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Introduction
While major central nervous system (CNS) and peripher-
al nervous system (PNS) fiber tracts have been principal 
models for defining the role of extracellular matrix (ECM) 
proteins in axonal growth and regeneration (Busch and 
Silver, 2007; Pizzi and Crowe, 2007; Gonzalez-Perez et al., 
2013), these matrix molecules also mediate synapse forma-
tion (Ethell and Ethell, 2007). The success of axonal regen-
eration depends, ultimately, upon formation of functional 
connections between axon terminals and their postsynaptic 
sites. Such connections occur in an environment which 
includes neuroglia and vascular elements, all surrounded 
by a host of matrix molecules. Among the more important 
matrix proteins are those that provide structural scaffolding, 
such as collagens, fibronectins and proteoglycans (Hubert 
et al., 2009; Andrews et al., 2012; Howell and Gottschall, 
2012). Networks of these proteins give shape to the synap-
tic environment, reorganize in response to CNS insult, and 
affect the distribution of immune signaling molecules like 

cytokines, chemokines, and secreted growth factors, each 
of which can direct different cellular phases of regenera-
tion. The successful distribution of these matrix proteins 
during synaptogenesis depends upon activation of secreted 
and membrane bound matrix metalloproteinases (MMPs). 
These Zn2+/Ca2+ activated enzymes are members of a highly 
homologous protease family, tightly regulated under normal 
conditions (Handsley et al., 2005). Upon stimulus of CNS 
injury or disease, their proteolytic activity is turned on, of-
ten to very high levels. They can then target principal ECM 
proteins associated with the synapse, affecting structural 
integrity of the surrounding extracellular space, distribution 
of ECM bound proteins, and cleaving membrane associated 
proteins which stabilize intact synapses to permit the reshap-
ing required for plasticity (Ethell and Ethell, 2007). As the 
process of synapse regeneration develops, the same enzymes 
may selectively breakdown ECM proteins in order to facili-
tate stabilization of favored new synaptic connections (Reiss 
et al., 2005; Warren et al., 2012). 
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Metalloproteinases mediate plasticity in both 
development and CNS disease
The role of MMPs in CNS synaptic development and re-
modeling is complex, involving a variety of enzyme family 
members and targeted substrates (Ethell and Ethell, 2007; 
Van Hove et al., 2012; Verslegers et al., 2013). A number of 
published studies support elevated MMP activity during 
synapse organization in a variety of CNS models (Van Hove 
et al., 2012; Verslegers et al., 2013). The time dependent 
profiling of MMP response has been demonstrated in each 
of the established phases of synaptogenesis. These include 
the acute ECM reorganization around affected synapses, 
subsequent axonal sprouting and new synapse formation, 
and the period of nascent synapse stabilization. In normal 
CNS development, secreted MMPs-2, -3 and -9, along with 
membrane type MT5 and MT1-MMPs, act to mediate axo-
nal growth, dendritogenesis and synaptogenesis. For exam-
ple, MMPs-2, -3 and -9 appear to regulate the extension of 
granule neuron processes as they migrate through the cere-
bellar ECM (Vaillant et al., 2003; Luo, 2005). Other studies 
provide evidence that Purkinje cell MT5-MMP expression 
directs axonal growth in nascent synapses and prescribe the 
layout of dendritic cytoarchitecture for the complex synaptic 
morphology of these principal cerebellar neurons (Hayashi-
ta-Kinoh et al., 2001; Sekine-Aizawa et al., 2001). Notably, 
animals in which MMPs-2 and -9 expression is deficient or 
knocked out show abnormal cerebellar synaptic formation 
and functional motor deficits (Van Hove et al., 2012).  

The interaction between ECM proteins and their regu-
latory MMPs is similarly correlated with successful axonal 
growth and synaptic organization in the developing neocor-
tex, where MMP-2 and MMP-3 are each localized at grow-
ing dendrite tips and associated with semaphorin growth 
promotion activity (Gonthier et al., 2007; Gonthier et al., 
2009). Both MMPs-2 and -9 are linked to cleavage of neuro-
adhesion molecule ICAM-5 (Tian et al., 2007), as well as to 
ephrins, hippocampal ECM axon guidance proteins, which 
can be regulated through MMP-9 cleavage of their Eph-
2B receptor  (Pizzi and Crowe, 2007). As in the cerebellum, 
hippocampal MT5-MMP is also localized to growing axon 
and dendritic filipodia during synapse development (Monea 
et al., 2006). MMP role in mediating synaptic organization 
extends to developing sensory systems as well. For example, 
in the olfactory pathway, a disintegrin and metalloproteinase 
21 (ADAM-21) MMP is found in growing axonal tracts, of-
ten co-localized with olfactory marker protein, indicating its 
role in the maturation of olfactory sensory neuron projec-
tions (Yang et al., 2005). Likewise, a rise in MMP-2 protein 
level was correlated with increased growth associated protein 
43 (GAP43) expression during olfactory epithelial process 
maturation (Tsukatani et al., 2003). As olfactory bulb glom-
eruli develop, many other MMP substrates (e.g., laminin-1, 
perlecan, CSPG, tenascin) act to restrict and guide afferent 
axons during synaptogenesis (Treolar et al., 2009). 

In another context, MMP response is documented to 
accompany many types of CNS neurodegenerative disease, 
each condition offering potential for restorative repair. With 
Alzheimer’s disease (AD), elevated MMP-9 expression oc-

curs at sites of neurofibrillary tangle and senile plaque accu-
mulation (Asahina et al., 2001). Differential MMP response 
may be present in the aging brain as well, where MMP-2 
activity is actually reduced by one third in AD and Hunting-
ton’s disease (Safciuc et al., 2007). Elevating amyloid precur-
sor protein (APP) proteolysis by increased ADAM-10 alpha 
secretase expression/activity offers potential for stabilizing 
neuronal connections in both diseases (Endres and Fahren-
holz, 2010).

Plasticity following stroke and epilepsy is also linked with 
altered MMP expression. Conditions of stroke and ischemia 
were some of the first to be associated with elevated MMP 
response (Rosenberg and Navratil, 1997; Asahi et al., 2000). 
After stroke, compromise of the blood brain barrier has been 
attributed, in part, to the elevated activity of MMPs-2, -3 
and -9, reducing the integrity of the vascular interface and 
exacerbating hemorrhage (Montaner et al., 2001). Clinical 
interventions have been built upon targeting this MMP ac-
tivity, damping down its effect on the weakened neurovascu-
lar unit to attenuate further damage from bleeding (Lo et al., 
2004). However, MMP association with the pathophysiology 
of stroke is complex and, more recently, a positive role for 
MMP-2 in cortical recovery ipsilateral to the stroke locus 
was posited (Liu et al., 2011). Using DWI mapping, these 
researchers provide proof that restorative amphetamine 
treatment is correlated with ipsilateral axonal integrity, as 
well as the elevation of synaptic proteins, brain derived neu-
rotrophic factor (BDNF) and MMP-2 activity. This MMP 
function during stroke induced synaptogenesis expands our 
understanding of how important matrix enzymes are in the 
overall context of circuit reorganization after injury.  

A hallmark of epilepsy is its generation of hippocampal 
seizure activity, mediated, in part, by abnormal recurrent 
mossy fiber sprouting and synaptogenesis in the dentate gy-
rus (Ziemianska et al., 2012). Interestingly, protein level and 
enzyme activity for MMP-9 are elevated in both the kainic 
acid (KA) and pentylenetetrazole induced rodent models 
of seizure (Wilczynski et al., 2008), with MMP-9 knockout 
resulting in the attenuation of evoked seizures and aberrant 
mossy fiber sprouting. One mechanism for MMP-9 media-
tion of such aberrant synaptogenesis is the enzyme’s capacity 
to convert pro-BDNF to its mature growth factor form, facil-
itating recurrent axonal sprouting into the dentate (Mizogu-
chi et al., 2011). At least three other MMPs have been linked 
to neuronal survival and synapse stabilization after seizure 
induction. MMP-3 induced by KA seizure can be attenu-
ated under conditions of metallothionein over expression, 
a model which rescues neurons from decay after epileptic 
neuroexcitation (Penkowa et al., 2005). By contrast, elevated 
matrilysin, MMP-7, is postulated to offer neuroprotection 
through its cleavage of pro-NGF at sites of KA induced sei-
zure, preventing pro-growth factor p75 receptor signaling of 
apoptosis (Le and Friedman, 2012). Further, membrane type 
MMP ADAM-10 exhibits a complex molecular interaction 
affecting neural survival and synaptic function after seizures 
(Clement et al., 2008). Using conditional ADAM-10 express-
ing mice, Clement and colleagues demonstrated pronounced 
differences in outcome depending on enzyme level, indicat-
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ing that benefits of APP secretase cleavage may be offset by 
the action of ADAM-10 derived cleavage products, which 
exacerbate seizure activity. Interestingly, more recent studies 
support the potential for genetic screening of ADAM-22 
mutations as a tool for predicting vulnerability to seizures or 
demyelinating disease (Sagane et al., 2010).

Finally, it is important to point out that MMPs are often 
produced by the various resident glia within the nervous sys-
tem. In the context of immune response, microglia can syn-
thesize and release a variety of MMPs capable of lysing ECM 
proteins to signal cytokine recruitment (Peng et al., 2012), 
and can drive phagocytic activity which precedes synaptic 
regeneration (Shin et al., 2005). Astrocytes often produce 
MMPs-2, -3 at local sites of synapse reorganization, presum-
ably facilitating their hypertrophy and migration to sites of 
synaptogenesis (Falo et al., 2006; Ogier et al., 2006). MMP-9 
is also produced by oligodendrocytes, and released at the tips 
of their growing processes in order to control their migra-
tion through the local ECM to reach specific targets (Oh et 
al., 1999), as well as identify axonal surfaces for myelination 
(Uhm et al., 1998). It is this relationship between MMP-9 
and myelin formation which has lead to the hypothesis that 
MMP dysfunction plays a role in the etiology of multiple 
sclerosis (Yong et al., 2007) and other white matter CNS pa-
thologies (Belien et al, 1999; Asahi et al., 2000; Noble et al., 
2002). Overall, a wide range of published evidence highly 
supports MMP family members as critical regulators of neu-
roplasticity in CNS development, maturation and identified 
diseased states.  

Metalloproteinase response after traumatic 
injury
Assigning a regulatory function for MMPs during neuro-
plasticity induced by CNS injury is equally justified. Both 
spinal cord injury (SCI) and traumatic brain injury (TBI) 
induce profound changes in the transcription and transla-
tion of several MMPs (Rosenberg, 1995; Zhang et al., 2010). 
Many of the substrate targets of these MMPs are the same as 
those affecting axonal integrity in AD and epilepsy. More-
over, common MMPs mediating hemorrhagic stroke may 
also contribute to the vascular pathology of SCI and TBI. 
This suggests that MMP role in the context of postinjury 
plasticity is likely to be similar to that of neurodegenerative 
disease. For several years, we have investigated MMP role 
in the synaptogenic response to TBI. Our results show that 
at least five MMP family members (MMPs-2, -3,-9; MT-5 
MMP; ADAM-10) and four of their targeted substrates 
(agrin, phosphacan, N-cadherin, osteopontin) contribute to 
successful reactive synaptogenesis in the injured hippocam-
pus (Phillips and  Reeves, 2001; Kim et al., 2005; Falo et al., 
2006; Warren et al., 2012; Chan et al., in review). We have 
also identified specific matrix enzyme/substrate pairs which 
we hypothesize affect different phases of the recovery pro-
cess. Published studies of MMP response in a wide range of 
CNS lesion models support this hypothesis.   

In both cortical stab wound  (Kyrkanides et al., 2001) and 
hippocampal neuroexcitatory insult (Szklarczyk et al., 2002), 
MMP-9 was found to be elevated during periods of den-

dritic remodeling and plasticity. Different MMP/substrate 
pairs have been identified by other investigators as players 
in hippocampal synaptic reorganization after entorhinal 
deafferentation, including MMP-3 and several proteoglycan 
family members (Deller et al., 2001), as well as ADAM-TS 
and brevican (Mayer et al., 2005). This enzyme/substrate 
interaction is considered critical for promoting neurite out-
growth and creating an open, accessible environment for 
reconnection (Muir et al., 2002). When the cerebellum is 
challenged to repair after either excitotoxic kainic acid lesion 
(Zhang et al., 1998) or collagenase induced hemorrhage 
(Lekic et al., 2011), gelatinases MMPs-2 and -9 are elevated 
within the first 24 hours postinjury. Similarly, sensory synap-
tic remodeling evokes matrix molecules for control of axonal 
and dendritic growth. For example, when unilateral cochlear 
ablation drives synaptogenesis within the cochlear nucleus, 
expression of MMP-2 coincides with the emergence of GAP-
43 containing presynaptic terminals (Fredrich and Illing, 
2010). Sensory deprivation in the rodent barrel cortex also 
causes collateral sprouting of spared fibers, a process which 
is attenuated in MMP-9 deficient mice (Kaliszewska et al., 
2012). Further, the transection of either visual or olfactory 
tracts can induce gelatinase expression over the time course 
of reactive synaptogenesis (Costanzo et al., 2006; Costanzo 
and Perrino, 2008; Penedo et al., 2009), a response which can 
also be induced by the more focal methyl bromine gas lesion 
of olfactory neuroepithelium, selectively targeting sensory 
receptor neurons (Bakos et al., 2010).

Lastly, MMP activation following traumatic injury to the 
CNS illustrates a major role for these ECM enzymes in both 
neural pathophysiology and synaptic recovery (Rosenberg, 
1995; Zhang et al., 2010). In humans, injured spinal cord and 
brain each induce a rapid rise in MMPs (Buss et al., 2007; 
Vilalta et al., 2008; Grossetete et al., 2009; Copin et al., 2012), 
which is coupled with acute immune cell activation (Ziebell 
and Morganti-Kossmann, 2010). This pattern of MMP re-
sponse is reproducible in rodent models of SCI (de Castro 
et al., 2000; Goussev et al., 2003), where increased enzyme 
activity is associated with neutrophil infiltration and neovas-
cularization. Outcome may be either positive or negative, de-
pending upon MMP type and postinjury time frame. For ex-
ample, acute pharmacological inhibition of MMP-9 reduces 
SCI pathology and astrocytic glial scarring (Hsu et al., 2008; 
Zhang et al., 2011), while blockade of MMP-2 interferes with 
subsequent wound healing by increasing the size of the glial 
scar and extent of white matter damage (Hsu et al., 2006). 
Such results suggest that the two gelatinases have different, 
perhaps opposing, effects on neurite outgrowth through the 
extracellular space after injury.

In the case of TBI, a more direct link between MMPs and 
different aspects of synaptic plasticity has been reported. 
MMPs-2, -3 and -9 are also elevated acutely (Kim et al., 
2005; Falo et al., 2006;  Ding et al., 2009; Li et al., 2009) and, 
as for SCI, beneficial effects of MMP inhibition have been 
reported, with both reduced presynaptic terminal loss (Ding 
et al., 2009), and edema (Higashida et al., 2011). MMP-9 
knockout conditions were also shown to be neuroprotective 
after TBI (Wang et al., 2000). Interestingly, neuroprotective 
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hypothermia differentially affects gelatinase response in TBI, 
attenuating MMP-9, but having no effect on MMP-2 (Tru-
ettner et al., 2005). Our studies with targeted hippocampal 
deafferentation have provided further evidence of MMP role 
in TBI neuroplasticity, showing that time dependent inhi-
bition of MMP activity can shift the synaptogenic outcome 
between adaptive and maladaptive patterns (Reeves et al., 
2003; Falo et al., 2006; Warren et al., 2012). This attenuation 
of enzyme activity appears to be associated with either the 
disruption or restoration of MMP substrates which can sup-
port axonal sprouting and stabilize synapse cytoarchitecture. 
For several decades it has been known that MMP substrates, 
most prominently proteoglycans, can attenuate the success 
of axonal regrowth and synaptic recovery (Snow et al., 1991; 
McKeon et al., 1995). However, it is becoming clear that op-
timal regenerative output depends upon a critical balance 
between ‘good’ and ‘bad’ levels of protein expression (Grimpe 
and Silver, 2002;  Jones et al., 2003). More recently several of 
these ECM proteins have been examined after TBI, showing 
both region and time dependent expression, and suggesting 
that, while they can inhibit recovery, they may also act to 
support neuroplasticity (Falo et al., 2008; Harris et al., 2009; 
Harris et al., 2011; Warren et al., 2012; Yi et al., 2012). MMP 
family members not only target ECM proteoglycans after 
injury (Pizzi and Crowe, 2007), affecting axonal pathfinding 
and perineuronal net segregation of synaptic contacts, but 
MMPs-3 and -7 are reported to cleave membrane bound 
NMDA receptor complexes (Pauly et al., 2008; Szklarczyk et 
al., 2008), altering synaptic structure (Szepesi et al., 2013) 
and signaling properties (Szklarczyk et al., 2008). Other 
studies show that NMDA receptor induced cleavage of ad-
hesion protein ICAM-5 to promote dendrite remodeling is 
mediated through MMP activity (Tian et al., 2007). Interest-
ingly, we have reported a link between NMDA receptor ac-
tivity and MMP-3/substrate interaction during hippocampal 
reactive synaptogenesis, where the NMDA antagonist MK-
801 attenuates upregulation of MMP-3 transcript under 
conditions of maladaptive plasticity (Falo et al., 2008). Thus, 
the field of neural regeneration research has generated con-
siderable evidence suggesting that the interaction between 
MMPs and their extracellular substrates is critical to the 
neural reorganization of synaptic structure lost after brain 
injury.

Importance of ECM and axonal regeneration 
at the synapse
Collectively, our findings and those of others, point to 
principal roles for stromelysins (MMPs-3, -7), gelatinases 
(MMPs-2, -9), membrane type metalloproteinases (MT-
1, MT-5 MMP, ADAM family members), and their targeted 
substrates in synaptic reconstruction. These matrix enzymes 
are integral to the evolution of synaptic plasticity after a 
wide range of CNS injuries. It is our thesis that their time 
dependent response during TBI induced synaptic recon-
struction will determine the success or failure of the process. 
In the following sections, we will present our results from 
experiments which probed paired MMP and identified ECM 
substrates active during different phases of synaptic reor-

ganization, and provided evidence that regeneration can be 
positively and negatively affected by MMP activity. We have 
taken the approach of contrasting rodent TBI models which 
generate either adaptive or maladaptive synaptic plasticity, 
with the goal of dissecting differences in MMP response as 
possible targets for altering structural and functional out-
come (Phillips and Reeves, 2001). The first set of data sum-
marizes our published findings which link certain MMPs 
and ECM substrates to the different phases of postinjury 
plasticity (Kim et al., 2005; Falo et al., 2006; Falo et al., 2008; 
Harris et al., 2011; Warren et al., 2012). To test the feasibil-
ity of targeting these molecules for improved recovery, we 
have inhibited MMP activity pharmacologically at different 
postinjury intervals and examined the effect on outcome 
measures which reflect synaptic integrity (Reeves et al., 2003; 
Kim et al., 2005; Falo et al., 2006; Warren et al., 2012). In the 
second data summary, we will provide key examples of how 
such MMP inhibition alters the profile of synaptogenesis. 
Future studies will no doubt identify new molecular mecha-
nisms affecting MMP response during synaptic remodeling 
which will add to these observations. We will conclude with 
two examples from our current research, described here 
for the first time, linking MMPs to novel immune signaling 
mechanisms activated with TBI induced synaptogenesis, 
and second, showing how a unique MMP interaction with 
ECM carrier proteins has the potential to influence nascent 
synapse stabilization. Together, this evidence supports the 
importance of understanding the role of MMPs in neural 
regeneration and, along with the other reviews in this jour-
nal issue, will illustrate how ECM molecules integrate with 
cellular response to determine outcome after CNS injury. 

Benefit of contrasting TBI models of adaptive 
and maladaptive synaptic regeneration
Given that human TBI generates profound, persistent cog-
nitive deficits, and that circuitry disruption in the hippo-
campus may contribute to these deficits (Povlishock and 
Katz, 2005), we have modeled reactive synaptogenesis in 
the rodent using two deafferentation paradigms, one which 
induces adaptive synaptic plasticity, the other producing a 
maladaptive version of the response. The entorhinal corti-
cal lesion delivered unilaterally (UEC) generates targeted 
deafferentation of the hippocampal dentate gyrus, inducing 
reactive synaptogenesis with structural and functional recov-
ery over a period of two weeks postinjury (Steward, 1989). 
In the acute postinjury period (0–4 days), the deafferented 
dendritic zone (outer 2/3 of the dentate molecular layer) 
undergoes terminal degeneration, glial activation, dendritic 
retraction and spine atrophy. At 6–7 days, the remaining 
intact axon terminals sprout collateral processes which 
grow through the ECM to identify appropriate postsynaptic 
targets on reemerging dendritic spines. This exponential 
growth generates nascent synapses in the deafferented zone, 
which are further refined through pruning and stabilization 
at the 15 day period and beyond. By contrast, when acute 
neuroexcitatory insult (in our case produced by fluid per-
cussion TBI) is paired with bilateral entorhinal lesion (TBI 
+ BEC), these time dependent phases of the synaptogenic 
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process fail to proceed normally. Acute clearance of degen-
erating presynaptic terminals is attenuated, sprouting is 
delayed and the newly generated synapses show an underde-
veloped profile. This model results in maladaptive plasticity 
and poor outcome, mimicking the deficits observed with 
human brain injury (Phillips et al., 1994; Reeves et al., 1997; 
Phillips and Reeves, 2001), and providing a paradigm to 
test how the combined pathologies of TBI affect structural 
synaptic reorganization. Our approach has been to first gen-
erate a temporal profile of MMP expression and activity in 
these two models, along with the expression map of selected 
substrate targets relevant to synaptic organization. A direct 
comparison of the two models allowed the identification of 
differences which correlate with the shift from adaptive to 
maladaptive synaptic reorganization. These studies revealed 
specific MMPs and ECM substrates most closely associated 
with each of the three different phases of reactive synap-
togenesis, as well as distinct changes in expression profile 
for the enzyme/substrate pairs between adaptive and mal-
adaptive plasticity. Further, when separate cohorts of each 
model were subjected to injury and time dependent MMP 
inhibition, a comparison of outcome between the two in-
sults revealed an MMP mediation of successful recovery. In 
the following sections we describe how the study of two TBI 

models with different synaptogenic outcome can be used 
to identify time dependent roles for different MMPs during 
reactive neuroplasticity. Importantly, we demonstrate that 
MMP manipulation, depending upon model pathology, can 
have either positive or negative effects on outcome.

Time dependent MMP and ECM substrate 
interaction with synaptogenesis
While several studies do show differences in MMP expres-
sion during adult synaptogenesis (Van Hove et al., 2012; 
Verslegers et al., 2013), few have directly assessed these ex-
pression differences relative to the specific phases of remod-
eling synaptic structure after injury (Szklarczyk et al., 2002; 
Mayer et al., 2005;  Falo et al., 2006; Warren et al., 2012). 
The principal approach has been to map individual MMP 
response after CNS insult, most prominently under condi-
tions of stroke (Asahi et al., 2000), spinal cord injury (Hsu et 
al., 2006; Hsu et al., 2008) and TBI (Grossetete et al., 2009; 
Li et al., 2009; Jia et al., 2010). Overall, postinjury increases 
in MMP expression and activity were hypothesized to cause 
poor outcome, and thus targeted with pharmacological in-
hibitors to attenuate enzyme proteolysis and improve recov-
ery (Asahi et al., 2000; Hsu et al., 2008; Zhang et al., 2011). 

Figure 1 Hippocampal MMP-3 expression increases during the acute degenerative phase of reactive synaptogenesis.
Comparison of adaptive (UEC) and maladaptive (TBI+BEC) models showed differences in MMP-3 expression and distribution (A). With poor re-
covery, high MMP-3 expression was seen in reactive astrocytes of the deafferented zone (inset). Tissue assays revealed a persistent postinjury eleva-
tion of both MMP-3 protein and enzyme activity within the maladaptive condition (B, C). aP < 0.05, bP < 0.001, vs. paired controls; bar = 100 µm in A, 
10 µm in inset. Panel (A) from Falo et al. (2006), with permission. MMP: Matrix metalloproteinase; MT-5: membrane type; TBI: traumatic brain 
injury; UEC: unilateral entorhinal lesion; BEC: bilateral entorhinal lesion. 

Figure 2 Assessment of hippocampal synaptic MMP-3 substrate agrin.
Results revealed that the intensity and positioning of this matrix boundary protein was altered in the maladaptive model (A). Analysis of agrin pro-
tein expression revealed reduction in agrin fragment peptides with TBI + BEC (B). aP < 0.05, bP < 0.001, vs. paired controls; bar = 100 µm. From 
Falo et al. (2008), with permission. MMP: Matrix metalloproteinase; TBI: traumatic brain injury; UEC: unilateral entorhinal lesion; BEC: bilateral 
entorhinal lesion. 
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Other studies have employed specific MMP knockout mice 
to reduce postinjury MMP activity and reverse pathophysi-
ology (Asahi et al., 2000; Wang et al., 2000; Hsu et al., 2008). 
To our knowledge, adaptive and maladaptive plasticity 
conditions had not been compared in this context, nor had 
specific enzyme/substrate interaction been profiled for each 
phase of structural synaptic repair.

We began by investigating the role of individual MMPs 
in synaptogenesis, contrasting our two models with differ-
ent repair efficacy (UEC vs. TBI + BEC). Our results have 
identified specific MMP/substrate pairs which influence 
different phases of this process. In the acute 2 day postinju-
ry phase (Figure 1A), we showed that elevated glial MMP-
3 expression and activity was correlated with the period 
of degenerating axon terminal removal (Falo et al., 2006). 
Notably, when this MMP-3 response persisted into the initial 
regenerative phase at 7 days, the resulting synaptic plasticity 
was maladaptive. These persistently higher levels of MMP-3 
were associated with the loss of agrin boundary formation at 
the sites of new synapse formation within the deafferented 
zone of the TBI + BEC insult (Falo et al., 2008). Assay of 
MMP-3 protein expression and enzyme activity (Figure 1 B, 
C), as well as attenuated agrin protein level within the mal-
adaptive model (Figure 2), support this interpretation. Fur-
ther, parallel qRT-PCR studies confirmed a persistent 7 day 
elevation of MMP-3 mRNA with maladaptive insult (Falo et 
al., 2006), as well as an increase in agrin gene transcription 
at 7 days postinjury when molecular layer agrin protein level 
was reemerging (Falo et al., 2008). Collectively, we interpret-
ed these findings as evidence that acute elevation of MMP-
3 is critical for adequate matrix morphing, the preliminary 
removal of degenerating terminals, and the establishment 
of dendritic boundaries for the successful onset of synaptic 
regeneration. Consistent with its role in the patterning of 
peripheral neuromuscular junction synapse structure (Van-
Saun et al., 2003), the MMP-3 substrate agrin is one of the 
required matrix mediators when this regeneration is induced 
by TBI. Indeed, several prior studies report a correlation 
between MMP-3 activity and expression of ECM peptides 
that direct synaptogenesis, ranging from transcriptional sig-

naling, to modifications of postsynaptic membrane and deg-
radation of inhibitory CSPGs prior to axonal growth (Deller 
et al., 2001; Muir et al., 2002; Dityatev and Schachner, 2003; 
Pizzi and Crowe, 2007).

In our study of MMP response to TBI, we also observed 
that injury induced elevation in gelatinase (MMPs-2, -9) 
activity (Phillips and Reeves, 2001). Further analysis showed 
that MMP-2 activity was elevated above controls at both 2 
and 7 days, but significantly reduced by 15 days, suggesting 
that it may act as a switch for 7 day onset of presynaptic 
terminal sprouting and the reemergence of postsynaptic 
spines. Interestingly, our results pointed to a similar MMP-
2 activity in both adaptive and maladaptive models at this 
time point (Figure 3A). In probing for potential matrix 
substrates which might influence this initial phase of axonal 
sprouting and dendritic reformation, we tested whether lysis 
of the neural adhesion protein neurofascin was correlated 
with the 7 day changes in MMP-2 activity (Figure 3A). Neu-
rofascin is a highly conserved transmembrane protein linked 
to sub-plasmalemmal ankyrin-spectrin networks, as such 
influencing mobility of axon terminals and growth cones. 
Anchored neurofascin contains a RGD integrin binding se-
quence, giving it the potential to affect adhesion molecules 
like NCAM, ultimately stabilizing neurite extensions and fix-
ing axon growth (Volkmer et al., 1996). By contrast, soluble 
forms of neurofascin do not appear to facilitate such fixed 
growth, where complex interaction with matrix proteins can 
affect the molecule’s glycosylation, slowing down process 
extension. Interestingly, such altered posttranslational modi-
fication as a consequence of MMP lysis may act to free axons 
during early collateral sprouting phases and postsynaptic 
targeting (Maier et al., 2006). In our TBI models, we found a 
120 kDa form of neurofascin elevated, a fragment similar in 
size to that seen by Maier and colleagues, which they suggest 
can be shed, bind NCAM or F11 and, once fixed in the local 
synaptic environment, induce axonal sprouting. Notably, this 
shedding can be blocked by the MMP inhibitor GM6001.

When the UEC model was examined in more detail (Harris 
et al., 2011), we also observed that the proteoglycan phos-
phacan, a potential mediator of axonal growth (Garwood 

Figure 3 Hippocampal MMP level correlates with expression of proteins directing the early regenerative phase of synaptic reorganization.
Sustained increase in MMP-2 7 days postinjury paralleled production of neurofascin fragment (NF120), supportive of axonal growth (A). By con-
trast, 7 day MMP-3 normalization was linked to elevation of its substrate phosphacan within the zone of collateral axonal sprouting (molecular 
layer in B).  MT5-MMP, whose membrane localization apposes its target N-cadherin, remained elevated at 7 days, likely cleaving N-cadherin to 
permit flexible synaptic junctions during reinnervation (C). Unlike MMP-3, both MMP-2 and MT5-MMP showed similar temporal expression 
in adaptive (UEC) and maladaptive (TBI+BEC) models. aP < 0.05, vs. paired controls. Panel (B) from Harris et al. (2011), with permission. MMP: 
Matrix metalloproteinase; MT-5: membrane type-5; TBI: traumatic brain injury; UEC: unilateral entorhinal lesion; BEC: bilateral entorhinal lesion.  
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et al., 1999), and synaptic substrate of MMP-3 (Muir et al., 
2002), exhibited a shift in distribution within the deaffwer-
ented zone as MMP-3 activity was attenuated. Specifically, at 
7 days when hippocampal MMP-3 lysis was no longer differ-
ent from controls, phosphacan expression was significantly 
elevated in protein extracts enriched for deafferented dentate 
molecular layer (Figure 3B). This response is consistent with 
a matrix modulatory function for phosphacan during the 
onset of synapse regrowth. It was also clear that reactive glia 
within the deafferented dendritic regions of the UEC were a 
principal source of MMP-2 production. These findings are 
consistent with published studies profiling gelatinase activa-
tion (both MMPs-2 and -9) during recovery phases induced 
by spinal cord injury (Hsu et al., 2006; Hsu et al., 2008), ol-
factory deafferentation (Costanzo et al., 2006; Costanzo and 
Perrino, 2008) and cortical impact brain injury (Wang et al., 
2000). Interestingly, it has been documented that MMP-3 
cleaves upstream peptide sequences from inactive proen-
zyme forms of the gelatinases, converting them to active 
enzymes (Ogata et al., 1992). Early activation of MMP-3 and 
MMP-2 following deafferentation is consistent with such an 
interaction, possibly regulating acute degenerative and initial 
regenerative phases of reactive synaptogenesis. 

In another study, we examined the injury-induced change 
in membrane type 5 metalloproteinase (MT5-MMP) and 
its synapse stabilizing substrate N-cadherin (Warren et al., 
2012). Here we found an interesting relationship between the 
7 day postinjury MT5-MMP and N-cadherin protein levels. 
N-cadherin is a transmembrane molecule whose homodi-
meric binding between pre and postsynaptic terminals can 
act as an adhesion stabilizer to maintain structural synaptic 
integrity (Shapiro and Coleman, 1999; Fercakova, 2001). This 
MMP substrate was significantly reduced during the phase of 
regenerative sprouting and spine reformation at 7 days after 
UEC, matching the time period when MT5-MMP was ele-
vated (Figure 3C). Interestingly, when MT5-MMP expression 
was no longer elevated over control, N-cadherin protein levels 

show a reversal, increasing over baseline expression.
In summary, we have identified MMP-2 and MT5-MMP 

as two MMPs that exhibit rapid injury-induced activation 
and subsequent interaction with substrates targeted to the 
early regenerative phase of reactive synaptogenesis. These 
substrates, which are critical to both the fluidity of the syn-
aptic junctional complex (N-cadherin), and the modulation 
of terminal sprouting (neurofascin), are both spatially and 
temporally correlated with elevated MMP response during 
the onset of synapse regeneration. Our data, taken with prior 
published reports, suggest that MMP-2 and MT5-MMP tar-
get transmembrane stabilizing proteins like neurofascin and 
N-cadherin, resulting in the shedding of their extracellular 
domains into the local regenerative environment. These shed 
forms can induce greater flexibility of synaptic elements for 
reorganization and morphing, as well as fix local growth 
promoting proteins at the sites of this activity.

During injury-induced synaptogenesis, the brain produces 
an excess of nascent synapses, overshooting the necessary 
number of replacement connections. At the end of the re-
generative phase, a pruning and stabilization period begins 
(15 days postinjury), when selected new synaptic junctions 
are made more permanent (Steward, 1989). We have ex-
plored MMP role in this phase of synaptogenesis as well, 
gathering evidence suggesting that a second membrane type 
MMP, a disintegrin and metalloproteinase-10 (ADAM-10), 
may serve as a switch to support successful synapse stabi-
lization (Warren et al., 2012). As with MT5-MMP, we have 
investigated N-cadherin as a possible synaptic substrate for 
ADAM-10. Because the adhesive properties of N-cadherin 
contribute to the control of synapse destabilization/stabili-
zation cycling, its modulation by MMPs, such as ADAM-10, 
would be predicted in this later phase of synaptogenesis. We 
found that, like MT5-MMP, ADAM-10 protein expression 
was elevated acutely after TBI and, when recovery is adap-
tive (UEC model), the enzyme returned to normal levels by 
15 days (Figure 4). As with MT5-MMP, this normalization 
of ADAM-10 was correlated with increased expression of 
hippocampal N-cadherin. Interestingly, N-cadherin was 
localized to reactive neuroglia (Figure 5), cells that may pro-
vide a local source of the protein for regenerating synapses 
along deafferented dendrites. Perhaps more importantly, the 
examination of 15 day ADAM-10 response in the TBI + BEC 
model revealed a persistent elevation of enzyme expression 
under maladaptive conditions, an effect accompanied by 
failed N-cadherin recovery (Figure 4). These results point 
to ADAM-10 as another time dependent MMP regulator 
of reactive synaptogenesis, one whose persistent expression 
appears to negatively affect recovery. Unlike MMPs-2, -3 and 
MT5-MMP, whose 15 day postinjury expression was not 
different between the adaptive and maladaptive plasticity 
conditions, 15 day ADAM-10 level in the deafferented hip-
pocampus remained high when recovery was poor. Parallel 
qRT-PCR experiments also showed that ADAM-10 tran-
script was elevated over controls as late as 7 days after TBI 
+ BEC, and thus, may contribute to the persistent increase 
of the enzyme observed at 15 days (Warren et al., 2012). 
Together, these results suggest that appropriate ADAM-

Figure 4 Hippocampal ADAM-10, also capable of N-cadherin lysis, is 
persistently elevated with maladaptive traumatic brain injury (TBI) 
+ bilateral entorhinal lesion (BEC) plasticity.
This membrane type MMP can cleave matrix substrates well into the 
15 day synaptic stabilization period, and was correlated with a failed 
reemergence of N-cadherin, in direct contrast to the response seen 
during unilateral entorhinal lesion (UEC) adaptive synaptogenesis. aP 
< 0.05, vs. paired controls. From Warren et al. (2012), with permission. 
ADAM-10: A disintegrin and metalloproteinase-10; MMP: matrix 
metalloproteinase; TBI: traumatic brain injury; UEC: unilateral ento-
rhinal lesion; BEC: bilateral entorhinal lesion. 
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10 expression is critical for successful stabilization of new 
synaptic junctions at the 15 day phase of recovery. Although 
the 15 day postinjury interval was not examined, Mayer 
and Gotschall (2005) did report that another ADAM family 
member, ADAMTS, degraded dentate brevican at 7 days af-
ter UEC. Their finding is consistent with our ADAM-10 data 
and support the hypothesis that ADAMs play a more promi-
nent role during the period of synaptic reinnervation. 

MMP inhibition produces positive and 
negative effects on synaptogenesis
Several studies have provided evidence that inhibition of 
MMP activity alters synaptic activity and functional efficacy 
of neuronal circuits in both the healthy and injured brain 
(Szklarczyk et al., 2002; Bozdagi et al., 2007; Wang et al., 
2008; Wilczynski et al., 2008; Penedo et al., 2009). The ma-
jority of these reports have focused on hippocampal LTP as 
a model of synaptic plasticity. They showed that by blocking  

MMP proteolysis, its intracellular substrates critical to syn-
aptic function are altered, ranging from cytoskeleton and ad-
hesion proteins that shape postsynaptic spines, to molecules 
like collapsin response mediator protein (CRMP-2), which 
regulates Ca2+ uptake, controlling presynaptic vesicle release 
of transmitter (Brittain et al., 2009). Notably, this effect on 
synaptic function appears to be a general phenomenon, 
demonstrated throughout the brain, including prefrontal 
cortex and cerebellum (Okulski et al., 2007; Piccolini et al., 
2012).    

Despite the clear evidence that MMP inhibition can alter 
synaptic efficacy, it remained unknown how the manipu-
lation of time dependent differences in MMP expression 
during reactive synaptogenesis could alter the extent of 
synaptic recovery. It was unclear whether targeting these 
MMP responses would be beneficial or harmful to synap-
tic recovery. To address this question, we have conducted 
several in vivo studies using common pharmacological in-
hibitors of MMP activity, with the caveat that these drugs 

Figure 6 Acute post-injury MMP inhibition attenuates LTP induction and alters dendritic reinnervation at 7 days after UEC.  
In (A), tetanus-induced increases in fEPSP initial slope and in population spike amplitude are plotted as percent of pretetanus baseline. LTP was 
blocked by a single acute (30 minutes postinjury) dosing of MMP inhibitor FN-439. Average current source density across UEC deafferented den-
drites at 7 days showed that synaptic input (current sink) was abnormally distributed in animals subjected to MMP inhibition (B). aP < 0.01, vs. 
control and vehicle treated. From Reeves et al. (2003), with permission. MMP: Matrix metalloproteinase; LTP: long-term potentiation; UEC: unilat-
eral entorhinal lesion; fEPSP:  field excitatory post-synaptic potentials.

Figure 5 ADAM-10 protein shows time dependent differences in distribution within the deafferented molecular layer after traumatic brain 
injury (TBI) + bilateral entorhinal lesion (BEC) insult.
In the maladaptive model, hippocampal ADAM-10 was localized within reactive glia at the sites of synaptic reorganization (arrows in A–C), a sig-
nal which was strong during the 15 day postinjury interval (C) when its tissue levels were persistently elevated in molecular layer (ML; compared 
with Figure 4). Bar = 20 µm. From Warren et al. (2012), with permission. ADAM-10: A disintegrin and metalloproteinase-10; ML: molecular layer; 
GCL: granule cell layer; d: days. 
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are not specific to any one MMP family member. Each 
drug has established MMP inhibitory function, usually for 
several enzymes, but can be demonstrated to significantly 
block function of selected MMPs of interest. The first study 
tested whether inhibition of MMP-3 at 30 minutes after 
UEC would affect synaptic reorganization and efficacy un-
der conditions of adaptive recovery. To do this, we used the 
hydroxyamate MMP inhibitor FN-439 (MMP inhibitor 1), 
which significantly attenuated MMP-3 activity in our TBI 
models (Kim et al., 2005). We hypothesized that acute MMP-
3 inhibition would alter the environmental reorganization 
preceding synapse regeneration, resulting in poor reinnerva-
tion and altered synaptic function. Essentially, we proposed 
that blocking MMP activity in the early phases of synap-
togenesis would shift an adaptive recovery process into a 
maladaptive form. This was what we observed. Two outcome 
measures illustrated this finding. In Figure 6A, we found 
that a dose of FN-439 sufficient to generate approximately a 
40% reduction in MMP-3 activity blocked the reemergence 
of  hippocampal LTP at 7 days postinjury, a functional cor-
relate marking synaptic reorganization in this model (Reeves 
et al., 2003). The effect was demonstrated with both fEPSP 

slope and population spike measures. Further, when the 
synaptic input to deafferented dentate granule cell dendrites 
was mapped using current source density analysis, we found 
additional evidence that acute postinjury inhibition of MMP 
attenuated the successful redistribution of new presynaptic 
terminals during the period of sprouting and synapse ref-
ormation (Figure 6B). Together, these findings show that 
blocking MMP activity during the acute degenerative phase 
of reactive synaptogenesis can attenuate the extent of recov-
ery attainable in an adaptive model. This result points to the 
positive role for these matrix enzymes during the early phase 
of injury response, where synaptic morphing is required to 
optimize the local environment for successful synaptic re-
generation. 

Another important finding in our studies comparing 
adaptive and maladaptive synaptic plasticity was the ob-
servation that some MMPs activated after injury remained 
elevated under conditions of poor recovery (Figures 1 and 4). 
In the case of MMP-3, we documented a persistent elevation 
of MMP expression and activity in the TBI + BEC model 
when compared with the adaptive UEC condition, resulting 
in severe attenuation of both structural and functional re-

Figure 7 MMP inhibition in the maladaptive plasticity model improves synaptic regeneration and attenuates long term cognitive deficits.
Ultrastructural analysis showed a mature synaptic cytoarchitecture in TBI + BEC after FN-439 treatment relative to vehicle controls (A). Dosing of 
FN-439 during 6−7 day elevation of MMP-3 in TBI + BEC significantly reduced latency to platform in the Morris Water Maze, while vehicle cases 
continued to show behavioral deficit (B). Similar dosing had no effect on UEC performance. aP  < 0.05, bP < 0.001 (days 1 vs. 5); bar = 0.2 µm in 
A. From Falo et al. (2006), with permission. MMP: Matrix metalloproteinase; TBI: traumatic brain injury; UEC: unilateral entorhinal lesion; BEC: 
bilateral entorhinal lesion. 

Figure 8 ADAM-10 inhibition attenuates synaptic functional deficits after traumatic brain injury (TBI) + bilateral entorhinal lesion (BEC). 
Time course of mean fEPSP slopes spanning 10 minutes (min) pre-HFS to 60 min post-HFS (A, arrow = HFS theta burst) showed that, relative to 
sham controls, LTP induction was attenuated. Notably, prior treatment at 6−7 days with MMP inhibitor GM6001 appeared to alleviate this deficit 
in the initial 15 min interval (P1). Group analysis of fEPSP slope (B) revealed that mean LTP during the initial period of induction was significant-
ly suppressed for injured untreated cases, but after GM6001, the signal was not different from controls. These results suggest that deficits in a cell 
model of synaptic efficacy generated under conditions of maladaptive plasticity can be reversed by time dependent MMP inhibition. aP < 0.05, vs. 
sham controls. From Warren et al. (2012), with permission. ADAM-10: A disintegrin and metalloproteinase-10; fEPSP: field excitatory post-synap-
tic potentials; HFS: high frequency stimulation; LTP: long-term potentiation; TBI: traumatic brain injury; MMP: matrix metalloproteinase.
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covery (Falo et al., 2006). We reasoned that if MMP activity 
could be inhibited at the postinjury interval when enzyme 
showed aberrant increase, the maladaptive consequences 
might be shifted to a recovery pattern more like the adaptive 
model. It was hypothesized that targeting FN-439 treatment 
at 6 and 7 days after TBI + BEC, the time when MMP-3 was 
persistently elevated, would dampen enzyme activity at the 
onset of reinnervation and stabilize the local synaptic envi-
ronment for more successful repair. We examined the effect 
of FN-439 treatment on both hippocampal synaptic struc-
ture and hippocampal dependent cognitive function (Figure 
7). Our results showed that, even with a partial MMP-3 in-
hibition generated by FN-439, we could elicit an improved 
structural recovery of dentate synapses (Figure 7A), and 
significant reduction of postinjury behavioral deficits in the 
maladaptive TBI + BEC model (Figure 7B).

In a second approach, we explored the finding that mem-
brane MMP ADAM-10 was persistently elevated between 
7–15 days postinjury, the period of synapse regeneration and 
stabilization in the maladaptive TBI + BEC model. Our hy-
pothesis was that this increase in ADAM-10 expression con-
tributed to abnormal lysis of synapse stabilizing proteins like 
N-cadherin, attenuating the maturation of nascent synapses 
required for functional efficacy. To test this hypothesis, we 
employed a second broad based MMP inhibitor, GM6001, 
in order to include target ADAM-10 enzyme activity. TBI + 
BEC animals were treated with GM6001 during the active 
phase of fiber remodeling, then functional neuroplasticity 
was evaluated in the hippocampus using the LTP paradigm 
(Figure 8). We first confirmed the efficacy of GM6001 in 
altering ADAM-10 and N-cadherin expression. Our analyses 
showed that enzyme expression was reduced; a commonly 
reported effect of MMP inhibitory drugs and, more im-
portantly, N-cadherin protein was elevated above control 
levels, similar to that seen at 15 days after UEC (Warren et 
al., 2012). Our electrophysiological results suggested that the 
GM6001 treatment at 6–7 days altered injury-induced fiber 
remodeling and synaptogenesis which were detectable in LTP 
induction trials conducted at 15 days postinjury. When the 
capacity for synaptic potentiation was examined, we found 
that GM6001 treatment attenuated TBI + BEC deficits in 

the early phases of LTP induction, shifting the fEPSP slope 
toward uninjured control levels (Figure 8A). This effect was 
quantified with group analysis, showing that fEPSP slope 
measures were significantly reduced in the maladaptive TBI 
+ BEC model during this early P1 phase of synaptic potenti-
ation. With GM6001 dosing that both attenuated ADAM-10 
and increased N-cadherin levels, this deficit in LTP gener-
ation was no longer present (Figure 8B). We conclude that 
ADAM-10 over expression and activity is an aberrant con-
dition during the process of synaptogenesis, marking poor 
recovery and serving as a reasonable target for manipulation 
to improve outcome.

In summary, by contrasting adaptive UEC and maladap-
tive TBI + BEC injury models, we have provided evidence 
that persistent MMP activation during different postinjury 
phases of reactive synaptogenesis can influence extent of 
recovery. Using these differences to identify targets for MMP 
manipulation, we have improved outcome under conditions 
of maladaptive plasticity, shifting recovery to be more in 
line with that produced by adaptive synaptogenesis. This 
approach has potential for translational application and 
appears to be feasible with different types of MMPs over a 
range of regenerative phases. Overall, our studies show that 
inhibition of MMP enzyme activity can be both good and 
bad with respect to synaptic recovery. Blocking MMPs at 
times when their elevation is critical to matrix reshaping is 
detrimental to regeneration, but damping down their activ-
ity when pathology drives an excess response can facilitate 
better outcome. Timing may be quite important, with an un-
derstanding of MMP role in each phase of the synaptogenic 
process critical to designing interventions for improved re-
covery. 

Novel MMP interaction with immune and 
carrier proteins affects synaptogenesis
Given that many lines of research point to MMP mediation 
of synaptic plasticity, and that these time dependent effects 
influence different phases of synapse reorganization, our 
current studies have focused on how MMPs mediate cellular 
response to CNS insult, and how their lytic activity might be 

Figure 9 UEC acutely elevates OPN protein within the deafferented zone, a response partially dependent upon MMP-9 expression.
Control mouse hippocampus (A) showed principal OPN signal within granule cells of the dentate gyrus and secondary, low labeling within the 
dendritic zone. At 2 days after UEC (B), OPN was notably increased in the deafferented ML, expressed as both punctuate and cellular labeling (ar-
rows). OPN increase was confirmed with western blot analysis, and MMP-9 knockout mice showed a significant reduction of injury-induced OPN 
(C). aP < 0.05, bP < 0.001, vs. paired controls; cP < 0.001. Bar = 30 µm in A, B. OPN: Osteopontin; MMP-9: matrix metalloproteinase-9; UEC: uni-
lateral entorhinal lesion; ML: molecular layer. 
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regulated. To do this we have utilized Affymetrix microarray 
data to identify MMP targets and regulators which are up-
regulated during synaptogenesis. These analyses revealed two 
new promising candidates, osteopontin (OPN), a secreted 
cytokine and MMP substrate, and lipocalin 2 (LCN2), a ma-
trix siderophore with the capacity to bind and persistently 
activate MMP-9. Multiple studies have shown that immune 
molecules induced by cell stress (i.e., cytokines, chemokines 
and growth associated peptides) can upregulate MMP activ-
ity (Clark et al., 2008). Since we knew that both MMP and 
OPN transcripts are acutely elevated after UEC, and that 
MMP generated OPN fragments can mediate integrin recep-
tor signaling during the acute immune response (Wang et 
al., 2008), we hypothesized that UEC deafferentation would 
increase OPN expression 1–2 days postinjury, and that OPN 
levels would be dependent upon MMP interaction. We first 
profiled acute OPN protein and mRNA expression following 
UEC, and found not only elevations in the hippocampus at 
1–2 days postinjury, but a concomitant increase in expres-
sion of OPN fragments containing exposed integrin binding 
sites (Chan et al., in review). In parallel studies of the mouse 
UEC model, OPN protein was increased within non neuro-
nal cells of the deafferented dendritic zone when compared 
with control samples (Figure 9A, B). When hippocampal 
tissue extracts were evaluated by Western blot, this eleva-
tion was found to be over 75 fold (Figure 9C). Interestingly, 
if MMP-9 knockout mice were subjected to UEC, their 2 
day hippocampal extracts showed significant reduction in 
OPN protein expression (Figure 9C). This result supports 
an enzyme/substrate interaction between MMP-9 and OPN 
during the acute UEC postinjury phase, however, MMP-9 
knockout did not fully normalize OPN elevation, indicating 
that the regulation of this MMP substrate is complex, in-
volving multiple mechanisms. Additional studies of synap-
togenic time course will be required to sort out other ECM 
contributors to OPN regulation during this process. It is en-
couraging that change in OPN expression has been reported 
with a variety of TBI animal models (Israelsson et al., 2006; 
Cernak et al., 2011; Risling et al., 2011), but these studies are 
broad mechanism analyses and do not provide evidence for 
OPN mediation of synaptic recovery. Nevertheless, OPN has 

been documented to direct cellular reactivity after cortical 
cryolesion (Shin et al., 2005), stab wounds (Plantman, 2012), 
hypoxia-ischemia (Chen et al., 2011) and SCI (Hashimoto et 
al., 2007). Our new data suggest that MMPs can target OPN, 
potentially mediating intercellular signals to direct cell acti-
vation and mobility during the acute degenerative phase of 
reactive synaptogenesis.  

In a second set of experiments, we have examined the 
response of inflammation induced matrix carrier protein 
LCN2 in hippocampus after both UEC and fluid percussion 
TBI. While it is understood that MMP activity is tightly 
regulated by endogenous tissue inhibitors of metalloprotein-
ases (TIMPs), control of MMP activation can be achieved 
in other ways after CNS insult (Ra and Parks, 2007). For 
example, vascular pathology increases local production of 
cytokines, which can then activate MMPs secreted by reac-
tive glia. Some MMP family members can also cleave pro 
forms of other MMPs to facilitate further enzyme lysis. More 
recently, a novel mechanism for control of MMP-9 activity 
has been identified through its binding to LCN2 (Tschesche 
et al., 2001). Interestingly, in vitro studies show that LCN2 
regulates both microglial and astrocyte activation in re-
sponse to inflammatory stimuli (Lee et al., 2009; Jang et al., 
2013), providing a common cellular base for LCN2/MMP-9 
interaction after TBI. Given that LCN2 transcript was sig-
nificantly elevated following both UEC and concussive TBI, 
we hypothesized that the siderophore increases during the 
acute postinjury interval, serving to regulate MMP-9 activity 
in the early phases of reactive synaptogenesis. Our initial 
immunohistochemical studies confirm LCN2 elevation over 
the deafferented dentate molecular layer at 2 days after UEC 
when compared with control cases (Figure 10A, B). Diffuse 
hippocampal deafferentation produced by fluid percussion 
TBI also increases LCN2, but the response is reduced, and 
broadly distributed throughout the dentate, with the stron-
gest signal around blood vessels (Figure 10C). When dual 
label confocal imaging was performed, LCN2 signal was 
co-localized within reactive GFAP positive astrocytes of the 
deafferented zone (Figure 10E) and in astrocytes adjacent to 
neuropil vasculature (Figure 10F). Studies mapping LCN2 
expression and MMP-9 activity over time postinjury are 

Figure 10 Siderophore and MMP activator lipocalin 2 (LCN2) is increased within deafferented hippocampus during acute postinjury phases.
Control dentate gyrus showed no detectable LCN2 signal (A). At 2 days after UEC (B), LCN2 protein was elevated over the deafferented dentate 
molecular layer (ML), often appearing in punctuate aggregates (arrows). When fluid percussion injury was probed (C), LCN2 was also increased 
over the dentate gyrus, but overall LCN2 distribution was reduced and ML staining most prominent in cells adjacent to vessels (arrows). LCN2 
co-labeled experiments showed siderophore present in ML reactive astrocytes (arrow, E), and in astrocytes adjacent to ML vessels (arrow, F), with 
lack of LCN2 signal in astrocytes of uninjured controls (D). Bar = 40 µm in A−C, 20 µm in D−F.
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underway to better dissect the extent of LCN2/MMP-9 inter-
action during the course of injury-induced synaptogenesis. 
Together, these new data with OPN and LCN2 reinforce 
the fact that MMPs are highly integrated mediators of CNS 
plasticity. They illustrate the complexity of different MMP 
roles, interfacing with a wide range of cellular components 
and signaling mechanisms to direct synaptic reorganization 
after injury. We believe that these new MMP interactions can 
serve as prototypes for future research on MMP role in syn-
aptic plasticity.

Conclusions and matrix role in synaptic 
remodeling  
Here we have reviewed historical and novel data supporting 
MMP regulation of axonal and synaptic reorganization. 
From these results it is clear that changes in matrix enzyme/
substrate expression are correlated with the time dependent 
phases of axonal sprouting and reactive synaptogenesis, and 
specific combinations of these matrix proteins are associated 
with different phases of the process (Figure 11). Both secret-
ed and membrane bound matrix proteins exhibit cellular 
profiles supporting structural and functional plasticity. Im-
portantly, this expression profile is altered under maladaptive 
conditions and targeted MMP manipulation can influence 
the efficacy of both adaptive and maladaptive neuroplasti-
city. This targeting can be optimized by understanding the 
time dependent profile of matrix proteins affecting each 
phase of plasticity. New studies show that immune MMP 
substrates not typically associated with the CNS may be 
up-regulated after injury and have the potential to influence 
both axonal and synaptic regeneration. Osteopontin is one 
such molecule, which current evidence suggests can regulate 
cell mediated synaptic turnover during the early phases of 
reactive synaptogenesis. Secreted carrier proteins also have 
potential for novel regulation of matrix enzyme function 

during synaptogenesis. One of these carriers, lipocalin 2, 
binds MMP-9 in a persistently activated state, and the two 
molecules are concurrently elevated during certain phases of 
reactive synaptogenesis. Future prospects appear promising 
for identifying how direct MMP-mediated neuroplasticity 
after brain injury, however, this goal will require careful ex-
amination of each postulated mechanism in the context of 
time-dependent synaptic recovery.
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