs late phase of LTP, but not the 
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induction, in the prefrontal cortex in freely 
moving rats and cortical slices in vitro.  

Finally, synaptic plasticity is also often 
studied by changes in either the spines' 
morphology or their number, which reflects 
to some point the size and number of 
excitatory synapses. The idea that 
alterations in spine number and/or shape is 
a mechanism for storage of memories by 
strengthening or weakening particular 
synaptic connections in response to 
experience was proposed already  by 
Ramon y Cajal in 1911123, but proven just 
recently124,125. It is generally believed that 
development of mature (mushroom type) 
dendritic spines is preceded by formation of 
filopodia (thin protrusions without head), 
see ref.126-128. Furthermore, the larger the 
volume of the spine head, the larger 
postsynaptic density and AMPA receptor 
content in the synapse129. The support for 
that fact is also enlargement of spine heads 
evoked by LTP induction and shrinkage of 
spine heads by LTD induction129-132. The 
influence of ECM and in particular 
extracellular proteases on dendritic spines 
was only recently appreciated133-136. For 
example Oray and co-workers137 shown that 
tPA/plasmin system is involved in 
regulation of spine motility. For 
engagement of MMP-9 in spine 
morphology please see chapter 4. 

Electrically- or chemically-evoked 
seizures are often used as an experimental 
paradigm to study cellular and molecular 
mechanisms of plasticity. Kainic acid (KA) 
is an agonist of ionotropic glutamate 
receptors. When injected intraperitoneally, 
it causes seizures that could last even for 
several hours138. This seizure activity 
results in the death of pyramidal neurons in 
the CA subfields of hippocampus, the cells 
in the limbic (including entorhinal) cortex 
and the amygdala within 24–72 hours after 
the neurotoxin administration73,74,138. In 
result, the granular neurons of DG lose their 
CA3 targets as well as they lose their 
entorhinal cortex inputs and in 

consequence, they undergo strong, albeit 
aberrant, neuronal plasticity in order to 
create new connections74. This plasticity 
involves first an elimination of dendritic 
spines, and then subsequent sprouting of 
granule cells axons. Importantly, the 
sprouting is followed by autaptic 
synaptogenesis on the granule cells 
dendrites, thus forming a recurrent 
excitatory connections that are believed to 
be an anatomical substrate of a remote post-
kainate epilepsy139. 

Increased MMP-9 activity following 
the kainate treatment was reported by Zhang 
et al.140 and Szklarczyk et al.63 who have 
found that the plasticity occurring in the 
dentate gyrus is spatially and temporally 
correlated with prolonged increases in 
MMP-9 expression and activity. Using 
electron microscopic in situ hybridization, 
and quantitative RT-PCR assay on 
synaptosomal mRNA, we have recently 
found that MMP-9 mRNA increase 
occurred even in the most distal branches of 
the dendritic tree, including spines very 
close to postsynaptic membranes141. Thus, it 
seems that MMP-9 mRNA undergoes an 
activity-dependent dendritic transport that 
serves local protein expression at active 
synapses. It is of note, that the phenomenon 
of the dendritic mRNA translocation is 
recognized as being one of the most 
fundamental mechanisms underlying 
synaptic plasticity118,142. Regarding the 
functional aspects, our recent studies 
indicate that at the early period after the 
kainate administration, MMP-9 is involved 
in the elimination of dendritic spines and 
then is also required for the aberrant 
synaptogenesis on the granule cell dendritic 
tree that is provided by those cells’ own 
axons66.  

Indeed, the physiological role of MMP-
9 has been supported by functional studies 
involving MMP-9 KO mice as well as 
chemical inhibitors and application of 
TIMP-1. In particular, Nagy et al.119 
reported for MMP-9 KO mice, which basal 
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activity is the same as in their WT 
littermates, a deficiency in memory tested 
in a contextual fear conditioning paradigm, 
but not in cued conditioning. It is worth 
mentioning that contextual conditioning is 
believed to depend strongly on 
hippocampus and cued conditioning on 
amygdala. Furthermore Brown and co-
workers143 shown that in fear conditioning 
paradigm independent of contextual cues, 
MMP-9 activity blocked by a broad 
spectrum inhibitor – FN-439 disrupted 
reconsolidation but not, as well as in 
previous studies, consolidation of fear 
memory. It was also shown by the group of 
Huntley that inhibitory avoidance memory 
retention after injection of MMP-2/-9 
inhibitor to the hippocampus diminish 
performance in the test144. Moreover, the 
inhibition of MMP-9 using either antisense 
oligonucleotides or a broad-specificity 
MMP inhibitor was reported to impair 
hippocampal learning in Morris water maze 
in rats145. Also earlier report showed that 
ethanol, which interferes with acquisition of 
spatial memories, disrupted MMP-9 but not 
MMP-2 activity in the hippocampus146. The 
role of MMP-9 was also proven in 
addiction, since acquisition and 
reconsolidation of cocaine-conditioned 
place preference was impaired by broad-
spectrum MMP inhibitor – FN-439147 and 
MMP-9 level increased in the medial 
prefrontal cortex (mPFC) after one hour 
from cocaine reinstatement148. An 
involvement of MMP-9 in addiction was 
also shown in recent study using human 
subjects where T allele in mmp-9 promoter 
causing increased level of expression 
correlated with alcoholism149. Furthermore, 

recent study of Benekareddy and co-
workers150 tested influence of antidepressant 
treatments on expression of MMP-2/-9 as it 
is known that those treatments cause 
hippocampal structural plasticity151. 
However only electroconvulsive shock was 
shown to increase MMP-9 expression and 
activity, and all tested pharmacological 
treatments failed to induce such an effect150. 

Recently also more physiological 
stimulus – visible light was also shown to 
induce MMP-9 expression on mRNA and 
protein level in rat eye152. 

Scope of this thesis 

The effect of MMP-9 on synaptic 
plasticity as well as learning and memory 
has recently been appreciated, however, the 
exact mechanism of the enzyme action at 
the synapse are still elusive. We thus 
decided to study in more details the role of 
MMP-9 at the synapse.  

First, we identified synaptic substrate of 
MMP-9 – -dystroglycan and we show it is 
cleaved shortly upon neuronal stimulation 
(chapter 2).  

Next, influence of MMP-9 on mobility 
of one of the most important receptors in 
terms of synaptic plasticity – NMDA 
receptor is described and we propose the 
mechanism by which MMP-9 influences 
that mobility (chapter 3). 

Chapter 4 focuses on structural 
plasticity of dendritic spines upon 
enzymatic activity of MMP-9.  

Finally we propose biological 
consequences of aforementioned findings 
which are discussed in chapter 5. 
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Matrix Metalloproteinase-9 has recently emerged as an important molecule in 
control of extracellular proteolysis in the synaptic plasticity. However, no synaptic 
targets for its enzymatic activity had been identified before. In this report, we show that 
-dystroglycan comprises such a neuronal activity-driven target for Matrix 
Metalloproteinase-9. This notion is based on the following observations: (i) 
recombinant, autoactivating Matrix Metalloproteinase-9 produces limited proteolytic 
cleavage of -dystroglycan; (ii) in neuronal cultures -dystroglycan proteolysis occurs 
in response to stimulation with either glutamate or bicuculline and is blocked by Tissue 
Inhibitor of Metalloproteinases-1, a metalloproteinase inhibitor; (iii) -dystroglycan 
degradation is also observed in the hippocampus in vivo in response to seizures but not 
in the Matrix Metalloproteinase-9 knockout mice; (iv) -dystroglycan cleavage 
correlates in time with increased Matrix Metalloproteinase-9 activity and (v) -
dystroglycan and Matrix Metalloproteinase-9 co-localize in postsynaptic elements in the 
hippocampus. In conclusion, our data identify the -dystroglycan as a first Matrix 
Metalloproteinase-9 substrate digested in response to enhanced synaptic activity. This 
demonstration may help to understand possible role of both proteins in neuronal 
functions, especially in synaptic plasticity, learning and memory. 

 

Introduction: 

Matrix metalloproteinases (MMPs) are 
a family of zinc-dependent endopeptidases 
acting outside the cells and therefore 
attributed with digesting extracellular 
matrix components. These enzymes are 
produced in a latent form and after release 
to extracellular space are activated by 
cleavage off the propeptide1,2. MMPs are 

involved in a number of physiological and 
pathological conditions, including 
development, tissue remodeling, 
inflammation and tumor metastasis1-4. 
Specifically, multiple data show increased 
expression and activity of MMPs after the 
brain injury and in certain diseases of the 
central nervous system5. On the other hand, 
physiological roles of MMPs in the adult 
brain have only recently been appreciated4. 
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In particular, MMP-9 (also known as 
gelatinase B) has been implicated in 
synaptic plasticity, learning and memory6,7. 
Furthermore, a marked increase in MMP-9 
mRNA, protein and its enzymatic activity 
in the hippocampal dentate gyrus after 
kainate-evoked seizures have been shown8. 
Kainate, a glutamate analog, produces 
excitotoxicity in the CA subfields of the 
hippocampus, sparing the dentate gyrus’ 
granule neurons that, however, undergo 
aberrant plastic changes9.  

Despite data implicating MMP-9 in 
neuronal/synaptic plasticity, no synaptic 
targets for its enzymatic activity have as yet 
been identified in neurons. However, recent 
studies have suggested that this enzyme 
may digest the 43 kDa -dystroglycan (-
DG) to release a 30 kDa product from the 
full length subunit. First, Yamada et al.10 
have shown that un-identified MMPs digest 
-DG to reveal the 30 kDa product in the 
peripheral tissues. Second, Kaczmarek and 
co-workers11 demonstrated that the 
appearance of the 30 kDa -DG 
degradation product in the hippocampus 
following kainate treatment coincides with 
the increased levels of MMP-9. Recently, it 
was reported that -DG expressed at the 
astrocyte endfeet can be specifically 
cleaved by macrophage-derived gelatinases 
(MMP-2 and MMP-9) during leukocyte 
penetration of the basement membrane in 
experimental autoimmune 
encephalomyelitis12. Finally, selective 
cleavage of -DG by MMP-2 and MMP-9 
was also observed in schwannoma cell line 
RT4 by Zhong and co-workers13. Although, 
none of those studies has directly addressed 
-DG proteolysis in neurons or, more 
specifically, the synapses, it is of note that 
-DG can be expressed in the postsynaptic 
membranes in the brain, as previously 
shown by Zaccaria et al.14. 

Dystroglycan (DG) is a central protein 
in the dystrophin-glycoprotein complex 
(DGC) that links dystrophin and the 

intracellular cytoskeleton with extracellular 
matrix and anchors the whole complex at 
the membrane. DG is translated from a 
single mRNA as a precursor peptide, which 
is subsequently cleaved into two, non-
covalently associated subunits: extracellular 
() and transmembrane ()15,16. -DG is 
highly glycosylated peripheral membrane 
protein that binds via its carbohydrate side 
chains to many extracellular matrix ligands 
such as laminins, agrin, perlecan17 and to 
the presynaptic neurexins in the brain18. -
DG in turn, through its proline-rich C-
terminus binds dystrophin or urotrophin, 
and this interaction links DGC to F-actin 
cytoskeleton17,19. Even though the role of -
DG in the brain, especially in neurons is not 
known, it is worth mentioning that the 
specific gene ablation of dystroglycan in the 
brain produces deficits in neuronal 
plasticity, similar to those caused by 
inhibition of MMP-97,20 

Taken together, the aforementioned 
data lead us to hypothesize that -DG is a 
synaptic target for MMP-9. In this report we 
provide several lines of evidence supporting 
such a notion.  

 

Experimental procedures: 

Animals. In these studies we used 12 
Wistar adult rats and 30 newborns. We also 
used 15 MMP-9 knockout mice described 
previously21 and 15 wild-type mice. Mice 
were kindly provided by Dr Zena Werb. 
Prior to the experiment, the animals were 
kept in the laboratory animal facility with 
free access to food and water, with a 12 
hour light/dark cycle. All the procedures 
with animals were carries out according to 
guidelines of 1st Warsaw Ethical Committee 
on animal research and based on 
permissions nos.: 480/2005 and 523/2005 
Recombinant autoactivating MMP-9 
(aaMMP-9). Expression of previously 
described22 auto-activating mutant of MMP-
9 was performed according to Bac- to-Bac 
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Figure 1. Fine structural immuno-
colocalization of -dystroglycan and 
Matrix Metalloproteinase-9 in the rat 
hippocampus at the electron 
microscopic level. Ultrathin sections of 
rat hippocampus were sequentially 
incubated with a mixture of primary 
antibodies: mouse anti--dystroglycan 
and rabbit anti-MMP-9, followed by 
species-specific goat secondary 
antibodies coupled to 6 nm or 10 nm 
gold particles. The specimens were 
examined with an electron microscope. 
Immunogold electron-microscopic 
visualization of -dystroglycan (6 nm 
particles, arrows) and MMP-9 (10 nm 
particles, arrowheads) 
immunoreactivities in dendritic spines. 
Note strict colocalization of the two 
proteins at some sites, including 
postsynaptic density. 

Baculovirus Expression System manual 
(Invitrogen). Briefly, G100L MMP-9 
mutant (generous gift from Katherine 
Fisher, Pfizer) was cloned to pFastBac1 and 
resulting recombinant plasmid was used to 
transform DH10Bac competent cells. 
Colonies, which performed transposition 
were identified by blue-white selection and 
recombinant bacmid was isolated and 
verified by PCR. The Sf21 insect cells were 
tranfected with recombinant bacmid using 
Cellfectin® reagent (Invitrogen) to obtain 
recombinant baculovirus. After 
amplification and titration of the 
recombinant baculovirus, Sf21 cells were 
infected and incubated in Sf-900IISFM 
serum free medium (Gibco). Forty eight 
hours post-infection the culture medium 
was collected and recombinant aaMMP-9 
was purified on Gelatin Sepharose TM 4B 
(GE Healthcare) as previously described23.  

Adenoviral vectors. Viral stocks were 
prepared according to the procedure 
described before24. The recombinant Ad--
Galactosidase (Ad--Gal) has also been 
described previously25. The recombinant 
Ad-TIMP-1 has been described by Okulski 
et al.26 

Pentylenetetrazole (PTZ) stimulation. 
Pharmacological stimulation was done by 
the intra-peritoneal PTZ injection (50 
mg/kg) and animals were sacrificed five 
minutes after the seizure onset. Hippocampi 
were isolated and homogenized in ice-cold 
homogenization buffer (50 mM Tris-HCl 
pH 7.5; 150 mM NaCl; 5 mM CaCl2 and 10 
l/ml Protease Inhibitor Cocktail, Sigma). 
Homogenates were then analyzed by the 
Western blot approach. 

Hippocampal extracts and their treatment 
with aaMMP-9. Wistar rats were sacrificed 
and hipocampi were isolated, and 
homogenized in homogenization buffer (20 
mM Tris-Cl pH 7.4 at 4oC; 137 mM NaCl; 
25 mM -glycerophosphate; 2 mM NaPPi; 1 
mM Na3VO4; 1% Triton X-100; 10% 
glycerol; 2 mM benzamidine; 0.5 mM DTT; 
1 mM PMSF). One hundred micrograms of 
hippocampal extracts were incubated at 
37oC for an hour with 100 ng of 
recombinant MMP-9 in reaction buffer (50 
mM Tris-Cl pH 7.5; 10 mM CaCl2; 1 M 
ZnCl2), also in the presence of 10 mM 1, 10 
phenathroline. Homogenates were then 
analysed by the Western blot. 
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Cell culture. Cortical neurons were cultured 
from newborn (P0) Wistar rats as described 
previously27. Briefly rats were decapitated, 
cortices dissected and digested for 30 
minutes in papain (Worthington PAP) at 
37oC. The reaction was stopped by triple 
wash in trypsin inhibitor (Sigma) and 
followed by trituration. Cells were seeded 
on 6-well plates covered with poly-DL-
lysine (50 g/ml; Sigma) in concentration 
of 2 x 106 cells/well in Basal Medium Eagle 
(BME, Cambrex) in the presence of 10% 
Bovine Calf Serum (BCS, Hyclone), 35 
mM glucose (Sigma), 1 mM L-glutamine 
(Gibco) and 0.5% penicillin/streptomycin 
(Gibco). On the second day in vitro (DIV) 
Cytosine--D-arabino-furanoside (AraC, 
Sigma) was added to medium (at final 
concentration of 2.5 M) to prevent growth 
of glia. Cells were used for experiments on 
7 DIV. In the case of bicuculline 
stimulation, on 2 DIV the culture medium 
was changed for Neurobasal medium 
(Gibco) in the presence of 2% B27 
supplement (Gibco), 35 mM glucose 
(Sigma), 1 mM L-glutamine (Gibco) and 
0.5% penicillin/ streptomycin (Gibco), and 
in this conditions cells were used for 
experiment on 14DIV.  

Cell culture stimulation. The cultures were 
stimulated as described27 with slight 
modifications. Cells were treated with 
either 50 M glutamate (in BME medium) 
on 7 DIV, or 10 M bicuculline (cultured in 
Neurobasal medium) on 14 DIV. For the 
cells treated with glutamate, CNQX (40 
M) was added to all plates the night before 
the stimulation, to reduce endogenous 
synaptic activity, and 5 M nimodipine was 
added 30 minutes before the stimulation.  

Western blotting. After the stimulation the 
cells were lysed in the lysis buffer (20 mM 
Tris-Cl pH 7.4 at 4oC; 137 mM NaCl; 25 
mM -glycerophosphate; 2 mM NaPPi; 2 
mM EDTA; 1 mM Na3VO4; 1% Triton X-
100; 10% glycerol; 2 mM benzamidine; 0.5 
mM DTT; 1 mM PMSF and 10 l/ml 

Protease Inhibitor Cocktail, Sigma), the 
protein concentration in each sample was 
measured using Bradford method (Sigma) 
and samples were brought to equal protein 
concentration by H2O dilution. Lysates were 
mixed with 5 × SDS sample buffer, 
denatured and 20 g of total protein samples 
were loaded on 12% SDS-polyacrylamide 
gels. The samples were electrotransferred 
onto polyvinylidene difluoride membranes 
(Immobilon-P, Millipore), which were 
blocked 2 hours at RT with 10% nonfat milk 
in Tris-buffered saline with 0.1% Tween-20 
(TBS-T). After blocking, the membranes 
were incubated at 4oC overnight with 
following antibodies: anti--dystroglycan 
(NCL-b-DG, Novocastra, 1:500), anti- 
Glyceraldehyde-3-phosphate dehydro-
genase – GAPDH (MAB374, Chemicon, 
1:2000) and anti--actin (A5441, Sigma, 
1:6000), all diluted in 5% nonfat milk in 
TBS-T. Membranes were than incubated 2 
hours at RT with peroxidase-labelled 
secondary antibody diluted 1:10,000 in 5% 
nonfat milk in TBS-T. After washing, 
peroxidase activity were visualized with 
ECLplus reagent (GE Healthcare). 

Gel zymography. Samples of the culture 
medium were mixed with 3 × SDS sample 
buffer without DTT and loaded on 8% SDS-
polyacrylamide gels containing 2 mg/ml 
gelatine. After electrophoresis, the gels were 
washed twice with 2.5% Triton X-100 for 
30 minutes at RT and incubated overnight in 
developing buffer (50 mM Tris-Cl pH 7.5; 
10 mM CaCl2; 1 M ZnCl2; 1% Triton X-
100; 0.02% NaN3) at 37oC with moderate 
shaking. Gels were stained with Coomassie 
Brillant Blue and shortly destained. 
Electron-microscopic immunocytochemist-
ry. This was performed according the 
previously described procedures28,29. In 
brief, normal Wistar rats were perfused 
transcardially with a fixative consisting of 
4% paraformaldehyde plus 0.1% 
glutaraldehyde. The brains were postfixed in 
the same fixative, cut into 0.5- to 1.0-mm 
slices, cryoprotected, snap-frozen 
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Figure 2. -dystroglycan is 
cleaved shortly after neuronal 
stimulation. After stimulation of 
cortical neuronal culture with 50 
M glutamate, cells were lysed and 
-dystroglycan cleavage was 
checked by the Western blot. 
Activity-dependent proteolysis of 

the full length -dystroglycan (-DG43) is transient since 20 minutes after stimulation the levels of the 
cleaved form (-DG30) are significantly lower in comparison to 10 minutes after stimulation. Glu 5’, 
Glu 10’, Glu 20’ – samples (all sets in triplicate) stimulated with glutamate for 5, 10 and 20 minutes 
respectively; as a control serves non-stimulated cells; GAPDH – Glyceraldehyde-3-phosphate 
dehydrogenase – loading control. The representative out of 4 experiments is shown. 
 

in liquid propane (-170°C), and subjected to 
freeze substitution (in Leica EM AFS 
apparatus). Specimens were then embedded 
in Lowicryl HM20 resin, polymerized by 
UV light at -45oC to 0oC, and cut into 
ultrathin sections. The immunoreactions 
consisted of sequential incubations with a 
mixture of primary antibodies: (i) a mouse 
anti--dystroglycan (NCL-b-DG, 
Novocastra) (undiluted) and (ii) rabbit anti-
MMP-9 (Torrey Pines Labs) diluted 1:50, 
followed by species-specific goat secondary 
antibodies coupled to 6 nm or 10 nm gold 
particles (GE Healthcare). The specimens 
were examined with a Philips CM 10 
electron microscope at 60 kV.  

 

Results: 

Previous studies localized dystroglycan 
to various cell compartments in the brain, 
including dendritic spines14, 30. Similarly, 
we have shown that MMP-9 is expressed 
postsynaptically in asymmetric synapses31. 
To confirm that the two molecules are 
colocalized, we performed a high-
resolution, double-labeling immunogold 
analysis. Gold particles representing -
dystroglycan (6 nm) were found in close 
vicinity to gold particles signaling MMP-9 
(10 nm) (Fig. 1). The subcellular 
colocalization of -dystroglycan and MMP-
9 is consistent with the idea that MMP-9 
could be secreted to the extracellular space, 
allowing for a focal, MMP-9 mediated 

proteolysis of membrane-bound -
dystroglycan.  

To examine whether -DG is cleaved 
upon neuronal stimulation, we employed 
cortical primary neuronal cultures that 
include minimal component of glia (around 
10%)32. The cultures were stimulated in 
vitro with 50 M glutamate and the whole 
cell lysates were analyzed by the Western 
blotting. As shown in Figure 2, glutamate 
exposure led to a significant increase in the 
level of the cleaved, 30 kDa form of -DG. 
This increase was notable at 10 min of 
stimulation and was followed by a decrease 
over the next 10 min period. 

To resolve whether cleavage of -DG 
after neuronal stimulation is MMP-
dependent we infected the cortical neuronal 
cultures with the adenoviral vector (Ad-
TIMP-1), carrying cDNA encoding tissue 
inhibitor of metalloproteinases -1 (TIMP-1). 
TIMP-1 is known to bind MMP-9 with high 
affinity and to block its enzymatic 
function33. Twenty four hours after the 
infection, the cultures were stimulated with 
50 M glutamate and the cell lysates were 
analyzed by the Western blotting. As shown 
in the Figure 3, the glutamate-stimulation-
dependent increase in -dystro-glycan 
cleavage was abolished following infection 
with Ad-TIMP-1 but not following infection 
with Ad--Galactosidase, used as a control 
(Fig. 3A). In the absence of glutamate 
exposure, there was no difference between 
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Figure 3. Cleavage of -dystroglycan after stimulation is Matrix Metalloproteinase-9 dependent. 
A) Cortical neuronal culture was infected with adenoviral vector caring cDNA of TIMP-1 (Ad-TIMP-
1) and a control adenovector caring cDNA of -Galactosidase (Ad--Gal). Forty eight hours post 
infection the cultures were stimulated for 10 minutes with 50 M glutamate (Glu 10’) and the results of 
-DG cleavage was checked by the Western blot. Increase in the amount of cleaved -dystroglycan (-
DG30) after the stimulation with glutamate is reduced in samples derived from the cultures infected 
with Ad-TIMP-1, when compared to infection with a control adenovector. B) Thirty minutes incubation 
of cortical culture with recombinant autoactivating mutant of Matrix Metalloproteinase-9 (aaMMP-9) 
causes limited proteolysis of -dystroglycan and this effect is not additive to glutamate-dependent 
cleavage of -dystroglycan (Glu 10’). As a control, the cultures were treated with vehiculum (Vehic.) 
C) One hour incubation of hippocampal homogenates with aaMMP-9 causes cleavage of -
dystroglycan and this effect is completely eliminated by Zn2+ chelator, phenanthroline. -DG30, 
truncated form of -DG. D) Seizures induced by intraperitoneal injection of pentylenetetrazole (PTZ) 
causes -dystroglycan cleavage shortly after the onset of seizures in wild type (MMP-9 WT) mice, but 
not in MMP-9 knockout mice (MMP-9 KO). GAPDH– Glyceraldehyde-3-phosphate dehydrogenase 
and -actin – loading controls. All sets of samples are derived from triplicate experiments, i.e, either 
three animals or three cultures were employed. In addition, the experiments were reproduced at least 
once.  

 

TIMP-1 infected and -Galactosidase 
infected cells with respect to the level of the 
-DG degradation product.  

Next, we investigated whether exogenous, 
extracellular MMP-9 can cleave -DG on 
the cultured. Indeed, treatment of the 
neuronal cultures for 30 min with 
recombinant autoactivating mutant protein 

cleavage that could not be significantly 
increased by subsequent glutamate 
stimulation (Fig. 3B). Furthermore, when 
hippocampal homogenates were incubated 
with recombinant aaMMP-9 (Figure 3C), 
there was an accumulation of the 
degradation (30 kDa) product of -DG that 
was completely abolished in the presence of 
1, 10-phenathroline, the Zn2+  chelator, 

of MMP-9 (aaMMP-9) caused -DG known to inhibit MMP activity . 
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Figure 4. Limited proteolysis of -dystroglycan is synaptic stimulation-dependent and follows the 
release of MMP-9. Bicuculline stimulation blocks GABAA receptors and reduces threshold of the 
neuronal activation. A) Cortical cultures (in triplicate) were stimulated with 10 M bicuculline and 
conditioned media were then collected and analysed with gelatine zymography. Gelatinolytic activity 
(degradation of gelatine presented in the SDS gel) of MMP-9 demonstrates rapid release of MMP-9 to 
the culture media already within 5 minutes after the bicuculline administration (Bic. 5’). This 
phenomenon is transient as 10 minutes after the stimulation, the level of MMP-9 is not different from 
the control. act-MMP-9 – MMP-9 without propeptide (activated), pro-MMP-9 – latent form of MMP-9. 
B) The Western blot showing -dystroglycan cleavage after the bicuculline stimulation. As soon as 10 
minutes after the drug administration there is a significant increase in the level of cleaved, 30 kDa form 
(-DG30). C) Infection of the cortical culture with adenoviral vector carrying cDNA of TIMP-1 (Ad-
TIMP-1) abolishes cleavage of -dystroglycan after bicuculline stimulation in comparison to infection 
with a control adenovector (Ad--Gal). GAPDH – Glyceraldehyde-3-phosphate dehydrogenase – 
loading control. 

 

We have also investigated whether 
rapid activity-induced proteolysis of -DG 
can occur in vivo and if so, whether this 
cleavage is MMP-9 dependent. MMP-9 
knockout and wild-type mice were injected 
intraperitonealy with pentylenetetrazole, 
PTZ, a proconvulsant and GABAA receptor 
antagonist that is known in order to provoke 
increased synaptic stimulation in vivo34. 
Five minutes after the seizure onset, the 
hippocampi were isolated and subjected to 
the Western blot analysis. Figure 3D shows 
a significant increase in the level of 30 kDa 
-DG form in the PTZ treated wild-type 
mice and no such increase in the PTZ 
treated MMP-9 knockout mice.  

Finally, we recorded cleavage of -
DG in neuronal cultures treated with 
bicuculline. At the concentration used (10 
M) this GABAA receptor blocker induces 
an increased glutamate receptor-dependent 
activity in a functional neuronal network35. 
Figure 4A shows that the MMP-9 (but not 
MMP-2) activity is strongly increased at 
five minutes of stimulation and returns to 
basal level within the next five minutes. An 
accumulation of the 30-kDa -DG form was 
observed to follow directly enhanced MMP-
9 activity (Fig. 4B). Expression of TIMP-1 
effectively prevented -DG cleavage after 
bicuculline administration (Fig. 4C).  
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Discussion: 

In this report we provide direct 
evidence that -DG is a target of neuronal 
MMP-9 in the brain in vivo as well as in 
neuronal cultures in vitro. The following 
lines of evidence support this notion: (i) 
recombinant, auto-active MMP-9 produces 
limited proteolytic cleavage of -DG in 
brain neurons cultured in vitro as well as in 
the hippocampal ex vivo extracts. (ii) in 
neuronal cultures -DG proteolysis occurs 
in response to synaptic activation with 
either glutamate or bicuculline. The -DG 
proteolysis is blocked by TIMP-1, a 
metalloproteinase inhibitor; (iii) the same 
phenomenon of -DG degradation is also 
observed in the hippocampus in vivo in 

ng neurons17,36. Our data 
lso support the notion that the protein can 

be 

colocalization results indicated only a 
potential role of MMP-9 in -DG 
proteolysis. The extensive evidence for such 
a role has been obtained in subsequent 
functional studies, carried out mostly in 
vitro. 

We demonstrated limited -DG 
proteolysis in the neuronal cultures as well 
as in the hippocampus in vivo. This 
phenomenon was fund to be a very rapid 
process, since already within a few minutes 
after the neuronal stimulation either in vitro 
or in vivo we observed appearance of the 
truncated form of the protein. Furthermore, 
of special note is the finding that -DG 
processing is also very transient 
phenomenon, as already within 20 minute

hippocampal homogenate with recombinant 
active MMP-9 significantly increased the 
level of 

lline 

response to seizures and it is absent in the 
MMP-9 knockout mice; (iv) both in the 
cultured brain neurons and in the 
hippocampus in vivo, -DG cleavage 
correlates in time with increased MMP-9 
activity and -DG and MMP-9 co-localize 
in postsynaptic elements in the 
hippocampus.  

The fact that -DG was found by 
electron-microscopic immunocytochemistry 
to be membrane-bound is consistent with its 
previously identified localization in various 
cell types, includi

after the stimulation a decrease in the level 
of the 30 kDa-form has been observed. This 
result could be explained by a rapid 
turnover of the molecule.  

We have also demonstrated that 
activity-dependent processing of -DG 
occurs via MMP activity as it is blocked by 
TIMP-1 and furthermore this processing is 
critically dependent on MMP-9 and not 
other MMPs, since it does not take place in 
MMP-9 knockout mice. Moreover, 
incubation of both neuronal culture and 

a
present in asymmetric postsynaptic 

specializations, which belong to the 
excitatory neurons14. In the close vicinity of 
the -DG we have also observed MMP-9. 
However, it is known that the enzyme is 
released in the latent form to acquire its 
enzymatic activity outside the cells1,2 and 
thus it is not very probable that MMP-9 
could digest -DG intracellularly. Notably, 
we have not observed colocalization of 
MMP-9 with -DG within the synaptic 
cleft, however, this result can be explained 
by our data obtained with neuronal cultures 
(see Fig. 4A), as well as literature 
indicating that MMP-9 is available outside 
the cells only very transiently37. Thus our 

s 

30 kDa form of -DG. Altogether, 
these results suggest that MMP-9 is 
responsible for activation-dependent 
cleavage of -DG. Interestingly, however, 
in non-stimulated neurons in culture, as well 
as in the hippocampi ex vivo and in vivo we 
observed noticeable levels of truncated form 
of -DG. These may be due to basal activity 
of either MMP-2 or MMP-9 as both 
proteases can cleave -DG12,13. However, in 
MMP-9 knockout mice the level of cleaved 
-DG is not increased in response to 
enhanced neuronal activity, indicating that 
MMP-9 is crticial for stimulation-driven -
DG cleavage. Furthermore, treatment of the 
neuronal cultures with 10 M bicucu
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ter the stimulation only MMP-
9 bu

logical means prevents 
form

lar dystrophy, respectively). Notably, 
we 

that the 30 kDa-
form

shows that af
t not MMP-2 levels are increased in the 

cell medium. This result also indicates that 
activation of synaptic receptors is sufficient 
for releasing MMP-9 to extracellular 
environment as quickly as 5 minutes after 
the stimulus (see also: Bruno and Cuello; 
2006) 37 and is immediately followed by 
limited proteolysis of -DG. Importantly, 
this time-frame of the accumulation of 30 
kDa -DG cleavage product after the 
synaptic activation, is the same as following 
glutamate stimulation of the cultured 
neurons.  

Finally, it should be emphasized that 
this demonstration of the first specific 
MMP-9 target in response to enhanced 
synaptic activity, at the central nervous 
system synapses, reported herein, may help 
to understand possible role of both MMP-9 
and -DG proteins in neuronal functions, 
especially in synaptic plasticity, learning 
and memory. Recent studies have shown 
that MMP-9 is activated during LTP and 
learning, and its inhibition by either genetic 
or pharmaco

ation of long-lasting plastic changes as 
well as long-term memory6,7. Also in 
humans increased MMP-9 activity, 
resulting from the specific gene 
polymorphism, was found to ameliorate 
dementia symptoms38. In turn, Moore and 
co-workers20 have shown that mutant mice 
selectively deficient in the brain 
dystroglycan suffer from L-LTP deficits in 
the hippocampus. Furthermore, functional 
disruption of the DGC is observed in 
several forms of inherited muscular 
dystrophies such as muscle–eye–brain 
disease, Walker-Warburg syndrome, 
Fukuyama congenital muscular dystrophy, 
which are all associated with cognitive 
deficits39-41. In addition, mutations in the 

genes encoding dystroglycan-binding 
proteins such as laminin (its extracellular 
ligand) as well as dystrophin (linking it with 
the F-actin) are associated with mental 
retardation (congenital and Duchenne 
muscu

have previously demonstrated specific 
changes in the hippocampal expression 
patterns of transcripts encoding dystrophin 
and neurexins (the pre-synaptic interacting 
partners of DG) following kainate and PTZ 
treatment in vivo42,43. This suggests a 
functional role for the entire DAG complex 
at central synapses and in their plasticity. 
Moreover, it was shown that -DG can 
either directly or indirectly interact with 
extracellularly regulated kinases (ERK) as 
well as with focal adhesion kinase 
(FAK)30,44 and both those kinases are 
important for neuronal plasticity including 
the induction of LTP45. It was also shown 
recently in Schwann cells 

 of -DG has a greater affinity fore the 
short isoform of utrophin (Up71) than for 
the dystrophin isoform (Dp116), which in 
turn has greater affinity to full length -
DG46. Although these interactions have been 
found in glia, it is probable that similar 
change in affinity may influence actin 
cytoskeleton in neurons and allow for 
changes in, for example, dendritic spine 
morphology. 
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Matrix metalloproteinase-9 (MMP-9) has emerged as a physiological regulator 
of NMDA receptor (NMDAR)-dependent synaptic plasticity and memory. The 
pathways by which MMP-9 affects NMDAR signaling remain, however, elusive. Using 
single Quantum Dot tracking we demonstrate that MMP-9 enzymatic activity increases 
NR1-NMDAR surface trafficking but has no influence on AMPA receptor (AMPAR) 
mobility. The mechanism of MMP-9 action on NMDAR is not mediated by change in 
overall extracellular matrix (ECM) structure, nor by direct cleavage of NMDAR 
subunits, but rather through an integrin β1-dependent pathway. These findings 
describe a new target pathway for MMP-9 action in key physiological and pathological 
brain processes.  

 

Introduction: 

Lateral diffusion of glutamate receptors 
within the plasma membrane provides a 
way for an efficient remodeling of 
postsynaptic signaling1,2. AMPA receptor 
(AMPAR) lateral diffusion has attracted 
great interest, since it is modulated in 
response to neuronal activity3-7, and 
plasticity2,8,9. Surface NMDA receptors 
(NMDARs) are less mobile than AMPARs 
and their lateral diffusion is not regulated 
by global changes in neuronal activity3. 
However, recent data indicate that surface 
diffusion of different NMDAR subtypes 
plays a role in key synaptic adaptations, 
e.g., maturation10,11, plasticity12 and 
metaplasticity13.  

Matrix metalloproteinases (MMPs) are 
extracellularly acting endopeptidases 
capable of cleaving extracellular matrix 

(ECM) along with several types of adhesion 
molecules14. MMPs are mostly secreted in 
an inactive (pro-) form and are activated by 
proteolytic removal of a propeptide14. They 
control remodeling of ECM environment 
and may influence cell signaling via either 
activation or release of bioactive 
molecules15. In the mature brain, MMPs’ 
activity (especially that of MMP-9) has been 
associated with remodeling related to injury, 
epilepsy, inflammation, etc.16-20. 
Involvement of MMP-9 in NMDAR-
dependent synaptic plasticity, as well as 
learning and memory has recently been 
reported21-24. Moreover, we have recently 
found that MMP-9 colocalizes with 
NMDARs and AMPARs17,25. Furthermore, 
MMP-9 cleaves -dystroglycan, a 
postsynaptic protein that may indirectly 
interact with glutamate receptors via 
dystrophin–actinin connection26-28. In the 
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present study we have tested the hypothesis 
that MMP-9 influences surface trafficking 
of NMDARs and found that this action is 
mediated by integrins. 

 

Materials and Methods: 

Cell culture and synaptic live staining. 
Cultures of hippocampal neurons were 
prepared from E18 Sprague-Dawley rats 
following a method previously 
described6,29. and maintained for 14-18 days 
in vitro (DIV). For synaptic live staining, 
the cells were incubated for 1 min. at room 
temperature with 50 nM Green Mitotracker 
(Molecular Probes # M-7514) prior to the 
imaging experiments. As indicated, cells 
were also incubated overnight with anti-
CD29 (Integrin β1 chain) antibody (BD 
Pharmingen # 555002) at final 
concentration 40 g/ml.10 

Single Quantum Dot (QD) tracking and 
surface diffusion calculation. Experiments 
involved live tracking of Quantum dots 
(QD) 655 Goat F(ab’)2 anti rabbit 
(Invitrogen # Q11422MP; for NR1 
detection) or anti-mouse (Invitrogen 
#Q11022MP; for GluR2 detection). Surface 
NR1-NMDARs were stained for 10 minutes 
at 37°C with antibody preincubated with 
QD.3 Surface GluR2-AMPARs were first 
stained with monoclonal anti-GluR2 
antibody (1:500; BD Pharmingen # 556341) 
for 10 min. at 37°C in conditioned culture 
medium and then with QDs (1:2000) for 5 
min. at 37°C in the medium. All recording 
sessions were performed within 25 minutes 
after QD incubation to minimize the effect 
of receptor endocytosis3.  

Images were obtained on Nikon 
microscope equipped with 100 x oil 
immersion objective and Micromax CCD 
camera. Images were acquired at rate 1 
frame per 50 ms for 800 frames and 
processed with the MetaMorph Software 
(Universal Imaging, Downingtown, PA). 
QD tracking was performed as described 

previously3,6,11. Summed trajectories were 
drawn by linking points at which each QD 
was present in a single frame. Mean-square-
displacement (MSD) curves were calculated 
for trajectories of at least 50 frames and the 
instantaneous diffusion coefficient, D, was 
calculated for each trajectory, from linear 
fits of first 4 points of the MSD versus time 
function using MSD(t)=<r2>(t)=4Dt as 
reported5,30,31. The QD were considered 
synaptic if co-localized with Mitotracker 
signal for at least 3 frames. For each 
condition, the membrane diffusion was 
calculated on 3 different cultures 
corresponding to approximately 24 different 
dendritic fields with average 5 QD per field. 

Recombinant autoactivating MMP-9 and 
inactive MMP-9 (E402A). Expression of 
auto-activating mutant of MMP-9 was 
performed as described previously26. 
Inactive mutant of MMP-9 – E402A was 
generated according to QuikChange 
(Stratagene) manual – G100L MMP-9 
mutant was inserted the point mutation 
changing Glu402 to Ala in catalytic centre of 
human MMP-9 was inserted by PCR using 
the pair of primers: 
TGGCGGCGCATGCGTTCGGCCACGC, 
GCGTGGCCGAACGCATGCGCCGCCA. 
Next E402A was cloned to pFastBac1 
vector and expression and purification of 
protein was performed exactly as described 
above. Lack of enzymatic activity was 
checked in enzymatic test with EnzCheck® 
Gelatinase/Collagenase Assay Kit 
(Invitrogen # E-12055) according to 
manufacturer instructions.  

The cultures were treated with 400 
ng/ml of either MMP-9 or E402A diluted in 
conditioned culture medium for 30 min. and 
later stained for either glutamate receptors 
or ECM. For Cathepsin G treatment, the 
neurons were incubated 20-40 min with 0.2 
µM cathepsin G (Calbiochem). 
Immunostaining and confocal microscopy. 
Cells were fixed with  paraformaldehyde, 
washed with PBS, blocked with 3% BSA 
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Figure 1. Proteolytic activity of MMP-9 is sufficient to increase NMDAR mobility. A) 
Representative summed trajectories of QD coupled with NR1 subunit antibody (a single red trace 
corresponds to the whole trajectory of a single QD-NR1 antibody complex). Synapses were stained 
with Mitotracker (green). In control conditions (buffer or E402A) QD display immobile (dot-like) 
trajectories, but after treatment with autoactivating MMP-9 QD are much more diffusive. B) Examples 
of extrasynaptic trajectories of stained NMDAR1. C) Example image showing co-localization of 
Mitotracker signal (synapses) and QD (NMDARs) signal on single frame D) Examples of synaptic 
trajectories of stained NMDAR1; gray area represents synaptic region. E) Distribution of the 
instantaneous diffusion coefficients of synaptic NMDARs expressed as median ± interquartile range 
(IQR) 25% – 75%. F) Cumulative frequency of the instantaneous diffusion coefficients of 
extrasynaptic NR1. The first point of the distribution corresponds to the percentage of immobile 
receptors. Treatment with MMP-9 decreases the percentage of immobile receptors from 84% (Buffer) 
or 81% (E402A) to 56%. Kruskal-Wallis ANOVA by rank revealed significant differences between 
groups of extrasynaptic NMDAR mobility, (H=67,98, p<0,0001) and synaptic NMDAR mobility 
(H=11,84, p=0,0027). Post hoc Dunn's Multiple Comparison Test reached significance for 
extrasynaptic Buffer vs. MMP-9 (p<0,0001) and E402A vs. MMP-9 (p<0,0001) as well as for synaptic 
Buffer vs. MMP-9 (p<0,005) and E402A vs. MMP-9 (p<0,05).  
 

and incubated for 2 h at RT with HABP 
coupled with Alexa 568 and rabbit anti- 
brevican Ab (1:2000) diluted in 1.5% BSA. 
After 3 washes with PBS, cells were 
incubated with fluorescent (Alexa 488) 
secondary anti-rabbit antibody for 40 min. 
at RT, washed and mounted. Fluorescent 
specimens were examined under a spectral 
microscope (TCS SP2; Leica) equipped 
with 63x (1.32 NA) 488 nm Ar and 543 nm 
GeNe laser for excitation of Alexa 488 and 
Alexa 568 respectively. The images were 
aquired through the internal TCS SP2 
detectors/photomultipliers. Sum of Z-stacks 

were analyzed in ImageJ software (NIH). 
Fluorescence was calculated as a product of 
thresholded signal by area. 

Results: 

Enzymatic activity of MMP-9 increases 
lateral diffusion of NR1-NMDARs 
without cleavage of NR subunits  

Using Quantum Dot (QD) coupled to 
antibody directed against N-terminus of 
NR1 subunit we tracked single QD in the 
extrasynaptic and synaptic membranes of 
14-18 days in vitro (DIV) hippocampal 
neurons3. The presence of recombinant 
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Figure 2. MMP-9 does not influence lateral diffusion of AMPARs. A) Representative summed 
trajectories of QD coupled with GluR2 subunit antibody (a single red trace corresponds to the whole 
trajectory of a single QD-GluR2 antibody complex). Synapses were stained with Mitotracker (green). 
MMP-9 treatment does not change generally diffusive nature of AMPARs. B) Cumulative frequency of 
the instantaneous diffusion coefficients of extrasynaptic GluR2. Percentage of immobile receptors was 
27% for incubation with Buffer, 30% for E402A and 37% for MMP-9. Kruskal-Wallis ANOVA by 
rank did not reveal significant differences between groups of extrasynaptic AMPAR mobility 
(H=2,743). C) Examples of extrasynaptic trajectories of stained GluR2. D) Distribution of the 
instantaneous diffusion coefficients of synaptic NMDARs expressed as median ± interquartile range 
(IQR) 25% – 75%. Kruskal-Wallis ANOVA by rank did not reveal significant differences between 
groups of synaptic AMPAR mobility (H=2,909). 
 

MMP-9 markedly increased the surface 
diffusion (represented by instantaneous 
diffusion coefficient) of NR1-NMDAR 
both in the extrasynaptic (buffer median = 
2.35·10-4 m2/s, interquartile range (IQR) = 
0.532·10-4 – 10.7·10-4 m2/s, n = 273; 
MMP-9 median = 14.7·10-4 m2/s, IQR = 
2.76·10-4 – 2098·10-4 m2/s, n = 221) and 
the synaptic (buffer median = 13.5·10-4 
m2/s, IQR = 0.279·10-4 – 382·10-4 m2/s, 
n=20; MMP-9 median = 0.121 m2/s, IQR 
= 0.0109 – 1.07 m2/s, n= 17) membranes 
(Fig. 1a-f). In order to investigate whether 
increase in NR1-NMDAR surface diffusion 
is caused by the enzymatic activity of 
MMP-9 we incubated neurons with MMP-9 
inactive mutant (E402A). In this condition 
no significant effect was observed for 
extrasynaptic (median = 2.16·10-4 m2/s, 

IQR = 0.798·10-4 – 6.77·10-4 m2/s, n = 
111) and synaptic NMDARs mobilities 
(median = 1.99·10-4 m2/s, IQR = 0 – 
764·10-4 m2/s, n = 9) (Fig. 1a-f). 
Moreover, because other MMPs, such as 
MMP-3 and MMP-7, directly cleave the N-
terminus of NR1 subunits we investigated 
whether MMP-9 effect on NMDAR 
trafficking resulted from a cleavage of NR 
subunits. In agreement with a recent 
report32, neither NR1, NR2A, nor NR2B 
subunit was cleaved by MMP-9 as 
examined using western blot approach (data 
not shown). Together these results indicate 
that MMP-9 increase the surface diffusion 
of NR1-NMDARs through its enzymatic 
activity but without cleavage of the NR 
subunits. Notably, MMP-9 could play a role 
in physiology of our cultures as it is present 
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in the cell culture medium at concentration 
of 0.6 ± 0.066 ng/ml. 

MMP-9 does not affect GluR2-AMPAR 
surface diffusion 

To examine whether MMP-9-induced 
increase in NMDAR mobility is selective 
for these receptors or it affects other 
glutamate receptors, the cells were 
incubated with active MMP-9 and lateral 
diffusion of GluR-2 containing AMPARs 
was analyzed. The surface mobility of 
synaptic (buffer median  = 32.8·10-3 m2/s, 
IQR = 0.110·10-3 – 55.1·10-3 m2/s, n = 14; 
E402A median = 84.5·10-3 m2/s, IQR = 
25.9·10-3 – 265·10-3 m2/s, n = 8; MMP-9 
median = 105·10-3 m2/s, IQR = 2.02·10-3 – 
200·10-3 m2/s, n = 11) and extrasynaptic 
AMPARs was not changed (buffer median 
= 213·10-3 m2/s, IQR = 0.505·10-3 – 
397·10-3 m2/s, n = 262; E402A median = 
1.71·10-3 m2/s, IQR = 0.353·10-3 – 384·10-

3 m2/s, n = 192; MMP-9 median = 124·10-

3 m2/s, IQR = 0.291·10-3 – 398·10-3 m2/s, 
n = 260; Fig. 2a- d).  

Cathepsin G, has no significant effect on 
either NR1-NMDARs or GluR2-
AMPARs 

To investigate whether another 
endopeptidase, which acts extracellularly33, 
may produce similar effect as MMP-9 on 
NMDAR surface diffusion, we tracked 
surface NR1-NMDARs and GluR2-
AMPARs in the presence of cathepsin G 
(0.2 µM).33 The surface diffusion of NR1-
NMDARs was not significantly affected by 
cathepsin G incubation in either the 
extrasynaptic (extrasynaptic NR1-NMDAR 
median = 5.7·10-3 m2/s, IQR = 1.8·10-3 – 
3.7·10-2 m2/s, n = 975; cathepsin median = 
5.6·10-3 m2/s, IQR = 1.6·10-3 – 2.5·10-2 
m2/s, n = 453; P > 0.05) or synaptic (15 ± 
14 % after cathepsin; P > 0.05; ncontrol = 45, 
ncathepsin = 32) compartment. Similarly, 
cathepsin G had no significant effect on the 
surface diffusion of extrasynaptic (+33 ± 15 
% after cathepsin; P > 0.05; ncontrol = 975, 

ncathepsin = 453) or synaptic (+29 ± 23 % after 
cathepsin; P > 0.05; ncontrol = 51, ncathepsin = 
25) GluR2-AMPARs. 

MMP-9 affects NMDARs lateral diffusion 
via integrin signaling  

MMPs, due to their promiscuous 
substrate specificity may degrade various 
components of the ECM34, and thus could 
cause extensive changes in the ECM 
structure. We then tested whether increase 
in lateral mobility of NMDARs could be 
explained by this phenomenon. Thirty 
minutes incubation of cultured neurons with 
recombinant MMP-9 did not alter gross 
ECM structure as visualized by either 
incubation with Hyaluronic Acid Binding 
Protein (HABP) conjugated with Alexa 568 
or immunostaining against brevican (Figure 
3a).  

MMP-9 has been shown to act via 
integrin signaling22 which plays also a role 
in NMDAR synaptic transmission35 and 
NMDAR-dependent plasticity36. Our 
immunofluorescence data (not shown) 
support the observation that integrins are 
expressed in dendritic/synaptic 
compartment in cultured hippocampal 
neurons36. Therefore, we investigated 
whether blocking integrin 1 subunit with a 
specific antibody abolish MMP-9-induced 
increase in surface NMDAR mobility. For 
this, hippocampal neurons were incubated 
with anti-integrin 1 antibody10 and then 
treated with either active or inactive MMP-
9. Anti-integrin 1 antibody did not affect 
NMDAR lateral diffusion by itself. 
However, in the presence of anti-integrin 1 
antibody the effect of MMP-9 on surface 
mobility of extrasynaptic (Control+MMP-9 
vs. Ab+MMP-9; U= 5575, p=0.0226) and 
synaptic (Control+MMP-9 vs. Ab+MMP-9; 
U=87.00, p=0.0327) NMDARs was 
completely abolished (Figure 3b, c). This 
indicates that recruitment and/or activation 
of 1-integrin is required for the MMP-9-
induced increase in NMDAR surface 
trafficking. 
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Figure 3. Influence of MMP-9 on NMDAR mobility is neither due to change in extracellular 
matrix structure nor to cleavage of NMDAR subunits but is mediated via integrin signaling. A) 
Neurons incubated 30 minutes with MMP-9 did not show change in overall structure of ECM as 
visualized by incubation of cells with Hyaluronic Acid Binding Protein (HABP) conjugated with Alexa 
568 (red) or by staining cells with antibody anti brevican (green). On right quantified relative 
fluorescence of brevican immunostaining and HABP labeling. Mann Whitney test did not reveal 
differences for brevican immunostaining (U=106) and HABP labeling (U=110). B) Cells were 
incubated overnight with antibody blocking integrin 1 and then incubated for 30 minutes with 
autoactivating MMP-9 to induce increase in NMDAR mobility. Examples of trajectories of stained 
NMDAR1 of cells incubated with autoactivating MMP-9 (red) and preincubated with anti-integrin 
antibody (blue). C) Graph shows cumulative distribution of the instantaneous diffusion coefficients of 
extrasynaptic NR1 in neurons treated with autoactivating MMP-9 or inactive E402A mutant. Ab – 
integrin-blocking antibody, control – PBS. Treatment with MMP-9 decreases percentage of immobile 
receptors from 72% to 53%, but preincubation with integrin blocking antibody reverses that effect. 
Mann Whitney test revealed that mobility of NR1 of neurons preincubated with PBS and incubated 
with autoactivating MMP-9 is significantly different from control (Control+E402A vs. Control+MMP-
9; U=2959, p=0.0171 and that preincubation of neurons with antibody blocking integrin 1 subunit 
abolished increase in mobility caused by MMP-9 (Control+MMP-9 vs. Ab+MMP-9; U= 5575, 
p=0.0226). 

 

Although we did not intend to 
characterize the intracellular molecular 
cascade involved, we tested two kinases 

that have been implicated in various 
integrin- and NMDAR-dependent processes. 
We have found that neither blockade of 
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ERK with 10M UO126 or protein kinase 
C with 1M Gö9676 abolish the MMP-9-
induce increase in NMDAR mobility (data 
not shown). The downstream signaling 
pathway remains thus to be further 
explored.  

 

Discussion: 

In the present report, we demonstrate 
that MMP-9, an extracellularly acting 
endopeptidase increases the surface 
trafficking of NMDARs without affecting 
GluR2-AMPARs. This effect is not 
mediated by a direct cleavage of an 
extracellular domain of NR subunits but it 
involves 1-integrin. Understanding the 
surface trafficking of NMDARs is of 
importance as it relates to a number of key 
cellular and molecular processes involved 
in synapse maturation, plasticity and during 
NMDAR-dependent neuronal 
pathologies1,37. It was previously reported 
that protein kinase C activation and 
neuronal development may regulate 
NMDAR mobility3,10,11,38 and are thus 
likely involved in various forms of neuronal 
connection refinements. As compared to the 
aforementioned paradigms, the effect of 
MMP-9 on NMDAR surface diffusion is 
particularly strong. Notably, MMP-9 affects 
both synaptic and extrasynaptic receptors, 
which undergo exchange between these 
membrane compartments11,39, indicating 
that MMP-9 is a highly potent regulator of 
NMDAR surface trafficking.  

MMP-9 increases lateral diffusion of 
NMDARs through its enzymatic activity 
and not through protein-protein interaction, 
as its inactive mutant (E402A) was not 
affecting receptor mobility. In addition, 
incubating neurons with cathepsin G33, was 
without effect on NMDAR surface 
diffusion. Furthermore, MMP-9 and 
cathepsin G did not influence AMPARs 
surface mobility, further proving the 
specificity of MMP-9 action on NMDARs.  

Because ECM might act as a spatial 
obstacle for membrane receptors we 
investigated the impact of MMP-9 on ECM 
structure and found no gross that alteration 
ECM resulting from MMP-9 activity. 
Interestingly, hyaluronidase, which digests 
complex carbohydrates of the ECM, causes 
increase in AMPAR but not NMDAR 
mobility in hippocampal neurons40. Notably, 
MMP-9 action on NMDAR surface 
diffusion does not act through direct 
proteolytic cleavage of its subunits, as 
shown by32. 

We show here that integrin 1 antibody 
abolished MMP-9-induced increase in 
NMDAR lateral diffusion. Interestingly, 
MMP-9 can act via integrin signalling22 and 
both proteins interact41. We previously 
reported that another extracellular matrix 
protein, reelin, regulated bidirectionally the 
surface trafficking of NMDARs (and not 
AMPARs) and, interestingly, this effect was 
mediated by the activation of 1 integrin10. 
Together with the well-known effects of the 
integrin activation on NMDAR transmission 
via phosphorylation pathways and synaptic 
plasticity35,42, it now emerges that the 
presence of specific extracellular matrix 
proteins, such as MMP-9 or reelin, strongly 
and rapidly impact on the surface trafficking 
and signalling of NMDARs through the 
activation of integrins. Of course, other 
transmembrane or extracellular proteins 
migth be involved in such physiological 
regulations, such as the Ephrin family since   
EphrinB receptors interact with NMDAR43, 

44 and is cleaved by MMP-945.  

Altogether, our results can be explained 
by MMP-9 driven release of some ECM 
molecule(s), which in turn may act as 
ligand(s) for integrins that next transfer a 
signal leading to increase in lateral diffusion 
of NMDAR, but not AMPAR. Moreover, in 
contrast to a view of MMPs as rather 
unspecific ECM-degrading enzymes, our 
data suggest that MMP-9 is a highly specific 
enzyme, involved in complex, 1 integrin-
dependent signaling.  
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Our results could also be interpreted in 
the context of recent report of 
destabilization and subsequent 
reorganization of the major NMDAR 
scaffolding protein, of PSD-95, whose 
CaMKII-dependent phosphorylation plays a 
role in initial triggering and later 
terminating of spine growth46. Such 
destabilization of PSD-95 could result in 
increased lateral mobility of NMDAR. On 
the other hand, importance of this 
destabilization for modulation of spine 
morphology could imply similar role of 
MMP-9 in spine remodelling and thus 
explain its role in synaptic plasticity22,47-49  
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There is an increasing number of data showing matrix metalloproteinase-9 
(MMP-9), an extracellularly acting, Zn2+-dependent endopeptidase, to be important not 
only for pathology of central nervous system but also for neuronal plasticity. In the 
present study we apply three independent experimental models, i.e. dissociated and 
organotypic cultures incubated with recombinant autoactivating MMP-9 as well as 
recently developed transgenic rat overexpressing autoactivating MMP-9, to show that 
enzymatic activity of gelatinase B causes transition of dendritic spines into filopodia-
like protrusions. Our results, considered together with several recent ones, strongly 
indicate that MMP-9 may be functionally involved in synaptic remodelling. 
 
 
Introduction: 

It has been firmly established that 
experience modifies functional circuits in 
the brain1. Furthermore, it has been 
postulated that changes in the morphology 
of dendritic spines, carrying postsynaptic 
domains of excitatory synapses, can be 
involved in synaptic plasticity as well as in 
learning and memory. Recent research has 
indeed supported that view2-5. Even earlier 
it has been shown that spine growth is 
associated with the induction of long term 
potentiation (LTP)6,7 whereas spine 
shrinkage might be engaged in induction of 
long term depression (LTD)8, where both 
are well accepted models of synaptic 
plasticity. 

Recent studies have proved that spine 
structure can be also regulated by 
extracellular matrix (ECM) proteins such as 
reelin9 as well as cell surface proteins, e.g., 
N-cadherin10, ephrin receptors11 or 
integrins12. Whereas the exact mechanisms 
of such regulation are poorly understood, 
the extracellularly acting proteases, 

targeting ECM, cell adhesion molecules 
and/or cell surface receptors have recently 
been implicated in different forms of 
neuronal plasticity13-15.  

Matrix metalloproteinases (MMPs), are 
predominantly secreted extracellularly 
(some are anchored to membrane) 
endopeptidases that are known to modify 
ECM components and to regulate cell 
morphology and behaviour16,17. Their 
expression and activity are tightly regulated, 
as they are expressed (often in response to a 
cell activation) in an inactive, latent form 
and require enzymatic processing in order to 
expose the catalytic site. Once activated, 
they can be inhibited by one of four tissue 
inhibitors of metalloproteinases (TIMPs) but 
their activity is regulated also by 
glycosylation and internalization18.  

An involvement of MMPs in 
modulation of morphology of dendritic 
spines has recently been approached. 
Bilousova and co-workers19 showed MMP-7 
(which is present in the brain only under 
pathological conditions), in a NMDA-
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dependent manner, might cause 
transformation of mature, mushroom-
shaped spines into long, filopodia-like 
structures in dissociated neuronal cultures. 
These changes were accompanied by 
redistribution of F-actin from spine head 
into the shaft. Tian and co-workers20 
employing also dissociated cultures showed 
that MMP-2 and -9, via cleavage of 
intercellular adhesion molecule-5 (ICAM-
5), can cause not only spine maturation, but 
also elongation of dendritic filopodia. 
Furthermore, Wang et al.21 showed that in 
acute hippocampal slices MMP-9 was 
necessary for enlargement of spines 
associated with induction of LTP and 
moreover, that MMP-9 is not only 
necessary but sufficient for its induction. 
Very recently, Bilousowa et al.22 showed 
that in fragile X mouse model (Fmr1 KO 
mice) an increase in proportion of filopodia 
to mature spines might be reversed by 
treatment with minocycline, known to 
inhibit MMP-9 expression. Moreover, an 
incubation of dissociated neuronal culture 
with recombinant MMP-9 caused 
transformation of dendritic spines from 
mushroom- to filopodia-like protrusions22. 

In our studies we have decided to 
extend the aforementioned observation to 
additional experimental models, including 
recently created transgenic rats with 
neuronal overexpression of active MMP-923 
in order to verify directly effects of this 
enzyme on spine morphology, especially 
ability to produce filopodia vs. mature 
mushroom-like spines. In neuronal 
hippocampal cultures, both of dissociated 
and organotypic types we have employed 
novel experimental tools. Recombinant 
autoactivating MMP-924 was produced in 
the heterologus, baculoviral expression 
system. To verify whether the observed 
affects depend on the enzymatic activity of 
MMP-9; see ref. 25, 26 for the importance 
of non-enzymatic biological functions of 
MMP-9; we have also produced a non-
active form of the enzyme. 

 

Materials and Methods: 

Recombinant autoactivating MMP-9 (MMP-
9) and inactive MMP-9 (E402A). 
Expression of previously described24 auto-
activating mutant of MMP-9 was performed 
according to Bac-to-Bac Baculovirus 
Expression System manual (Invitrogen). 
Briefly, G100L MMP-9 mutant (generous 
gift from Katherine Fisher, Pfizer) was 
cloned to pFastBac1 and resulting 
recombinant plasmid was used to transform 
DH10Bac competent cells. Colonies, which 
performed transposition were identified by 
blue-white selection and recombinant 
bacmid was isolated, and verified by PCR. 
The Sf21 insect cells were transfected with 
recombinant bacmid using Cellfectin® 
reagent (Invitrogen) to obtain recombinant 
baculovirus. After amplification and 
titration of the recombinant baculovirus, 
High-Five cells were infected and incubated 
in Sf-900IISFM serum free medium 
(Invitrogen). After infection cell culture 
medium was collected and recombinant 
MMP-9 was purified on Gelatin Sepharose 
TM 4B (GE Healthcare) as previously 
described27. Protein concentration of 
collected fractions was measured using 
Bradford Reagent (Sigma). Recombinant 
inactive mutant of MMP-9 – E402A was 
generated according to QuikChange 
(Stratagene) manual – G100L MMP-9 
mutant was inserted the point mutation 
changing Glu402 to Ala in catalytic centre of 
human MMP-9. The mutation was inserted 
by PCR using the pair of primers: 
TGGCGGCGCATGCGTTCGGCCACGC, 
GCGTGGCCGAACGCATGCGCCGCCA. 
Next E402A was cloned to pFastBac1 
vector and expression and purification of 
protein was performed exactly as described 
for MMP-9. Enzymatic activity of purified 
MMP-9 and E402A was checked with 
EnzCheck® Gelatinase/Collagenase Assay 
Kit (Invitrogen # E-12055) according to 
manufacturer instructions.  
Gel zymography. Samples of the culture 
medium were mixed with 3 × SDS sample 
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Figure 1.Figure 1. Expression 
and analysis of 
purified recombinant 
autoactivating mutant 
of MMP-9 and its 
inactive mutant – 
E402A. A) Gel 
zymography of samples 
of culture medium 
from High-Five cells 
infected with 

recombinant 
baculovirus caring 
autoactivating MMP-9. 
The biggest activity 
and thus protein 
concentration is 
observed 48 hours post 
infection (h.p.i.). B) 
Left panel: SDS-PAGE 
gel of purified MMP-9 

and E402A confirms molecular weight of purified protein; middle panel: Western-Blot against human 
MMP-9 confirms that purified protein is human MMP-9, right panel: gel zymography shows enzymatic 
activity of MMP-9 and lack of this activity in mutated protein E402A. C) Enzymatic assay using DQ-
gelatine – fluorescent substrate of gelatinases (MMP-2 and -9). 400 ng/ml of purified protein was 
incubated with DQ-gelatine in 37oC and fluorescence was measured every minute. MMP-9 activity (red 
line) can be inhibited by general MMPs inhibitor – 25M GM6001 (pink line) or more specific 5M 
Inhibitor I (black line) of MMP-9 and -13; Inactive mutant E402A does not show enzymatic activity in 
this assay (green line). 0.1% DMSO – diluent of inhibitors slightly decreases activity of autoactivating 
MMP-9 (blue line). 
 

buffer without DTT and loaded on 8% 
SDS-polyacrylamide gels containing 2 
mg/ml gelatine. After electrophoresis, the 
gels were washed twice with 2.5% Triton 
X-100 for 30 minutes at RT and incubated 
overnight in developing buffer (50 mM 
Tris-Cl pH 7.5; 10 mM CaCl2; 1 M ZnCl2; 
1% Triton X-100; 0.02% NaN3) at 37oC 
with moderate shaking. Gels were stained 
with Coomassie Brillant Blue and shortly 
destained. 

Western blotting. Samples were loaded on 
8% SDS-polyacrylamide gels and after 
electrophoresis electrotransferred onto 
polyvinylidene difluoride membrane 
(Immobilon-P, Millipore), which were 
blocked 2 hours at RT with 10% nonfat 
milk in Tris-buffered saline with 0.1% 
Tween-20 (TBS-T). After blocking, the 

membranes were incubated at 4oC overnight 
with rabbit anti human MMP-9 antibody 
(Abcam, # ab52496) diluted in 5% nonfat 
milk in TBS-T. Membranes were than 
incubated 2 hours at RT with peroxidase-
labelled secondary antibody diluted 
1:10,000 in 5% nonfat milk in TBS-T. After 
washing, peroxidase activity were 
visualized with ECLplus reagent (GE 
Healthcare). 
Hippocampal dissociated cultures from P0 
Wistar rats were prepared as follows: Brains 
were removed and hippocampi were 
isolated on ice in Dissociation Media – DM 
(in mM: 81.8 Na2SO4; 30 K2SO4; 5.8 
MgCl2; 0.25 CaCl2; 1 HEPES; 20 Glucose; 
1 Kynureic Acid; 0.001% Phenol Red), 
hippocampi were later incubated twice for 
15 minutes at 37oC with 100U Papain 
(Worthington, NY, USA) in DM and rinsed 
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3 times in DM and subsequently 3 times in 
plating media (MEM, 10% FBS, 1% 
Penicilin/Streptomycin). Hippocampi were 
trituated in plating medium until no clumps 
were visible and cells were diluted 10 times 
in OptiMEM (Invitrogen), centrifuged for 
10 minutes at room temperature, at 1000 
rpm. Resulting cell pellet was suspended in 
plating media, cells were counted and 
plated at density 120,000 cells per 18 mm 
diameter coverslip (Assistent, Germany) 
coated with 1 mg/ml poly-L-lysine (Sigma) 
and 2.5 g/ml laminin (Roche). Three hours 
after plating medium was exchanged for 
maintenance medium (Neurobasal-A w/o 
Phenol Red, 2% B-27 Supplement, 1% 
Penicilin/Streptomycin,0.5 mM Glutamine, 
12.5 M Glutamate, 25 M -
mercaptoethanol) and cells were kept at 
37oC, 5% CO2 in humidified incubator for 2 
weeks. All experiments were performed 14-
19 days in vitro (DIV). Cells were 
transfected using Effectene (Qiagen) 
according to manufacturer protocol at 10 
DIV with plasmid carrying eGFP under -
actin promoter. 
Cell stimulation. Cells were incubated for 
30 – 90 minutes with 400 ng/ml of 
recombinant MMP-9 or E402A in the 
maintenance medium, or buffer (50 mM 
Tris-Cl pH 7.5; 400 mM NaCl; 10 mM 
CaCl2 and 2% DMSO) used for elution of 
recombinant proteins from the affinity 
column, which was diluted at least 125 x in 
the maintenance medium. Recombinant 
protein concentration used for experiments 
was at least 50 ng/l so the final 
concentration of DMSO in the culture did 
not exceed 0.016%. As indicated, cells were 
also incubated overnight with anti-CD29 
(Integrin β1 chain) antibody (BD 
Pharmingen # 555002) or isotype antibody 
(IgM; BD Pharmingen # 553957) at final 
concentration 40 g/ml.  

Immunostaining and confocal microscopy. 
Cells were fixed 10 minutes at RT with 4% 
paraformaldehyde, washed with PBS, 
permabilized for 7 minutes 0.1% Triton X-

100 in PBS and blocked for 1 hour at RT 
with 10% Normal Goat Serum in PBS. After 
blocking cells were incubated with mouse 
anti GFP antibody (Millipore) overnight, 
then washed and incubated with fluorescent 
(Alexa 488) secondary anti-rabbit antibody 
(Invitrogen) for 40 minutes at RT, washed 
and mounted. Fluorescent specimens were 
examined under a spectral microscope (TCS 
SP2; Leica) equipped with 63x (1.32 NA) 
488 nm Ar laser for excitation of Alexa 488. 
The images were acquired through the 
internal TCS SP2 detectors/photomultipliers 
at the resolution 2048x2048 pixels and 
1.65x digital zoom and resulting pixel size 
had 70.45 nm, steps between scans: 0.2 m. 
Sum of Z-stacks of secondary or higher 
order dendrites of mostly pyramidal neurons 
were analyzed with ImageJ software (NIH). 
We discarded from analysis all objects 
(protrusions) with area smaller then 0.2 m2 
due to planar resolution of our confocal 
setup.  
Hippocampal organotypic cultures and live 
imaging. Transverse hippocampal 
organotypic cultures were prepared as 
described previously28. Briefly, 400 m tick 
hippocampal slices were cut from 6- to -7-
days-old rats and maintained for 11-18 days 
at 33oC, 5% CO2 in humidified incubator on 
Millipore inserts in culture medium (MEM 
+ Hepes, 25% Horse Serum and 25% 
Hank’s solution). After 8 DIV cultures were 
transfected with either pcDNA3.1-eGFP or 
a pCX-mRFP1 using biolistic method 
(Helios Gene Gun, Bio-Rad) and were used 
for experiments 3 days after transfection29 
.Short imaging sessions were carried out 
with an Olympus Fluoview 300 system 
coupled to a single photon laser. We 
focused on secondary or tertiary apical 
dendrites from CA1 field of hippocampus 
using 40 x objective (0.8 NA) and 10 x 
digital zoom (final resolution 25 pixel size, 
steps between scans: 0.4 m). Z-stacks were 
analyzed manually using ImageJ software 
(NIH). 
Transgenic rats were injected with 
pentobarbital (200 mg/kg, i.p.) and perfused 
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Figure 2. Enzymatic activity of MMP-9 makes dendritic spines in dissociated hippocampal 
culture longer and thinner. A) Maximal projections of confocal scans of dissociated hippocampal 
culture, which was transfected with plasmid caring eGFP under -actin promoter. After reaching age of 
at least 15 DIV cells were incubated for 30 and 90 minutes with 400 ng/ml of active MMP-9 or for 90 
minutes with inactive E402A or Buffer used for elution of recombinant protein from the affinity 
column. B). Mean spine density ± SEM. One – way ANOVA revealed significant differences between 
groups of mean spine density calculated per cell (F=12.09; p<0.0001). Post-hoc Tukey's Multiple 
Comparison Test reached significance for Buffer vs. MMP-9 30' (p<0.05), Buffer vs. MMP-9 90' 
(p<0.001), E402A vs. MMP-9 30' (p<0.01) and E402A vs. MMP-9 90' (p<0.001). C) Mean filopodia 
density ± SEM. One – way ANOVA revealed significant differences between groups of mean filopodia 
density calculated per cell (F=35.04; p<0.0001). Post-hoc Tukey's Multiple Comparison Test reached 
significance for Buffer vs. MMP-9 30' (p<0.001), Buffer vs. MMP-9 90' (p<0.001), E402A vs. MMP-9 
30' (p<0.001) and E402A vs. MMP-9 90' (p<0.001). D) Mean protrusion density ± SEM. One – way 
ANOVA did not reveal significant differences between groups of mean protrusions density calculated 
per cell (F=0.936; p=0.4353). E) Mean length of protrusions ± SEM. One – way ANOVA did not 
reveal significant differences between groups of mean protrusion’s length calculated per cell (F=1.685; 
p=0.2023). F) Mean shape parameter (length/width) ± SEM One – way ANOVA revealed significant 
differences between groups of mean shape parameter calculated per cell… Continue on next page 
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transcardially, first with PBS (15 ml/rat) 
and then with 4% paraformaldehyde (PFA, 
60 ml/rat). Brains were cut out into 300 
µm-thick vibratome slices. Random 
dendrite labeling with gene gun propelled 
lipophilic fluorescent dye (DiI; Invitrogen), 
coated tungsten particles (Bio-Rad) was 
performed for a spine classification. Slices 
were incubated in 1.5% PFA for 48h. 
Secondary apical dendrites at CA1 field of 
hippocampus were photographed under 
561-nm fluorescent illumination using a 
confocal microscope (63 x objectives). 
Spines were measured and analyzed using 
ImageJ software (NIH)  
 
Results 
Production of autoactivating MMP-9 and 
its non-active mutant 

In order to check influence of MMP-9 
on morphology of dendritic spines we 
decided to apply recombinant 
autoactivating mutant of MMP-9 (Fisher et 
al.)24. For protein expression we used Bac-
to-Bac baculovirus expression system. 
Recombinant 
baculovirus was used for infection of High-
Five cells and conditioned medium was 
collected for analysis of expression by gel 
zymography. Twenty four, 48 and 72 hours 
after infection medium was collected and 
equal volume was run on gel zymography. 
The largest expression level was observed 
48 hours post infection (Figure 1A). Thus, 
the cell medium harvested 48 hours after 
the infection with baculovirus was used for 
purification of recombinant autoactivating 
mutant of MMP-9 by affinity 
chromatography on Gelatine Sepharose 
resin. Left panel of Figure 1B shows SDS-
PAGE of recombinant MMP-9 after the 
purification. Western Blot and gel 
zymography (Figure 1B middle and right 
panel respectively) confirmed the molecular 

identity of the purified protein. In order to 
obtain non-enzymatically active form of 
MMP-9, the glutamate residue 402 in 
catalytic centre of autoactivating mutant 
was changed to alanine so that the enzyme 
lost its activity. To obtain recombinant 
inactive mutant (E402A) of autoactivating 
MMP-9 we again applied Bac-to-Bac 
baculovirus expression system. The 
expression and purification procedure was 
the same as with autoactivating MMP-9. We 
have obtained protein with the same 
molecular weight and immunoreactivity as 
autoactivating MMP-9, however, entirely 
missing enzymatic, gelatinolytic activity in 
the gel zymography (Figure 1B). Next, we 
checked enzymatic activity of recombinant 
MMP-9 and E402A in solution using DQ-
gelatine – a standard fluorescence substrate 
for gelatinases. As expected, MMP-9 
displayed strong activity in solution, 
whereas E402A did not (Figure 1C). We 
have also tested a potency of commercially 
available inhibitors of MMPs towards 
recombinant MMP-9 at standard 
concentration employed in our experiments, 
i.e., 400 ng/ml. Indeed, a broad spectrum 
MMPs inhibitor – GM6001 and more 
specific Inhibitor-I were able to effectively 
decrease activity of MMP-9. Importantly, 
0.1% DMSO, which is a solvent for both 
inhibitors, present in solution, affected 
MMP-9 activity only slightly (Fig. 1C).  
Enzymatic activity of MMP-9 causes 
change in dendritic spine morphology 
toward longer and thinner spines in 
dissociated cultures 

In order to investigate an influence of 
MMP-9 on morphology of dendritic spines, 
the hippocampal dissociated culture were 
transfected with plasmid vector carrying 
eGFP under control of -actin promoter and  
 

 

Figure 2 – continue from previous page 
(F= 6.81; p=0.0024). Post-hoc Newman-Keuls Multiple Comparison Test reached significance for 
Buffer vs. MMP-9 30' (p<0.05), Buffer vs. MMP-9 90' (p<0.05), E402A vs. MMP-9 30' (p<0.05) and 
E402A vs. MMP-9 90' (p<0.01). G) Cumulative frequency of shape parameter (length/width). 
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Figure 3. Live imaging of organotypic hippocampal culture reveals influence of enzymatic 
activity of MMP-9 on spine morphology. A) A fragment of secondary apical dendrite in CA1 area of 
hippocampus, which expressed eGFP was visualized in confocal microscope (t=0) and then treated 
with recombinant MMP-9 at final concentration 400 ng/ml. The dendrite was imaged again after 30, 
and 90 minutes of incubation. B) Cumulative frequency of shape parameter (length/width) of spines in 
group incubated with MMP-9. Kruskal-Wallis ANOVA by rank showed significant difference between 
groups in shape parameter of cultures incubated with MMP-9 (H=16.56; p=0.003) and post-hoc Dunn's 
Multiple Comparison Test reached significant for t=0 vs. MMP-9 30 min (p=0.05) and for t=0 vs. 
MMP-9 90 min (p=0.001). C) The same situation as A) but cultured slices were incubated with 
enzymatically inactive E402A. D) Cumulative frequency of shape parameter (length/width) of spines in 
group incubated wit E402A. Kruskal-Wallis ANOVA by rank did not reached significance; (H=1.885; 
p=0.3897). 
 
after 15 days in vitro the cells were 
incubated with recombinant autoactivating 
form of MMP-9 for either 30 or 90 minutes. 
As a control hippocampal cultures 
incubated with either non-active mutant of 
MMP-9 or a buffer devoid of recombinant 
proteins were used. After fixing the 
cultures, immunofluorescence labelling of 
neurons expressing eGFP was carried out 
and the densities of spines and filopodia 
were calculated. The incubation with MMP-
9 did not affect the total density of dendritic 
protrusions, however, there was an increase 
in number of filopodia, and decrease in 
number of bona fide spines (Figure 2A-D). 

Furthermore, we performed morphometric 
analysis of dendritic spines using a 
parameter, length-over-width (length/width) 
that reflects the shape (see discussion) and 
thus seems to adequately describe the spine 
form (Figures 2E-G). One-way ANOVA 
revealed differences between examined 
groups (F=6.248, p<0.01) and post-hoc 
Newman-Keuls Test showed that already 30 
minutes incubation with MMP-9 caused 
significant increases of length/width 
parameter and 90 minutes incubation 
increase it slightly further. This effect can 
be better visualised by cumulative frequency 
distribution of analysed spines in each group 
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Figure 4. Transgenic rats 

overexpressing 
autoactivating mutant of 
MMP-9 has longer and 
thinner dendritic spines. A) 
Examples of DiI stained 
neurons in CA1 area of rat 
hippocampus of wild-type 
(WT) and transgenic rat 
overexpressing autoactivating 
mutant of MMP-9 (MMP-9 
TR). Pictures represent 
secondary apical dendrites. B) 
Cumulative frequency of 
shape parameter 

(length/width) of spines in WT and MMP-9 TR rats. Mann Whitney test revealed significant 
difference in spine shape parameter of WT vs. MMP-9 TR rats (U = 37410; p = 0.0019). C) 
Mean of spine density ± SEM in WT and MMP-9 TR rats. Student’s t-test did not show 
significant differences (t = 0.1419; p = 0.8912).  
 
(Figure 2G). Furthermore, we were 
interested if enzymatic activity of MMP-9 
is necessary for the change in morphology 
of spines. Hence, we incubated cultures 90 
minutes with inactive mutant of MMP-9 – 
E402A. It influenced neither shape of 
dendritic protrusions nor their overall 
density (Figures 2A-G).  
Live imaging of neurons in organotypic 
hippocampal cultures reveals influence 
of active MMP-9 on dendritic spines 

To further assess the influence of 
MMP-9 on spines in a more physiological 
model, we employed an organotypic 
hippocampal culture and live imaging of the 
dendrites. After transfection with a 
pcDNA3-eGFP plasmid using biolisitc 
method, hippocampal neurons of CA1 area, 
which expressed eGFP were visualized in 
confocal microscope and treated with 
recombinant either MMP-9 or E402A, and 
imaged following 30 and 90 minutes of 
incubation (Figure 3). The length/width 
parameter was used to evaluate the spine 
shape and Kruskal-Wallis ANOVA by rank 
showed significant difference between 
groups in cultures incubated with MMP-9 
(H=16.56; p=0.003) and post-hoc Dunn's 

Multiple Comparison Test reached 
significant for t=0 vs. MMP-9 30 min 
(p=0.05) and for t=0 vs. MMP-9 90 min 
(p=0.001). We did observed no changes in 
shape parameter (length/width) in cultures 
treated with inactive protease E402A 
(Kruskal-Wallis ANOVA by rank did not 
reached significance; H=1.885; p=0.3897)  
Transgenic rats overexpressing 
autoactivating mutant of MMP-9 has 
longer and thinner dendritic spines 

In order to extend the observation on 
influence of enzymatic activity of MMP-9 
on dendritic spines we compared their 
shapes in transgenic rats overexpressing 
autoactivating mutant of MMP-9 (MMP-9 
TR) with spines in wild-type (WT) rats. 
Morphometric analysis of spines in neurons 
stained with lipophilic dye –DiI was carried 
out in CA1 area of the hippocampus (Figure 
4A). MMP-9 TR rats displayed longer and 
thinner spines then WT rats (Mann Whitney 
test revealed significant difference in spine 
shape parameter, length/width, of MMP-9 
vs. WT TR rats; U=37410; p=0.0019). 
Interestingly the spine density in MMP-9 
TR rats was not changed in comparison to 
WT rats (Student’s t-test did not show 
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Figure 5. MMP-9 enzymatic activity influences spine morphology via integrin 1 subunit 
A) Representative images of two-weeks neurons in dissociated culture expressing eGFP preincubated 
with anti integrin 1 antibody (1Ab) or isotype antibody for control (IgM) and later treated for 30 
minutes with either MMP-9 or E402A for control. B) Mean of protrusion density ± SEM. Two-way 
ANOVA did not reveal any significant differences for antibody factor (F=2.91; p=0.093), for MMP-9 
factor (F=1.02; p=0.32), or for the interaction of both (F=0.26; p=0.61). C) Mean of shape parameter 
(length/width) ± SEM. Treatment with MMP-9 in the presence of IgM causes increase in shape 
parameter, but preincubation with anti-integrin antibody completely abolishes this effect. Two-way 
ANOVA reached significance for antibody factor (F=13.3; p=0.0006), for MMP-9 factor (F=9.59; 
p=0.003) and moreover for interaction of both (F=6.05; p=0.017). Post-hoc Tukey’s analysis revealed 
significant differences for IgM + E402A vs. IgM + MMP-9 (p=0.0011); 1Ab + MMP-9 vs. IgM + 
MMP-9 (p=0.00048) and for 1Ab + E402A vs. IgM + MMP-9 (p=0.0002). D) Cumulative frequency 
of shape parameter (length/width) of spines in all groups. 
 
significance, t=0.1419; p=0.8912; Figure 
4C). 
MMP-9 enzymatic activity influences 
spine morphology via engagement of 
integrin 1 subunit 

It was shown before that MMP-9 can 
exert its function in neurons via engaging 
integrin 1 subunit21, 30, 31 and that integrins 
are involved in spine regulation12, 32. 

Therefore, we decided to block function of 
integrin 1 with a specific antibody and 
check whether this may affect MMP-9 
action on the spine morphology. Dissociated 
hippocampal culture was pretreated with 
either anti-integrin 1 antibody or isotype 
antibody for control, and later incubated 
with either MMP-9 or E402A for 30 
minutes (Figure 5A). We did not observe 
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any significant differences in spine density 
between the analyzed groups (Figure 5B). 
Two-way ANOVA did not reveal any 
significant differences for antibody factor 
(F=2.91; p=0.093), for MMP-9 factor 
(F=1.02; p=0.32), or for the interaction of 
both (F=0.26; p=0.61). Anti-integrin 
antibody did not influence spine shape 
parameter in the presence of inactive 
E402A in comparison to isotype antibody 
(mean1Ab + E402A=2.14 ± 0.045; meang+ 

E402A=2.21 ± 0.041), however it completely 
abolished the increase in shape parameter 
caused by MMP-9 (meang+ MMP-9=2.51 ± 
0.065; mean1Ab + MMP-9=2.18 ± 0.061) – 
figure 5C – 5D. Two-way ANOVA reached 
significance for antibody factor (F=13.3; 
p=0.0006), for MMP-9 factor (F=9.59; 
p=0.003) and moreover for interaction of 
both (F=6.05; p=0.017). Post-hoc Tukey’s 
analysis revealed significant differences for 
IgM + E402A vs. IgM + MMP-9 
(p=0.0011); 1Ab + MMP-9 vs. IgM + 
MMP-9 (p=0.00048) and for 1Ab + 
E402A vs. IgM + MMP-9 (p=0.0002).  

 
Discussion 

Using three independent neuronal 
models (two in vitro and one in vivo) it is 
shown herein that MMP-9 causes dendritic 
spines to change their shape toward being 
longer and thinner, what was characterized 
by a shape parameter (length/width). 
Moreover, we show that this process is 
mediated via integrin 1, as its blockade 
with specific antibody abolished the effect 
on spine morphology caused by MMP-9.  

We have observed that incubation of 
neurons in 15 DIV dissociated hippocampal 
culture with recombinant MMP-9 causes 
increase in filopodia number and at the 
same time decrease in spine number, 
however overall protrusion number did not 
change. This result is in agreement with 
previous observations of Bilousova and co-
workers22, who also applied recombinant 
MMP-9 for one hour in dissociated 
hippocampal culture to show increase in 

filopodia density and decrease in spine 
density. Furthermore, it was recently 
described that six hour treatment with 5 M 
NMDA causes increase in spine number 
which is the result of appearance of new 
small spines (filopodia) and maturation of 
existing ones to mushroom spines20. 
Interestingly this effect was blocked by 
MMP-2/-9 inhibitor or by a knockout of 
ICAM-5 (MMP-2 and -9 substrate). The 
proposed model assumed that MMP-2/-9 
enzymatic activity upon neuronal 
stimulation leads to maturation of spines 
and elongation of filopodia20. Recent 
findings of Conant and co-workers33 prove 
that ICAM-5 cleavage by MMPs (including 
also MMP-3 and MMP-7) can occur as soon 
as 15 minutes upon neuronal stimulation by 
NMDA or induction of LTP.  

The discrimination between spines and 
filopodia is elusive and many laboratories 
follow different criteria for defining of 
filopodia. For example Takahashi and co-
workers34 defined as filopodia all structures 
which were longer then 1 m and had shape 
parameter (length/width) larger then 2. 
Filopodia have also been defined as 
protrusions longer >2 m with a pointy 
tip20. Others, like Grutzendler and co-
workers35, define filopodia as structures 
which ratio of head diameter to neck 
diameter is < 1.2:1 and ratio of length to 
neck diameter is > 3.1. This last method 
seems to be not applicable for confocal 
microscopy as lateral resolution of 
microscope is too small to accurately 
measure the spine neck diameter36 and since 
the smaller measured length, the larger 
influence of the error. That is why confocal-
microscopy-based measurements of spine 
length are almost the same as STED-
microscopy-based but spine width for 
instance are smaller in STED-microscopy-
based measurements37.  

To avoid subjective discrimination 
between spines and filopodia we used herein 
shape parameter defined as length/maximal 
width of spine. We decided to do so, as 
there is no coherent definition of filopodium 
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and many research groups use different 
shape parameters to distinguish between 
those structures. Moreover, there is also no 
clear functional criterion of filopodia. For 
instance, Takahashi and co-workers34 show 
that at 14 DIV 10% structures defined as 
dendritic spines does not have PSD-95 
staining and 25% of all filopodia have 
contacts with presynaptic terminals and 
PSD-95 staining. When we applied shape 
parameter (length/width) for description of 
spines, it turned out that incubation of 
dissociated hippocampal culture with 
MMP-9 caused significant increase in shape 
parameter after already 30 minutes of 
incubation and longer incubation (90 
minutes) with active MMP-9 caused further 
increase in this parameter.  

Since MMP-9 has several structural 
protein domains and was shown to have 
biological activity without its enzymatic 
activity25,26 and furthermore, it was reported 
to be capable to bind many surface proteins 
such as integrins38-40, LRP-141 or CD4442, 
we checked if the change in shape of spines 
was caused by enzymatic activity of MMP-
9. Indeed, enzymatic activity of MMP-9 
was necessary since incubation of cultured 
neurons with MMP-9 inactive mutant – 
E402A did not cause any changes in shape 
parameter as incubation with buffer alone.  

To confirm our results, we used also 
organotypic hippocampal culture and we 
obtained similar findings, i.e., incubation 
with MMP-9 caused increase in shape 
parameter (see results and figure 3). In 
contrast to our results, Wang et al.21 have 
recently shown that incubation of acute 
hippocmapal slices with recombinant 
MMP-9 causes spine volume to increase 
(that should result in decreasing 
length/width ratio). However, those authors 
used a different slice model (acute slices 
from P14 – P21 rats vs. organotypic culture 
from P7 rats kept 11 DIV). Furthermore, 
they applied MMP-9 locally via stimulating 
electrode and we used bath application. The 
local application might resemble 
physiological conditions more closely, 

since MMPs are generally thought to act 
both locally and transiently, as their activity 
is very strictly controlled see chapter 1 and 
ref. 18, 43. In opposite, the bath application 
resembles much more pathological situation 
when MMP-9 activity is out of control, e.g., 
during either stroke44 or epilepsy23. By 
means of in vivo two-photon imaging both 
stroke and epilepsy were shown to induce 
rapid transformation of spines into 
filopodia-like protrusions and subsequently 
spine loss45-47. Importantly, it was shown in 
several studies that MMP-9 KO were almost 
completely protected from cell death in 
experimental models of stroke and 
epilepsy23,48 and, furthermore, Wilczynski 
and co-workers showed that MMP-9 KO 
mice had significantly reduced spine loss in 
comparison to MMP-9 WT mice after 
epilepsy23. In the light of these facts, in vitro 
bath application of MMP-9 would explain 
what might be the mechanism of spine loss 
in stroke and epilepsy. This is also another 
example of bifacial (beneficial and 
detrimental) nature of MMP-9. To further 
confirm MMP-9 influence on spines we 
used in vivo model of transgenic rats 
overexpressing autoactivating MMP-9 under 
control of synapsin I promoter. Also in this 
model in comparison to control (WT rats) 
increased MMP-9 activity caused increase 
in length/width ratio (Figure 4). Similar 
results were observed by Bilousova and co-
workers22 in Fmr1 KO mouse, a model of 
fragile X syndrome, which among various 
pathological features overexpresses MMP-9. 
The authors observed decreased spine head 
area and increased length of spines in CA1 
and CA3 regions of the hippocampus in 
Fmr1 KO mouse, which phenotype was 
rescued by treatment with minocycline, a 
tetracycline derivative which is known to 
decrease expression of MMP-9.49 

Finally, we proved that MMP-9 
influence on spines depends on integrin 1 
activation, what is in line with previous 
reports showing that MMP-9 acts via this 
integrin subunit21,30,31 and that MMP-9 can 
bind integrins38,40,50. Also the influence of 
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the integrins on spine morphology was 
reported before12 and is in agreement with 
above results. In particular RGD peptides 
that mimic integrin ligands, and can 
stimulate integrin signalling, caused 
elongation of spines and formation of new 
filopodia12. All these results could be 
interpreted in such a way MMP-9, by virtue 
of its proteolytic activity, cleaves some, yet 
to be defined, ECM or cell adhesion 
molecule and thus releases cryptic ligand 
binding integrins. MMP-9 was shown 

before to produce such ligands in other 
tissues51,52.  

In conclusion, our study, considered 
together with several recent ones, strongly 
indicate that MMP-9 may be functionally 
involved in synaptic remodelling. Such an 
activity might explain physiological role of 
MMP-9 in long-term potentiation as well as 
learning and memory30,53,54 and pathological 
conditions of neuronal plasticity such as 
e.g., epilepsy and drug addiction (see e.g., 
ref.:23, 55-59). 
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Since its discovery in 1974 by Sopata 
and Dancewicz1, matrix metalloproteinase-
9 (MMP-9), together with others MMPs 
have for long been thought to act by simply 
degradation of extracellular matrix (ECM) 
structure. Almost from the beginning 
MMPs were implied as important factors in 
such phenomena as tumour metastasis and 
wound healing that were known to require a 
vast ECM remodelling2-4. This simplified 
picture changed with appreciation that 
ECM structure codes its own information, 
which can influence cell behaviour and 
misbehaviour5. Together with the reports 
showing MMP-9 activity in cancer, 
gelatinase B was also observed to be 
expressed in the brain mainly by neurons 
and to be able to process brain-specific 
substrates6-8. MMP-9 role in the brain was, 
however, first appreciated in the 
pathologies of the central nervous system 
(CNS) since its expression was observed to 
be elevated in the model of multiple 
sclerosis (MS) – experimental autoimmune 
encephalomyelitis (EAE)9 or ischemia10.  

The work of Szklarczyk and co-
workers11 has initiated thoughts about 
MMP-9 also in a context of physiological 
neuronal plasticity and soon first reports 
showed its involvement in those 
processes12-14. However the exact 
mechanism of gelatinase B action in the 
physiology of the brain remains elusive.  

The main goal of this thesis was to 
identify synaptic substrates of MMP-9 at 
the synapse, describe possible influence on 
important synaptic proteins and finally to 
examine the influence on structural synaptic 
plasticity.  

First, we identified asymmetric, 
i.e., excitatory synapses in which 
immunoreactivity of -dystroglycan (-
DG) and MMP-9 colocalized (chapter 2). 
These data are consistent with previous 
reports of Zaccaria and co-workers15 who 
also found -DG to be present on excitatory 
synapses and Mummery et al.16 showing -

DG in synaptosomal fraction. -DG 
subcellular localization might be also 
anticipated from study of Kim and co-
workers17, who observed 400-kDa 
dystrophin in PSD fractions of cortical 
neurons. However there are reports 
showing, albeit only in vitro, -DG to be 
present only at inhibitory synapses18,19. 
Moreover there have been as so far no 
report which shows presence of MMP-9 or 
its mRNA at inhibitory synapses20-22. In 
chapter 2 we demonstrated that MMP-9 is 
responsible for -DG cleavage upon 
neuronal stimulation both in vitro and in 
vivo and that this cleavage can occur as soon 
as 5 minutes after stimulation. These data 
may help to understand the role of both -
DG and MMP-9 at the synapse, especially 
in synaptic plasticity and learning. There are 
already numerous studies showing 
involvement of MMP-9 in learning and 
memory as well as in long-term potentiation 
(LTP) which is a well accepted model of 
synaptic plasticity12-14,23-32. All those studies 
show basal synaptic transmission to be 
preserved when MMP-9 activity is blocked 
genetically or pharmacologically12,23,25,26. 
Furthermore, MMP-9 inhibition did not 
affect short term plasticity except for one 
study of Meigham and co-workers25, 
showing impairment of paired-pulse-ratio 
(and indicator of influence on synaptic 
transmitter release) by general MMP 
inhibitor (FN-439). This might be however, 
due to effects of the drug on other MMPs. 
Similarly, Moore and co-workers33 in the 
only study so far, concerning -DG and 
LTP, did not find influence of brain-
selective -DG knockout (KO) on short-
term plasticity but on LTP. Surprisingly, 
there are no behavioural data available, 
concerning above mentioned -DG KO 
mice and until recently there were no 
described mutations of dystroglycan 
encoding gene (dag1) in humans34. Hence, 
an involvement of this particular protein of 
dystrophin complex in learning and memory 
is not known. There are, however, reports 
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that many forms of inherited muscular 
dystrophies such as muscle-eye-brain 
disease, Walker-Warburg syndrome or 
Fukuyama congenital muscular dystrophy, 
are associated with cognitive deficits and 
the disruptions of the dystrophin-
glycoprotein complex, in which -DG is a 
central protein35-37.  

-DG is, the only identified 
synaptic substrate for MMP-9 cleaved upon 
neuronal stimulation, however, it might be 
expected that there is more of them. Until 
recently (see: ref. 38) the exact cleavage 
site of -DG by MMP-9 was not known. 
This finding may help to further study how 
this limited proteolysis can influence 
neuronal plasticity, for example by 
designing specific antibodies blocking the 
cleavage.  

Further characterization of 
MMP-9 role at the synapse has allowed us 
to discover its influence on NMDA receptor 
lateral mobility (chapter 3). We 
demonstrate increase in lateral mobility of 
both synaptic and extrasynaptic NMDA 
receptors in dissociated hippocampal 
neurons after incubation with recombinant 
MMP-9 and more importantly we show that 
observed effect depends on MMP-9 
enzymatic activity. Our findings are also in 
line with recently published 
electrophysiological data showing MMP-9 
– activity – caused acceleration of 
desensitization and deactivation kinetics39. 
At the same system we did not observed 
any influence on AMPA receptors and the 
effect on NMDA receptors was mediated 
via integrin 1 signalling (chapter 3). 
Integrin 1 was already shown in several 
studies to transmit MMP-9 signalling12,25,40 
and also to influence NMDA receptor 
trafficking during development41. It is of 
note that integrins containing 1 subunit and 
DG are both receptors for laminin and 
mediate internal signalling42-44. 
Furthermore, -DG connection to actin 
cytoskeleton implies its role in a structural 

plasticity of dendritic spines as actin 
regulation is critical for morphology of 
synaptic protrusions45,46, but this is a subject 
for further studies. It was shown for 
example in Shwann cells membranes that 30 
kDa, i.e., the cleaved form of -DG has a 
lower affinity to 116 kDa dystrophin 
isoform than the full length -DG47. 
Moreover short isoform of utrophin (Up71), 
the other protein which also may link -DG 
with actin cytoskeleton have greater affinity 
to cleaved -DG47, thus both results suggest 
that upon cleavage, -DG may induce 
changes in cytoskeleton.  

One of the most important 
implications from chapter 3 is the notion 
that MMP-9 does not cause gross alteration 
of ECM but its activity is rather specific. 
Especially in the light of work of 
Frischknecht and co-workers48 who 
destroyed neuronal ECM in culture with 
hyaluronidase and observed increase in 
AMPA but not NMDA receptor lateral 
diffusion. This property of MMP-9 might be 
supported by recent study from Overall’s 
group, which compares substrate specificity 
of MMP-2 and MMP-9 in the same 
conditions49. Even though those enzymes 
share great structural similarity MMP-2 was 
found to cleave 201 potential substrates and 
MMP-9 only 19, what shows how much 
more specific is this protease49. There are 
also other, except of integrins and -DG, 
candidates which may mediate MMP-9 
released signals, such as Ephrin B (EphB) 
receptors, which can be cleaved by MMP-9 
50, and are involved in intracellular 
signalling affecting spine morphology51,52 as 
well as phosphorylation and trafficking of 
NMDA receptor NR2B subunit53,54. It is 
worth to mention that NMDA receptors 
containing NR2B subunit were shown to 
more mobile then NR2A containing 
receptors55. It would be thus of particular 
interest to study influence of MMP-9 on 
receptors which contain NR1-NR2B 
subunits and those having NR1-NR2A 
subunits. 
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The influence of MMP-9 on 
NMDA receptors diffusion and dendritic 
spines might be also interpreted in the light 
of recent report of Steiner and co-workers56, 
who shown rapid but transient 
destabilization of PSD-95 upon plasticity-
inducing-stimulus. Such destabilization 
might also increase NMDA receptor 
mobility, it is possible that both proteins are 
translocated as a complex. Further more, 
such a dynamics was shown also for other 
synaptic proteins to be rapidly (within 
minutes) exchanged upon stimulation, e.g., 
calcium-calmodulin-dependent protein 
kinase II (CaMKII), homer 1c, or A-kinase 
anchoring protein (AKAP) 79/15057-59.  

Finally we focus on MMP-9 
influence on structural plasticity of 
dendritic spines (chapter 4). The influence 
of ECM and in particular extracellular 
proteases was recently appreciated. For 
example work of Matsumoto-Miyai and co-
workers60 where it was shown that 
presynaptically released serine protease – 
neurotrypsin cleaves ECM protein – agrin 
and induces filopodia formation. In chapter 
4 we show in three independent 
experimental models that enzymatic activity 
of MMP-9 causes change in spines shape 
toward longer and thinner protrusions. 
Moreover, we presented the evidence that 
synaptic remodelling is mediated via 
integrin 1 subunit, what is in line with few 
previous reports concerning MMP-9 
activity12,25,40,61. Since in our experiments 
we used bath application of recombinant 

MMP-9 it might be possible that observed 
effect on spine morphology resembles 
pathological situation more likely then 
physiological when MMP-9 is generally 
believed to be tightly controlled. In diseases 
like stroke or epilepsy10,21,62, expression of 
MMP-9 reaches high levels and activity 
seems to be out of control. Also our data 
according increase in NMDA receptor 
mobility after treatment with MMP-9 might 
be treated, in the light of above discussion, 
as a model for pathological situation. In line 
with this notion is the fact that any change 
in neuronal activity was shown to influence 
mobility of NMDA receptors55,63,64.  

Concluding remarks: 

The data presented in this thesis 
indicate that MMP-9 is a molecule of great 
importance for processes occurring at the 
synapse. It is capable of cleaving synaptic 
proteins, can regulate important for 
plasticity and pathology, synaptic receptors 
and finally cause structural synaptic 
changes. 
The complex knowledge that is just being 
revealed about MMP-9 underscores the 
significant beneficial as well as detrimental 
role of this protein for the brain. Hence, the 
aforementioned studies pave the way for the 
next experiments aiming at the better 
understanding of so far underappreciated 
extracellular focal proteolysis and its 
multiple roles in the brain function and 
dysfunction

. 
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Summary 

Summary: 
 

Matrix metalloproteinases-9 (MMP-9) 
is a zinc-dependent endopeptidase which 
acts outside the cell and can cleave various 
extracellular matrix (ECM) proteins as well 
as adhesion molecules. MMP-9 has recently 
emerged as one of the important molecules 
involved in synaptic plasticity, however the 
exact role of this protease at the neuronal 
junctions is still to be described. The 
objective of this work was to reveal in more 
details the functions and targets of MMP-9 
at the synapse.  

In the Chapter 2 we show that -
dystroglycan (-DG), a transmembrane 
protein, is a synaptic target for MMP-9 
which is cleaved upon neuronal stimulation. 
We observed that stimulation of neuronal 
cultures caused an increase in MMP-9 
activity which coincides with cleavage of -
DG and that this cleavage can be blocked 
by overexpression of tissue inhibitor of 
metalloproteinases-1 (TIMP-1). We also 
showed the involvement of MMP-9 activity 
in cleavage of -DG in vivo , as well as the 
colocalization of both proteins at the same 
asymmetric synapses in the hippocampus. 
Next, in the Chapter 3 we examined the 
influence of MMP-9 on mobility of one of 
the most important receptors for the 
synaptic plasticity – NMDA receptor 
(NMDAR). Using single Quantum Dot 
tracking we demonstrated that enzymatic 
activity of MMP-9 increased lateral 
trafficking of NR1 subunit-containing 

NMDA receptors and not AMPA receptors. 
More interestingly, we showed that the 
mechanism of MMP-9 action on NMDARs 
mobility was neither mediated by a general 
change in the structure of ECM, as this was 
unchanged after incubation with 
recombinant MMP-9, nor by direct cleavage 
of receptor subunits, but rather through 
integrin 1-dependent pathway. Finally, in 
the Chapter 4 we focused on the influence 
of MMP-9 on structural plasticity of 
dendritic spines which are known to bear 
excitatory synapses. In particular, using 
three independent experimental models: 
dissociated and organotypic cultures, as well 
as transgenic rats overexpressing 
autoactivating MMP-9, we showed that 
enzymatic activity of MMP-9 caused 
transition of dendritic spines into more 
filopodia-like structures. Moreover, we 
demonstrated again the involvement of 
integrin 1 subunit in this process. Our 
results described and discussed in this thesis 
show MMP-9 is released shortly after 
neuronal stimulation, is potent to cleave 
synaptic proteins without causing large 
changes in ECM structure, to modify 
behaviour of important synaptic receptors 
and to change morphology of synapses. 
Thus, as discussed in chapter 5, our results 
together with several recent ones, strongly 
indicate MMP-9 function in synaptic 
remodelling. 
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Samenvatting: 
 

Matrix metalloproteinase-9 (MMP-9) is 
een zink-afhankelijk endopeptidase, dat 
buiten de cel functioneert en, naast 
verschillende extra-cellulaire matrix (ECM) 
eiwitten, ook adhesie moleculen kan 
klieven. MMP-9 is recentelijk naar voren 
gekomen als één van de belangrijke 
moleculen die betrokken zijn bij de 
plasticiteit van synapsen. Echter, de 
precieze rol van dit protease in neuronale 
contacten (junctions) moet nog bepaald 
worden. Het doel van dit werk was om in 
meer detail de functies en substraateiwitten 
van MMP-9 in de synaps te bepalen.  

In Hoofdstuk 2 laten we zien dat -
dystroglycan (-DG), een transmembraan 
eiwit, een synaptisch substraat is voor 
MMP-9, dat gekliefd wordt door MMP-9 na 
neurale stimulatie. We tonen aan dat 
stimulatie van neuronale cultures een 
toename in MMP-9 activiteit veroorzaakt, 
hetgeen gepaard gaat met klieving van -
DG en dat deze klieving geblokkeerd kan 
worden door overexpressie van de TIMP-1, 
een zgn. tissue inhibitor van 
metalloproteinases. We laten ook de 
betrokkenheid van MMP-9 activiteit bij 
klieving van -DG in vivo zien en 
demonstreren de co-localisatie van beide 
eiwitten op identieke, asymetrische 
synapsen in de hippocampus. Vervolgens 
hebben we in Hoofdstuk 3 de invloed van 
MMP-9 op de mobiliteit van een van de 
meest belangrijke receptoren voor 
synaptische plasticiteit, de NMDA-receptor 
(NMDAR) onderzocht. Met behulp van 
Single Quantum Dot tracking tonen we aan 
dat de enzymatische activiteit van MMP-9 
de laterale bewegingsvrijheid van NMDA 
receptors met een NR1-subunit verhoogd, 
maar niet die van AMPA receptoren. 
Bovendien laten we zien dat het 

mechanisme waarmee MMP-9 dit effect 
bewerkstelligt op de mobiliteit van 
NMDARs niet gemedieerd wordt via een 
verandering van de algemene structuur van 
de ECM, aangezien deze niet verandert na 
incubatie met recombinant MMP-9. Ook 
een directe klieving van de receptor subunits 
blijkt niet van belang. Een interessante 
waarneming was echter het feit dat we 
bewijs konden vinden voor een integrine 1 
subunit afhankelijke route. 
Tot slot hebben we ons in Hoofdstuk 4 
gefocusseerd op de invloed van MMP-9 op 
de structurele plasticiteit van dendritische 
spines, die dragers zijn van exciterende 
synapsen. Via drie onafhankelijke 
modelsystemen, te weten gedissocieerde en 
organotypische cultures en transgene ratten, 
die zelf-activerend MMP-9 tot over-
expressie brengen, tonen we aan dat de 
enzymatische activiteit van MMP-9 een 
verandering induceert van dendritische 
spines naar structuren met een meer 
filopodia-achtig uiterlijk. Daarnaast 
demonstreren we opnieuw dat de integrine 
1 subunit een rol speelt in dit process. 
Onze resultaten zoals beschreven en 
bediscussieerd in dit proefschrift maken 
duidelijk dat MMP-9 vrijkomt kort na 
neuronale stimulatie en in staat is om 
synaptische eiwitten te klieven zonder grote 
verandering in de ECM te induceren. Verder 
wordt duidelijk dat vrijgekomen MMP-9 het 
gedrag van belangrijkesynaptische 
receptoren kan modificeren en de 
morfologie van synapsen kan veranderen. 
Samenvattend geven deze resultaten, zoals 
bediscussieerd in hoofstuk 5, dus een sterke 
indicatie dat MMP-9 een belangrijke functie 
heeft in het structureel reorganiseren van 
synapsen.
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