Current Literature
In Basic Science

Degrading Epilepsy: The Role of Extracellular Proteases
and the Extracellular Matrix

Matrix Metalloproteinase-9 Contributes to Kindled Seizure Development in Pentylenetetrazole-Treated Mice by
Converting Pro-BDNF to Mature BDNF in the Hippocampus.
Mizoguchi H, Nakade J, Tachbana M, Ibi D, Someya E, Koike H, Kamei H, Nabeshima T, Itohara S, Takuma K, Sawada M, Sato
J, Yamada K. J Neurosci 2011:31:12963–12971.

Recurrent seizure activity has been shown to induce a variety of permanent structural changes in the brain. Matrix
metalloproteinases (MMPs) function to promote neuronal plasticity, primarily through cleavage of extracellular matrix
proteins. Here, we investigated the role of MMP-9 in the development of pentylenetetrazole (PTZ) -induced kindled seizure in mice. Repeated treatment with PTZ (40 mg/kg) produced kindled seizure, which was accompanied by enhanced
MMP-9 activity and expression in the hippocampus. No change in MMP-9 activity was observed in the hippocampi
of mice with generalized tonic seizure following single administration of PTZ (60 mg/kg). MMP-9 colocalized with the
neuronal marker NeuN and the glial marker GFAP in the dentate gyrus of the kindled mouse hippocampus. Coadministration of diazepam or MK-801 with PTZ inhibited the development of kindling and the increased MMP-9 levels in the
hippocampus. Marked suppression of kindled seizure progression in response to repeated PTZ treatment was observed
in MMP-9(−/−) mice compared with wild-type mice, an observation that was accompanied by decreased hippocampal
levels of mature brain-derived neurotrophic factor. Microinjecting the BDNF scavenger TrkB-Fc into the right ventricle
before each PTZ treatment significantly suppressed the development of kindling in wild-type mice, whereas no effect
was observed in MMP-9(−/−) mice. On the other hand, bilateral injections of pro-BDNF into the hippocampal dentate
gyrus significantly enhanced kindling in wild-type mice but not MMP-9(−/−) mice. These findings suggest that MMP-9 is
involved in the progression of behavioral phenotypes in kindled mice because of conversion of pro-BDNF to mature
BDNF in the hippocampus.

Commentary
The extracellular matrix (ECM) consists of a complex, mesh-like
network of acellular structures and molecules that surround
and envelop neurons, glia, and synapses in the brain. Although
the cellular elements of the brain are obviously critical for epileptogenesis and seizure generation, the ECM is increasingly
recognized as also playing an important role in the pathophysiology of neurologic diseases, including epilepsy (1). The
ECM may potentially influence epileptogenesis in a number
of ways, mostly related to structural plasticity within the brain.
Extracellular structural networks may normally stabilize cellular and synaptic elements and prevent anatomic plasticity
under physiologic conditions. In pathologic states, however,
these extracellular components may break down and allow abnormal structural reorganization, such as axonal sprouting or
dendritic spine loss, which may promote epileptogenesis and
other neurologic complications of epilepsy.
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The specific mechanisms by which changes in the ECM
trigger epileptogenic processes in the brain are poorly understood. Recently, a number of extracellular proteases have been
identified that may mediate both physiologic and pathologic
effects of the ECM via degradation of extracellular structural
elements and signaling molecules (2). For example, matrix
metalloproteinases (MMPs) represent a family of zinc-dependent secreted or cell membrane–bound enzymes involved
in remodeling of the ECM (3, 4). Some MMPs are activated
intracellularly before being transported to the membrane or
secreted, whereas other MMPs are first secreted as an inactive
proenzyme into the extracellular space and then converted
into an activated form. MMPs can cleave structural proteins
and signaling molecules in the ECM to regulate both physiologic and pathologic processes. One type of MMP, MMP-9,
regulates dendritic spine morphology and synaptic plasticity
related to learning mechanisms, such as long-term potentiation (5). MMP-9 also has been implicated in the pathophysiology of a number of neurologic disorders (3, 4).
The potential role of MMP-9 in epileptogenesis is supported by several lines of evidence. MMP-9 levels are elevated
in the serum of children with prolonged febrile seizures and
status epilepticus (6) as well as in the brains of several animal
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models of epilepsy (7–9). Furthermore, MMP-9 knock-out mice
exhibit a decreased progression of epileptogenesis in a chemical kindling model, which is correlated with an inhibition of
seizure-evoked pruning of dendritic spines and a decrease in
synaptogenesis after mossy fiber sprouting (9).
The molecular targets of MMP-9 that promote epileptogenesis are currently not known. Empirically, a rational mechanism could involve MMP-mediated cleavage of ECM structural
proteins, such as collagen, laminin, and proteoglycans, which
could secondarily affect morphologic changes associated
with epileptogenesis, such as axonal sprouting and dendritic
spine loss. MMP-9 also may regulate cell death and apoptosis
occurring during epileptogenesis in some cases. Alternatively,
MMP-9 may induce proteolytic activation of other enzymes
or signaling molecules, which could then have a number of
downstream structural or biochemical effects via various extracellular or intracellular signaling pathways.
The recent study by Mizoguchi et al. supports previous
work implicating MMP-9 in epileptogenesis and provides
initial evidence for a molecular mechanism by which MMP-9
may regulate epileptogenic processes. A chemical kindling
model in mice is utilized, in which repetitive application of
initially subconvulsant doses of the drug pentylenetetrazole
(PTZ) eventually leads to a decreased seizure threshold and
increased seizure severity. They first confirm previous findings
that MMP-9 is elevated during epileptogenesis and that MMP9 knock-out mice have delayed kindling (9). The most novel
aspect of the study suggests that MMP-9 affects epileptogenesis via conversion of pro–brain-derived neurotrophic factor
(BDNF) to the active form of BDNF, because BDNF levels were
increased by PTZ kindling and because inhibiting or increasing BDNF had corresponding inhibitory or excitatory effects
on the development of PTZ kindling in wild-type mice only
but not in MMP-9 knock-out mice. Like MMP-9, BDNF is also a
secreted peptide and can regulate extracellular networks related to synaptic plasticity as well as intracellular processes via
membrane receptors and gene regulation. Because BDNF itself
has also been implicated in epileptogenesis (10), the apparent
activation of BDNF by MMP-9 provides a potential mechanistic
link to explain the actions of MMP-9 in epilepsy.
Like most interesting studies, this paper raises a number of
unanswered issues that need to be addressed. Although the
MMPs are believed to act primarily via degradation of structural proteins of the ECM, PTZ kindling surprisingly caused
no changes in the levels of several standard MMP substrates,
such as laminin and beta-dystroglycan. Thus, it remains to be
determined whether MMP-9 truly influences epileptogenesis
via structural changes in the ECM or rather exerts its effects
via downstream biochemical or functional processes. In this
regard, PTZ kindling did significantly increase BDNF levels;
these levelswere partially blocked in the MMP-9 knock-out
mice, suggesting that BDNF may be the initial downstream
mediator of MMP-9 actions. However, whereas BDNF levels
were increased at multiple time points during PTZ kindling in
wild-type mice, BDNF levels were only inhibited in the MMP-9
knock-out mice during the early stages of PTZ kindling. Thus,
the limited time window during which MMP-9 appears to activate BDNF raises questions about the specificity and mechanisms of this interaction during epileptogenesis. Furthermore,

even if BDNF activation is the immediate target of MMP-9,
because BDNF may have multiple cellular and molecular effects on synaptic plasticity, cell survival, and excitability (10),
the downstream effectors of MMP-9/BDNF activation remain
unknown. In theory, these could involve both structural and
functional/biochemical changes in either the extracellular or
intracellular compartments.
Independent of the downstream mechanisms involved,
the potential role of MMP-9 in epileptogenesis has direct
therapeutic implications. Pharmacologic inhibitors of MMPs
exist and represent feasible candidates for antiepileptogenic
therapies. Given the extracellular localization of activated
MMPs, targeting MMP-9 may constitute a novel therapeutic
mechanism with fewer adverse effects than more traditional
treatment for seizures that primarily inhibit neuronal excitability. Furthermore, intrinsic biological MMP inhibitors, named
tissue inhibitors of matrix metalloproteinases (TIMPs), coexist
with MMPs and likely function to rapidly inhibit the action of
MMPs, thus limiting the duration of MMP action and preventing excessive tissue degradation and injury. Potentiation of
TIMPs may represent a complementary therapeutic strategy to
MMP inhibitors. Despite the therapeutic potential for modulating MMPs, there are currently little data testing the effect
of MMP inhibition on epilepsy in animal models or people.
However, the existing work in preclinical models suggests
that regulation of MMPs and the ECM may represent a rational
treatment for epilepsy.
by Michael Wong, MD, PhD
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