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Abstract

Alzheimer's disease (AD) is a progressive neurodegenerative disorder that occurs due to spasms of
the neurons, resulting in loss of memory and behavioral changes. In particular, synaptic loss has
been described as an early event in the pathogenesis of AD. The increasing evidences have
suggested the role of many matrix metalloproteinase (MMPs) in central nervous system (CNS)
pathology. Many studies showed that MMPs enzymes are important for the pathophysiological
process during Alzheimer’s disease (AD). It is usually believed that the synaptic dysfunction and
synapse loss contribute to the cognitive deficits of patients with AD. Cerebrovascular events such
as blood-brain barrier (BBB) disruption lead to neuronal damage as well as neuroinflammation.
BBB dysfunctions are observed at an early post injury time point, and are associated with
activation of proteases, such as MMPs especially MMP-9 which is actively engage in a neuronal
injury in the most of the neurodegenerative disorders. BBB opening is accompanied by astrocytic
activation, BBB injury and dysregulation of cerebral blood flow. Activated MMPs disrupt
neurovascular unit (NVU) which may starve the neurons and affect the synapse function by
altering synaptic plasticity and ultimately lead to cognitive decline. However, how MMPs
implicated in synaptic dysfunction what are the mechanism associated with this disparity needs to
discuss for better understanding the role of MMP-9 in pathogenesis of AD. In this review, we
focused on the role of astrocytes and MMP-9 in synaptic dysfunction. We also, underlined
possible pharmacological strategies for drug development that might offer more insight into the
pathogenesis of cerebrovascular disease such as stroke and Vascular dementia.
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Introduction

MMPs are implicated in several important physiological events and promote the migration
of neural precursors to injury site [X] and neuronal MMP-2 degrades and inactivates a neurite
function [2]. Oligodendrocytes utilize MMP-9 to extend processes along an astrocyte
extracellular matrix, which is relevant to the initial steps of myelination [3-41. In addition,
MMPs also contribute to the pathogenesis of several CNS diseases such as Alzheimer’s
disease (AD), and stroke =61 It is known fact that MMPs are also involved in the brain
tissue injury during focal cerebral ischemia in rodents ["~8]. MMPs possess the ability to
stimulate numerous pro-inflammatory mediators such as chemokine CXCL-8, interleukine
1B (IL-1B) or tumor necrosis factor a (TNF-a).Matrix metalloproteinases (MMPs)
breakdown the collagen type IV (the component of basal membranes). The neurovascular
unit (NVU) is a physiological and functional unit encompassing endothelial cells, pericytes,
smooth muscle cells, astrocytes and neurons. The NVU interacts with other cell types to
create the BBB; this barrier maintains CNS homeostasis and is also thought to regulate CNS
blood flow and synaptic activity [9-19]. On the other hand effects of these processes lead to
neuronal damage, neuroinflammation as well as blood-brain barrier (BBB) disruption. BBB
dysfunctions are observed to be associated with activation of proteases, such as MMPs. BBB
opening is accompanied by edema formation using astrocytic activation. Rascher et al. [11]
reported that disruption of the extracellular matrix is strongly associated with increased BBB
permeability in pathological states. n the central nervous system (CNS), all members of CNS
cells such as neurons and glia produce MMPs[12l. Events such as BBB disruption, astrocyte
activation and increase in MMP activity leads to abnormal micro vascular and neuronal
function in the brain.

Alzheimer’s disease (AD) is the most common form of dementia and characterized by
severe neurodegenerative changes, such as cerebral atrophy as well as the loss of neurons
and synapsest13-141. The central nervous system (CNS) has its own resident immune system,
in which glial cells (microglia, astrocytes, and oligodendrocytes) serve as a supportive and
nutritive role for neurons [151. The activation of glial cells is remarkably involved in
neuroinflammation associated with neurodegenerative diseases such as AD [16]. Microglia,
astrocytes and neurons are responsible for the inflammatory process. Reactive astrocytes
also contain sufficient amounts of different forms of amyloid beta (Ap42) during
pathogenesisl’18] Furthermore, the role of MMPs (MMP-9 and MMP-2) is critical for
understanding its oddity in synapse remodeling in AD pathology [19-201. Abovementioned
reports strongly infer the role of MMPs in neuronal damage and neurovascular disruption
but their role in synaptic remodeling is needed to be discussed.

Astrocytes

Astrocytes are the most frequent cells in the central nervous system which are generally
thought to emulate the metabolic activity of neurons and neurotransmitters around

synapses [21]. Astrocytes play a crucial role in maintaining physiological condition;
whenever there is damage or distress they act as neuronal partners or neuronal supportive
cells [22-23]_ Available reports have highlighted that activated microglia promotes astrocytic
activation in pathological condition. There are various cytokines amongst them
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areinterleukin-1 (IL-1), IL-6 and tumor necrosis factor alpha (TNF-a) which is release in the
pathological conditions [24]. IL-1 which has been reported to be mainly is produced by
microglia shares close association with disease pathology and main mediators of
inflammation during AD pathology[?5]. Singh et al. [26] has also provided collective
information on cross talk between microglia and astrocytes in neuropath logical conditions.
Increased IL-1 expression has been detected in reactive microglia surrounding amyloid
plagues in AD [27]. Ben well et al.[28] showed that IL-1 injection into rat brain resulted in
astrocytic activation indicated by GFAP upregulation. Moreover, it has been shown that
IL-1 also induces nuclear hypertrophy and intercellular adhesionmolecule-1 (ICAM-1)
expression in astrocytes [29-301,

in Alzheimer’s disease

Glial cells (astrocytes, oligodendrocytes and microglia) are significantly abundant in the
brain; and are pathologically they are linked to AD. Altered functions of these glial cells
have been recognized in AD patients. Moreover, these cells are also altered in animal and
cell culture models of AD in the same way they were found in clinical condition. Large
numbers of reports available that imply that Ap induce alteration in the glial cells [311.
Microglia plays an important role in response to the brain injury and infection. The activated
microglias assemble around amyloid plaques and degenerate neurons thereby contributing to
the neurodegenerative process in AD by producing toxins and inflammatory cytokines[31].
The severe changes in glial cells in AD may promote neuronal degeneration and later on
promoting neuronal plasticity and neuronal survival. However, microglia may also remove
AP, a potential beneficial action of these immune cells [32]. In addition, although synapses
degenerate in pathological condition, the remaining synapses may increase in size as
compensatory mechanism which is supported by astrocytes[33l. Moreover, the production of
neurotrophic factors such as basic fibroblast growth factor acts as a possible causative factor
which increases astrocytes associated with AB deposits and these neurotropic factors as well
as certain cytokines may stabilize the neurodegenerative process in AD[34-

and synapse function

Astrocytes play a role in the formation, maintenance, and pruning of synapses during
development. Astrocytes exerta powerful influence on synaptic remodeling and pruning of
the healthy adult CNS. Neuron can be activated by astrocyte by various neurotransmitters or
neuromodulators, such as glutamate, nitric oxide (NO) [35]. On the other hand, the activated
astrocytes affect neuronal function and contribute to the development of various
neurodegenerative diseases such as AD. Activation of astrocyte may often lead to loss of the
buffering function and contribute to pathological condition. An additional function of
microglia includes a significant contribution to synaptic remodeling events [36-371 Although
the extent to which this action is directly causative is still in debate[38-3%1. However, the
various reports have suggested that microglia play a significant role in nursing synaptic
function and this might contribute to synapse remodeling. Microglias have been reported to
be present extensively in the thalamus, cerebellum, olfactory bulb, and hippocampus during
postnatal synaptic remodeling [401. Work reported by Tremblay et al. [41] demonstrated that
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sensory input from 8-10 days postnatal alters microglial contact with dendritic spines and
thus, alters the subsequent developmental loss of the synapses.

Synapse and dementia

The synapse is an organization of pre-synapse and post-synapse which allows a neuron to
communicate electrical or chemical signal to another neuronal cell and are essential for
maintenance of neuronal function. Synapse dysfunction is an early and critical incident of
Alzheimer's disease (AD) and; there is a strong correlation between the extent of synapse
dysfunction and cognitive function such as demential42- 141 Hence, it has been proposed that
synapse loss underlies the memory impairment in AD. Proper synapse function is important
for neuronal viability, and their disruption may account for the cell loss in the later phases of
the AD. Evidences suggested that synapses deteriorated between neurons as a result of
pathology causes dementia. Reports suggest that a significant decrease in synaptic density in
the cortex and hippocampus of AD brain[43-14] Biochemical analysis has also shown a loss
of both pre-synaptic and post-synaptic proteinstl. Indeed, loss of synaptic proteins and other
synaptic components appears to be an early circumstance in pathogenesis of AD[45-46],

Astrocyte and MMP

Astrocytes are the most frequent cells in central nervous system which are generally
associated with the metabolic activity of neurons and neurotransmitters around synapses [47].
Astrocytes within the CNSplay a major role in the regulation of brain micro environment. In
the brain, astrocytes are the main sources of MMPs as well as the ECM components [48-49],
Astrocytes play crucial roles in maintaining of physiological function when there are
damages in neurons. Activated astrocytes are found nearby amyloid plaques in the AD brain.
Several evidences suggest that they may mediate degradation in the extracellular space [50]
and may regulate amyloid plaque degradation 511, MMPs are expressed in atrocytes 521, and
their activity is induced in the presence of A3, Accumulating evidence suggest that
proteases are key regulators of A metabolism and MMPs could play a role in astrocyte-
mediated AP degradation. As candidate proteases MMPs are ideally placed to regulate
extracellular AB levels as MMPs are secreted and activated in the extracellular compartment.
Levels of MMP-2 and MMP-9 are significantly elevated during neuronal injury in
neurological disease [54-551.In the healthy brain, MMPs are mainly secreted by astrocytes;
which are involved in angiogenesis, tissue remodeling, and neurite extension. Due to their
permeating presence and capacity to secrete both MMPs and TIMPs, astrocytes have the
potential to play a central role in tissue remodeling processes as astrocytes are a source of
MMP-9 in ischemic injury 81,

MMPs and neuroinflammation

Matrix metalloproteinase (MMPs) area group of extracellular enzymes. MMPs are involved
in function to remodel the pericellular environment, primarily through the cleavage of extra
cellular matrix (ECM) proteins. Reports also suggest that changes in MMPs expression have
also been associated with neuropathology which involves both neurons (neurodegeneration)
and glial cells (astroglia and microglia)l>’l. Data from the different study suggest that MMPs
may be involved in a variety of cellular functions in the brain. Activation of MMP-9 may
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contribute to the pathogenesis of several neurological diseases such as stroke, AD, multiple
sclerosis, and malignant gliomal”]. Several neuroinflammatory factors including cytokines
and oxidative stress have been shown to up-regulate MMP-9 in astrocytes in vitro. We also
reported the expression pattern of MMP-9 and MMP-2 in adult mice brain and address
changes that these enzymes unregulated and triggered by homocysteine (Hcy)
administration[3°!-

MMP-9, NMDA and synaptic plasticity

The N-methyl-D-aspartate receptor (NMDAR), a glutamate receptor, is the predominant
molecular device for controlling of synaptic plasticity and memory function. Gorkiewic et
al. [8] demonstrated that enzymatic activity of MMP-9 increased transferring of NR1
subunit-containing NMDA receptors. Moreover the influence of MMP-9 on structural
plasticity of dendritic spines which are known to bear excitatory synapses. MMP-9 is potent
to cleave synaptic proteins without causing large changes in ECM structure, to modify
behavior of important synaptic receptors and to change morphology of synapses. Thus,
MMP-9 actively engaged in synaptic remodeling[®]. Previous report shows that beta-
dystroglycan (beta-DG), a trans-membrane protein, is a synaptic target for MMP-9 which is
cleaved upon neuronal stimulation. Michaluk et al. [89] reported that stimulation of neuronal
cultures caused an increase in MMP-9 activity which coincides with cleavage of beta-DG
and that this cleavage can be blocked by over-expression of tissue inhibitor of
metalloproteinases-1 (TIMP-1). They also showed the involvement of MMP-9 activity in
cleavage of beta-DG in vivo, as well as the co-localization of both proteins at the same
asymmetric synapses in the hippo-campus.MMP-9 has recently emerged as one of the
important molecules involved in synaptic plasticity; however the exact role and the
functions of this protease at the neuronal junction’s i.e. synapse is still not clear and should
obtain attention.

Role of MMPs and ECM remodeling in learning and memory

Proteases of the matrix metalloproteinase (MMPs) family are involved in the breakdown of
extracellular matrix in normal physiological processes, such as embryonic development,
reproduction, angiogenesis, learning and memory, as well as in pathological processes, such
as intracerebral hemorrhagel®l. Since now, mainly two secreted types of MMPs, (MMP-2,
and MMP-9) are most frequently examined in the brain. Most of the MMPs are secreted as
inactive pro-form which are activated when cleaved by extracellular proteinases. In the
developing nervous system MMPs play important role in neuronal development. Tissue
remodeling proteins, such as matrix metalloproteinases (MMPSs) and their endogenous tissue
inhibitors (TIMPs) are inflammatory mediators that play important role in the AD brain [5°].
MMP-2 is mostly detected in various parts of brain structures including astroglia and some
pyramidal neurons in the cortex and Purkinje cells in the cerebellum. However, MMP-9 is
expressed in the hippocampus, cerebellum, and cortex, predominantly in neurons [62],
MMPs knockout of particular strain also significantly affect the neuronal injury and
neuropathology, demonstrating that MMPs function as the crucial mediators of neuronal
disease [63]. Interestingly, several MMP knockouts rodents show deficits in learning and
memory [64], Consistent with these notions, MMPs likely mediate the structural changes of
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neuronal structure such as dendritic spines as well as axon/dendrite structures in
neurological diseases. Dendritic spine morphology and synaptic potentiation are
dynamically modulated by proteins of the ECM remodeling; which has an important role in
synaptic plasticity [6°]-

Synapse, MMP-9 and long term potentiation

Many synapses in the mature CNS are consist of glutamate receptors including N-methyl-D-
aspartic acid- (NMDA-) type and alpha-amino-3-hydroxy-5-methyl- 4-isoxazolepropionic-
acid- (AMPA) type receptors. These synapse receptor are mainly involved in synaptic
plasticity. Moreover this receptor actively associates with Long term potentiation which
forms memory brain regions such as cortex and hippocampus. In the brain, MMPs are
secreted by neurons and glial cells in an inactive (pro) form, and they become proteolytically
active when several regulatory steps that result in removal of the propeptide are triggered in
response to specific stimuli. Moreover, In situ zymography assay also revealed an
occurrence of MMP-9 with synaptic glutamate receptors (661, LTP is a widely used cellular
model for synaptic plasticity for a extended time period which is thought to be necessary for
learning and memory function. In other reports it has also proved that MMP-9 knockout
mice show behavioral impairments in hippocampus based learning and memory[641.
Furthermore, hippocampal slice cultures from MMP-9 knockout mice show impaired LTP
and thereby impair memory function, which is restored by the application of recombinant
MMP-9. In other studies, brief induction of MMP-9 and MMP-3 in hippocampal region was
observed when animals were used for Morris water maze test. These out comes, further
supporting a role for MMPs in hippocampus based learning and memory 671, MMP-
mediated synaptic potentiation can be inhibited in hippocampal slices by blocking integrin
signaling, which suggests that MMP-9 regulates synaptic plasticity and LTP through
integrin’s[®8]. Alternatively, MMP-9 could regulate LTP by enhancing movement of
glutamate receptors in excitatory synapses. Therefore, itestablished that modification of the
ECM components might facilitate structural and functional plasticity in synapses. Michaluk
et al. [89showed that addition of recombinant MMP-9 in hippocampal cultured neurons
increased the diffusion of NMDA receptors but not AMPA receptors suggest that MMP-9
influence the function of NMDA receptor. They further also proved that alteration in the
ECM structure takes place through modification of an integrin dependent pathway but not
through NMDA receptors [701. On the other hand, Frischknecht et al. [71] have shown that
removal of the ECM through enzymatic process increased the exchange of synaptic AMPA
receptors but not NMDA receptors. It is thus confirmed that exchange of AMPA and
NMDA receptors through membrane is differentially regulated by the ECM and MMPs in
synapses. This functional change may contribute to practical difference of AMPA and
NMDA receptors in synaptic plasticity. Previous studies have shown that MMP-9 rapidly
becomes active at presynaptic sites in response to LTP. [72]. Thus presynaptic MMP-9
proteolysis in response to LTP induction is possibly critical for dendritic spine remodeling
and functions are necessary to support long-term synaptic plasticity [73].
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Therapeutic targets and future directions

Astrocyte mediated MMPs activation of Blood-brain barrier (BBB) disruption by matrix
MMPs leads to apoptotic cell death of hippocampal neuron and synapse thus causes memory
impairment. Therefore, targeting neuronal cell death by blocking MMP activation will act as
a potential therapeutic agent for preserving BBB integrity following brain injury in humans
could be one of the promising approach to treat a disease related to vascular pathology.
Evidence also suggests that the AB 25-35 fragment stimulates the MMP-9-TIMP-1 pathway.
Thus, targeting elimination of amyloid deposition and following anti-inflammatory
treatment against MMPs could be considered as a therapeutic measure in AD.

Conclusion

In the pathogenesis of Alzheimer’s disease (AD), synaptic loss has been considered as an
early event involving many matrix metalloproteinase (MMPS). In this review we have
highlighted the important role of astrocyte and MMPs in synaptic dysfunction. In
conclusion, these collective evidences will pave the way in drug development for improving
clinical outcome after cerebrovascular disease such as stroke and vascular dementia.
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Fig 1. Possible mechanism of N-methyl-D-aspartate receptor and AB in Alzheimer Disease
Deposition of amyloid plaques (Ap) is characterized in Alzheimer’s disease (AD) which

affects NMDAr resulting in Calcium-ion overload. High level of calcium-ion overload
triggers critical events for neuronal dysfunction i.e. excitotoxicity, astrocyte activation and
MMPs activation. Excitotoxic cell death (ECD) is an event due to increased intracellular
Ca?* by over-stimulation of NMDA receptor which results in synapse loss due to
neurodegeneration. A plays a role in inducing many alterations in glial cells by
encouraging calcium-ion overload. The activated glial cells assemble around amyloid
plaques or degenerating neurons and contribute in the neurodegenerative process in AD by
causing neuroinflammation due to release of toxins or inflammatory mediators like
cytokines. Astrocytes compete with the metabolic activity of neurons and neurotransmitters
around synapses and considered as the major source of MMPs. MMPs are expressed in
astrocytes and their activity is induced in the presence of A. MMPs activation results in
micro vascular inflammation as a consequent effect neuronal dysfunction due to BBB
damage in AD.
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Fig 2. Schematic representation of the astrocyte mediated presynaptic and postsynaptic
modifications

Synapse is a specialized communication junction between a pre-synaptic cell (usually a
neuron) that sends out a signal and a post-synaptic cell that receives the signal.
Neurotransmitter molecules diffuse across the synapses and bind to their specific receptors
on the post-synaptic cell. This recreates the action potential in the post-synaptic cell. When a
postsynaptic action potential develops it leads to Ca%* influx into the postsynaptic neuron.
This is followed by a presynaptic action potential, leading to activation of mGluRs and
astrocytes, which cause release of CaZ* from intracellular stores. The resultant CaZ* triggers
vesicular release of glutamate from the astrocyte, which in turn activates presynaptic
NMDARs. Astrocytes could act as an important factor in maintaining neurovascular unit.
The channel which governs physiological regulation across synapse usually gets damaged or
lost in neurodegenerative diseases.
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