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ABSTRACT 
 

 The brain continues to change long after development ceases. Structural 

modifications to mature cells in the brain as well as the integration newborn neurons 

through adult hippocampal neurogenesis contribute to plasticity found in the healthy brain. 

Neurological disorders and injury, however, can disrupt proper plasticity processes leading 

to deleterious outcomes. Elucidating the exact mechanisms of plasticity in varied contexts 

remains a highly researched topic. The brain is comprised of a complex system of neurons, 

glia, and other supporting cells. In neurons, modifications can occur on processes that 

extend from the neuronal cell body (dendrites) as well as tiny membranous protrusions 

stemming from the dendrites also known as spines. This study reveals how a specific 

extracellular matrix remodeling protein, matrix metalloproteinase 1 (MMP-1), directs 

neuronal structure complexity through activation of a G-protein coupled receptor called 

protease activated receptor 1 (PAR1). MMP-1 mediated activation of PAR1 increases 

neuronal dendritic arborization, spine number, and increased proliferation of adult neural 

progenitor cells, which in turn stimulates aberrant behaviors associated with disrupted 

plasticity in vivo.  

 Matrix metalloproteinases (MMPs) are a family of secreted endopeptidases 

expressed by neurons and glia. Regulated MMP activity contributes to physiological 

synaptic plasticity, while dysregulated activity can stimulate injury. Disentangling the role 
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individual MMPs play in neuroplasticity is difficult due to overlapping structure and 

function as well as cell-type specific expression. To overcome these challenges, this study 

uses a novel system to investigate the selective overexpression of MMP-1 in GFAP 

expressing cells in vivo. More specifically, application of exogenous MMP-1, in vitro, 

stimulates PAR1 dependent increases in intracellular Ca2+ concentration and dendritic 

arborization. Overexpression of MMP-1, in vivo, increases dendritic complexity and 

induces biochemical and behavioral endpoints consistent with increased GPCR signaling. 

Further, data suggest that activation of the MMP-1/PAR1 axis increases both progenitor 

cell proliferation and neuronal fate specification in adult neurogenesis. These data are 

exciting because they demonstrate that an astrocyte-derived protease can influence 

neuronal plasticity through an extracellular matrix independent mechanism.   
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CHAPTER I: INTRODUCTION 

 

 The brain continues to change its structure long after development ceases and 

modifications persist throughout adulthood. This plasticity is particularly prominent in a 

region called the hippocampus. Anatomically, the hippocampus is located bilaterally in the 

medial temporal lobes. Notably, this structure and its neuronal connections are conserved 

in mice. The hippocampus includes the following regions: cornus ammonis 1-4 or CA1-4 

and the dentate gyrus (see Fig. 1 for schematic diagram of regions and neuronal 

subpopulations). The uniformed organization of cell types within this region along with 

our knowledge of the major synaptic circuits makes the hippocampus a great model system 

to study neuronal plasticity. Many cell-types make up the formation and each has distinct 

morphology, localization, and network connectivity. Previous studies have shown that 

increases in activity in the hippocampus induced by long-term potentiation (LTP), an 

experimental manipulation that strengthens the connections between neurons, provokes a 

physical change in these neurons (Engert & Bonhoeffer, 1999). Notably, areas where LTP 

was blocked did not show changes in neuronal structure.  

 Moreover, entirely new neural connections are formed through the process of adult 

neurogenesis in the hippocampus. Adult-born hippocampal dentate granule cells undergo 

structural modifications in response to experience. More specifically, new born neurons 

undergo a period of dendrite overgrowth and subsequent pruning (Goncalves et al., 2016). 

Thus, results from LTP studies suggest preexisting neural circuits undergo physical 

modifications as a result of coordinated activity and entirely new neural connections are 

formed through the integration of newborn neurons. 
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 Malleability in this area promotes several key processes including, but not limited 

to, the learning and retention of new information through daily experiences as well as 

recovery from injuries induced by stroke or traumatic brain injury (Nudo, 2013). 

Elucidating the exact mechanisms of plasticity in varied contexts remains a highly 

researched topic. Most likely, the brain employs distinct mechanisms in the context of 

learning and memory versus injury. This body of work focuses on the ability of cells in the 

brain to physically change their structure upon stimulation by a class of proteases that are 

upregulated in response to both neuronal activity and injury. Further, evidence discussed 

in later chapters suggests that protease-induced structural modifications also influence 

function.  

 Neuroplasticity refers to the ability of the central nervous system (CNS) to alter its 

3-D physical structure or function in response to a variety of processes that take place in 

the healthy brain. These responses occur during development, cognition, as well as after 

injury or onset of neurological diseases.  Neurons are electrically excitable cells that 

process and transmit information through electrical and chemical signals. They are the core 

components of the brain. At the cellular level, neurons are composed of a cell body or 

soma, dendrites, and an axon. Dendrites are branched structures that originate from the cell 

body, often extending for hundreds of micrometers and branching multiple times, giving 

rise to a complex dendritic tree. These projections structurally change shape in response to 

extrinsic and intrinsic stimuli (McAllister, 2000). They are also home to synaptic spines, 

membranous protrusions that are the major sites for excitatory transmission. Thus, it’s clear 

that dendritic growth and patterning can impact the number of excitatory synaptic 
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connections, which are crucial for ongoing cognitive processes, such as learning and 

memory (Rosenberg & Spitzer, 2011).  

 Despite this neurocentric view of plasticity, other cell-types in the brain can 

influence neuronal structural and/or function. In the intact brain, neurons do not act in 

isolation. The glial cells that support neuronal networks are astrocytes, microglia, and 

oligodendrocytes. Indeed, recent evidence suggests astrocyte-derived factors greatly affect 

neuronal morphology (Barres, 2008). Astrocytes are the most numerous glial cell-type in 

the brain and have a characteristic star shape. Ramon y Cajal, often colloquially called the 

father of neuroscience, first noted these cells and their close proximity to neurons in the 

late 1800’s with drawings from an autopsied adult human hippocampus. Astrocytes are 

critical for overall function in that they maintain a balanced chemical extracellular 

environment beneficial for neuronal signaling through several processes: 1) maintenance 

of blood brain barrier, 2) ion balance (K+), 3) neurotransmitter clearance and recycling, and 

4) release of neuroactive factors (Sofroniew & Vinters, 2010). In fact, a single astrocyte in 

the mouse cortex physically contacts several neuronal cell bodies, up to 600 dendrites, and 

approximately 100,000 synapses (Chung, Allen, & Eroglu, 2015; Halassa, Fellin, Takano, 

Dong, & Haydon, 2007). Identification and characterization of astrocyte-derived 

neuroactive factors remains an understudied area. Recently, matrix metalloproteinases, a 

class of zinc-dependent endopeptidases that are expressed and secreted by astrocytes, have 

been found to exert influence on neuronal structure and signaling.  
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A. Matrix metalloproteinases 
  

 When activated by neuronal activity or pro-inflammatory stimuli, astrocytes secrete 

a specific subset of matrix metalloproteinase (MMP) family members (Ierusalimsky & 

Balaban, 2013; Vos et al., 2000). Yet, very little is known about the role specific astrocyte-

derived MMPs play in neuronal plasticity. Addressing this question is important to the field 

because it may uncover therapeutic targets for several disorders associated with increased 

MMP activity, astrocyte activation, and synaptic deficits including autism, fragile X 

syndrome, and Alzheimer’s disease (Leake, Morris, & Whateley, 2000; Vargas, 

Nascimbene, Krishnan, Zimmerman, & Pardo, 2005). 

 MMPs are a large family of mostly secreted, extracellularly acting enzymes that 

belong to the metzincin superfamily of zinc-dependent endopeptidases (enzymes that break 

peptide bonds other than those in the terminal peptide chain). MMPs cleave extracellular 

matrix (ECM), cell adhesion molecules (CAMs), and other membrane bound proteins, 

which in turn activate varied intracellular signaling cascades (Conant, Allen, & Lim, 2015). 

Over 20 distinct MMPs exist in the mammalian system, and they are grouped according to 

structure and substrate preference, and then loosely grouped into families (refer to table 1 

for a list of the best characterized MMPs). Correctly predicting MMP protein substrates 

based on peptide sequences alone is impossible. The 3-D protein structure of the MMP and 

its protein target are critical for proper enzymatic interaction.  

 Given that excessive proteolytic processing of ECM and tissue may have 

deleterious consequences, MMPs are tightly regulated at three levels: transcription, post-

translational modification, and by endogenous inhibitors. Transcription of many MMPs is 

induced by inflammatory cytokines, growth factors, chemokines, oncogenes as well as 
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cell–cell or cell–matrix interactions (Yong, 1999). Known transcription factors include: 

activator protein-1 (AP-1) and nuclear factor light chain enhancer of activated B cells 

(NfκB) (Berry, Bosonea, Wang, & Fernandez-Patron, 2013; Ganguly et al., 2013). 

Secondly, MMPs are secreted as inactive zymogens. Proteins with proteolytic activity can 

activate MMPs through disruption of the bond between cysteine and zinc also known as 

the 'cysteine switch' mechanism. The plasminogen–plasmin cascade and other MMPs play 

a role in this form of activation (Nagase, 1997; Nagase, Enghild, Suzuki, & Salvesen, 1990; 

Yong, Power, Forsyth, & Edwards, 2001). In terms of inactivation, endogeneous inhibitors 

called, tissue inhibitors of MMPs (TIMPs), bind to the MMP catalytic site to prevent 

activation of target substrates (Brew & Nagase, 2010).  These proteases are increasingly 

appreciated as important effectors of brain function (Huntley, 2012; Sonderegger & 

Matsumoto-Miyai, 2014). Indeed, several stimuli that enhance or impede plasticity also 

exert influence over MMP expression. Although not an exhaustive list, some of these 

stimuli and stressors include seizure activity, learning and memory paradigms, chronic 

stress, traumatic brain injury, ischemia, infection, and chronic drug administration (Brown, 

Forquer, Harding, Wright, & Sorg, 2008; Conant et al., 1999; He, Peng, Zhao, Zhou, & 

Zhao, 2011; H. J. Kim, Fillmore, Reeves, & Phillips, 2005; Liu, Brown, Shaikh, Fishback, 

& Matsumoto, 2008; S. E. Meighan et al., 2006; Planas, Sole, & Justicia, 2001; Rivera et 

al., 2002; Szklarczyk, Lapinska, Rylski, McKay, & Kaczmarek, 2002; van der Kooij et al., 

2014; Wright et al., 2003; Zhang, Deb, & Gottschall, 1998). 

 Though several family members are expressed in the brain, including MMP-1, -2, 

-3, -7, -9, -12, -13, -14, many reports focus on the gelatinase, MMP-9, as a mediator of 

synaptic structure and function. These results do not, however, rule out a critical 
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contribution from other MMP family members for which detection tools are less widely 

available (Huntley, 2012). This is especially true given that MMPs can activate other 

family members, share overlapping substrates, and that there is a compensatory 

upregulation or downregulation of other MMPs if one is deleted or overexpressed 

(Rudolph-Owen, Hulboy, Wilson, Mudgett, & Matrisian, 1997). 

 With this in mind, few studies examine MMP-1 in the brain despite its expression 

by activated glia and its ability to act on non-ECM proteins. Our group previously reported 

that primary astrocytes, derived from human fetal brain, secrete abundant amounts of 

MMP-1 when activated by the pro-inflammatory cytokine interleukin 1 beta (IL-1β) (Vos 

et al., 2000). MMP-1 is a potent agonist for the non-ECM protein, protease activated 

receptor 1 (PAR1) (Boire et al., 2005); a G-protein coupled receptor (GPCR) expressed on 

astrocytes and neurons in the hippocampus and cortex (Han et al., 2011; Junge et al., 2004; 

Weinstein, Gold, Cunningham, & Gall, 1995). Given that MMPs have redundant targets, 

studying MMP-1 induced activation of PAR1 provides a unique opportunity to study a 

specific MMP-1 induced mechanism.   

 

B. G-protein coupled receptors and their role plasticity 
  

 Nearly 800 different human genes encode G-protein coupled receptors (GPCRs) 

for various extracellular activators, including neurotransmitters and sensory stimuli 

(Bjarnadottir et al., 2006). This number alone highlights the importance of this class of 

receptor to complex biological systems. In fact, GPCRs are the largest family of 

transmembrane proteins and are targeted by 30% of all pharmaceuticals currently on the 

market (Hopkins & Groom, 2002; Wise, Gearing, & Rees, 2002). Given that 
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transmembrane proteins allow cells, especially neurons, to respond to extracellular stimuli, 

GPCRs are prime therapeutic targets for aberrant plasticity in the brain.  Naturally 

occurring small molecules act on these receptors to initiate a diverse array of intracellular 

responses. Receptor activation initiates signaling through heterotrimeric G-proteins to 

regulate the synthesis of intracellular second messengers such as cyclic adenosine 

monophosphate (cAMP), inositol phosphates, diacylglycerol, and calcium ions (Ca2+) 

(Wess, 1997). These second messengers interact with a variety of effectors, such as kinases, 

enzymes and ion channels, which generate a broad spectrum of downstream responses 

critical for cell survival and cell to cell communication (Pierce, Premont, & Lefkowitz, 

2002). 

 Cells, such as neurons, terminate G-protein signaling with desensitization 

mechanisms that employ phosphorylation of receptors by GPCR kinases (GRKs), which 

permit β-arrestins to dock onto the phosphorylated C-terminal of the receptor (Moore, 

Milano, & Benovic, 2007). These phosphorylation events initiate internalization and 

subsequent sorting to endosomes where the receptor is targeted for degradation or 

trafficked back to the membrane.  

 While early studies classified GPCRs as receptors that coupled the binding of 

extracellular ligands to the activation of specific heterotrimeric G proteins, leading to the 

activation of signal transduction pathways, it is now appreciated that receptor activation 

employs G-protein independent effector proteins to enact change. The process by which 

GPCR ligands differentially modulate signal transduction pathways is known as functional 

selectivity or biased agonism (Mailman, 2007; Urban et al., 2007). Ligands preferentially 

engage either canonical (G-protein dependent) or noncanonical (G-protein independent) 
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GPCR pathways. The discovery of ligands with discrete functional selectivity profiles is 

extremely useful for elucidating key signal transduction pathways essential for both 

therapeutic actions and the cause of side effects of drugs already on the market (Allen et 

al., 2011).  Given that one GPCR can signal through multiple different downstream 

pathways, understanding the consequences of different signaling behavior could be critical 

for drug design, especially for neuropsychiatric disorders as well as neurodegeneration. 

Currently, it is unclear whether MMP-1 activation biases canonical or noncanonical 

signaling.  

 

C. Protease activated receptors and central nervous system plasticity 
  

 Recent evidence suggests the protease activated (PAR) GPCR family plays a 

critical role in plasticity, especially in response to neuronal activity and injury. PARs were 

first discovered in the peripheral system. PAR1, for example, was previously known as the 

thrombin receptor because of its role in thrombin-induced blood coagulation (Coughlin, 

2000). Subsequent sequencing, pharmacological inhibition, and gene knockout studies 

discovered that other family members existed (Hollenberg, Laniyonu, Saifeddine, & 

Moore, 1993; Kinlough-Rathbone, Rand, & Packham, 1993). Today, we know that the 

family is comprised of four members: PAR1, PAR2, PAR3, and PAR4. Additional 

enzymes are able to activate the family, independent of the coagulation cascade (see table 

2 for a list of protease activators).  

 Structurally, PARs are similar to other GPCRs, which are characterized by seven 

membrane-spanning α-helical loops separated by interchanging intracellular and 

extracellular regions. The prototypical 7 transmembrane structure allows the receptor to 
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interact with the extracellular environment and produce an intracellular response. PARs, 

however, have a unique activation mechanism unlike the majority of other GPCRs. 

Proteolytic cleavage of specific N-terminal domains reveal previously hidden tethered 

ligands that fold back onto the receptor to initiate irreversible signaling. Upon activation 

PARs are rapidly desensitized by phosphorylation and β-arrestin binding (Soh, Dores, 

Chen, & Trejo, 2010).  

 Many studies of PAR activation in the brain focus on activation after injury, which 

leads to the breakdown of the blood brain barrier allowing entry of peripheral activators 

such as thrombin. This study is interested in the investigation of endogenous activators 

found in the brain without a breakdown of the blood brain barrier. PAR1 is expressed in 

astrocytes and neurons (Han et al., 2011; Junge et al., 2004; Weinstein et al., 1995).  In situ 

hybridization studies show that PAR1 is highly expressed in the hippocampus, an area that 

undergoes structural and functional modification (W. Kim et al., 2015). The Reiser group 

has done extensive work investigating PAR family expression in the CNS. They found 

expression of PAR-1, PAR-2, and PAR-3, but not PAR-4 in rat cortical neurons in 

vitro by RT-PCR and calcium mobilization assay (Luo, Wang, & Reiser, 2007) with PAR1 

expression higher than other family members. Thus endogenous activators that are 

expressed in response to neuronal activity, such as MMPs, most likely play a role in 

plasticity mechanisms.   

 In terms of specific mechanisms by which PAR1 signaling affects neuronal 

structure, much of what we know comes from studies that use thrombin, the potent 

peripheral activator that gains entry into the brain after blood brain barrier disruption and 

neurotoxicity (Chen et al., 2012). It appears that thrombin induced PAR1 activation in the 
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hippocampus and CNS cell-types modulates synaptic transmission and plasticity through 

the enhancement of N-methyl-D-aspartate receptor (NMDAR) currents and Ca2+ flux (Lee 

et al., 2007; Maggio et al., 2013). With respect to the study of MMP-1 as an agonist, it is 

important to note that PAR1 cleavage occurs at distinct locations in the N-terminus (Fig. 

2). MMP-1 cleaves PAR1 between amino acids 39 and 40, which generates a tethered 

ligand that is 2 amino acids longer than the thrombin generated ligand (PRSFLLRN) 

(Trivedi et al., 2009). Thrombin cleaves PAR1 between amino acids 40 and 41, which 

generates the tethered ligand SFLLRN (Kuliopulos et al., 1999; Vu, Hung, Wheaton, & 

Coughlin, 1991).   

 Moreover, evidence suggests that thrombin and MMP-1-generated activating 

peptides differentially bias receptor signaling. In endothelial cells, MMP-1 and thrombin 

induce expression of different groups of pro-angiogenic genes through PAR1 (Blackburn 

& Brinckerhoff, 2008). Once activated, PAR1 can signal through several G proteins 

including Gαq/11, Gαi/o, or Gα12/13 in addition to noncanonical endosomal signaling (McCoy 

et al., 2012). Biased intracellular signaling depends on the activating ligand, availability of 

G proteins within the cell-type, and heterodimerization with other family members (Russo, 

Soh, & Trejo, 2009). Interestingly, protease concentration can have opposing actions: high 

concentrations induce cell death whereas low doses appear to be neuroprotective 

(Donovan, Pike, Cotman, & Cunningham, 1997; Vaughan, Pike, Cotman, & Cunningham, 

1995). What has yet to be determined is whether astrocyte-derived protease activation of 

PAR1 might also selectively activate this receptor in a biased manner. Does the cellular 

source as well as type of proteinase (and concentration) affect preferential activate 

downstream signaling? 
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 Because PAR1 plays a critical role in activity dependent synaptic plasticity and 

MMP-1 is a potent agonist, I hypothesize here that overexpression of MMP-1 in GFAP 

positive cells is sufficient to induce cellular and behavioral phenotypes consistent with 

altered plasticity in a PAR1-dependent manner. To address this question, primary cell 

culture and a novel transgenic mouse that overexpresses human MMP-1 (hMMP-1 Tg) 

under the control of an astrocyte specific promoter, glial fibrillary acidic protein (GFAP) 

are used in several experiments. Importantly, human MMP-1 activates mouse PAR1 

(Tressel et al., 2011). Using a combination of approaches, we report application of human 

recombinant MMP-1 (hRecMMP-1) to primary cultures enriched for neurons increases 

dendritic complexity and Ca2+ flux, which is reversed upon PAR1 genetic deletion or 

pharmacologic inhibition. Additionally, overexpression of astrocyte-derived hMMP-1 in 

vivo induces an increase in brain myo-Inositol levels, a marker of glial activation, as well 

as increases dendritic complexity and spine density. hMMP-1 Tg animals also exhibit 

several behavioral phenotypes including alterations in anxiety and deficits in sociability 

and learning and memory. In addition, overexpression of hMMP-1, in vivo, increases both 

progenitor cell proliferation and neuronal fate specification in adult neurogenesis. 

 Excitingly, these findings suggest MMP-1 participates in circuit reorganization, 

and does so, in part, through a novel ECM-independent mechanism. Furthermore, this 

study expands our understanding of mechanisms through which proteolysis contributes 

physiological plasticity and suggests that the use of PAR antagonists may target aberrant 

plasticity. 
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Figure 1: Schematic diagram of the hippocampus. 

 

 

 

 

 

 

 

 

Mature granule neuron (tan) of the dentate gyrus and mature pyramidal neurons of areas CA3 
(blue) and CA1 (red) as well as their main axonal connections are shown. In the dentate gyrus, 
new neurons (green) are also produced in adulthood. 
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Figure 2: MMP-1 induced activation of PAR1. 

 
 

 

 

 

 

A schematic diagram (A) of MMP-1 induced proteolytic cleavage of the N-terminus 
uncovers a previously hidden tethered ligand. The sequences of the signal peptide, pro-
peptide, and MMP-1 cleavage site are shown in (B). The tethered ligand sequence is 
highlighted in red. 
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Table 1: Schematic overview of metzincin superfamily with a focus on MMPs. 
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Table 2: Proteinase activators of PAR family members. 
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CHAPTER II: MATERIALS AND METHODS 

A. Animals  

  

 Experiments were conducted in accordance with the ethical guidelines of the 

National Institutes of Health and approved by the Institutional Animal Care and Use 

Committee at Georgetown University. All animals were group housed with littermates and 

permitted free access to food and water. Experimental results compare transgenic with 

littermates backcrossed to C57BL/6J (The Jackson Laboratory, stock #000664; 

http://jaxmice.jax.org/strain/000664.html) for at least 10 generations, unless stated 

otherwise. 

 

i. Generation of human matrix metalloproteinase-1 transgenic animals.   

 

Transgenic animals were engineered to restrict human matrix metalloproteinase 1 

(hMMP-1) expression to glial fibrillary acidic protein (GFAP) positive cells. Animals were 

generated by the transgenic core facility at Johns Hopkins University via pronuclear 

injection. Specifically, hMMP-1 cDNA (gift of Dr. J. D’Armiento, Columbia University) 

was subcloned downstream of the GFAP promoter (plasmid containing promoter sequence 

gift of Dr. M. Brenner, University of Alabama) and subsequently injected into a B6SJF1 

pseudopregnant female. Genomic PCR confirmed the presence of the transgene in the 

founder. PCR products were sequenced and matched against NCBI’s database. Resultant 

transgenic animals have been backcrossed to the C57BL/6J line for more than 10 

generations.   
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ii. PAR1 KO animals.  

 

Heterozygous PAR1 targeted knockout animals were cryorecovered from Jackson 

Laboratory repository (B6.129S4-F2rtm1Ajc/J, stock number 002862). Briefly, a neomycin 

resistance cassette replaced sequences in exon 2 encoding transmembrane domains 1-7. 

Jackson Laboratory performed Northern blot analysis on RNA derived from E12 embryos 

and from embryonic fibroblasts demonstrated that no detectable transcript was produced 

from this allele. Heterozygous knockout animals were bred until homozygous knockouts 

on full B6 background were generated.  

 

B. Genomic polymerase chain reaction (PCR) 
  

 Genomic PCR for hMMP-1 transgene was performed on DNA samples isolated 

from mouse-tail biopsies collected upon weaning at post-natal day 21. DNA was purified 

using a traditional phenol-chloroform extraction protocol. The following primer sequences 

were used (forward: 5’ AGC ACA TGA CTT TCC TGG AAT TGG C and reverse: 5’ ATT 

TTG TGT TAG AAG AGT TAT CC). Tail biopsies were also sent to Transnetyx, Inc. 

(Cordova, TN) for genotyping.   

 

C. Preparation of primary cultures enriched for neurons  
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 Cells were derived from WT and hMMP-1 post-natal day 0 mouse pups. After the 

removal of adherent meninges, the hippocampi were removed and dissociated into a single 

cell suspension with trituration following incubation for 5 minutes with 0.1% trypsin as 

outlined in (Beaudoin et al., 2012). Dissociated cells were plated onto 18-mm sterilized 

glass coverslips or plastic 12-well culture dishes treated with nitric acid and later coated 

with poly-lysine. Cultures were maintained in neural basal media supplemented with B27, 

glutamine, and penicillin/streptomycin antibiotic and incubated at 37° C in a humidified 

5% CO2-containing atmosphere. The neuronal enriched cultures also contained astrocytes 

as confirmed with GFAP and MAP2 immunocytochemistry (Anti-GFAP Millipore 5804, 

1:1000 and Anti-MAP2 PhosphoSolutions, 1:1000, Auorora, CO). 

 

D. Preparation of primary astrocytes   
  

 Astrocytes derived from WT and hMMP-1 mouse pups were prepared at post-natal 

day 1-2 as previously reported by our laboratory (Conant et al., 1998). Specifically, after 

removal of adherent meninges, cortices were microdissected, incubated for 5 minutes with 

0.1% trypsin, and dissociated into a single cell suspension with trituration. Dissociated 

cells were plated onto 18-mm sterilized glass coverslips or plastic 12-well culture dishes. 

Cells were maintained in MEM complete with Earle’s salts and L-glutamine (Gibco, 

catalog # 11095) supplemented with 10% heat inactivated fetal bovine serum and 

penicillin-streptomycin. Cultures were maintained at 37° C in a humidified 5% CO2-

containing atmosphere. GFAP immunocytochemistry confirmed the presence of astrocytes 

in the cultures (≥ 95% of total cells were GFAP positive; anti-GFAP antibody, Millipore, 

5804 or Cell Signaling, 3670 at a 1:1000-dilution). 



 19 

 

E. Dendritic Sholl analysis  

  

 Primary neuron-enriched cultures were treated with 8 nM human recombinant 

MMP-1 protein (hRecMMP-1) from R&D systems at DIV5 and DIV14. Cultures were 

fixed with a 4% paraformaldehyde/sucrose solution two-hours after the second treatment 

at DIV14. Immunocytochemical techniques were used to label MAP2 cytoskeleton of 

neurons as previously described in (Rosso, Sussman, Wynshaw-Boris, & Salinas, 2005) 

and Sholl analysis was applied to measure morphometric differences. Briefly cells were 

washed three times in PBS, permeabilized in PBS containing 2% (vol/vol) Triton X-100 

(Sigma) for 10 min at RT followed by a 2-hour incubation in blocking solution (PBS 

containing 2% (vol/vol) Triton X-100 (Sigma) and 10% (vol/vol) goat serum). The primary 

antibody against MAP2 (chicken, 1: 2000, Phosphosolutions, Auorora, CO) was incubated 

overnight at 4° C in a PBS antibody solution containing 1% (vol/vol) goat serum. On the 

second day, Alexa Fluor 488 conjugated goat anti-chicken secondary antibody (1: 2000, 

Invitrogen) was incubated at RT for 2 hours. Nuclei were counterstained with DAPI 

(1:10000, Sigma). Fluorescent Mounting Medium (Electron Microscopy Sciences, 

Hatfield, PA) was applied to slides as antifading agent prior to addition of coverslips. 

Images were acquired on Axioplan 2 Zeiss microscope. Next, we employed the use of a 

semi-automated Sholl analysis (Kutzing, Langhammer, Luo, Lakdawala, & Firestein, 

2010). Briefly, 8-bit images of hippocampal neurons were traced using the NeuronJ plugin 

for ImageJ (NIH, Bethesda, MD) and then checked for accuracy in NeuronStudio (A. 

Rodriguez, Ehlenberger, Dickstein, Hof, & Wearne, 2008). Next, digitized images were 
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analyzed in MATLAB using the open source Bonfire program 

(http://firesteinlab.cbn.rutgers.edu/downloads.html) to generate Sholl profiles. 

Researchers were blinded to treatment and genotype during image acquisition and 

analyses.  

  

F. Ca2+ imaging  

  

 To investigate elevations in intracellular Ca2+, primary cultures enriched for 

neurons were loaded with a fluorescent Ca2+ indicator (Fluo-4 AM, 1 µM, Invitrogen) for 

35 minutes at room temperature in physiologic buffer solution (140mM NaCl, 4mM KCl, 

10mM HEPES, 5mM glucose, 2mM CaCl2, and 1 mM MgCl2 at a pH of 7.3) followed by 

5 buffer washes (Ton et al., 2015). The dye was excited at 480 ± 15 nm. Emitted 

fluorescence was filtered with a 535 ± 25 bandpass filter and captured in real-time with Q-

imaging camera (Retiga 3000M), which was read onto a neighboring computer. Analysis 

was sorted and performed offline using MATLAB and Simple PCI software (Compix Inc., 

Sewickley, PA, USA). The open source FluorSNNAP MATLAB code (Patel, Man, 

Firestein, & Meaney, 2015) (http://www.seas.upenn.edu/~molneuro/fluorosnnap.html) 

was used to generate values for change in fluorescence above baseline (ΔF/F0) and heatmap 

videos of Ca2+ flux. To compare experiments, data were normalized so that values ranged 

from 0-1. These values were used to plot ΔF/F0.  

G. Western blot 
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 Brains were dissected and lysed in RIPA buffer (50 mM Tris, pH 7.5, 150 mM 

NaCl, 0.1% SDS, 1% NP-40, and 1X protease and phosphatase cocktail [Thermo Scientific 

1861281]). Lysates were sonicated for 10 seconds, placed on ice for 20 minutes, and 

centrifuged for 15 minutes at 14,000 rpm in 4° C. Supernatants were recovered and used 

for future western blotting experiments.  Protein concentrations were determined using 

BCA protein assay (Pierce Biotechnology, Inc.) and equal amounts of protein were used in 

all subsequent assays. Supernatants were incubated with Laemmli sample buffer (Bio-Rad, 

Hercules, CA, USA, catalog # 161-0737) containing 5% β-mercaptoethanol and boiled for 

5 minutes at 95° C before denaturing electrophoresis on tris-glycine polyacrylamide 

gradient gels (Bio-Rad, Hercules, CA, USA). Proteins were transferred to nitrocellulose 

membranes, blocked in phosphate-buffered saline (PBS) containing 5% non-fat dry milk 

and 0.1% Tween (PBST) for 1 hour and subsequently probed with primary antibody at 4° 

C overnight (PAR1: Santa Cruz H-111 at a 1:100-dilution). The following day membranes 

were washed 3 times for 15 minutes in PBST, species specific HRP-conjugated secondary 

antibody was applied at a 1:1000-dilution for 2 hours at room temperature, and followed 

by a second set of washes immunoreactive bands were visualized on film after incubation 

with chemiluminescence reagents (Perkin Elmer, NEL602).  

  

 

 

 

H. Enzyme linked immunosorbent assay (ELISA)  
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 hMMP-1, phosphoGSK-3β, and total GSK-3β protein concentrations in mouse 

brain tissue were quantified by ELISA. All measurements were performed on lysates 

according to the manufacturer’s protocol (R&D systems, DMP100; Life Technologies, 

EMS2GSK3P and EMSGSK3T). ELISA exploits antibody technology and chromogenic 

reactions to quantify protein levels.  

 

I. RNAscope fluorescent in situ hybridization combined with  

immunohistochemistry 

   

 hMMP-1 Tg mice and WT littermate controls were sacrificed and their brains were 

removed, fixed in 4% PFA, embedded in paraffin, sliced into 10-µm-thick sections, and 

thaw-mounted onto Super Frost Plus slides (Fisher). FISH was performed according to the 

RNAscope 2.0 Red Fluorescent kit for formalin-fixed, paraffin-embedded brain sections 

(Advanced Cell Diagnostics (ACD)) according to the manufacturer´s instructions. Brain 

sections were dehydrated by 50%, 70%, and 100% ethanol gradually for 5 min, exposed to 

pretreatment 2 solution for 15 min, and incubated with the hMMP-1 probe (accession 

number: NM_001145938.1, manufactured by ACD) for 2 h at 40° C in the HybEZ 

humidified incubator. Following probe hybridization, brain sections were exposed 

sequentially to a series of probe signal amplification steps, rinsed in ACD Wash Buffer (2 

x 2 min) and incubated in reagents after fluorescently labeled probes designed to target the 

red channel associated with hMMP-1 mRNA. Brain sections were washed in PBS (3 x 5 

min) and blocked using normal goat serum for 1 h. Immunohistochemistry was performed 
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using an overnight incubation with a primary antibody against rabbit anti-GFAP (Dako, 

1:200). Alexa Fluor 488-conjugated goat anti-rabbit IgG was applied for 2 h (1:500) and 

slides were washed three times with PBS, counterstained with DAPI, and coverslips were 

mounted with Fluorogel and tris buffer mounting medium (Electron Microscopy Sciences). 

Images were obtained on an Axioplan 2 Zeiss microscope. 

 

J. Matrix metalloproteinase-1 activity assay 

   

 MMP-1 activity was tested using a fluorometric assay (AnaSpec) with a 60-minute 

endpoint reading. Prior to testing, supernatant samples were concentrated 40 times using 3 

kDa cutoff centrifugal filters (VWR). The assay was performed according to the 

manufacturer’s instructions except that the 4-aminophenylmercuric acetate (APMA) 

sample activation step was omitted to permit measurement of endogenous secreted hMMP-

1 activity. The standard curve was generated using recombinant human MMP-1 (R & D 

systems) and was linear within its range (0-8 ng).  

 

K. In vivo magnetic resonance imaging and spectroscopy  

  

 Magnetic resonance imaging (MRI) was performed at the Preclinical Imaging 

Research Laboratory of the Lombardi Comprehensive Center at Georgetown University 

Medical Center on a 7.0 Tesla Bruker horizontal bore Magnetic Resonance Imager run by 

Paravision 5.0 software as previously described (O. Rodriguez et al., 2006). Mice were 

anesthetized using 1.5% isoflurane and 30% nitrous oxide, positioned in a custom-made 
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mouse stereotaxic device with temperature and respiration control and imaged in a 23 mm 

mouse volume coil. Two-dimensional MR anatomical locator images were acquired with 

a T2-weighted RARE protocol with the following parameters: TR: 3000 ms, TE: 24 ms, 

FOV: 2.25 cm, Matrix: 256 x 256, Averages: 4, Slice thickness: 0.5 mm. Magnetic 

resonance spectroscopy (MRS) allowed for the quantification of metabolic biomarkers. We 

used single voxel proton MRS with volume-localized PRESS sequence with the following 

parameters: TE: 20 ms, TR: 2500 ms, averages: 1024, spectral width of 4 kHz, and 512 k 

complex data points and 6 Hz line broadening, using a voxel of 2 mm on edge. The voxel 

was localized on the hippocampus and cortex based on the previously obtained locator 

image. All in vivo peak integrated areas were analyzed by visual inspection using the using 

the LC Model (see http://www.s-provencher.com/pages/lcmodel.html) software.  

 

L. Golgi staining and dendritic spine analysis 

  

 Through a series of chemical reactions random neurons and their processes can be 

visualized with Golgi stain through the sedimentation of silver or its salts (in this case silver 

chromate). Golgi staining was performed on hMMP-1 Tg animals and WT littermate 

controls aged 3-4 months old using FD Rapid GolgiStain kit (FD NeuroTechnologies, Inc.; 

Columbia, Maryland) according to the manufacturer’s instructions. The brains were sliced 

on a vibratome (VT1000S; Leica) at 150 µm. Images of CA1 pyramidal neurons were taken 

in bright field on an Axioplan2 Zeiss microscope at 63X or 100X. Images were coded, and 

dendritic spines counted in a blinded manner similar to previous protocols (Dumanis et al., 

2009). Dendritic branching was assessed in a blinded manner according to previously 
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described methods (Woronowicz et al., 2010). Fully impregnated cerebral somatosensory 

cortical layer IV/V neurons were selected.  Using a Zeiss Axioplan 2 microscope at 40X, 

a blinded investigator imaged multiple focal planes so that each basilar branch could be 

followed in its entirety. For each animal, a total of 15-16 neurons were evaluated to 

determine the number of primary, secondary, tertiary and quaternary branches. 

 

M. Behavioral testing 

  

 Animals were housed in temperature-controlled rooms with a 12-hour light/dark 

cycle. Cages were changed weekly; care was taken not to test animals on the same day as 

when animal facility changed cages. To further minimize confounding results due to stress, 

the mice were handled for 3 consecutive days prior to the start of testing. For all studies, 

the experimenter was blinded to genotype. Mice were permitted a minimum 30-minute 

habituation period to the testing room, and testing was performed at the same time of day 

except where noted. All comparisons were made between male littermates. Animals were 

3-5 months of age at the time of testing.  

 

i. Three-chambered sociability assay.  

 

The social approach assay was slightly modified from previously described 

protocols (Wang et al., 2012). Testing occurred in a 3-chambered apparatus where animals 

were permitted free access to all chambers during testing. The test was divided into two 

phases: habituation and social preference. During the habituation phase test animals were 
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placed in center of apparatus box that contained two identical clear, Plexiglass cylinders 

with multiple holes to allow for air exchange at each end chamber. Animals were monitored 

for 10 minutes. Next, a stimulus mouse (gonadectomized A/J mice, The Jackson 

Laboratory, stock #000646; http://jaxmice.jax.org/strain/000646.html) was placed in one 

cylinder. The time spent in the social or non-social chamber was recorded over a 10-minute 

testing period. Analysis was performed with ANY-Maze (San Diego Instruments, San 

Diego, CA).  

 

ii. Elevated plus maze.  

 

The elevated plus maze was performed by placing mice in the center of the 

apparatus and subsequently monitoring their movements over the course of 5 minutes. The 

plus shaped elevated platform consisted of two closed quadrants (wall height: 12 inches) 

and two open quadrants (no protective wall). Analysis was performed with ANY-Maze 

(San Diego Instruments, San Diego, CA).  

 

iii. Morris water maze.  

 

Hippocampal learning and memory deficits were evaluated using the Morris water 

maze paradigm as previously described (Washington et al., 2012), with additional 

modifications. Specifically, the water maze apparatus consisted of a 4-foot-diameter pool 

(San Diego Instruments, San Diego, CA) filled with opaque water (25° C; colored with 

non-toxic Crayola® white paint). Visual cues were placed on the walls surrounding the 
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pool and a platform (4 inches in diameter) was hidden below the surface of the water (1 

cm). Initial training consisted of four trials per day over four days. Mice were introduced 

into the pool at variable entry points, with every entry point used over the course of the 

day. The location of the platform remained constant throughout training period. The mice 

were given 60 seconds to locate platform. On the fifth day of testing, a probe trial was 

conducted in which the platform was removed over one 60-second trial. Tracking software 

(ANY-Maze; San Diego Instruments, San Diego, CA) was used to record swim speed, total 

distance traveled, distance traveled in platform quadrant, time spent in platform quadrant, 

and platform crossings.  

 

N. Isolation and culture of adult neural progenitor cells (aNPCs) from murine 

hippocampus 

  

For each aNPC preparation, three adult (3-4-month-old) male mice were humanely 

euthanized. The brains were extracted and hippocampi were isolated under a dissecting 

microscope using fine surgical instruments and collected in ice-cold PIPES buffer pH 7.4 

containing 20 mM PIPES, 25 mM glucose, 0.5 M KCl, 0.12 M NaCl (Sigma, St. Louis, 

MO), and 100 U/100 µg/mL Penicillin/Streptomycin solution (Invitrogen, Carlsbad, CA). 

After centrifugation (110 ×g × 5 min), tissue was digested for 40 minutes at 37° C using 

the Papain Dissociation System (Worthington DBA, Lakewood, NJ). The cell suspension 

was placed into 25 cm2 Falcon cell-culture flasks (Thermo Fisher Scientific, Rockville, 

MD) and cultured in growth medium [Neurobasal-A medium containing B27 supplement, 

2 mM L-glutamine (Invitrogen), 10 ng/mL human basic fibroblast growth factor (bFGF-2, 
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PeproTech, Rocky Hill, NJ), 20 ng/mL human epidermal growth factor (EGF, Sigma), 

4 µg/mL heparin sodium salt (Sigma), and 100 U/100 µg/mL Penicillin/Streptomycin]. 

Primary (Passage 1, P1) neurospheres were passaged after 7–9 days in vitro, whereas 

subsequent passages were prepared every 5 DIV. At each passage, cells were plated in a 

T25 flask at a density of 12,000 cells/cm2 in growth medium. P3–P10 neurospheres were 

utilized for experiments. 

 

O. Adult neural progenitor cell differentiation and proliferation 

  

 For evaluation of cell proliferation, dissociated aNPCs were plated onto 

LuminNUNC F96 MicroWell plates (Thermo Fisher Scientific), at a density of 4,000 cells 

per well, in growth medium in presence of a PAR1 inhibitor 1 µM BMS-200261 (Sigma), 

or vehicle for 0 to 72 h, as indicated. Proliferation rates were determined by using the 

CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI), according to the 

manufacturer's instructions. This protocol determines the number of viable cells in culture 

based on quantitation of the ATP present inside the cell. ATP is an indicator of 

metabolically active cells. Briefly, I added CellTiter-Glo® lysing reagent directly to cells. 

The generation of the subsequent luminescent signal was proportional to the amount of 

ATP present. Further, the amount of ATP is directly proportional to the number of cells 

present in culture All experiments were performed in triplicate, and data (expressed as 

counts per second) represent mean ± standard deviation (SD), as indicated. 

 For differentiation experiments, neurospheres were dissociated and plated onto 

laminin-coated chamber slides in Neurobasal-A medium with B27 supplement and 2 mM 
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L-glutamine. At plating, NPCs were treated with vehicle, 1 µM of the PAR1 antagonist 

BMS-200261 trifluoroacetate (Sigma). After 24 h, cells were washed in PBS and fixed with 

ice-cold 4% PFA for 20 min at RT for subsequent immunofluorescence analysis. In each 

experiment, 5 fields/well (corresponding to 100–150 cells/well) were evaluated. All 

experiments were run in triplicate, and experiments were repeated at least three times. Data 

represent the mean value ± SD as noted.  

 

P. Flow cytometry 

  

 Animals were euthanized with CO2 intoxication and immediately perfused with 

PBS. For each experiment, two hippocampi from littermates of the same genotype 

(WT, n = 2; hMMP-1 Tg, n = 2) were microdissected and combined in a 15 mL conical 

tube filled with 10 mL of ice-cold dissection medium (Ca2+ and Mg+ free HBSS, 0.01% 

100 mM Sodium Pyruvate, 0.10% Glucose, and 0.01% 1 M HEPES) and gently washed 2 

times. Dissection medium was aspirated and tissues were incubated in 5 mL of 0.25% 

Trypsin in HBSS plus phenol red (Invitrogen) at 37°C for 10 minutes. Next, 0.5 mL of 1% 

DNase solution was added to tube and incubated on bench for 3 minutes. This volume was 

aspirated and tissue was gently washed 3 times in temperature equilibrated plating medium 

(MEM with Earle's BSS, 10% FBS, 0.45% glucose, 0.01% 100 mM Sodium Pyruvate, 

0.01% 200 mM Glutamine, and 0.01 Penicillin/Streptomycin). Tissues were then triturated 

in 2 mL total volume of plating medium followed by filtration through a 70 µm pore. Cell 

suspension was gently centrifuged and supernatant discarded. Next, cells were resuspended 

in 4% paraformaldehyde/PBS for 15 min with gentle rotation at room temperature. After 
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one wash and centrifugation in PBS, cell membranes were permeabilized in 100% MeOH 

for 10 min at 4° C. Cells were washed 3 times in PBS and incubated overnight in antibody 

solution (Phycoerythrin (PE) conjugated anti-SOX2; 656103, BioLegend, San Diego, CA) 

made up in PBS-TX at 4° C. An aliquot of cells was used as autofluorescence control. 

Incubations were performed at 4° C overnight. Flow cytometric analysis was performed 

with a BD FACS Aria III machine and FCS express software by De Novo. For each of the 

gated populations the percentage and geometric mean fluorescence intensity (MFI) were 

analyzed. 

 

Q. Statistical analyses 

  

 Statistics were performed using Prism 5.0 (GraphPad Software). Individual 

statistical tests are listed in the figure legends as well as the number of samples. A p value 

≤ 0.05 was considered significant and the following structure was applied to the figures in 

this paper **** ≤ p value 0.0001,  *** ≤ p value 0.001, ** ≤ p value 0.01, and * ≤ p value 

0.05.  Bonferroni’s, Dunnett’s or Tukey’s post hoc tests were performed when appropriate 

to correct for multiple hypothesis testing. 
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CHAPTER III: GENERATION AND CHARACTERIZATION OF AN IN VIVO 
MODEL TO STUDY THE EFFECTS OF GLIAL-DERIVED MMP-1 ON NEURONAL 
STRUCTURE 
 

 Astrocytes are highly secretory cells. They respond to neural activity and physically 

cradle neuronal cell bodies, dendrites, and active synapses (Cubelos, Gonzalez-Gonzalez, 

Gimenez, & Zafra, 2005; Halassa et al., 2007; Vijayaraghavan, 2009). Because PAR1 plays 

a critical role in activity dependent synaptic plasticity and MMP-1 is a potent agonist, we 

developed an in vivo system to investigate whether selective overexpression of MMP-1 in 

cells positive for glial fibrillary acidic protein (GFAP) is sufficient to induce cellular and 

behavioral phenotypes consistent with altered plasticity in a PAR1-dependent manner.  

 To address whether an astrocyte-derived protease can exert effects on neighboring 

neurons our lab develpoed a model system to study the effects of astrocyte-derived human 

MMP-1 on cells in the brain. Dr. Conant generated an hMMP-1 transgenic mouse (hMMP-

1 Tg) with the help of the transgenic animal core facility at Johns Hopkins. In this model 

system, hMMP-1 expression is drivien by the mouse GFAP promoter. In the following 

chapter I present several key experiments that were used to validate as well as characterize 

phenotypes found in the animal.  

 

A. Results 

 

i. Generation and characterization human matrix metalloproteinase-1 transgenic mouse 

(hMMP-1 Tg) 
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 The lab engineered a novel mouse to determine whether an increase in glial-derived 

MMP-1 alone is sufficient to induce neuronal structural changes, which may have 

consequences for learning and memory processes in vivo. In our system, the astrocyte 

specific GFAP promoter controls human MMP-1 overexpression (schematic in Fig. 3a). 

Genomic PCR analysis confirms human MMP-1 (hMMP-1) expression in transgenic 

animals but not wild-type (WT) littermates (Fig. 3b). Initial PCR products were sequenced 

and matched against the National Center for Biotechnology Information’s (NCBI) database 

for hMMP-1. Notably, results from quantitative real-time PCR (qRT-PCR) reveal mRNA 

for the murine orthologue of MMP-1, Mmp-1a, is undetectable in both wild type and Tg 

mouse brain (data not shown). The primers detected Mmp-1a transcripts in our positive 

control (primary astrocytes activated with IL-1β). In addition, transcript levels of the 

functionally similar mouse MMP, Mmp-13, do not differ significantly between genotypes 

(data not shown). GFAP immunoreactivity was quantified in hMMP-1 Tg mice and WT 

littermate controls. No significant differences in pixel intensity of GFAP 

immunofluorescent reactivity in the hippocampal region were found (images shown in Fig. 

3c,d; WT and hMMP-1 Tg n = 2, mean pixel intensity (a.u.), ±SEM as follows: WT 

7.94 ± 0.42, hMMP-1 Tg 8.21 ± 0.42).  

 hMMP-1 protein from discrete brain regions was measured in hMMP-1 Tg mice by 

ELISA (Fig. 3e). hMMP-1 is  significantly higher in the cortex, hippocampus, and striatum, 

but not cerebellum of transgenic animals when compared to WT littermate controls (WT 

n=7, hMMP-1 Tg n=8; Mean hMMP-1 protein levels (ng/mg of total protein) in discrete 

brain regions with ±SEM were as follows: Cortex 1.18, ±0.23. p value = 0.00001; 

Cerebellum 4.47, ±2.80, p value = 0.162; Hippocampus 11.71, ±2.29, p value = 0.0005; 
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Striatum 10.96, ±3.22, p value = 0.007). Lastly, to determine whether astrocytes secrete 

the overexpressed protein, supernatants from primary astrocyte cultures derived from 

cortices extracted from WT and hMMP-1 Tg were measured for the presence of hMMP-1. 

A representative image of GFAP-positive primary astrocytes is shown in Fig. 3f (inset). 

hMMP-1 ELISA analysis of astrocyte culture media show that hMMP-1 Tg positive 

astrocytes do release hMMP-1 while this protein was not detected in WT astrocyte 

supernatants (Fig. 3f; WT n=4, levels not detected; hMMP-1 Tg n=4, hMMP-1 mean, SEM: 

17.60 ng/mg of total protein,  ± 4.14; Student’s t-test, p value = 0.005). A fluorogenic 

based substrate assay determined that the secreted hMMP-1 was active in supernatants of 

cultures containing both neurons and astrocytes. No activity was detected in concentrated 

(40X) WT supernatants (duplicate samples from 2 replicate cultures), while activity in 

concentrated (40X) hMMP-1 Tg supernatants (duplicate samples from three replicate 

cultures) is equivalent to 3.75 ±1.28 ng of recombinant hMMP-1. Results are significant 

by Student’s t-test (p value = 0.04). 

 

ii. Concurrent expression of human matrix metalloproteinase messenger ribonucleic acid 

and glial fibrillary acidic protein in situ  

  

 To verify that GFAP positive cells express the transgene, we explored the 

colocalization of hMMP-1 mRNA using fluorescent in situ hybridization (FISH) combined 

with GFAP immunofluorescent chemistry (IFC) in collaboration with Dr. Sonia Villapol 

(Fig. 4). We find that hMMP-1 mRNA is restricted to GFAP positive cells in hMMP-1 Tg 

animals but not WT littermate controls. A low magnification image was taken from 
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hMMP-1 Tg brain with an area of interest in cortex and hippocampus highlighted in white 

(Fig. 4a,b, respectively). Higher magnification views for cortical and hippocampal areas of 

interest are shown in Fig. 4a1-a3 and Fig. 4b1-b3, respectively. Cell morphology indicates 

that double positive cells are most likely astrocytes. Further analysis reveals that cells in 

the dentate granule cell layer (Fig. 4c, low magnification) are positive for both GFAP and 

hMMP-1 mRNA (Fig. 4c1-c3, high magnification). Based on localization in this layer, 

double positive cells could represent astrocytes and/or neural progenitor cells (Valente et 

al., 2015). Lastly, a GFAP positive cell lacking hMMP-1 mRNA in WT littermate control 

brain is presented for comparison in Fig. 4d (low magnification). Higher magnification 

views for the WT hippocampal region of interest, outlined in white, are shown in Fig. 4d1-

d3. Notably, results from quantitative real-time PCR (qRT-PCR) reveal mRNA for the 

murine orthologue of MMP-1, Mmp-1a, is undetectable in both WT and hMMP-1 Tg 

mouse brains (data not shown). The primers detected Mmp-1a transcripts in our positive 

control (primary astrocytes activated with IL-1β). In addition, transcript levels of the 

functionally similar mouse MMP, Mmp-13, do not differ significantly between genotypes 

(data not shown).  

 

iii. Human matrix metalloproteinase-1 transgenic animals displayed deficits in behaviors 

associated with synaptic plasticity 

 

Because MMPs have been implicated in structural changes in dendritic complexity 

and spine number, which have consequences for cognitive processes, we next investigated 

deficits in plasticity-related behaviors. We performed a battery of behavioral assays 
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pertinent to cognitive processes that require activity dependent synaptic plasticity, 

including sociability, anxiety, and hippocampal learning and memory. Notably, disruptions 

in all three of these behavioral domains have been reported animals models of autism and 

autism-related disorders, which have altered spine density and dendritic complexity (Moy, 

Nadler, Magnuson, & Crawley, 2006). In our tests, behavioral assays were performed in 

order from least to most stressful (refer to Fig. 5a for experimental timeline). During 

sociability testing, habituated mice were able to freely explore a three-chambered box that 

contained a social stimulus at one end and a non-social stimulus at the other. Results show 

that hMMP-1 Tg mice display decreased sociability (Fig. 5b). WT animals spent 

significantly more time in the social quadrant (WT n=10, Student’s t-test p = 0.05, 266s 

±25s compared to 196s ±22). In contrast, hMMP-1 Tg animals showed no preference 

toward the social quadrant, (hMMP-1 Tg n=14, Student’s t-test p = 0.18, 256s ±22s 

compared to 215s ±20s).  

Next, we examined performance on the elevated plus maze (EPM). This assay has 

been pharmacologically proven to measure anxiety in mice (Lister, 1987). We find that 

hMMP-1 Tg animals enter the open arm of the maze more times that WT littermate controls 

(Fig. 5c; WT n=12, hMMP-1 Tg n=15; 18 ±1.7 compared to 12 ±1.5, Student’s t-test p 

value = 0.01). Additionally, hMMP-1 Tg animals spent significantly more time in the open 

quadrant than WT controls as shown in Fig. 5d (88s ±10 compared to 57s ±10, Student’s 

t-test p value = 0.04).  

 To test hippocampal-dependent spatial memory deficits, we utilized the Morris 

water maze task (WT n = 11; hMMP-1 Tg n = 15). During the training phase, animals were 

trained to find an invisible platform in a pool of opaque water for four trials over four days. 
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The latency to platform was recorded. On the fifth day (probe trial), the invisible platform 

was removed and time and distance traveled in the quadrant that previously housed the 

platform was recorded. Notably, both groups were able to perform the task as no significant 

differences were observed during training, which indicates appropriate training efficiency 

(Fig. 6a; ANOVA, p value ≥ 0.05). Additionally, we report in Fig. 6b,c that both swim 

speed (WT 0.26 cm/s ±0.01 compared to hMMP-1 Tg 0.24 cm/s ±0.01) and total distance 

traveled (WT 15.82 m ±0.53 compared to hMMP-1 Tg 14.23 m ±0.66) during the probe trial 

did not differ between groups (Student’s t-test p value ≥ 0.05). These three control 

measures suggest that hMMP-1 Tg animals do not display motor impairments and/or task 

induced anxiety that would prevent accurate interpretation of the experimental results. We 

find a trend toward decreased path efficiency (Fig. 6d; WT 0.54, ±0.09 compared to 

hMMP-1 Tg 0.34, ±0.06; Student’s t-test p value = 0.07) and crossings by the hMMP-1 Tgs 

in the area that formerly housed the platform (Fig. 6e; WT 5.0, ±0.73 compared to hMMP-

1 Tg 3.5, ±0.5; Student’s t-test p value = 0.09). 

 Consistent with these results, data from the probe trial, which is 24 hours after the 

last training session and measures memory, reveal hMMP-1 Tg animals travel significantly 

less distance in the quadrant that formerly housed the hidden platform (Fig. 6f; WT 

5.49 m ±0.35 compared to hMMP-1 Tg 3.86 m ±0.35; Student’s t-test *p value = 0.01). As 

expected, hMMP-1 Tg animals also spend significantly less time in the quadrant that 

formerly housed the hidden platform (Fig. 6g; WT 21.36 s±1.81 compared to hMMP-1 Tg 

15.48 s ±1.64; Student’s t-test p value = 0.03). Time spent in each quadrant on probe trial 

day is shown for WT (Fig. 6h; probe quadrant: 5.03 s ±0.60, quadrant 2: 

2.34 s ±0.32, quadrant 3: 2.99 s ±0.57, quadrant 4: 3.25 s ±0.41; ANOVA, p value ≤ 0.05) 
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and hMMP-1 (Fig. 6i; probe quadrant: 3.86 s ±0.35, quadrant 2: 2.30 s ±0.18, quadrant 

3: 3.17 s ±0.31, quadrant 4: 4.05 s ±0.32; ANOVA, p value ≤ 0.05). 

 

iv. Human matrix metalloproteinase-1 transgenic animals show changes in brain 

metabolites relevant to astrogliosis as determined by in vivo magnetic resonance 

spectroscopy imaging 

 

 In our model, astrocytes secrete hMMP-1, which could influence varied cell 

populations in addition to neurons. Therefore, we examined specific brain metabolites 

including myo-Inositol because these levels increase in the setting of glial activation 

(Fowler, Volkow, Kassed, & Chang, 2007). To evaluate regional changes in metabolites, 

we use in vivo MRS to analyze both hippocampal and cortical regions of hMMP-1 Tg mice 

and WT littermate controls (region of interest depicted in Fig. 7a). We find a significantly 

higher level of myo-Inositol in hMMP-1 Tg brains when compared to WT littermate 

controls. Metabolite levels from in vivo 1H MR spectra analysis, are normalized to total 

creatine (Fig. 7a,b) (mean, ±SEM are as follows: total choline (glycerophosphocholine + 

phosphocholine): WT 0.594, ±0.066, hMMP-1 Tg 0.602, ±0.050; taurine: WT 0.334, 

±0.078, hMMP-1 Tg 0.340, ±0.032; myo-Inositol: WT 0.347, ±0.042, hMMP-1 Tg 0.472, 

±0.058; glutamate + glutamine: WT 0.420, ±0.042, hMMP-1 Tg 0.475, ±0.040. Statistics: 

ANOVA with Bonferonni multiple comparisons post-tests; p value ≤ 0.05). These results 

suggest that hMMP-1 secreted from GFAP positive cells may be acting on astrocytes 

and/or microglia in addition to neurons.  
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v. Human matrix metalloproteinase-1 transgenic animals display dendritic changes 

indicative of structural remodeling at the synapse 

 

 To investigate whether astrocyte-derived hMMP-1 induces change in neuronal 

structure in vivo, we performed a Golgi impregnation protocol on whole brains from 

MMP-1 Tg and WT littermate controls to visualize dendritic arbors as well as dendritic 

spines. hMMP-1 Tg animals have a significant, but small, increase in spine density in 

apical dendrites of CA1 pyramidal neurons (Fig. 7c; average spines/10 µm dendritic 

section with ±SEM: WT 1.01, ±0.03, n = 56 dendrites; hMMP-1 Tg 1.13, ± 0.03, n = 80 

dendrites; Student’s t-test *p value = 0.02). hMMP-1 Tg also display enhanced dendritic 

complexity in secondary and tertiary dendritic branches in pyramidal neurons of layer 

IV/V of somatosensory cortex (Fig. 7d; hMMP-1 Tg and WT n = 3 animals, 27 neurons; 

mean followed by ±SEM: WT primary 5.33 ± 0.22, secondary 6.70 ± 0.41, tertiary 

3.41 ± 0.63, quaternary 0.30 ± 0.14; hMMP-1 Tg primary 5.48 ± 0.26, secondary 

8.60 ± 0.42, tertiary 5.41 ± 0.66, quaternary 0.96 ± 0.28; ANOVA, *p value ≤ 0.05). 

These results suggest that overexpression of hMMP-1 in GFAP positive cells stimulates 

an increase in spine density as well as more complex dendritic branching in vivo. 

B. Summary 

  

 This chapter highlights results from the generation of an in vivo model with which 

to study MMP-1 overexpression in GFAP positive cells in the mouse brain. MMP-1 is 

highly expressed by activated astrocytes, and when activated, astrocytes secrete 

neuroactive factors that may have consequences for neuronal structure and function. We 
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report that the hMMP-1 expression is restricted to GFAP positive cells and that active 

hMMP-1 protein is secreted from astrocytes in culture. Moreover, several discrete brain 

regions show high expression including cortex, striatum, and hippocampus. The hMMP-1 

Tg exhibits several phenotypes associated with altered plasticity. Behaviorally, the animal 

shows decreased anxiety as well as deficits in sociability and learning and memory. Similar 

behaviors have been found in models of autism where there are increases in dendritic 

branching and spine number. The transgenic animals also display similar cellular 

phenotype. Results from Golgi impregnation protocol reveal that there is an increase in 

branching in secondary and tertiary branches from pyramidal neurons in the cortex as well 

as an increase in spine number in pyramidal neurons of the CA1 region of the hippocampus.  
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Figure 3: Generation and characterization of human MMP-1 transgenic mouse 
(hMMP-1 Tg). 

 

A schematic diagram of the construct used for pronuclear injections is shown in (a). The murine 
GFAP promoter drives human MMP-1 expression in the transgenic model. To verify transgene 
presence, hMMP-1 was amplified by genomic PCR and a representative result is shown in (b). GFAP 
immunofluorescent reactivity in WT and hMMP-1 Tg brains are shown in (c,d) GFAP (Green), DAPI 
(blue). Mean hMMP-1 protein levels (ng/mg of total protein) in discrete brain regions were measured 
by ELISA and are quantified in (e). hMMP-1 levels in WT (n = 7) brain regions are not detected. 
Mean and ±SEM for hMMP-1 Tg (n = 8) brain regions: Cortex (CTX) 1.18, ±0.23; Cerebellum 
(CBL) 4.47, ±2.80; Hippocampus (HP) 11.71, ±2.29; Striatum (STR) 10.96, ±3.22 (Student’s t-test; 
***p value ≤ 0.001, **p value ≤ 0.01, ns denotes a p value > 0.05). To ensure that astrocytes secrete 
hMMP-1, supernatants from primary astrocyte cultures were tested for the presence of hMMP1 by 
ELISA in (f) (WT n = 4, levels not detected; hMMP1 Tg n = 4, hMMP-1 mean, ±SEM: 17.60 ng/mL, 
±4.14; Student’s t-test, **p value = 0.005. The inset contains a representative image of cultured 
cortical astrocytes; GFAP immunocytochemistry confirmed 95% of the cells were GFAP positive. 
Scale bars = 200 µm (c), 100 µm (d), 25 µm (f). 
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Figure 4: Concurrent expression of hMMP-1 mRNA and GFAP protein. 
 Brain coronal sections were assayed for the presence of hMMP-1 mRNA (red), GFAP 

protein (green), and DAPI nuclei (blue) in hMMP-1 Tg and WT animals. We highlight 
several regions of interest (a–d). Low magnification images show the distribution of cells 
that concurrently express hMMP-1 mRNA as well as GFAP protein in hMMP-1 Tg mouse 
brain (a–c). White boxes (a–d) indicate the region of interest for high power views. These 
high magnification views show cortical GFAP positive astrocytes with a hMMP-1 mRNA 
signal (a1–a3), and a stereotypical astrocytic foot process surrounding a blood vessel in 
the hippocampus that expresses both GFAP and hMMP-1 mRNA (b1–b3). Lastly, GFAP 
positive cells expressing hMMP-1 mRNA in the hippocampal dentate gyrus are also shown 
(c1–c3). Notably, hMMP-1 mRNA is not present in WT littermate control brain (d), GFAP 
positive cells lacking hMMP-1 mRNA are shown in (d1–d3). Scale bars: 200 µm (a,b,d), 
50 µm (c), and 20 µm (a1–a3, b1–b3, c1–c3, d1–d3). 
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Figure 5: hMMP-1 Tg animals exhibit deficits in behaviors associated with synaptic 
plasticity. 
 

 

 

A schematic diagram (a) of an experimental timeline showing behavioral tests performed in 
order of low to high stress. Sociability testing reveals hMMP-1 Tg show no significant 
preference for social stimulus as compared to WT littermate controls (b) (WT n = 10, Student’s 
t-test *p value = 0.05; hMMP-1 Tg n = 14, Student’s t-test p value = 0.18), elevated plus maze 
results show decreased anxiety as noted by significantly more entries into the open arm region 
of the apparatus (c) (WT n = 12, hMMP-1 Tg n = 15; Student’s t-test *p value = 0.01) as well 
as (d) time spent in the open arm relative to the total time of the test (Student’s t-test 
*p value = 0.04). 
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Figure 6: MMP-1 Tg animals display deficits in learning and memory on the Morris 
water maze. 

 

Results from Morris water maze testing (WT n = 11; hMMP-1 Tg n = 15) are presented in (a–
i). (a) We find no statistical differences in the latency to locate the hidden platform during 
training (a) (4 trials administered for 4 consecutive days) suggesting both groups were able to 
perform task and indicating an appropriate level of training (2-way ANOVA p value > 0.05). On 
the fifth day, the hidden platform was removed and several endpoints were measured. Swim 
speed (b) and total distance travelled (c) during the probe trial are not significantly altered 
between the WT and hMMP-1 Tg suggesting that motor impairments do not account for 
differences observed during probe trial (Student’s t-test p value > 0.05). hMMP-1 Tg exhibited 
decreased path efficiency (d) (Student’s t-test p value = 0.07) as well as crossings over the area 
that formerly housed the platform (e) (Student’s t-test p value = 0.09). Notably, hMMP-1 Tg 
animals travel significantly less in the quadrant that formerly housed the invisible 
platform (f) (Student’s t-test **p value = 0.01) and spend less time in this 
quadrant (g) (Student’s t-test *p value = 0.03) when compared to WT littermate controls. Times 
spent in all quadrants during the probe trial, which tests reference memory, are presented for WT 
animals in (h) and hMMP-1 Tg animals in (i). 
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Figure 7: Increased levels of the glial activation marker, myo-inostiol (m-Ins), 
coincide with changes in neuronal morphology. 

 

 

We show a representative image of a mouse brain highlighting the region of interest analyzed for 
metabolite levels (a, inset, pink box) by in vivo 1H MR. Comparisons in spectra from hMMP-1 Tg (n = 
6) and WT (n = 6) were normalized to total creatine (a&b). (Mean, ±SEM are as follows: Cho WT 0.59, 
±0.07, hMMP-1 Tg 0.60, ±0.05; Tau WT 0.33, ±0.08, hMMP-1 Tg 0.34, ±0.03; myo-I WT 0.35, ±0.04, 
hMMP-1 Tg 0.47, ±0.06; Glu/Gln WT 0.42, ±0.04, hMMP-1 Tg 0.48, ±0.04. Statistics: 2-way ANOVA 
with Bonferoni’s post-test; p value = 0.03.  Abbreviations: Cr, creatine; PCr, phosphocreatine; Glu, 
glutamate; Gln, glutamine; m-Ins, myo-Inositol; Tau, taurine; GPC, glycerophosphocholine; PCH, 
phosphocholine). To examine neuronal morphology in vivo, the Golgi impregnation technique was 
performed. We find increased spine density on apical dendrites of CA1 hippocampal pyramidal cells in 
hMMP-1 Tg when compared to WT littermate controls (d) (WT n = 56 dendrites from 15 neurons per 
animal from 4 animals, excluded 4 dendrites because out of focus; hMMP1 Tg n = 80 dendrites from 
16 neurons per animal from 5 animals; Mean followed by ±SEM: WT 1.01 ±0.03, hMMP-1 Tg 1.13 
±0.03; Student’s t-test *. p value = 0.02). Also, hMMP-1 Tg animals exhibited a significantly higher 
number of secondary and tertiary dendrites from pyramidal neurons in layer IV/V of the somatosensory 
cortex (hMMP1 Tg n = 3 animals and WT n = 3 animals; mean followed by ±SEM: WT primary 5.33 
±0.22, secondary 6.70 ±0.41, tertiary 3.41 ±0.63, quaternary 0.30 ±0.14, hMMP-1 Tg primary 5.48 
±0.26, secondary 8.60 ±0.42, tertiary 5.41 ±0.66, quaternary 0.96 ±0.28; ANOVA, * p value ≤ 0.05). 
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CHAPTER IV: MMP-1 INDUCED ACTIVATION OF PAR1 INCREASES 
COMPLEXITY OF DENDRITIC ARBOR IN HIPPOCAMPAL NEURONS  
 

 Astroglial membranes surround axon to dendrite synapses in the hippocampus 

(Verkhratsky & Nedergaard, 2014). Given this close physical proximity, researchers have 

long hypothesized that astrocyte-derived factors possess the capacity to influence dendritic 

spine structure and function. Astrocytes secrete high levels of proteolytic MMP enzymes 

(Vos et al., 2000), yet very little is known about the neuronal structural changes following 

exposure to MMP-1. Results from the Golgi stain suggest that overexpression of hMMP-1 

in the animal exert influence over neuronal structure (see Fig. 7 c & d). Experiments 

highlighted in this chapter aim to elucidate whether hMMP-1 influences neuronal 3-D 

structure and identify the mechanism of action. Moreover, Ca2+ flux is measured given that 

Ca2+ influx regulates dendritic patterning and previous evidence has shown that increases 

in intracellular Ca2+
 activate transcription factors, including CAMKIV, to play a role in 

overall dendritic growth and patterning (Redmond, Kashani, & Ghosh, 2002; Wong & 

Ghosh, 2002). Locally, Ca2+ also affects dendritic stability by acting on proteins that 

regulate the rearrangement of actin and microtubules (Hall & Nobes, 2000; Wu & Cline, 

1998).  

 To address whether MMP-1 induces structural rearrangement in primary 

hippocampal neurons, we applied hRecMMP-1 (8 nM) to hippocampal neuron-enriched 

cultures and investigated differences in dendritic tree morphology at DIV14 using Sholl 

analysis. To investigate whether hRecMMP-1 treatment increased Ca2+ flux, we performed 

live cell Ca2+ imaging on primary cultures enriched for hippocampal neurons at DIV18 that 

were incubated with a fluorescent Ca2+ indicator dye (1 µM, Fluo-4 AM). After capture of 
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a long baseline, cells were treated with 40 nM hRecMMP-1 and then 50 mM KCl quickly 

depolarizes neurons and permits flux of Ca2+ into the cell. This acted as a positive control 

to ensure cells in culture were alive and had the capacity to demonstrate Ca2+ flux. 

 Lastly, the potential for MMPs to act on specific targets depends on several factors 

including substrate availability and proximity. MMP-1 is most active at the cell surface 

(Dumin et al., 2001) and is a potent agonist for cell surface PAR1. Interestingly, PAR1 has 

been found in synaptosomal preparations, which most likely includes PAR1 located on 

astrocytic processes that cradle synapses as well as pre- and post-synaptic neuronal 

membranes (Shavit, Michaelson, & Chapman, 2011). To interrogate the role the MMP-

1/PAR1 signaling pathway plays in dendritic arborization, we derived neuron-enriched 

cultures from MMP-1 Tg and WT animals. These cells were treated with DMSO vehicle 

control or a PAR1 inhibitor (SCH79797; SCH). To investigate whether the MMP-1/PAR1 

axis is also involved in Ca2+ flux, which may influence dendritic arbor patterning, we 

performed live cell Ca2+ imaging with cultures enriched for neurons derived from PAR1 

KO pups at DIV18. 

 

A. Results 

i. Human recombinant matrix metalloproteinase-1 application increases dendritic tree 

complexity as well as intracellular Ca2+  in primary culture 

  

 Representative images of neurons treated with PBS vehicle control or hRecMMP-

1 and immunofluorescently labeled with MAP2 antibody are shown in (Fig. 8a, top). 

Images were then digitized with NeuronJ and Neuronstudio software (Fig. 8a, bottom) and 
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analyzed with the semiautomated open source Bonfire MATLAB program (Kutzing et al., 

2010). hRecMMP-1 treatment significantly increases the number of dendritic crossings 

from 9 um to 72 um away from the cell soma (Fig. 8b) (PBS veh n=20, hRecMMP-1 n=20, 

ANOVA with Bonferroni’s multiple comparisons post-tests, p value ≤ 0.01). These results 

suggest that application of hRecMMP-1 stimulates a more complex dendritic arrangement 

within 100 um of the cell soma.  

 Representative Fluo-4 AM fluorescent images captured during application of 

control buffer, 40 nM hRecMMP-1, and 50 mM KCl are presented in Fig. 8c. Ca2+ traces 

for individual neurons from one experiment are shown in Fig. 8d and a representative trace 

is highlighted in red. The mean peak of ΔF/F0 Ca2+ responses is quantified Fig. 8e (n = 297 

cells per condition; mean, ± SEM from 7 experiments as follows: Ctrl 0.15 ± 0.01, 

hRecMMP-1 2.51  ± 0.06, KCl 5.05  ± 0.43; ANOVA with Bonferroni’s multiple 

comparisons post tests, **** p value ≤ 0.0001). Our results show that 84% of KCl 

responsive cells also respond to hRecMMP-1 with a sharp Ca2+ flux whereas 16% of KCl 

responsive cells did not respond to hRecMMP-1 treatment. To ensure that cells were 

responding to enzymatically active hRecMMP-1 with an increase in Ca2+, heat inactivated 

hRecMMP-1 (HI-hRecMMP-1, 40 nM) was administered in addition to control buffer and 

KCl. These results are quantified in Fig. 8f (n = 60 cells per condition; mean, ± SEM from 

2 experiments as follows: Ctrl 0.04 ± 0.01, HI-hRecMMP-1 0.06  ± 0.01, KCl 1.15 ± 0.11; 

ANOVA with Bonferroni’s multiple comparisons post-tests, significant **** p value ≤ 

0.0001 and non-significant p value ≥ 0.05). Analysis of the non-neuronal cell population 

in cultures reveals that 10.86% of KCl non-responsive cells responded to hRecMMP-1 

stimulation (n = 5 experiments, 66 cells out of 608 responded to hRecMMP-1 but not KCl). 
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ii. Pharmacological inhibition and genetic deletion of protease activated receptor 1 reverse 

human recombinant matrix metalloproteinase-1 effects on neuronal morphology and Ca2+ 

flux 

  

 Subsequent analysis show that neurons cultured from MMP-1 Tg animals have 

significantly increased number of intersections from 0 um to 90 um from cell soma when  

compared to MMP-1+SCH, WT+SCH, and WT+DMSO groups (Fig. 9a,b,c) (MMP-1 

Tg+DMSO n=20 neurons, MMP-1 Tg+SCH n=20 neurons, WT+SCH n=20 neurons, 

WT+DMSO n=20 neurons; ANOVA with Dunnett’s post-tests, p value ≤ 0.01). Our results 

suggest MMP-1 activation of PAR1 is responsible for the increased dendritic complexity 

because MMP-1 Tg neurons treated with the PAR1 inhibitor do not significantly differ 

from WT neurons. Notably PAR1 inhibition does not affect the results of Sholl analysis in 

WT group suggesting aberrant over activation of the receptor as seen in the MMP-1 Tg 

group is required for the morphological change.  

 Representative images taken during the application of control, 40 nM hRecMMP-

1, and 50 nM N-methyl-D-aspartate (NMDA) are shown in Fig. 9d. The mean peak of 

ΔF/F0 Ca2+ responses from each cell is quantified in Fig. 9e (N=65 cells per each condition, 

normalized mean, SEM: Ctrl 0.39 ± 0.04, hRecMMP-1 0.17 ± 0.03, NMDA 1.90 ± 0.22; 

ANOVA with Bonferroni’s multiple comparisons post tests, *** p value ≤ 0.001 and **** 

p value ≤ 0.0001). NMDA was used as a positive control in these experiments as it quickly 

depolarizes neurons and permits flux of Ca2+ into the cell. Ca2+ traces for individual neurons 

from one experiment are shown in gray and a representative trace is highlighted in red (Fig. 
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9f). We find that genetic deletion of the GPCR PAR1 prevents the hRecMMP-1-mediated 

increase in Ca2+ in 95% of NMDA responsive cells. Five percent of NMDA responsive 

cells responded to treatment with an increase in Ca2+
 suggesting that MMP-1 acts on a 

small subset of cells through a PAR1 independent pathway.   

 

iii. Evidence supporting protease activated receptor 1 activation in human matrix  

metalloproteinase transgenic animals 

  

 To address the question of increased PAR1 GPCR signaling in hMMP-1 Tg 

animals, we examined protein levels of PAR1 in cortical/hippocampal lysates.  It has been 

shown that following activation (i.e. tethered ligand binding), PAR1 is rapidly internalized 

with only 25% trafficked back to the cell membrane (Hoxie et al., 1993). Moreover, in a 

disease model with increased PAR1 signaling in the lung, receptor protein levels are 

decreased (Atzori et al., 2009). Consistent with receptor activation, PAR1 protein levels 

are significantly decreased in cortical/hippocampal lysates from hMMP-1 Tg when 

compared to WT littermate controls as shown by Western blot analyses (Fig. 10a,b; WT n 

= 4, hMMP-1 Tg n = 4; mean followed by ±SEM: WT 1.16 a.u. ±0.10, hMMP-1 Tg 0.81 

a.u. ±0.10; Student’s t-test, * p value = 0.03).  

 PAR1 signaling may contribute to altered dendritic spine density through β-

arrestin-mediated activation of GSK-3β (Lin & Trejo, 2013). GSK-3β activation through 

dephosphorylation of serine 9 has been linked to an increase in thin dendritic spines on 

hippocampal neurons and PAR1 signaling (Eto, Kouroedov, Cosentino, & Luscher, 2005; 

Kondratiuk et al., 2016). To determine whether GSK-3β activity is increased in the hMMP-
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1 Tg mice, we tested hippocampal lysates for serine 9 phosphorylated and total GSK-3β 

levels by ELISA. Results in Fig. 10c,d show that compared to WT mice, hMMP-1 Tg mice 

display no change in total GSK-3β protein but have a significant decrease in 

phosphorylated GSK-3β; indicative of increased GSK-3β activity with hMMP-1 

overexpression (Cohen & Frame, 2001) (Total GSK-3β: WT n = 17, hMMP-1 Tg n = 21, 

mean ng/mg of total protein followed by ±SEM: WT 1.00 ±0.10, hMMP-1 Tg 0.94 ±0.07; 

Student’s t-test, p value = 0.62; pGSK-3β: WT n = 14, hMMP-1 Tg n = 21, mean followed 

by ±SEM: WT 1.00 ±0.06, hMMP-1 Tg 0.77 ±0.05; Student’s t-test, * p value = 0.01). 

 

B. Summary 

  

 Results from our previous studies revealed that overexpression of hMMP-1 in 

GFAP positive cells provoked changes in the spine number of hippocampal CA1 pyramidal 

neurons and dendritic branching of cortical pyramidal cells. An open question remained as 

to how astrocyte-derived hMMP-1 was enacting change on neighboring neurons in vivo. 

To parse out the mechanism, we applied recombinant hMMP-1 to primary cultures 

enriched for neurons. First, we found that application of exogenous hRecMMP-1 to these 

cultures also increased dendritic complexity. We also found that hRecMMP-1 increased 

Ca2+ flux within these cells. As mentioned earlier in the chapter, increase in intracellular 

Ca2+ can influence dendritic rearrangement. The increase in dendritic complexity and Ca2+ 

flux due to hRecMMP-1 application was dependent on PAR1 activation because inhibition 

of PAR1 activation with SCH79797 blocked both the increase in dendritic complexity and 

intracellular Ca2+.  
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 We found evidence of PAR1 activation in the hMMP-1 Tg mice Consistent with 

the role of the MMP-1/PAR1 signaling axis in structural rearrangement of neurons. 

Proteolytic cleavage irreversibly activates the receptor, which initiates receptor 

internalization and degradation. Therefore, in the animal we expected to see decreased 

protein levels for PAR1. Indeed, when we analyzed hippocampal/cortical lysates for the 

presence of PAR1 protein, we found significantly less in the transgenic animal where we 

constitutively overexpress MMP-1, a potent PAR1 activator. PAR1 has been shown to 

signal via G-protein independent mechanisms. Yet, it remains unclear if PAR1 can signal 

through noncanonical β-arrestin-mediated mechanism. However, PAR1 and PAR2 can 

dimerize to enact signaling and PAR2 has been shown to activate G-protein independent 

β-arrestin-mediated signaling.  Interestingly, we found significantly higher GSK-3β 

activity in lysates from hMMP-1 Tg animals when compared to WT littermate controls. 

Noncanonical β-arrestin-mediated signaling has been shown to activate this kinase that 

plays a role in spine number.  



 52 

Figure 8: Application of hRecMMP-1 increases dendritic tree complexity as well 
as intracellular Ca2+ in primary culture. 
 
Immunocytochemical (ICC) labeling of hippocampal neuronal cytoskeleton with MAP2 antibody 
was performed to visualize cell morphology of neurons at DIV14, and representative images are 
shown in (a): PBS vehicle control and hRecMMP-1 (8 nM) treated (scale bar = 25 µm). Digitized 
traces used for Sholl analysis for each corresponding neuron are shown below ICC images. 
Results from Sholl analysis reveal hRecMMP-1 treatment significantly increases the number of 
intersections at all distances from 9 µm–72 µm away from soma (PBS Veh n = 20 neurons, 
hRecMMP-1 n = 20 neurons; ANOVA with Bonferroni’s multiple comparisons post-test, 
**p value ≤ 0.01) (b). To investigate Ca2+ flux, live cell imaging was performed on cultures 
enriched for neurons at DIV18. Representative Fluo-4 AM fluorescent images captured during 
application of control buffer, 40 nM hRecMMP-1, and 50 mM KCl are shown in (c). Individual 
Ca2+ traces for each neuron from one representative experiment are shown in (d) with a single 
neuronal response highlighted in red. We quantify peak ΔF/F0 Ca2+ responses in (e) (n = 297 cells 
per condition; mean, ±SEM as follows: Ctrl 0.15 ± 0.01, hRecMMP-1 2.51 ± 0.06, KCl 
5.05 ± 0.43; ANOVA with Bonferroni’s multiple comparisons post tests, ****p value ≤ 0.0001). 
Heat inactivated hRecMMP-1 (HI-hRecMMP-1, 40 nM) was administered in addition to control 
buffer and 50 mM KCl, and quantified peak ΔF/F0 Ca2+ responses are shown in (f) (n = 60 cells 
per condition; mean, ±SEM as follows: Ctrl 0.04 ± 0.01, HI-hRecMMP-1 0.06 ± 0.01, KCl 
1.15 ± 0.11; ANOVA with Bonferroni’s multiple comparisons post-tests, 
significant p value ≤ 0.0001 and non-significant p value ≥ 0.05). 
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Figure 9: PAR1 inhibition and genetic deletion reverse MMP-1 induced effects on 
neuronal morphology and Ca2+ flux. 
 Representative images from neurons cultured from hMMP-1 Tg and WT animals treated with 
DMSO vehicle control or a PAR1 inhibitor (SCH79797; SCH) after immunofluorescent labeling of 
neuronal cytoskeleton with MAP2 antibody at DIV14 (a,b). The digitized trace used for Sholl 
analysis for each corresponding neuron is shown below. Results from Sholl analysis reveal that 
neurons cultured from hMMP-1 Tg animals have a significantly increased number of intersections 
from 0 µm to 90 µm from cell soma when compared to hMMP-1 Tg + SCH, WT + SCH, and 
WT + DMSO groups (c) (hMMP-1 Tg + DMSO n = 20 neurons, hMMP-1 Tg + SCH n = 20 neurons, 
WT + SCH n = 20 neurons, WT + DMSO n = 20 neurons; ANOVA with Dunnett’s post-tests, 
**p value ≤ 0.01). To measure Ca2+ flux, live cell calcium imaging was performed on cultures 
enriched for neurons derived from PAR1 KO pups at DIV18 (d,e). We recorded during application 
of control, 40 nM hRecMMP-1, and 50 nM NMDA. Representative still images taken during 
application are shown in (d). The mean peak of ΔF/F0 Ca2+ responses from each cell is quantified 
in (e) (N = 65 cells per each condition, normalized mean, SEM: Ctrl 0.39 ± 0.04, hRecMMP-1 
0.17 ± 0.03, NMDA 1.90 ± 0.22; ANOVA with Bonferroni’s multiple comparisons post tests, 
***p value ≤ 0.001 and ****p value ≤ 0.0001). Calcium traces for individual neurons from one 
experiment are shown in gray and a representative trace is highlighted in red (f). 
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Figure 10: PAR1 is activated in hMMP-1 Tg animals. 
 
Western blot analysis shows PAR1 protein levels in cortical/hippocampal lysates. A 
representative image of the western blot is shown (a). Quantification with densitometry is 
shown in (b) (WT n = 4, hMMP-1 Tg n = 4; mean followed by ±SEM: WT 1.16 ± 0.10, hMMP-
1 Tg 0.81 ± 0.10; Student’s t test, *p value = 0.03). Results in (c,d) show that GSK-3β activity 
is increased in mice that overexpress hMMP-1. We assayed hippocampal lysates and detected 
total GSK-3β and phospho-GSK-3β at serine 9 by ELISA. Decreased phosphorylation at serine 
9 activates the kinase (Total GSK-3β: WT n = 17, hMMP-1 Tg n = 21, mean followed by ±SEM: 
WT 1.00 ± 0.10, hMMP-1 Tg 0.94 ± 0.07; Student’s t test, p value = 0.62; pGSK-3β: WT 
n = 14, hMMP-1 Tg n = 21, mean followed by ±SEM: WT 1.00 ± 0.06, hMMP-1 Tg 0.77 ± 0.05; 
Student’s t test, *p value = 0.01). 
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CHAPTER V: MMP-1 INDUCED ACTIVATION OF PAR1 IN ADULT 
HIPPOCAMPAL NEUROGENESIS 
 

 Newborn neurons that are generated in the dentate gyrus (DG) of the adult 

hippocampus are increasingly appreciated as potential effectors of cognitive flexibility, 

pattern separation, and spatially precise search strategies (Garthe, Huang, Kaczmarek, 

Filipkowski, & Kempermann, 2014; Ming & Song, 2011; Swan et al., 2014). These new 

born neurons undergo a period of dendrite overgrowth and subsequent pruning, indicative 

of a high degree of plasticity (Goncalves et al., 2016). While numerous stimuli modulate 

adult neurogenesis, it’s curious that several contexts characterized by an increase in 

progenitor cell proliferation also associate with an increase in MMP levels and enzymatic 

activity (Asahi et al., 2000; Cao et al., 2014; Hisaoka-Nakashima et al., 2015). Perhaps 

more compelling are the previous studies that implicate MMP activity in the proliferation 

of neural progenitors (Wojcik-Stanaszek et al., 2011).  The role specific MMP family 

members play in aNPC proliferation has not been well studied. 

 Localization and expression patterns of PAR1 point to the receptor’s potential as a 

substrate of MMP activity during plasticity processes associated with adult neurogenesis. 

The receptor is highly expressed in the DG and in both neurons and glial cells (Han et al., 

2011; Striggow et al., 2001). Moreover, PAR1-dependent signaling has been linked to 

increases in the function of NMDARs thought to play a role in neurogenesis as well as to 

increased release of soluble factors that enhance cell proliferation (Blackburn & 

Brinckerhoff, 2008; Han et al., 2011; Mazor et al., 2013). 

 MMP-1 dependent activation of PAR1, however, has not been well explored with 

respect to adult neurogenesis. Notably, neural stem/progenitor cells express GFAP (Garcia, 
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Doan, Imura, Bush, & Sofroniew, 2004). Thus, experiments discussed in this chapter take 

advantage of the unique mouse model in which human MMP-1 is expressed under the 

control of a GFAP promoter to examine the MMP-1/PAR1 axis in adult hippocampal 

neurogenesis. To investigate this, adult neural progenitor cells (aNPCs) were cultured from 

hMMP-1 Tg mice.  Cell proliferation was measured with and without inhibiting PAR1. 

Results reveal that activation of the MMP-1/PAR1 axis can increase both progenitor cell 

proliferation and neuronal fate specification.   

 

A. Results 

 

i. Adult neural progenitor cells from human matrix metalloproteinase- transgenic animals 

proliferate significantly more than adult neural progenitors cultured from wild-type 

littermate controls 

  

 aNPCs were harvested and cultured from WT and hMMP-1 Tg animals. hMMP-1 

protein was found in supernatants taken from hMMP-1 Tg cultures (Fig. 11a). Cell 

proliferation was subsequently observed as a function of time in culture in aNPC culture 

from both genotypes. Interestingly, aNPCs from Tg animals showed enhanced 

proliferation, when compared to WT, at 24, 48, and 72 h time points (Fig. 11b). Results 

shown are mean ± standard deviation (SD) from four replicate wells per genotype and are 

representative of an experiment performed with different aNPC preparations (ANOVA; ∗𝑝 

< 0.05; ∗∗𝑝 < 0.01). The fold increase from WT control (0 h) is shown (baseline counts per 

second (CPS) values were 51,881 ± 10,394 for WT and 51,422 ± 10,473 for hMMP-1 Tg). 
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Interestingly, cell viability in WT and Tg cultures did not differ (mean percentage  ± SD 

of viable cells: WT: 88.8 ± 2.3, 𝑛 = 9; hMMP-1 Tg: 89.2 ± 1.02, Student’s 𝑡-test). These 

results were subsequently confirmed with three independent experiments 

 

ii. Adult neural progenitor cells derived from human matrix metalloproteinase-1 

transgenic animals show increased differentiation towards a neuronal lineage  

  

 To address the question of whether aNPC differentiation is altered in the 

background of enhanced hMMP-1 expression, we also performed differentiation 

experiments on aNPCs derived from WT and hMMP-1 Tg animals. Under appropriate 

conditions (removal of growth factors) aNPCs express multipotentiality and give rise to 

several CNS cell types, namely, neurons, astrocytes, and oligodendrocytes. Results (mean 

±SD), as shown in Fig. 12a, suggest overexpression of hMMP-1 drives differentiation 

toward a neuronal lineage. We observed a statistically significant increase in the percentage 

of cells positive for the neuronal marker, microtubule associated protein 2 (MAP-2), in 

preparations derived from hMMP-1 Tg when compared to preparations derived from WT 

(∗∗ 𝑝 < 0.01, Student’s 𝑡-test). Interestingly, this effect was selective for neuronal fate, 

since the number of cells positive for the astrocyte marker, glial acidic fibrillary protein 

(GFAP), did not differ between the two genotypes. However, the percentage of NG2+ or 

oligodendrocyte precursors cells was significantly reduced in preparations derived from 

hMMP-1 Tg to WT-derived cells (∗ 𝑝 < 0.05, Student’s 𝑡 -test). Of note, there was no 

genotype effect on the percentage of apoptotic cells in the variously stained preparations 

(data not shown).  
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iii. Sex determining region Y-box 2 (SOX2) positive adult neural progenitor cells are 

increased in the hippocampus of human matrix metalloproteinase-1 transgenic animals   

   

 SOX2 is a transcription factor expressed in undifferentiated progenitor cells. It is a 

major mediator of Notch signaling and it is important to maintenance of the precursor pool 

in the adult subgranular zone (SGZ) of the DG (Favaro et al., 2009; Ming & Song, 2005). 

We therefore examined the number of SOX2 positive cells in the hippocampus of WT and 

hMMP-1 Tg mice as a proxy for differences in the size of this pool. As shown in Figure 

13, flow cytometric analysis of cell suspensions from the hippocampus suggests that the 

percentage of SOX2 positive cells is increased in the brains of hMMP-1 Tg animals 

compared to WT mice (𝑛=4 hippocampi per group with duplicate samples run in two 

independent experiments; ∗ 𝑝 < 0.05 ). 

 

iv. Inhibition of protease activated receptor 1 activity reverses increases in adult neural 

progenitor cell proliferation and biases a neuronal cell fate  

  

 To determine if hMMP-1 provoked increases in aNPC proliferation and cell fate 

through PAR1 receptor activation, we applied a PAR1 antagonist to aNPC preparations 

derived from WT and hMMP-1 Tg animals. The PAR1 antagonist BMS-200261 (BMS) 

used at 1 µM concentration, significantly reduced proliferation of Tg-derived aNPCs, and 

not that of WT cultures, at 24 h and 48 h time points (Fig. 14c). Fold change is again shown 

(baseline CPS values were 34,496 ± 2,971 for WT and 34,872 ± 3,962 for hMMP-1 Tg). 

In parallel, as shown in (Fig. 14d) the same treatment abolished increased neuronal 



 59 

differentiation in Tg-derived aNPC (∗p < 0.05; ANOVA). Also, it appears that PAR1 

inhibition counteracted the reduction in the percentage of NG2+ oligodendrocyte 

precursors observed in Tg cultures (Fig. 14d) (∗p < 0.05; ANOVA). In addition, BMS at 

the dose that we used in these experiments was not toxic to the cells (data not shown). 

 

B. Summary 

 

 In the present study, we show that overexpression of hMMP-1 is sufficient to drive 

increased proliferation of aNPCs in vitro. Moreover, these data were corroborated by flow 

cytometry data demonstrating the presence of a significantly higher number of SOX2 

positive cells in hippocampi of hMMP-1 Tg mice when compared to their WT 

counterparts. In vitro, hMMP-1 overexpression also stimulates enhanced neuronal fate 

specification of progenitors, with no changes in astrocyte generation and a parallel 

reduction in the number of NG2+ oligodendrocyte precursors. Importantly, an inhibitor of 

PAR1 signaling could abolish increased proliferation and enhanced neuronal 

differentiation of hMMP-1 Tg-derived aNPC.  
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Figure 11: aNPCs from hMMP-1 Tg animals proliferate significantly more than 
aNPCs cultured from WT littermate controls. 

  

hMMP-1 protein was detected in supernatants from aNPCs derived from hMMP-1 Tg 
hippocampi (a). Proliferation was measured as a function of time. Time course results are 
shown in (b). aNPCs derived from hMMP-1 Tg animals display an increased proliferation 
rate compared to aNPCs derived from WT littermate controls. The fold increase from WT 
control (0 h) is shown (baseline counts per second (CPS) values: 51,881 ± 10,394 for WT and 
51,422 ± 10,473 for MMP-1 Tg,; statistics: (ANOVA; ∗𝑝 < 0.05; ∗∗𝑝 < 0.01).   
 
**These experiments were performed by Dr. Maria Valente and are shown with permission. 
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Figure 12: hMMP-1 drives aNPCs to favor a neuronal cell fate. 

 
 
 
 
 
 
  

Differentiation experiments on aNPCs from WT and hMMP-1 Tg animals (a). Data, which 
represent mean ± SD values, are expressed as percentage over total number of viable cells. A 
statistically significant increased percentage of MAP-2+ neurons were generated in vitro by 
aNPCs derived from hMMP-1 Tg, compared to WT counterparts. Conversely, the number of 
cells expressing the oligodendrocyte precursor marker NG2 is significantly reduced in 
absence of changes in the number of GFAP+ cells in Tg cultures (∗p < 0.05; ∗∗p < 0.01 versus 
WT cells, ANOVA).  
 
**These experiments were performed by Dr. Maria Valente and are shown with permission. 
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Figure 13: The hippocampi of hMMP-1 Tg animals have increased number of 
SOX2 positive progenitor cells. 
 
Flow cytometric analysis of cell suspensions from murine hippocampus shows that the 
percentage of SOX2+ cells is significantly increased in the hippocampi of Tg animals 
compared to WT littermate controls (n = 4 hippocampi per group with duplicate 
samples run two independent experiments; ∗p < 0.05, ANOVA). 
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Effect of a PAR1 antagonist on the proliferation of WT and Tg cultures (c). 1 µM BMS-200261 
(BMS) reduced proliferation of aNPCs from MMP-1 Tg animal. (d) Effect of the PAR1 antagonist 
on the neuronal and nonneuronal differentiation of WT and Tg cultures. BMS (1 µM) significantly 
reduced enhanced neuronal differentiation and counteracted reduction in NG2+ cells in Tg cultures 
(∗p < 0.05; ANOVA). 
 
**These experiments were performed by Dr. Maria Valente and are shown with permission. 
 

Figure 14: hMMP-1-associated changes in aNPC proliferation and differentiation are 
PAR1 dependent. 
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CHAPTER VI: DISCUSSION 

 

Our results demonstrate a novel mechanism through which brain-derived MMP-1 

directs neuronal dendritic organization by activating the GPCR PAR1. Interestingly, this 

work also strengthens previous findings that show astrocytic factors affect structural 

remodeling, which underlie physiological synaptic plasticity. Studies in primary culture 

reveal that MMP-1-mediated PAR1 activation enhances the complexity of neuronal 

dendritic arbors and Ca2+ flux. Additionally, hMMP-1 Tg mice display increased spine 

density in CA1 hippocampal neurons and increased complexity of dendritic arbors in layer 

IV/V of somatosensory cortex. At the behavioral level, astrocyte-derived MMP-1 induces 

several phenotypes associated with altered synaptic plasticity including decreased anxiety 

and deficits in sociability and hippocampal dependent memory. Further, the MMP-1/PAR1 

signaling axis may contribute to plasticity by driving the aNPC proliferation and cell type 

specification to a neuronal line. These newborn neurons integrate into preexisting circuits.  

Taken together, we show here that a single MMP driven by GFAP expression can influence 

neuronal plasticity at least in part through an ECM independent mechanism. Modulation 

of this axis could provide a therapeutic target for disorders in which astrocyte activation 

and elevated levels of MMPs are observed (Xue, Hollenberg, Demchuk, & Yong, 2009).  
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A. Matrix metalloproteinase-1 mediated activation of protease activated receptor 1 

influences neuronal structure, which may have consequences for plasticity-related 

behaviors 

 

Disentangling the role individual MMPs play in synaptic plasticity has been 

especially difficult for the field because these proteases share overlapping structure and 

function and activate one another. Indeed, redundancy in proteolytic processing of 

substrates is especially strong among functionally related MMPs. MMP-1 is a soluble 

collagenase named for its processing of extracellular fibrillar collagen and includes MMP-

8 and -13 as sub-family members (Freije et al., 1994). MMP-8 exhibits differences in 

function and expression profile when compared to MMP-1 and -13 (Vincenti et al., 1998). 

Results from real-time quantitative reverse transcription PCR (qRT-PCR) reveal mRNA 

transcripts for murine MMPs that are functionally similar to hMMP-1, Mmp-1a and Mmp-

13, do not differ significantly in the brains of hMMP-1 Tg animals when compared to WT 

littermate controls. These results suggest they are not upregulated in our model, and thus 

unlikely contribute to difference reported herein.  

Though our work is the first to focus on MMP-1 and neuroplasticity, it 

complements previous studies that implicate other MMP family members in structural and 

functional changes, including stromelysin (MMP-3) and gelatinases (MMP-2 and -9). For 

example, in drosophila models, deletion of mmp2 completely blocks dendrite reshaping 

attributed to local degradation of the basement membrane (Kuo, Jan, & Jan, 2005; 



 66 

Yasunaga, Kanamori, Morikawa, Suzuki, & Emoto, 2010). Similarly, in murine systems, 

deletion of Mmp2 and Mmp3 induces a reduction in dendritic arbor surrounding Purkinje 

cells of the cerebellum and apical dendritic length in layer 5 pyramidal neurons of the visual 

cortex, respectively (Aerts, Nys, Moons, Hu, & Arckens, 2015; Verslegers et al., 2015). In 

addition, mature cortical neurons treated with a pan-metalloproteinase inhibitor show 

reduced neurite outgrowth (Sanz, Ferraro, & Fournier, 2015). These studies, although 

experimentally rigorous, do not focus on specific substrates nor do they evaluate the role 

of cell-type specific MMP expression. It has been hypothesized that pan-MMP processing 

of the ECM generates a permissive environment for the rearrangement of dendritic 

structures. MMPs liberate integrin binding laminin fragments and soluble adhesion 

molecule ectodomains, which have the potential to influence actin dependent structural 

plasticity (Niedringhaus, Chen, Dzakpasu, & Conant, 2012; van der Kooij et al., 2014). 

Yet, specific MMPs and mechanisms that are critical for these changes remain unclear. 

Complicating the interpretation of results even further is the use of inhibitors that target 

highly conserved catalytic domains across family members, and therefore lack specificity 

(Vandenbroucke & Libert, 2014). 

Herein, we show pharmacologic inhibition of a specific substrate, PAR1, reverses 

increases in dendritic branching complexity in hippocampal neurons due to hMMP-1 

overexpression. Likewise, genetic deletion of PAR1 prevents MMP-1 induced flux of 

intracellular Ca2+. Interestingly, it also appears as though PAR1 activation induces a rise 

in Ca2+ in and around the cell nucleus. Given the nuclear localization, this signaling may 

play a critical role in transcriptional regulation. Astrocyte-derived hMMP-1 increases 

branching complexity in layer IV/V neurons of the somatosensory cortex. Further, we 
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confirm that astrocytes derived from hMMP-1 Tg animals secrete active hMMP-1.  Taken 

together, these results support a critical role for PAR1 in synaptic transmission because 

dendritic patterning is one determinant of the amount of innervation that a neuron receives 

(McAllister, 2000).  

Emerging evidence also suggests that MMPs are important modulators of dendritic 

spine number and structure. Spines are membranous protrusions that extend from the 

dendritic shaft and are the major sites of excitatory synaptic transmission. Inhibition of the 

gelatinase, MMP-9, corrects the immature dendritic spine phenotype found in in murine 

models of the autism-related syndrome, fragile X (FXS) (Gkogkas et al., 2014; Janusz et 

al., 2013; Sidhu, Dansie, Hickmott, Ethell, & Ethell, 2014). Similarly, oral administration 

of minocycline, a broad-spectrum MMP inhibitor, to FXS animals promotes a shift in the 

spine profile from more immature to mature (Bilousova et al., 2009). In agreement with a 

role for MMPs in spine remodeling, we find an increase in dendritic spine density in 

hippocampal CA1 pyramidal neurons. Given that astrocyte activation is observed with 

autism and FXS (Vargas et al., 2005; Yuskaitis, Beurel, & Jope, 2010), it is tempting to 

speculate that astrocyte derived proteases contribute to altered neuroplasticity in these 

conditions and more specifically, that the MMP-1/PAR1 signaling axis could represent a 

therapeutic target. Although the genotype did not effect GFAP immunoreactivity, which 

would suggest activation, we have preliminary evidence that genotype may influence 

astrocyte shape as determined by fractal analysis. Astrocytes in the hMMP-1 Tg brain 

appear to take on a more swollen shape (data not shown), which may affect the release of 

certain neuroactive factors.  
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Changes in dendrite morphology and spine density impact the number of synaptic 

connections made on a neuron, which can influence learning and memory.  Thus, MMP 

mediated structural changes structure could have consequences for behaviors affected by 

synaptic plasticity. Consistent with this concept, both protein and mRNA transcripts of 

MMP-3 and -9 are elevated during acquisition trials of Morris water maze, a spatial-

hippocampal learning and memory task (S. E. Meighan et al., 2006). Further, MMP activity 

is critical to varied forms of hippocampal LTP (Conant et al., 2010; P. C. Meighan, 

Meighan, Davis, Wright, & Harding, 2007; Nagy et al., 2006). Previous studies of MMPs 

in the setting of learning and memory have focused on family members that generate 

integrin binding ligands, which include MMP-2, -3, and -9 (Conant et al., 2010; Nagy et 

al., 2006). Though neuronal activity dependent release of PAR1 activating MMP-1 or -13 

has not been well studied, it is important to note that PAR1 signaling can enhance integrin 

avidity (Dorsam, Kim, Jin, & Kunapuli, 2002). This leads us to speculate that PAR-

activating MMPs may have additive or synergistic effects with those that generate specific 

integrin binding ligands. 

Interestingly, however, the ability of MMPs to positively influence LTP appears to 

be a tightly regulated process: too much or too little MMP activity is inimical to the 

maintenance of LTP (Wiera, Wozniak, Bajor, Kaczmarek, & Mozrzymas, 2013). Here, we 

too provide data that overexpression of single MMP-1, which is observed in pathological 

conditions (Ierusalimsky & Balaban, 2013; Leake et al., 2000), impairs performance in the 

Morris water maze. Two other behaviors are disrupted as well: decreased sociability and 

increased anxiety.   
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 PAR1 is detected in neurons and astrocytes in hippocampus, cerebral cortex, and 

striatum of humans and mice with immunohistochemical techniques (Han et al., 2011; 

Junge et al., 2004; Weinstein et al., 1995). Electron microscopy studies in rat tissue also 

localize PAR1 to synaptic astrocyte endfeet (Shavit et al., 2011). Thus, PAR1 localization 

patterns suggest the receptor plays an important role in modulating plasticity. PARs belong 

to a unique 4-member family of GPCRs that are activated by site-specific proteolytic 

cleavage in the N-terminal extracellular region, which uncovers a tethered ligand that folds 

back onto the receptor conferring an active conformation (Trivedi et al., 2009). Upon 

irreversible activation, the receptor is quickly internalized and degraded (Hoxie et al., 

1993) with sustained chronic activation leading to lower protein levels (Atzori et al., 2009). 

Consistent with these results, we too find decreases in PAR1 protein in lysates of mixed 

cortical/hippocampal regions in hMMP-1 Tg mice.  

 As discussed in earlier chapters much of what we know about PAR1 and plasticity 

comes from studies that use thrombin, a potent peripheral activator that gains entry into the 

brain after blood brain barrier disruption and neurotoxicity (Chen et al., 2012). It appears 

that thrombin induced PAR1 activation in the hippocampus and CNS cell types modulate 

synaptic transmission and plasticity through the enhancement of N-methyl-D-aspartate 

receptor (NMDAR) currents and Ca2+ flux (Lee et al., 2007; Maggio et al., 2013). 

Thrombin and MMP-1 mediated activation may induce varied downstream signaling 

cascades because proteolytic cleavage occurs at distinct amino acids in the N-terminus, 

which may confer unique activation conformations. Consistent with this idea, thrombin 

and MMP-1-generated activating peptides differentially bias receptor signaling. In 
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endothelial cells, MMP-1 and thrombin induce expression of different groups of pro-

angiogenic genes through PAR1 (Blackburn & Brinckerhoff, 2008).  

We find evidence supporting the selective activation of non-canonical G-protein 

independent signaling. Once activated, GPCRs are quickly targeted for internalization 

through phosphorylation of the C-terminus, which permits scaffolding proteins, such as β-

arrestins, to bind and initiate internalization through endocytic complexes. In addition to 

its role in receptor desensitization, β-arrestin promotes G-protein independent signaling. 

Work focused on non-canonical signaling of dopamine receptors suggests that D2 receptor 

activation triggers the formation of a signaling complex through of β-arrestin 2, protein 

phosphatases, and Akt. This signaling pathway results in dephosphorylation of Akt and 

GSK-3β, which activates the latter (Beaulieu, Gainetdinov, & Caron, 2007). We find 

evidence of selective activation of this pathway in hMMP-1 Tg animals as hippocampal 

lysates have increased levels of activated GSK-3β. High levels of active GSK-3β are linked 

to an increase in the number of thin spines in the dentate gyrus (Kondratiuk et al., 2016). 

Additionally, using a broad spectrum MMP inhibitor the same study reversed the increased 

spine phenotype in constitutively active GSK-3β mice (Kondratiuk et al., 2016).  

 

B. Matrix metalloproteinase-1 mediated activation of protease activated receptor 1 

increases adult neural progenitor cell proliferation and biases neural cell fate specification  

 

MMPs are increasingly recognized as important effectors of neuronal plasticity in 

both physiological and pathological settings. Thus, in the adult brain, these enzymes are 

critical to selected forms of plasticity and recent work implies they also contribute to 
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processes critical for adult hippocampal neurogenesis. For example, a broad spectrum 

MMP inhibitor reduces proliferation and neuronal differentiation of neural stem cells from 

umbilical cord blood (Wojcik, Sawicka, Rivera, & Zalewska, 2009), and MMP activity 

contributes to stroke-induced neurogenesis (Barkho et al., 2008). Moreover, MMP-2 

expression is detected in SOX2 immunopositive progenitor cells in the teleost fish, while 

knock-down of select MMPs with small interfering RNAs attenuates enhanced 

neurogenesis in a murine model of intracerebral hemorrhage (Lei et al., 2013; Sirbulescu, 

Ilies, & Zupanc, 2015). Given the generation of our novel mouse model where hMMP-1 is 

overexpressed in GFAP positive cells, which include adult progenitor cells in the dentate 

gyrus, we sought to understand if overexpression of a specific MMP is sufficient to drive 

enhanced neurogenesis through proliferation and/or drive cell fate selection. 

 Overexpression of hMMP-1 is sufficient to drive increased proliferation of 

aNPCs in vitro. Moreover, these data were corroborated by flow cytometry data 

demonstrating the presence of a significantly higher number of SOX2 positive cells in 

hippocampi of hMMP-1 Tg mice when compared to their WT counterparts. In vitro, 

hMMP-1 overexpression also stimulates enhanced neuronal fate specification of 

progenitors, with no changes in astrocyte generation and a parallel reduction in the number 

of NG2+ oligodendrocyte precursors. Importantly, an inhibitor of PAR1 signaling could 

abolish increased proliferation and enhanced neuronal differentiation of hMMP-1 Tg-

derived aNPC.  

PAR1 stimulated effects on aNPC proliferation and differentiation are not without 

precedent. Previous studies with peripheral PAR1 agonists that enter the CNS after injury 

to the blood brain barrier, including activated protein C (APC) and thrombin, suggest this 
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receptor may be important to adult neurogenesis. APC analogues can also promote 

neurogenesis in rodents following focal ischemic stroke (Griffin, Zlokovic, & Mosnier, 

2015).  Effects of APC and thrombin on hippocampal neurogenesis may, however, be most 

relevant to select pathological states. Yet, the study of MMP-1 induced PAR1 signaling 

could represent a signaling mechanism that is critical in the absence of injury.  The MMP-

1 generated tethered ligand is longer by two amino acids and may confer distinct GPCR 

structure, which can alter receptor localization, G protein coupling, and the duration of 

signaling (Vilardaga, Jean-Alphonse, & Gardella, 2014). Consistent with biased signaling, 

MMP-1 stimulated a 3-fold increase in the expression of the proneurogenic molecule 

VEGFA, while there was no increase of VEGFA expression in response to thrombin 

(Blackburn & Brinckerhoff, 2008; Fournier, Lee, Banasr, Elsayed, & Duman, 2012). 

 

C. Conclusions and overall significance 

 

In summary, we show that a protease driven by the expression of GFAP can 

influence neuronal plasticity, which can influence behavior through an ECM independent 

mechanism (see Fig. 15 for schematic summary of results). These findings add to an 

emerging appreciation of glial derived factors as important effectors of brain structure and 

function, and have important implications for neurological disorders. Though outside the 

scope of the present study, future work will focus on sorting out the role of cell type specific 

contributions of PAR1 signaling and determining whether cell morphology changes are 

Ca2+-dependent. Lastly, identification of astrocyte derived synaptogenic factors and their 
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mechanism of action provides the field with a more complete view of the complex 

interactions between neurons and glia during synaptic plasticity  
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In summary, the work put forth herein supports the conclusion that a MMP-1, a protease driven by 
the expression of GFAP, influences neuronal plasticity and behaviors through an ECM independent 
mechanism. 

Figure 15: Schematic overview of MMP-1 mediated activation of PAR1 and the downstream 
effects. 
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CHAPTER VII: FUTURE DIRECTIONS 

 

 Results put forth in this body of work demonstrate a novel mechanism through 

which astrocyte-derived hMMP-1 directs neuronal dendritic organization and adult 

hippocampal neurogenesis through activation of PAR1. However, questions still remain. 

Throughout this text, work has been cited to highlight the importance of MMPs in 

plasticity. Curiously, deletion and overexpression of MMP family members appear to have 

deleterious results, which is indicative of the complexity of roles this family of proteolytic 

enzymes plays in the nervous system (Michaluk et al., 2011; Wiera et al., 2013). Further 

characterization MMP activity is needed to determine the conditions under which they can 

be neuroprotective or induce injury. For example, time of release: acute or chronic, 

concentration, cell-type of origin, and localization in the brain are all important factors to 

consider. Although, seemingly perplexing, MMPs most likely have a range of optimal 

working levels, where too little or too much can be harmful to cells (see Fig. 16).  

 In terms of PAR1 activation, cell type contribution may also play a role in 

differential downstream effects. PAR1 is expressed in neurons and astrocytes (Han et al., 

2011; Junge et al., 2004; Weinstein et al., 1995). Thus, it’s critical to understand the 

differences between MMP-1 mediated neuronal PAR1 and astrocytic PAR1 activation. In 

our system hMMP-1 is expressed in astrocytes and secreted, thus hMMP-1 has the potential 

to act back on astrocytes and/or neighboring neurons. Isolating autocrine versus paracrine 

signaling has proven difficult especially in the intact brain. In vitro studies have found that 

application of a PAR1 agonist to astrocyte culture causes a Ca2+-dependent secretion of 

glutamate, which then activates NMDA receptors on adjacent neurons (Lee et al., 2007). 
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However, it remains somewhat controversial and even unlikely that astrocytes in vivo 

release glutamate without significant trauma (Lee et al., 2007). Thus, teasing out the 

downstream effects of neuronal and astroctyic PAR1 is a critical next step.  

 Adding to the complexity, hMMP-1 in our experimental model may be acting on 

additional substrates to enhance MMP-1/PAR1 dependent outcomes. It is important to note 

that PAR1 signaling can enhance integrin avidity (Dorsam et al., 2002). This leads us to 

speculate that PAR-activating MMPs may have additive or synergistic effects with those 

that generate specific integrin binding ligands. Moreover, PAR1 can dimerize with PAR2 

to enact signaling (Lin & Trejo, 2013). It’s unclear in our system if PAR1 is acting alone 

or as a heterodimer with other PAR family members. Thus, it is of interest to answer these 

outstanding questions.  

 In conclusion, this body of work has uncovered several important outcomes of 

hMMP-1 induced activation of PAR1, yet important questions remain. Future studies will 

investigate autocrine versus paracrine signaling, the role other MMP substrates play in 

enhancing effects, as well as detecting the optimal level of MMP protein and/or activity 

for task performance.  
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Figure 16: Optimal levels of MMP in the brain. 

 
 
 
  

Further characterization MMP activity is needed to determine the conditions under which 
they can be neuroprotective or induce injury. MMPs most likely have a range of optimal 
working levels, where too little or too much can be harmful to cells. Indeed, deletion or 
overexpression of MMPs have negative effects on task performance. 
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