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ABSTRACT 
 

Protease activated receptor-1 (PAR-1) and its ligand, matrix metalloproteinase-1 (MMP-

1), are altered in several neurodegenerative diseases. PAR-1 and MMP-1 signaling impact 

neuronal excitation and inhibition in various brain regions, but their role in regulating synaptic 

physiology in the ventral striatum (nucleus accumbens, NuAcc), which has recently been 

implicated in motor function, is unknown. The NuAcc contains two populations of GABAergic 

spiny projection neurons (SPNs), those that express the dopamine D1 receptor and those that 

express the dopamine D2 receptor. D1 and D2 SPNs differ with respect to both synaptic inputs 

and projection targets. In addition, data outlined in this thesis revealed differential 

electrophysiological properties. D2 SPNs in the NuAcc core display decreased rheobase, increased 

excitability, increased rectification, and increased tonic current compared to D1 SPNs.  To evaluate 

the role of MMP-1/PAR-1 signaling in the regulation of ventral striatal synaptic function, I 

performed whole-cell recordings (WCRs) from D1 and D2 SPNs in control mice, mice that 

overexpress MMP-1 (MMP-1OE), and MMP-1OE mice that lack PAR-1 (MMP-1OE/PAR-1KO).  

WCRs from MMP-1OE mice revealed a selective increase in spontaneous inhibitory post-

synaptic current (sIPSC), miniature IPSC (mIPSC), and miniature excitatory PSC (mEPSC) 

frequency in D1 SPNs but not D2 SPNs as compared to control mice. This enhanced IPSC 

frequency may be at least partially PAR-1 dependent, as it was not present in the MMP-1OE/PAR-



iv 
 

1KO mice. Average IPSC amplitudes, decay times, and rise times did not differ across genotypes. 

D1 and D2 SPNs in the MMP-1OE mice exhibit increased dendritic complexity and decreased 

excitability, but D1 SPNs also display increased inward rectification. D2 SPNs of the MMP-

1OE/PAR-1KO also displayed increased dendritic complexity, decreased excitability, and 

increased inward rectification. D1 SPNs of the MMP-1OE/PAR-1KO mice did not display altered 

dendritic complexity or excitability but their input resistance, time constant, and inward 

rectification were increased. Moreover, MMP-1OE mice exhibited a blunted locomotor response 

to amphetamine, a phenotype also observed in MMP-1OE/PAR-1KO mice, implicating a non-

PAR-1 mediated MMP-1 mechanism. The data presented in this thesis suggest PAR-1 dependent 

and independent MMP-1 signaling may lead to alterations in striatal neuronal inhibition, 

electrophysiological properties, and SPN morphology with a motor behavior correlate. 
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INTRODUCTION 

I. Introduction 

 The striatum is a brain region heavily implicated in motor function and dysfunction (Albin 

et al., 1989; Lemos et al., 2016; Rothwell et al., 2014).  The principal neurons of the striatum 

consist of D1 spiny projection neurons (SPNs) and D2 SPNs. D1 and D2 SPNs have been well 

characterized in the dorsal striatum, but there remains a gap in our knowledge on the differences 

between the subpopulations of neurons in the ventral striatum (Gertler et al., 2008). Therefore, a 

portion of this thesis will focus on the electrophysiological and anatomical profiles of D1 and D2 

SPNs in the ventral striatum. 

Disruption of motor function is seen in many neurogenerative states including Parkinson’s 

disease (Albin et al., 1989; Dobbs et al., 2016; Lemos et al., 2016). Moreover, matrix 

metalloproteinases (MMPs)  and protease activated receptor-1 (PAR-1) are altered in these states 

(Ishida et al., 2006). Proper neuronal excitation and inhibition balance is critical for physiological 

function. MMP-1 is an activator of PAR-1 and acts on the extracellular matrix surrounding 

neurons. Acute PAR-1 activation leads to a decrease in neuronal inhibition in the hippocampus 

and disruption of the extracellular matrix alters neuronal excitability.  (Bertolotto et al., 1996; 

Brückner et al., 1993; Maggio et al., 2013). As such, this thesis investigated synaptic transmission 

and neuronal excitability in the nucleus accumbens core of mice in which MMP-1 is 

overexpressed. Furthermore, I investigated alterations in dendritic morphology and spontaneous 

and amphetamine induced locomotion. 
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II.  Matrix Metalloproteinase-1 (MMP-1) 

Matrix metalloproteinase-1 (MMP-1) is a member of the MMP family of secreted and cell 

surface zinc dependent endopeptidases (Sternlicht and Werb, 2001). There are 25 members of the 

vertebrate MMP family and 22 human homologues (Nagase and Woessner, 1999; Sternlicht and 

Bergers, 2000). Individual MMPs are often grouped together by modular domain (Figure 1). 

MMP-1 has an N-terminal sequence domain or a pre-domain, that is removed once it is directed 

to the endoplasmic reticulum and is secreted. The pre-domain is followed by a pro-domain that 

maintains enzyme latency. The pro-domain is followed by a catalytic domain that contains a 

conserved zinc-binding region that dictates cleavage-site specificity. MMP-1 also contains a 

hemopexin domain which influences binding of certain substrates and membrane activation 

(Sternlicht and Werb, 2001).  

 

 

Figure 1. MMP-1 structure.  
MMP-1 contains a pre-domain, pro-domain, catalytic domain with a zinc-binding region, and a 
hemopexin domain. 

 
 
a.  MMP regulation 

Physiological function of MMPs depends on correct cellular location in appropriate 

amounts, thus they are tightly regulated at both transcriptional and post-transcriptional levels. They 

are further regulated at the protein level via activators, and inhibitors. Various MMPs are 

differentially regulated at the various transcriptional and protein levels. 

Pre-domain Pro-domain Catalytic domain
Zn2+
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At the transcriptional level, MMP-1 expression is regulated by a variety of factors, and  

Type 1 collagen activation of its receptors leads to upregulation of MMP-1  (Robbins et al., 1997; 

Vogel et al., 1997). Interestingly, another member of the MMP family, MMP-9 activates MMP-1 

(Agarwal et al., 2010). Additionally, MMP-1 expression is regulated by several cytokines 

including, tumor necrosis factor- α (TNF-α) (Fini et al., 1998). This is of importance in disease 

states, in which brain inflammation is increased (Conant et al., 1998; Fanning et al., 1998). Factors 

such as cytokines and growth factors induce expression of c-fos and c-jun, which can then bind 

activator protein-1 (AP-1) sites within the MMP-1 gene promoter. This site gives MMP-1 the 

ability to be induced by phorbol esters. An Ets-binding site only 9 nucleotides away further 

exaggerates MMP-1 induction (Gutman and Wasylyk, 1990; Pendás et al., 1997). The proximity 

of the Ets-binding site to the AP-1 site further determines the synergistic action of the two sties 

(Gutman and Wasylyk, 1990). Genetic variations, such as single-nucleotide polymorphisms 

(SNPs), also influence the rate of transcription (Ye, 2000). For MMP-1, the SNP contains one or 

two guanidines inserted at 1607 base pairs located upstream of the transcription site, introducing 

a functional Ets-binding site directly next to the AP-1 site, resulting in a 37-fold increase in MMP-

1 expression. Clinically, this has translated to increased MMP-1 expression in ovarian cancer 

patients (Kanamori et al., 1999; Rutter et al., 1998). At the post-transcriptional level, mRNA 

transcripts that code for MMP-1 are stabilized by phorbol esters and epidermal growth factor 

(EGF) (Delany et al., 1995). 

Once translated, MMP-1 is typically secreted as an inactive zymogen, which is activated 

by cleavage of its N-terminal pro-domain (Sternlicht and Werb, 2001).  MMP-1 is activated by 

plasmin, plasma kallikrein, as well as other serine proteases including trypsin (Saunders et al., 
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2005). In the physiological brain, MMPs are released by both glial cells and neurons (Sternlicht 

and Werb, 2001). Activated MMP-1 can act on a variety of substrates including protease activated 

receptor-1 (PAR-1), interleukin-1-α (IL1-α), IL1-β, and pro-TNF-α (Sternlicht and Werb, 2001). 

It also acts on several extracellular matrix proteins including aggrecan (Sternlicht and Werb, 2001). 

Tissue inhibitors of metalloproteinases (TIMPs) are a family of secreted proteins that 

reversibly inhibit MMPs (Sternlicht et al., 1999). MMP inhibition by TIMPs varies by MMP and 

TIMP type (Shapiro, 2000). Another endogenous MMP inhibitor includes α2-macroglobulin, 

which is a plasma protein (Sottrup-Jensen and Birkedal-Hansen, 1989). TIMP is thought to act as 

a local inhibitor, and α2-macroglobulin may inhibit MMPs in tissue fluids (Sottrup-Jensen and 

Birkedal-Hansen, 1989). Furthermore, TIMP acts a reversible inhibitor, whereas α2-

macroglobulin inhibits MMPs irreversibly (Sternlicht and Werb, 2001).  

 

b.  Function 

MMP-1 can process extracellular matrix molecules including collagens (Manka et al., 

2012), but is relatively unique among family members in its ability to potently activate PAR-1 

(Boire et al., 2005). The consequences of PAR-1 activation will be discussed in the next two 

sections. Regulation of the extracellular matrix can influence cell shape, movement, and growth 

(Lukashev and Werb, 1998). In a Drosophila model, degradation of the extracellular matrix 

facilitated dendritic remodeling (Yasunaga et al., 2010) 

Perineuronal nets (PNNs), a type of extracellular matrix molecules, stabilize synaptic 

structures and form around the soma of neurons (Bertolotto et al., 1996; Brückner et al., 1993).  In 

the hippocampus, PNNs surround fast-spiking interneurons (FSIs) and can enhance FSI 
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excitability and thus increase the frequency of inhibitory currents onto their output neurons 

(Balmer, 2016). In contrast, in the medial prefrontal cortex removal of PNNs led to a decrease in 

the frequency of inhibitory currents in pyramidal neurons (Slaker et al., 2015).  

Additionally, MMPs can influence dendrite remodeling, and synaptic potentiation (Fujioka 

et al., 2012). MMP-1 activity is increased in response to stimuli that induce hippocampal long-

term potentiation (LTP). Moreover, MMP inhibitors block varied measures of hippocampal and 

striatal dependent learning, including LTP and methamphetamine associated conditioned place 

preference (Conant et al., 2010; Meighan et al., 2006; Michaluk et al., 2011; Wang et al., 2008). 

MMP levels must be “fine-tuned” in that too little or too much of a specific family member may 

be inimical to neuronal function (Wiera et al., 2015). In my experiments, I utilize a mouse model 

that overexpresses MMP-1 (MMP-1OE), which may mimic a pathological state.  

 

III.  Protease activated receptor-1 (PAR-1) 

 
a.  Activation 

Protease activated receptor-1 (PAR-1) is a 7-transmembrane domain G-protein coupled 

cell surface receptor (GPCR) expressed on neurons, astrocytes, and microglia (Hollenberg and 

Compton, 2002; Junge et al., 2004; Wang et al., 2002; Weinstein et al., 1995). Proteolytic cleavage 

within the extracellular N-terminal domain of PAR-1 reveals a tethered ligand, which activates the 

receptor (Figure 2) (Macfarlane et al., 2001; Traynelis and Trejo, 2007). Endogenous activators 

of PAR-1 include thrombin and MMP-1 (Boire et al., 2005; Wang et al., 2002). Molecules 

designed to mimic the tethered ligand have been produced to activate the receptor (Macfarlane et 

al., 2001; Vu et al., 1991). Activation of PAR-1 dependent signaling by these molecules does not 
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require cleavage of its N-terminal domain (Boire et al., 2005; Trivedi et al., 2009). Each individual 

activator cleaves at different sites within the receptor, allowing for ligand bias and differential 

activation of intracellular cascades. Several PAR-1 antagonist peptides exist and can inhibit 

thrombin mediated activation (Andrade-Gordon et al., 1999).  

PAR-1 activation is associated with multiple intracellular cascades, including increased 

release of calcium from intracellular stores, decreased cyclic AMP/protein kinase A signaling, 

activation of phosphatidylinositol 3-kinase, and increased RhoA activity (Junge et al., 2003; 

Klarenbach et al., 2003; Offermanns et al., 1994). In addition, the receptor may be linked to β-

arrestin dependent signaling cascades (Traynelis and Trejo, 2007). 

Following activation, PAR-1 is rapidly internalized via a clathrin-mediated process and is 

either destined for lysosomal degradation or recycled to the plasma membrane (Hoxie et al., 1993; 

Shapiro and Coughlin, 1998). β-arrestin dependent signaling cascades occur due to  PAR-1 

activation (Paing et al., 2002). Due to the irreversible activation of PAR-1, mechanisms must exist 

for sustained signaling, such as recycling of unused intracellular pools or synthesis of new 

receptors. The mechanism or mechanisms that cells utilize depends on the role of PAR-1 in those 

cells. For example, endothelial cells and fibroblasts depend on intracellular pools for sustained 

expression of PAR-1, whereas platelets cannot utilize intracellular pools or synthesize new 

receptors (Hein et al., 1994; Horvat and Palade, 1995). Sustained PAR-1 signaling in the brain is 

not as well studied and may vary between cell types and brain regions. 
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Figure 2 PAR-1 activation and activity.  
PAR-1 activation is associated with multiple intracellular cascades including RhoA activity, 
increased release of calcium from intracellular stores, decreased cyclic AMP/protein kinase A 
signaling, and activation of phosphatidylinositol 3-kinase.  

 

 

b.  Expression 

PAR-1 signaling is typically associated with platelet activation, but the receptor is also 

expressed in the central nervous system. Its expression has been shown in several brain regions in 

N
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rats including the substantia nigra pars compacta, the cerebral cortex, nucleus accumbens, and the 

striatum (Nagai et al., 2006; Niclou et al., 1998; Weinstein et al., 1995). In the amygdala, PAR-1 

expression is found in both neurons and astrocytes, while in other regions such as the hippocampus 

it is only found in astrocytes (Junge et al., 2004; Weinstein et al., 1995). The cell type expression 

of PAR-1 in the striatum has not been studied. In the human brain, PAR-1  has been detected in 

both astrocytes and neurons in the hippocampus, cerebral cortex, and striatum (Junge et al., 2004).  

 

c.  Function 

The role of physiological PAR-1 in neuronal processing and health is complex. Studies 

have linked it to both neuronal protection and damage (Gingrich and Traynelis, 2000; Xi et al., 

2003), with divergent effects likely due to levels of specific activators. Additionally, it plays a 

critical role in synaptic plasticity, as evident by alterations in hippocampal dependent learning and 

long-term potentiation occurring in PAR-1 deficient animals, although there were no alterations in 

hippocampal morphology (Almonte et al., 2007, 2013). PAR-1 has recently been examined in the 

context of altered neuronal inhibition and excitation. Maggio et al. found that PAR-1 activation 

caused a reduction in synaptic inhibition and an increase in excitation in CA3 neurons in the 

hippocampus.  PAR-1 activation had little effect on CA2 neurons, most likely due to the fact that 

PAR-1 is more highly expressed in CA3 neurons (Maggio et al., 2013). Neuronal excitability in 

both CA3 and CA2 pyramidal neurons was not altered by PAR-1 activation. The PAR-1 

antagonist, SCH79797, blocked the changes observed in CA3 neurons. Using tetrodotoxin (TTX) 

to block network activity, it was determined that the PAR-1 effects are due to direct effects of 

PAR-1 signaling/activation on GABA release from terminals (Maggio et al., 2013). Although not 
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the focus of this thesis, PAR-1 signaling has additionally been linked to changes in neuronal 

excitation and to potentiation of NMDA receptor function (Hamill et al., 2009; Maggio et al., 

2013). 

 PAR-1 may also alter inhibitory transmission via the endocannabinoid system. Using a 

cell culture model, acute application of the PAR-1 agonist thrombin, endocannabinoid mediated 

inhibitory post-synaptic currents (IPSCs) were inhibited. A secondary application of thrombin 

failed to suppress IPSCs due to desensitization (Hashimotodani et al., 2011). Furthermore, it was 

determined that neuronal PAR-1 led to activation of cannabinoid receptors and suppressed release 

of GABA and led to depolarization-induced suppression of inhibition, a form of short term 

depression (Hashimotodani et al., 2011). 

PAR-1 has also been implicated in astrocyte-neuron interactions or what is called the 

tripartite synapse (Haydon and Carmignoto, 2006). Activation of astrocytes via Gα-q coupled 

GPCRs, leads to vesicular release of neurotransmitters such as ATP and glutamate (Haydon and 

Carmignoto, 2006). Consistent with these reports PAR-1 activation of astrocytes leads to release 

of ATP and glutamate, allowing modulation of synaptic responses (Hermann et al., 2009; Kreda 

et al., 2008; Lee et al., 2007). Of interest to GABAergic synapses, astrocytic PAR-1 activation 

leads to activation of Bestrophin 1, a calcium activated anion channel, that shows permeability to 

Cl- and GABA, and is potentially relevant to setting the ambient extracellular GABA 

concentration, and GABA mediated tonic currents (Lee et al., 2010; Park et al., 2009). 

In addition to alterations in LTP and inhibitory transmission, in PAR-1 knockout mice, 

neurons in the amygdala displayed increased excitability and an increase in input resistance. In the 

basal nucleus of the amygdala, there was an increase of miniature excitatory postsynaptic current 
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frequency (Almonte et al., 2007, 2013). Acute inhibition of PAR-1 decreased morphine mediated 

dopamine release and hyperlocomotion in the nucleus accumbens (Ito Mina et al., 2007). Studies 

on PAR-1 activity have revealed its important role in regulating balance of excitation and 

inhibition in the brain. Thus, understanding the role of PAR-1 in my MMP-1OE mouse model is 

vital and is why I have utilized a mouse model that overexpresses MMP-1 but lacks PAR-1 (MMP-

1/PAR-1KO). 

 

IV.  The MMP-1/PAR-1 axis 

Recent work has shown that MMP activity and/or PAR-1 activation can alter neuronal 

excitation and inhibition, promote NMDA receptor function, and induce long term potentiation 

(Almonte et al., 2013; Brzdak et al., 2017; Kaczor et al., 2015; Maggio et al., 2013; Wójtowicz 

and Mozrzymas, 2014). MMP levels must be “fine-tuned” in that too little or too much of a specific 

family member may be inimical to neuronal function (Wiera et al., 2015).  

This finely tuned balance may be altered in neurological disorders; for example, MMP-1 

is highly expressed by activated astrocytes (Leake et al., 2000) and its levels are increased in 

Alzheimer’s disease. Similarly, PAR-1 expression is increased in astrocytes in Parkinson’s disease 

and HIV encephalitis (Boven et al., 2003; Ishida et al., 2006). In a mouse MPTP model of 

parkinsonism, PAR-1 activity was linked to exacerbation of dopaminergic terminal damage. Mice 

that lacked PAR-1 were structurally and functionally protected against MPTP-induced damage. 

Treatment with a PAR-1 antagonist reduced MPTP-induced damage of the indirect pathway and 

striatal dopamine loss. Interestingly, MPTP led to an increase in MMP-1 (Hamill et al., 2007). In 

contrast, preconditioning with the PAR-1 agonist, thrombin, was shown to be protective in a rat 6-
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hydroxydopamine model of Parkinson’s disease (Cannon et al., 2006). Additionally, PAR-1 

overexpression has been to show play a role in astrogliosis and motor neuron death (Suo et al., 

2002). 

Each of these conditions is associated with altered synaptic function, but the possibility 

that the MMP-1/PAR-1 axis may contribute to select physiological and behavioral changes 

associated with neurodegenerative disorders in particular Parkinson’s disease has not been well-

explored. Experiments outlined in this thesis utilized two mouse models (MMP-1OE and MMP-

1OE/PAR-1KO) which will allow us to understand how the MMP-1/PAR-1 axis may contribute 

to alterations we see in certain neurodegenerative disorders with a moto dysfunction component.  

 

V.  The Basal Ganglia 

 
a.  Introduction 

Altered neurophysiology in the striatum, a major division of the basal ganglia, is common 

across a wide range of neurological and neuropsychiatric conditions including Parkinson’s 

Disease. Traditionally, the dorsal region has been associated with motor movement and the ventral 

region with reward and addiction (Alexander et al., 1990; Calabresi et al., 2014; Delgado, 2007). 

However, more recent evidence suggests that changes in spiny projection neuron (SPN) 

excitability in the ventral striatum underlie the repetitive motor phenotype seen in certain animal 

models of autism (Rothwell et al., 2014). Targeted deletion of dopamine D2 receptors from the 

indirect pathway led to enhanced GABAergic transmission in the nucleus accumbens and 

Parkinsonian-like motor deficits (Lemos et al., 2016). Decreased D2 SPN intrinsic excitability and 

increased miniature inhibitory postsynaptic current (mIPSC) frequency was also observed. 
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Knockdown of dopamine D2 receptors specifically in the nucleus accumbens core led to decreased 

locomotor activity, as well as increased mIPSC frequency in D1 SPNs, linking inhibitory synaptic 

function in the nucleus accumbens to motor behavior (Lemos et al., 2016). It is evident that the 

data has implicated both the dorsal and ventral striatum as key players in motor function. 

 

b.  Anatomical Components 

The principal anatomical components of the basal ganglia include the striatum, globus 

pallidus (GP), ventral pallidum, substantia nigra (SN), and subthalamic nucleus (STN). The 

striatum consists of defined dorsal (caudate/putamen) and ventral regions (Alexander et al., 1990). 

The GP is further broken down into the external (GPe) and internal (GPi) segments, which differ 

in their inputs, outputs, and function.  Similarly, the SN consists of two segments, the pars 

compacta (SNpc) and the pars reticulata (SNr). Although the SNpc and SNr share similar inputs, 

they differ in their outputs and neuronal makeup (Gerfen and Wilson, 1996). The caudate/putamen, 

GP, SN, and subthalamic nucleus make up the dorsal region of the basal ganglia. The ventral aspect 

consists of the ventral striatum (the nucleus accumbens and olfactory tubercle), the ventral 

pallidum (VP), the STN, and the SN (Ubeda-Bañon et al., 2007).  

 

c. Afferents and efferents 

The major afferents to the basal ganglia arise from the cortex, the intralaminar thalamic 

cell nuclei, the dorsal raphe nucleus, and the amygdala (Tepper et al., 2007). The excitatory cortical 

and thalamic inputs makeup 85% of synapses onto the striatal neurons. The dorsal striatum 

receives excitatory input from the cortical association, primary somatosensory, primary motor, 
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secondary motor, and the frontal cortices (Tepper et al., 2007). The ventral striatum receives 

excitatory input from the prefrontal cortex, hippocampus, and amygdala (Pennartz et al., 2004). 

The majority of the excitatory inputs synapse onto the spine heads of the principal neurons, spiny 

projections neurons (SPNs), of the striatum (Gerfen and Wilson, 1996). The dorsal striatum 

receives dopaminergic input from the SNpc and the ventral striatum receives dopaminergic input 

from ventral tegmental area. The net output of the dorsal and ventral striatum are inhibitory 

synapses onto the thalamus.  

 

d.  Neuronal makeup 

The striatum consists of approximately 95% SPNs and 5% interneurons (Gerfen and 

Wilson, 1996). The SPNs consist of two subtypes, dopamine receptor D1 containing SPNs (D1 

SPNs) and dopamine receptor D2 containing SPNs (D2 SPNs). The differential 

electrophysiological and anatomical properties of D1 and D2 SPNs of the dorsal striatum have 

been well characterized, but this profile in the ventral striatum remains understudied (Gertler et 

al., 2008)(Gertler et al., 2008). The interneurons consist of cholinergic and GABAergic subtypes 

(Kawaguchi et al., 1995). Cholinergic interneurons display spontaneous regular action potentials 

and are also known as tonically active neurons (TAN) (Kawaguchi et al., 1995). There are at least 

four subtypes of GABAergic interneurons including parvalbumin-containing fast-spiking (FS), 

somatostatin-containing (SOM), tyrosine hydroxide containing (TH), and neuropeptide-Y 

containing interneurons (NPY) (Bracci et al., 2003; Chesselet and Graybiel, 1986; Ibanez-

Sandoval et al., 2010, 2011; Partridge et al., 2009; Planert et al., 2010). NPY interneurons can be 

further subdivided into low-threshold spiking (LTS) and neurogliaform (NGF) interneurons 
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(Ibanez-Sandoval et al., 2010). TH interneurons consist of at least three types and differ in 

electrophysiological properties and their connectivity to SPNs (Ibanez-Sandoval et al., 2010). 

Striatal GABAergic interneurons differ in their morphological and electrophysiological profiles, 

as well as their subcellular synapse formation onto SPNs. 

 

e. The macrocircuitry 

The macrocircuitry of the dorsal and ventral striatum has traditionally consisted of the 

direct and indirect pathways. The D1 SPNs of the dorsal striatum are part of the direct pathway, 

with the D1 SPNs making inhibitory synapses onto the GPi and the SNr. The pathway continues 

with the GPi and SNr sending inhibitory projections to the thalamus. In contrast, the indirect 

pathway consists of D2 SPNs making inhibitory connections onto the GPe, which then sends 

inhibitory projections to the STN, the only nucleus of the basal ganglia with excitatory output 

neurons, which sends projections to the GPi and SNr. From there the indirect pathway merges with 

the direct pathway, and neurons from the SNr send inhibitory projections to the thalamus (Figure 

3) (Albin et al., 1989; DeLong, 1990). Due to their differential circuitry, activation of D1 SPNs 

leads to a decrease in the inhibitory output of the striatum. Whereas activation of D2 SPNs lead to 

an increase in the inhibitory output of the striatum. 

The classical model of the basal ganglia postulates that the two pathways are separated and 

the direct pathway initiates motor function, whereas the indirect pathway inhibits motor movement 

although these distinctions are less clear in primates (Alexander and Crutcher, 1990; Alexander et 

al., 1990; DeLong, 1990). However, recent evidence suggests that initiation and inhibition of 

motor movement requires activation of both pathways (Calabresi et al., 2014). 
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Figure 3. Macrocircuitry of the dorsal striatum. 
The direct pathway consists of D1 SPNs making inhibitory synapses onto the GPi and the SNr. 
The pathway continues with the GPi and SNr sending inhibitory projections to the thalamus. The 
indirect pathway consists of D2 SPNs making inhibitory connections onto the GPe, which then 
sends inhibitory projections to the STN, the only nucleus of the basal ganglia with excitatory output 
neurons, which sends projections to the GPi and SNr. From there the indirect pathway merges with 
the direct pathway, sending inhibitory projections to the thalamus. 

 

Although similar in neuronal makeup, the ventral striatum differs in output nuclei from the 

dorsal striatum. The traditional view postulated that the direct and indirect pathways also existed 

in the ventral striatal macrocircuitry but with differing output nuclei (Gerfen and Wilson, 1996). 

The direct pathway prevalently consists of D1 SPN projections to the SNr, which then sends 

inhibitory projections to the thalamus. The indirect pathway, consisting of D2 SPNs, conveys 

information to the SNr through the VP (Figure 4). Recent evidence suggests the direct and indirect 
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pathways of the ventral striatum are not as segregated as that of the dorsal striatum (Kupchik et 

al., 2015; Smith et al., 2013). Through the use of Cre-dependent channelrhodopsin expression, it 

was revealed that D1 SPNs send projections to the SNr, as well as the VP. Moreover, a direct 

pathway from D2 SPNs to the VP to the thalamus was revealed. The traditional, previously 

described, direct and indirect pathways of the ventral striatum were also validated (Kupchik et al., 

2015). 

 

 

Figure 4. Macrocircuitry of the ventral striatum. 
The direct pathway consists of D1 SPN projections to the SN, which then sends projections to the 
thalamus. The indirect pathway, consists of D2 SPNs conveying information to the SN through 
the VP. In addition, D1 SPNs send projections to the SN, as well as the VP. A direct pathway from 
D2 SPNs to the VP to the thalamus was revealed.  
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f.  Striatal microcircuitry 

Dorsal striatal microcircuitry has been well described and SPN-SPN and interneuron-SPN 

connections are primary sources of inhibition within the striatum (Graveland and Difiglia, 1985; 

Kawaguchi et al., 1995).  

Through the use of paired recordings, it was determined that the connection probability 

between D1 SPNs and other D1 SPNs is 7%, while the connection probability of D1 SPNs to D2 

SPNs is 4.5%. The connection probability between D2 SPNs is 23%, and D2 SPN-D1 SPN 

connectivity is lower, at 13% (Planert et al., 2010). In addition to being scarce in number, SPN-

SPN connections have a dendritic locus (Tunstall et al., 2002). Although this minimizes their 

ability to exert strong inhibitory control of SPNs, they are able to integrate the excitatory inputs 

onto the spines of the SPNs and control dendritic spikes (Carter and Sabatini, 2004; Carter et al., 

2007; Plenz, 2003; Tepper et al., 2008). Compared to the rate of SPN-SPN connectivity,  

connection probability of FSIs to SPNs is greater with a connection probability to D1 SPNs at 89% 

and to D2 SPNs at 67% (Planert et al., 2010). FSIs make connections onto the soma and proximal 

dendrites of SPNs, and the inhibitory control of FSIs is strong enough to block spiking in the 

postsynaptic SPN (Koós and Tepper, 1999). NPY-NGF and SPN connectivity probability is 

greater than 86% (Ibanez-Sandoval et al., 2011). Persistent low-threshold spiking (PLTS) neurons 

make connections onto the distal dendrites  and spines of distal neurons and are scarce in number 

(Kubota and Kawaguchi, 2000; Straub et al., 2016). Synapses between TH interneurons and SPNs 

are reliable, but also low in number (Ibanez-Sandoval et al., 2010). Little is known about the 

synaptic locus of these connections (Tepper et al., 2010). The only non-GABAergic interneurons 
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in the striatum, cholinergic interneurons, make dendritic connections onto SPNs (Izzo and Bolam, 

1988).  

The microcircuitry of the ventral striatum has not been well studied, but the neuronal make 

up is very similar to that of the dorsal striatum and it may follow a similar circuitry (Gittis and 

Kreitzer, 2012; Silberberg and Bolam, 2015; Straub et al., 2016; Tepper and Bolam, 2004). FSIs 

exert strong inhibitory control of SPNs via perisomatic connections (Hussain et al., 1996). 

Somatostatin interneurons make connections onto the spines and dendrites of SPNs (Tepper et al., 

2010). Work by the Taverna group showed an SPN-SPN connectivity probability of 34.2% in the 

ventral striatum, but they did not examine different neuronal subtypes (Taverna, 2003). Research 

on the microcircuitry on the ventral striatum is scarce but is evolving and seems to follow similar 

patterns of that of the dorsal striatum (Figure 5). Understanding the microcircuitry of the ventral 

striatum allows to better understand alterations in synaptic transmission in the two mouse models 

employed in this thesis. 
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Figure 5. Microcircuitry of the ventral striatum. 
Somatostatin (SOM) interneurons make dendritic synapses onto SPNs. FSIs make perisomatic 
connections onto SPNs. SPNs collaterals are most likely to be dendritic in nature. 

 
 

VI.  Spiny projections: anatomy and physiology 

 
a.  Anatomy 

Spiny projections neurons are small to medium in size with spiny dendrites (Meredith et 

al., 1992). Studies have shown morphological differences between SPNs of the NuAcc core and 
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NuAcc shell (Meredith et al., 1992). Neurons in the NuAcc core have higher spine densities, more 

branches, and make higher synaptic terminals. Moreover, NuAcc core SPNs have a higher surface 

area than shell SPNs (Meredith et al., 1992). In the NuAcc, a subset of neurons expresses both D1 

and D2 dopamine receptors: colocalization is higher in the NuAcc core (21%) than in the NuAcc 

shell (13%) (Kupchik et al., 2015). 

 

b. Physiology 

In the dorsal and ventral striatum, SPNs exhibit hyperpolarized resting membrane 

potentials due to inwardly rectifying potassium channels (Nisenbaum and Wilson, 1995; Uchimura 

et al., 1989). In the dorsal striatum, D1 SPNs display a greater rheobase, lower input resistance, 

membrane resistance, and membrane time constant in comparison D2 SPNs (Gertler et al., 2008). 

Despite the difference in rheobase, spike threshold did not differ between D1 and D2 SPNs (Gertler 

et al., 2008). D1 SPNs display greater conductance through IKir, which is reflected in the larger 

hyperpolarized resting membrane potential compared to D2 SPNs (Gertler et al., 2008). 

Additionally, dorsal striatal D1 SPNs displayed a higher capacitance along with increased dendritic 

complexity (Gertler et al., 2008). Further differences include larger GABAA receptor mediated 

tonic currents in D2 SPNs than in D1 SPNs in younger animals (P16-P25 mice) (Ade et al., 2008; 

Santhakumar et al., 2010). In older animals (>P30 mice), tonic currents increased in D1 SPNs but 

decreased in D2 SPNs (Santhakumar et al., 2010). Compared to the dorsal striatum, differences in 

electrophysiological properties between D1 and D2 SPNs of the ventral striatum are poorly 

studied. Similar to the dorsal striatum, D2 SPNs in the NuAcc core display increased excitability 

compared to D1 SPNs. Furthermore, mEPSC frequency was higher in D2 SPNs than in D1 SPNs 
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and this was correlated with a decreased paired-pulse ratio, indicating increased transmitter release 

probability. The excitatory synapses onto D1 and D2 SPNs also differed as seen by the increased 

NMDAR/AMPAR ratio in D2 SPNs compared to D1 SPNs, indicating a higher proportion of 

synaptic NMDA receptors (Grueter et al., 2010). The majority of studies investigating 

electrophysiological properties of SPNs have not differentiated between D1 and D2 SPNs in the 

ventral striatum and will be the focus of the first part of this thesis. 

 

VII. Inhibitory transmission and GABAA receptors 

The striatum receives a great amount of inhibitory transmission and GABA (γ-

aminobutyric acid) is the main inhibitory neurotransmitter in the brain. There are two types of 

GABAergic receptors, the ionotropic GABAA receptor channel and metabotropic GABAB 

receptors. When GABAA receptors are activated, chloride (Cl-) and bicarbonate move into the cell 

and hyperpolarizes the membrane potential. The Cl- gradient is maintained by K-Cl cotransporters 

(Rivera et al., 2005). During embryonic and postnatal development, there are low levels of K-Cl 

transporters, and thus Cl- concentration in neurons is high. In this case when GABAA receptors are 

activated, Cl- flows out of the cell and depolarizes it (Rivera et al., 2005). Expression of K-Cl 

transporters varies by brain region and subcellular domains, allowing for varied responses to 

GABA. For example, KCC2, a K-Cl transporter, is poorly expressed in the substantia nigra pars 

compacta, and thus it was found that GABAA receptor mediated inhibition in these neurons is not 

efficacious (Gulácsi et al., 2003).  KCC2 expression is absent in the axon initial segments of 

neocortical pyramidal cells, therefore GABAergic transmission may cause depolarization at these 
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segments (Szabadics et al., 2006). These region and subcellular expression profiles may account 

as a potential mechanism as to why there are differential responses to GABA. 

 

a.  GABA metabolism 

GABA is synthesized via decarboxylation of L-glutamate, catalyzed by the enzyme L-

glutamate decarboxylase (GAD) (Roberts and Simonsen, 1963). There are two isoforms of GAD, 

GAD65 and GAD67 and they differ in regards to their regulation and subcellular localization 

(Martin and Rimvall, 1993; Soghomonian and Martin, 1998). GAD65 exists as an inactive 

apoenzyme and is highly expressed in neuronal terminals (Martin and Rimvall, 1993; 

Waagepetersen et al., 2001). GAD67 exits as an active haloenzyme and is highly in expressed in 

the cytosol of GABAergic neuron (Martin and Rimvall, 1993). GABA stores are replenished via 

reuptake of GABA and synthesis of GABA from glutamine via the GABA-glutamine-glutamate 

cycle (Waagepetersen et al., 2001). Lastly, GABA is degraded via being converted into succinic 

acid semialdehyde and taken into the TCA cycle (Schousboe and Waagepetersen, 2007).  

Once GABA is synthesized it is packaged into vesicles via vesicular GABA transporters 

and is released by depolarization-coupled, Ca2+-dependent fusion of the vesicular and plasma 

membranes (Figure 6) (Otsuka, 1996). In addition, GABA may be released from the cytoplasmic 

pool via reversal of GABA transporters (Bernath, 1992; Pin and Bockaert, 1989). Glial cells may 

also release GABA (Minchin and Iversen, 1974). It should be noted that non-vesicular release of 

GABA occurs preferentially at extrasynaptic sites and is implicated in tonic GABAergic inhibition 

(Krogsgaard-Larsen et al., 2004; Mody, 2001; Schousboe et al., 2004). GABA reuptake occurs via 
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both astrocytes and neurons (synaptically and extrasynaptically) (Conti et al., 2004; Madsen et al., 

2008). 

 

 

Figure 6. An inhibitory synapse.  
GABA is released into the synapse via Ca2+-dependent fusion of the vesicular and plasma 
membranes. Once released, it can activate synaptic and extrasynaptic receptors.  
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b. GABAA receptor structure and subunit composition 

GABAA receptors are ligand gated ion channels and are part of the Cys-loop receptor 

family along with nicotinic acetylcholine receptors, the 5-hydroxytryptamine type-3 receptors, the 

zinc activated ion channel, and glycine receptors (Cromer et al., 2002; Lester et al., 2004).  

 

 

Figure 7. GABAA receptor structure.  
A. The GABAA receptor is an ionotropic receptor consisting of five subunits and when opened 
allows the influx of chloride. The GABA binding site is between the α and β subunits and the 
benzodiazepine (BZ) binding site is between the α and γ subunits. B. Each subunit consists of four 
transmembrane domains (TM1-TM4) and a large intracellular loop between TM3 and TM4. 

 
They are pentameric and form a single ion channel (Figure 7A). Each subunit consists of 

four transmembrane domains (TM1-TM4) and a large intracellular loop between TM3 and TM4 

(Figure 7B) (Macdonald et al., 2000).  Both the N and C terminus are in the extracellular space. 

The TM2 domain lines the ion channel (Unwin 2005). The TM3-TM4 loop is implicated in 
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attaching anchor and regulatory proteins, which are involved in locating the receptor to the synapse 

and regulating its function (Shuen et al., 2008). 

Nineteen subunits have been cloned (α1-6, β1-3, γ1-3, δ, ε, θ, π, ρ1-3) (Farrant and Nusser, 

2005). Although many subunit compositions are possible, only a few dozen actually exist. The 

most abundant receptor subtype expresses the α1, β2, γ2 subunits, and a most likely stoichiometry 

of two α, two β, and one γ subunit (McKernan and Whiting, 1996; Sieghart and Sperk, 2002; 

Whiting, 2003). Subunit composition gives GABAA receptors unique channel conductance, open 

time, pharmacological properties, and determines their subcellular location. For, example, γ2 

receptors are sensitive to benzodiazepines (Macdonald and Olsen, 1994). The δ subunit is only 

present extrasynaptically and perisynaptically (Luo et al., 2013; Nusser et al., 1998; Wei et al., 

2003). Certain subunits such as α6 will only form with the δ subunit, restricting it to an 

extrasynaptic location (Barnard et al., 1998). Although δ containing receptors are only 

extrasynaptic, other non-δ containing GABAA receptors are also found extrasynaptically, such as 

α5 containing GABAA receptors. This data taken together, with electrophysiological experiments 

determined receptors that contain γ2 with α1, α2, and α3 are responsible for phasic inhibition and 

receptors that contain α4, α5, α6, or δ subunits are responsible for tonic inhibition (Farrant and 

Nusser, 2005).  

 

c.  GABAA receptor activation 

The most common subunit combination is α1βγ2 (Benke et al., 2004). GABA binds at the 

interface of α and β subunits (Baumann et al., 2003). Other agonists such as musicmol bind in the 

same location and activity is blocked by competitive antagonists such as bicuculline and gabazine 
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(Korpi et al., 2002). Picrotoxin, an antagonist, blocks non-competitively, by binding to a site in 

the channel (Korpi et al., 2002). Clinically relevant GABAA receptor activators bind at sites 

distinct from the GABA binding site and are referred to as allosteric modulators. Modulators alter 

GABA efficacy at opening by either increasing (“positive”) or decreasing (“negative”) opening. 

Benzodiazepines are a type of allosteric modulators that bind at the α-γ interface (Ernst et al., 

2003). GABAA positive allosteric modulators are widely used in the clinic for anesthesia, treatment 

of anxiety, sleep, and epilepsy. Although negative allosteric modulators although cause anxiety, 

they have been recognized as potential cognitive enhancers (Möhler et al., 2004). 

 

d.  Expression profile and biophysical properties of GABA receptors 

There is a high localization of α2 subunits in the striatum and α3 in the amygdala (Fritschy 

and Mohler, 1995). The globus pallidus and the substantia nigra pars reticulata express 

predominantly α1, β2, and γ (Wisden et al., 1992).  Globally, in the brain, a decrease in the α2 

subunit expression and an increase in the α1 subunit expression occur throughout development, in 

parallel with pruning of neuronal connections (Fritschy, 2015). This correlates with the findings 

that α1 containing receptors have faster and more precise decay kinetics and α2 have slower decay 

kinetics (Ortinski et al., 2006; Tia et al., 1996; Vicini et al., 2001). In the striatum there is a strong 

developmental switch in GABAA receptor subunit expression from α2 and α5 to α2 and α4 (Laurie 

et al., 1992a, 1992b). Whereas in the globus pallidus there is a switch from α1 to α2 (Laurie et al., 

1992a, 1992b). Interestingly, in the dorsal striatum, D2 SPN currents lacking the β3 subunit 

displayed shorter decay kinetics possibly related to the loss of  α2 subunit containing receptors 

(Janssen et al., 2011; Luo et al., 2013).  



27 
 

 

e. Phasic and tonic inhibition 

When activated, GABAA receptor channels allow for the influx of chloride and bicarbonate 

ions producing a hyperpolarizing postsynaptic response.  This synaptic source of inhibition is 

known as phasic inhibition and is brief and transient, although it could occur as a response to 

longer lasting presynaptic action potential bursts. Inhibitory transmission can also occur with 

GABA “spillover”: the neurotransmitter acts on the presynaptic neuron, and also on nearby 

synapses and neurons. In addition, even low GABA concentrations can activate extrasynaptic 

GABAA receptors. This mode of inhibition is temporally dissociated from phasic inhibition and is 

known as tonic inhibition (Nusser et al., 1998). 

Phasic inhibition is rapid and precise and allows for fast synaptic transmission from the 

presynaptic synapse to the postsynaptic synapse. During synaptic transmission, peak GABA 

concentrations reach the millimolar range (Mody et al., 1994). GABA is cleared quickly from the 

synaptic cleft, allowing a short exposure of the receptors to the neurotransmitter (Mozrzymas, 

2004; Mozrzymas et al., 2003). Spontaneous inhibitory postsynaptic currents (sIPSCs) are 

mediated by both spontaneous action potentials and action potential independent random vesicular 

release. Action potential independent vesicular release of GABA are defined as miniature 

inhibitory postsynaptic currents (mIPSCs) and are detected by the application of the voltage-gated 

sodium channel blocker, tetrodotoxin (TTX). 

Tonic inhibition is a slower form of inhibitory transmission. It was first identified in 

recordings from rat cerebellar granule cells (Kaneda et al., 1995). GABAA receptor antagonists 

block sIPSCs and decrease the holding current revealing a tonic inhibition of these cells (Kaneda 
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et al., 1995). There are several sources of GABA that contribute to tonic inhibition including the 

presence of synaptically released GABA (Brickley et al., 1996).  

 

f.  Functional roles of phasic and tonic inhibition 

 As mentioned, phasic inhibition is rapid and is synaptically and temporally mediated, 

whereas tonic inhibition is extrasynaptic and temporally dispersed. Both forms of inhibition are 

important for physiological control of neurons. Phasic inhibition, by generating rebound 

excitation, is responsible for the generation of rhythmic activity and maintain theta and gamma 

oscillations (Cobb et al., 1995; Jonas et al., 2004). The location of phasic inhibition may be 

somatic, perisomatic, and dendritic in nature allowing for various roles of inhibitory transmission 

(Farrant and Nusser, 2005). Somatic GABAergic transmission allows for precise inhibition of 

excitatory input. Dendritic inhibition can regulate calcium spikes and allows for regulation of 

synaptic input for a longer period of time (Pouille and Scanziani, 2004). 

 Tonic inhibition has differential effects depending on the neuronal subtype. In granule 

cells, blockade of tonic inhibition decreases rheobase and the input-output relationship is shifted 

to the left indicating increased neuronal excitability (Brickley et al., 1996; Chadderton et al., 2004). 

In the striatum, removal of tonic current in D2 SPNs resulted in decreased neuronal excitability 

(Ade et al., 2008; Janssen et al., 2011).  

 

VIII.  Dendritic morphology and inhibition 

Changes in dendritic morphology has been linked to both alterations in afferent inhibitory 

transition and neuronal excitability.  
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L-type Ca2+ channels are one of the cellular targets of the dopamine receptors on D1 and 

D2 SPNs and are prevalent in the dendritic tree (Day et al., 2006). These channels are implicated 

in altering membrane potential and synaptic function (Dolmetsch et al., 2001; Mermelstein et al., 

2000). D1 dopamine receptor activity enhances L-type Ca2+ channel activity, whereas D2 

dopamine receptors reduce L-type Ca2+ channel activity (Hernandez-Lopez et al., 2000; Surmeier 

et al., 1995). D1 and D2 SPNs also differed in their expression of L-type channel subtypes, D2 

SPNs only express channels with the Cav1.3α1 subunit and D1 SPNs only express channels with 

the Cav1.2α1 subunit  (Olson et al., 2005). Moreover, L-type Ca2+ channels are strategically 

positioned in the spines of SPNs and only require modest subthreshold depolarization to open (Day 

et al., 2006; Olson et al., 2005). Genetic deletion of the Cav1.3α1 subunit led to an increase in 

spines and mEPSC frequency in both D1 and D2 SPNs. As previously mentioned, D2 SPNs reduce 

L-type Ca2+ channel activity via dopaminergic activity, thus reducing D2 SPN activity via 

dopamine depletion led to increased L-type Ca2+ channel activity which was correlated with 

decreased spines, decreased dendritic length and complexity, and decreased mEPSC frequency 

specifically in D2 SPNs. Further studies revealed that dopamine dependent elimination of spines 

on D2 SPNs is dependent on Cav1.3α1 activity (Day et al., 2006; Surmeier et al., 2011). These 

results displayed a link between synaptic transmission and dendritic morphology. 

In a mouse of model of striatal D2 receptor overexpression, it was revealed that SPNs in 

the dorsal striatum displayed decreased dendritic arborization, increased excitability as measured 

by increased spike frequency, less hyperpolarized resting membrane potential, increased input 

resistance, and decreased rheobase. It was also determined that D2 receptor overexpression led to 

a decrease in inward rectifying currents and downregulation of Kir2 channel expression. 
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Moreover, it was determined that downregulation of the Kir2 channel is sufficient enough to cause 

a decrease in SPN dendritic arborization and increased excitability (Cazorla et al., 2012). The link 

between membrane excitability and activity of inwardly rectifying channels has been previously 

shown (Nisenbaum and Wilson, 1995). This data implicated Kir channels in alterations in dendritic 

morphology, thus providing a connection between the three properties. This is of importance in 

pathophysiological states, as increased SPN excitability and dendritic atrophy is observed in 

animal models of Parkinson’s disease (Cazorla et al., 2012; Day et al., 2006; McNeill et al., 1988). 

 

IX.  Electrophysiological properties 

 Electrophysiology is the study of the electrical properties of biological cells which can be 

accomplished via extracellular as well as intracellular means. Intracellular electrophysiological 

recordings consist of two main techniques: voltage clamp in which the voltage of the cell is 

“clamped” and current clamp in which the potential of cell is measured by injecting (clamping) 

current into the cell via an electrode. The experiments outlined in this thesis utilized intracellular 

whole-cell patch clamp recordings from neurons in acute brain slices (Edwards et al., 1989). This 

approach allows for manipulation of the intracellular and extracellular ionic concentrations. My 

experimental setups used a potassium chloride-based internal solution. This alters the reversal 

potential of chloride, such that when chloride channels open at -70 mV, chloride leaves the cell. 

In voltage clamp, cation influx and anion efflux are seen as downward deflections and anion influx 

is seen as an upward deflection (Figure 8). One caveat of using a potassium chloride-based 

solution is the alteration of ionic balance and is why some experimental paradigms involve the use 

a potassium gluconate-based solution. In this case, chloride will enter the cell and is visualized as 
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an upward deflection. Although this method does not alter the ionic balance of the cell, GABAergic 

transmission cannot be measured at -70 mV and recordings must be done at 0 mV. 

For intracellular recordings, the tip of a fine electrode is brought to the surface of a cell. 

Negative pressure is applied to achieve a membrane seal of GΩ resistance, which is called a giga 

ohm seal. The membrane is then broken via application of positive and negative pressure, and 

small electrical currents through the recording electrode. Once access to the inside of the cell is 

accomplished, a variety of data can be obtained. 

 

a.  Voltage clamp 

 Voltage clamp is an electrophysiological technique in which the cell potential is controlled, 

and current is measured. As mentioned, a potassium chloride-based internal solution was used for 

the electrophysiological experiments in this thesis. Therefore, I only observed downward 

deflecting currents. I did not apply glutamatergic antagonists to separate the excitatory and 

inhibitory currents, as these antagonists can perturb inhibitory transmission (Brickley et al., 2001). 

Instead I took advantage of the different kinetics of excitatory and inhibitory currents to separate 

out the inhibitory currents (Al-Muhtasib et al., 2018; Forcelli et al., 2012). Excitatory currents 

were studied under the application of the GABAA antagonist, bicuculline methobromide (BMR). 

Several parameters can be obtained from a voltage clamp recording (Figure 8). Peak amplitude is 

the height of the current and is measured in pico amperes. Rise time is the time it takes for the 

current to go from 10% to 90% of its peak and is measured in milliseconds. Decay time is the time 

it takes for the current to go from 90% to 10% of its peak and is measured in milliseconds. Inter-

event interval is the time between events and is measured in milliseconds. Frequency is often cited 
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as the inverse of inter-event interval, but for my analysis it was considered to be the number of 

events during a set period of time.  

 

 

Figure 8. Inhibitory postsynaptic current properties.  
An example IPSC trace with the various parameters labeled: peak amplitude, rise time, decay time, 
and frequency. 

 
 

Alterations in rise and decay times implicate changes in subunit composition of the 

GABAA receptor or the subcellular source of the current. For example, currents coming from a 

dendritic location will have longer rise and decay times compared to currents coming from the 

soma. Alterations in peak amplitude implicate changes on the postsynaptic side such as alterations 

in receptor number. Often, an increase of receptor number is reflected as increased peak amplitude. 
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Frequency alterations generally implicate a presynaptic source. For example, increased frequency 

can be due to increased excitability of the presynaptic cell or increased vesicular release. It should 

be noted that changes in frequency may be due to a postsynaptic alteration. For instance, formation 

of new synapses on an enlarged dendritic tree can lead to an increase in frequency. Alterations in 

inter-event intervals may give evidence of changes in the bursting properties of the presynaptic 

cell. Each of these parameters allow us to better understand the transmission onto the cell we are 

recording from.  

Excitatory or inhibitory transmission may come from two sources: action potential 

dependent or independent vesicular release. Spontaneous postsynaptic currents (sIPSCs or 

sEPSCs, sI(E)PSCs) include both action potential dependent and independent vesicular release 

mediated transmission. Miniature postsynaptic currents (mIPSCs or mEPSCs, mI(E)PSCs) are 

only due to action potential independent vesicular release (Figure 9). sI(E)PSCs give clues of 

changes in the intrinsic properties of the presynaptic cell and/or network activity. Changes in 

mI(E)PSCs are used to understand changes in random action potential independent vesicular 

release. Combining both parameters provides a powerful tool in understanding changes in 

transmission and whether changes are presynaptic or postsynaptic. For example, alterations in 

mI(E)PSCs but not sI(E)PSCs allows us to eliminate changes in the excitability of the presynaptic 

cell. Alterations in both mI(E)PSCs and sI(E)PSCs indicates possible changes in excitability of the 

presynaptic cell and action potential independent vesicular release. 
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Figure 9. sIPSCs and mIPSCs.  
Spontaneous inhibitory postsynaptic currents (sIPSCs) are due to action potential dependent and 
independent vesicular release. Miniature inhibitory postsynaptic currents (mIPSCs) are solely 
due to action potential independent vesicular release. 
 
 
 
b.  Current clamp 

 Current clamp is an electrophysiological technique in which membrane voltage is 

measured in response to current injection. As with voltage clamp, a wide variety of parameters can 

be obtained. The first parameter is the resting membrane potential, which is obtained at zero 

current injection. It is important to note that this is not the true resting membrane potential as we 

have perturbed the true ionic balance of the cell. One current clamp experimental paradigm, which 

I have utilized for this thesis, involves giving increasing steps of hyperpolarizing and depolarizing 
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current injections and measuring the response. From the hyperpolarizing steps, input resistance, 

capacitance, and time constant can be obtained. The method of obtaining these measurements is 

outlined in methods and materials. From the depolarizing steps, spike frequency, threshold, peak 

amplitude, width, height, and trough can be measured (Figure 10). Injecting a ramp of current will 

allow you to measure rheobase which is the minimal current that elicits an action potential. 

Threshold is the lowest membrane potential at which an action potential begins. 

 

 

Figure 10. Action potential parameters.  
An example trace of an action potential with the threshold, width, peak, trough, and height 
parameters labeled. 
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 Input resistance (R), capacitance, and time constant are intrinsic or passive properties of a 

cell. Resistance is the relation between current and voltage. The input resistance of a cell 

determines the cells voltage (V) response to current injection (I) based on Ohms law: V=IR. If two 

cells receive identical current injections, the one with the higher input resistance will show a 

greater change in voltage. Input resistance depends on the lipid properties of the membrane and 

the number of ion channels and the size of the neuron. As the neuron size increases, membrane 

resistance decreases, due to the increased number of channels to conduct ions. Similarly, 

alterations in channel number and conductance, such the potassium inward rectifier channels in 

the striatum, will affect membrane resistance. 

 Capacitance is a property of neurons that accumulates electrical charges when current 

flows and slows down the voltage response in a cell to a current injection. A neuron’s membrane 

acts as a capacitor and stores charge. Therefore, membrane capacitance is proportional to the cell 

surface area. Capacitance increases with cell size. In order to produce the same change in 

membrane potential, a larger cell would require more current injection compared to a smaller cell. 

Neurons are complex and slights changes in their dendritic complexity will affect capacitance. The 

method by which capacitance is measured can greatly affect the accuracy of the number obtained. 

Although studies showed that for complex neurons, measuring capacitance from current clamp 

experiments produces accurate capacitance measurements, there are some limitations (Golowasch 

et al., 2009). The voltage clamp method of analyzing capacitance was found to be in inaccurate in 

obtaining to the true capacitance of complex neurons (Golowasch et al., 2009). 
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 Time constant is measured as the time take to reach 63% of voltage and it is the product of 

the input resistance and capacitance of the membrane. Increased cell size may have negligible 

effect on time constant due to the counter effects of decreased input resistance. 

 Within the striatum, several neurons can be identified via their firing properties, which 

include threshold, action potential frequency, after hyperpolarization firing properties, the delay 

to first spike, inter-spike interval, and spike adaptation. Although these properties can be used to 

identify neurons, they also provide information on the channel makeup of these neurons. For 

instance, FSIs can fire spikes at significantly higher rates than SPNs (Kawaguchi et al., 1995; 

Plenz, 2003). They are also known to display irregular high-frequency bursts known as stuttering 

(Bracci et al., 2003). SPNs are characterized by a delay to first spike due to activity of the voltage 

gated potassium current, IA, which is activated during hyperpolarization (Nisenbaum and Wilson, 

1995).   
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HYPOTHESIS 
 

The role of the MMP-1/PAR-1 axis in regulating striatal neurophysiology has not been yet 

examined. Taking into consideration the striatum’s key role in normal function and the alteration 

of the MMP-1/PAR-1 axis in disease, the focus of this thesis was the effect of MMP-1 

overexpression on striatal neuronal inhibition and striatal mediated behavior. I hypothesize MMP-

1 overexpression will alter synaptic transmission onto the principal cells of the ventral striatum, 

with increased inhibitory transmission onto D1 SPNs. Moreover, I hypothesize D1 SPNs will 

display decreased excitability and increased dendritic complexity. As such, I hypothesize MMP-

1OE mice will display blunted locomotion.  
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MATERIALS AND METHODS 

 
I.  Animals and genotyping 

Bacterial artificial chromosome (BAC) D2 enhanced green fluorescent protein (EGFP) and 

BAC D1 tdTomato mice were crossed to obtain a mouse that expresses both D2-EGFP and D1-

tdTomato (Gong et al., 2003; Shuen et al., 2008). The MMP-1 over expressing transgenic (MMP-

1OE) mice were prepared at Johns Hopkins University via pronucler injection (Allen et al., 2016). 

The human MMP-1 (hMMP-1) cDNA (gift of Dr. J D’Amriento, Columbia University) was 

subcloned downstream of the GFAP promotor. The hMMP-1, is an orthologue of the mouse MMP-

1a and more importantly is an activator of the mouse PAR-1 (Foronjy et al., 2003; Tressel et al., 

2011). The MMP-1OE mice were crossed with a global PAR-1 knock out mouse (MMP-

1OE/PAR-1KO, F2rtm1AjcJackson Laboratory). All mice were backcrossed to the C57BL/6 

background. At postnatal days 0-1 (P0-P1), mice were light genotyped for red fluorescence using 

a dual fluorescent protein flashlight (NightSea, Lexington, MA). At P7, animal genotype was 

assessed by tail biopsy conducted by Transnetyx, Inc. (Cordova, TN, USA). All mice were group-

housed in barrier cages in rooms with a 12-hour:12-hour light/dark cycle. They were permitted 

free access to food and water. The procedures performed in this manuscript were performed in 

accordance with and approval by Georgetown University Animal Care and Use Committee. 

 All mice in this study expressed D1-tdTomato and D2-EGFP. Both male and female mice 

were used for all studies and were combined when found to not be statistically different. For all 

experiments I used two different mating pair strategies. The first strategy resulted in wild-type 

control and MMP-1OE mice from the same litter. Mice from these litters where used for whole-

cell recordings, morphological reconstruction, and the behavior assays. The second strategy 
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produced all three genotypes: control, MMP-1OE and MMP-1OE/PAR-1KO mice. This strategy 

generated smaller numbers of control and MMP-1OE, therefore, for the electrophysiology and 

morphological reconstruction experiments I used MMP-1OE/PAR-1KO mice from the second 

mating strategy and compared them to control and MMP-1OE from the first mating strategy. When 

a litter contained all three genotypes these mice were used for the behavior assays; I was able to 

obtain 2 control, 8 MMP-1OE and 17 MMP-1OE/PAR-1KO mice for behavioral testing across 

several litters from the second breeding strategy. Because control and MMP-1OE animals from 

this second breeding strategy did not differ significantly from the first breeding strategy, data were 

combined for further analysis. For the behavioral assays I used control (17), MMP-1OE (26), and 

MMP-1OE mice (17). 

 

 
Figure 11. Decreased litter size of PAR-1KO mice. 
A. The number of litters born to control/MMP-1OE, MMP-1OE/PAR-1KO, and PAR-1KO mice 
did not differ (p=0.5651). B. The litter size of PAR-1KO mice is significantly smaller than that 
of control (p=0.0005), MMP-1OE (p=0.0005), and MMP-1OE/PAR-1KO mice (p=0.0081). 
Control and MMP-1OE mice came from two different cages. MMP-1OE/PAR-1KO mice came 
from four different cages. PAR-1KO mice came from two cages. 

A B
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The number of litters born to control/MMP-1OE, MMP-1OE/PAR-1KO, and PAR-1KO 

mice did not differ (p=0.5651, Figure 11A). The litter size of PAR-1KO mice is significantly 

smaller than that of control (p=0.0005), MMP-1OE (p=0.0005), and MMP-1OE/PAR-1KO mice 

(p=0.0081, Figure 11B). The small litter size is hallmark of these mice and it is thought PAR-1KO 

mice die in utero due to leaky blood vessels around the heart (Connolly et al., 1997). Interestingly, 

crossing these mice to MMP-1OE mice rescued this phenotype. Due to the constraint of smaller 

litter sizes, the studies conducted in this thesis focused on control, MMP-1OE and MMP-

1OE/PAR-1KO mice. However, crossing the MMP-1OE mouse to the PAR-1KO mouse rescued 

this phenotype. 

 

II.  Brain slice preparation 

Slices were prepared from postnatal day 17-21 (P17-23) male and female mice as described 

in Ade, et al. (Ade et al., 2008, 2008). The data were analyzed as a function of age and no 

differences were found. This age group was selected to better understand what occurs in the mouse 

models during early development. Mice were sacrificed by rapid decapitation in agreement with 

the guidelines of the American Veterinary Medical Association Panel on Euthanasia and the 

Georgetown University Animal Care and Use Committee. The whole brain was removed and 

placed in an ice-cold cutting solution containing (in mM): NaCl (87.3), KCl (2.7), CaCl2 (0.5), 

MgSO4 (non-hydrate) (6.6), NaH2PO4 (1.4), NaHCO3 (26.0), dextrose (25.0), sucrose (75.1) (all 

from Sigma, St. Louis, MO, USA).  A Vibratome 3000 Plus Sectioning System (Vibratome, St. 

Louis, MO, USA) was used to prepare 250 μm thick striatal coronal slices. The slices were 

incubated in artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl (123.9), KCl (4.5), 
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Na2HPO4 (1.2), NaHCO3 (26.0), CaCl2 (2.0), MgCl2 (1.0), and dextrose (10.0) at 305 mOsm at 32 

°C for 30 minutes. The slices were then incubated for an additional 30 minutes in the same solution 

and it was also use as the extracellular recording solution. at room temperature. All solutions were 

continuously bubbled with 95% O2/5% CO2 to maintain a pH of 7.4. 

 

III.  Cell identification 

The BAC D1-tdTomato and D2-EGFP mice allowed for visualization of both D1 and D2 

SPNs in our slices (Figure 12). I recorded from red only or green only neurons. 

 

 

Figure 12. Example slices from D1-tdTomato and D2-EGFP mice. 
Confocal z-stack projections showing the ventral striatum. D1 SPNs in red and D2 SPNs in 
green. 60X magnification. AC=anterior commissure. Left: control mouse. Right: MMP-1OE 
mouse. 

 
 
IV.  Whole-cell recordings 

Slices were visualized using an upright microscope (E600FN, Nikon, Tokyo, Japan) 

equipped with Nomarski optics and a 60X water immersion objective with a long working distance 

(2 mm) and high numerical aperture (1.0). Recording electrodes with a resistance of 4-6 MΩ were 

prepared from borosilicate glass capillaries (Wiretol II; Drummond, Broomall, PA, USA).  
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A KCl-based internal solution containing (in mM): KCl (145.0), HEPES (10.0), ATP-Mg 

(5.0), GTP-Na (0.2), EGTA (5.0) and adjusted to pH 7.2 with KOH was used for all recordings. A 

KCl-based internal solution was used to visualize GABAergic currents at -70 mV. Voltage-clamp 

recordings were achieved using the whole-cell configuration method at a holding voltage of -70 

mV using the MultiClamp 700B amplifier (Molecular Devices, San Jose, CA, USA). All 

recordings were performed at room temperature, 22-24 °C. Recordings were performed from D1 

and D2 SPNs in the ventral striatum, in the area directly surrounding the anterior commissure 

(nucleus accumbens core, Figure 13).  

 

 
Figure 13. DIC image of example slice used for recording-2X magnification.  
Recordings were performed from the area directly around the anterior commissure (nucleus 
accumbens core). Two holding pins keep the slice in place. 
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Cell type was determined by fluorescence expression and firing pattern. Responses to 

increasing hyperpolarizing and depolarizing current injections (10 pA steps) were obtained to 

assess passive properties, and action potential firing pattern and number. Access resistance was 

monitored periodically during the experiment and recordings with a >20% change were discarded. 

Recordings were filtered at 2 kHz with a low-pass Bessel filter and digitized at 20 kHz using a 

personal computer equipped with Digidata 1440 data acquisition board and pCLAMP10 software 

(both from Molecular Devices).  

 

V.  Drugs 

Working solutions of tetrodotoxin (TTX, 1 μM) and bicuculline methobromide (BMR, 25 

μM, both from Sigma) were prepared in aCSF and locally applied to the slice via Y tube (Hevers 

and Lüddens, 1998). Prior to drug application, the whole cell currents were acquired for five 

minutes to obtain sIPSCs, at which time TTX was applied to study mIPSCs, lastly BMR was 

applied to verify the GABAergic nature of postsynaptic currents and evaluate GABAA mediated 

tonic current and mEPSCs. NBQX was not used for the measurement of IPSCs as to not disturb 

the network activity (Brickley et al., 2001). The rapid decay kinetics of AMPA-mediated EPSCs 

allowed me to exclude them from IPSC analysis (Al-Muhtasib et al., 2018; Forcelli et al., 2012; 

Janssen et al., 2011; Ortinski et al., 2006). 

 

VI.  Measurement of electrophysiological properties 

IPSCs were measured using ClampFit template search and visually confirmed (Forcelli et 

al., 2012; Janssen et al., 2011). Peak amplitude, rise time, decay time, and inter-event interval were 
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obtained from the ClampFit results. Frequency of IPSCs was measured directly as the number of 

events divided by the length of the recording. Cumulative distribution curves were generated using 

the data for each of the individual cells presented in the bar graphs. The summary curves were 

generated by combining the data from these individual cells. Tonic current was analyzed using an 

all-points histogram that measured the mean before and during BMR application. 

Resting membrane potential was measured at I=0. Passive properties were measured from 

the voltage response to hyperpolarizing current injections. Input resistance was calculated as the 

slope of the linear portion of the voltage-current curve. The time constant was measured from the 

decay of the voltage response to hyperpolarizing current injections. Membrane capacitance was 

measured indirectly from the input resistance and time constant. Action potential firing rate was 

measuring manually from depolarizing current injections. Rheobase was considered to be the first 

depolarizing current injection to induce an action potential. A neuron with more inward 

rectification will have a decreased voltage response to large hyperpolarizing current injections. As 

such, inward rectification was measured from the ratio of the difference in voltage response 

between the two largest hyperpolarizing current injections and the difference in resting membrane 

potential and voltage response to the first -10 pA current injection. The data points used for 

measurements were selected from linear portions of the current voltage relationship. 

 

VII.  Morphological reconstruction 

Whole-cell recordings were obtained using the potassium chloride-based internal solution 

detailed above with the addition of 0.5% biocytin. Neurons were then injected with up to 35 steps 

of hyperpolarizing and depolarizing current injections in current clamp mode (100 ms, 20 pA). 
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After approximately 15 minutes of recording, an outside-out seal was obtained, and slices were 

allowed to rest for another 45 minutes before fixation. Slices were then fixed with 4% sucrose/4% 

paraformaldehyde in 0.1 M phosphate buffered saline (PBS) at room temperature for 2 hours. The 

slices were subsequently washed with 0.5% triton-X in 1X PBS for at least 30 minutes. Slices were 

then incubated in avidin-fluorescein (2.5 ul/mL) for 2 hours. Afterwards slices were washed 

overnight and then mounted with Vectashield, H-1000 mounting medium (Vector Laboratories, 

Burlingame, CA) to be imaged.  

Imaging of slices was performed using a ThorLabs resonance laser scanning confocal 

microscope with 488 nm and 547 nm argon laser on a Nikon Eclipse FN1 upright microscope with 

a 60x water immersion lens (1.0 N.A.), a 40X lens (0.9 N.A.) or a 20x lens (0.5 N.A.).  

Analysis was initially done blinded and was completed in a blinded format midway through 

the study. Bioyctin injected cells were traced using the Fiji NeuronJ plugin  and dendritic 

arborization was analyzed using the Sholl analysis plugin (Ferreira et al., 2014). Primary branches 

were considered to be the ones coming directly from the soma, secondary branches were ones 

coming from primary branches, and branching from then on was considered to be tertiary 

branching. Dendritic length was measured using the NeuronJ plugin. 

 

VIII.  Lysates and western blot 

Brains were removed via rapid decapitation and were treated with lysis buffer containing: 

50 mM Tris-HCl, pH 7.5, 150 mM NaCL, 0.1% sodium dodecyl sulfate, 1% NP-40, 0.5% sodium 

deoxycholate, 0.2 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol, 1X protease and 

phosphatase inhibitor cocktail (Thermo Scientific, Grand Island, NY, USA). The mixture was then 
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sonicated for 10 seconds, kept on ice for 20 minutes, and spun at 14,000 rpm for 15 minutes at 4° 

C in a microcentrifuge. Protein concentrations were determined using a bicinchonic acid assay 

(BCA). Then equal quantities of protein were mixed with the loading buffer containing beta-

mercaptoethanol and heated for 5 minutes at 95°C. The mixtures were then run on 4-20% precast 

gels (Bio-Rad, Hercules, California, USA) and transferred to a nitrocellulose membrane and 

blocked in 5% non-fat dry milk in tris-phosphate-buffered saline with 0.1% Tween (TBST) for 1 

hour. The membranes were probed with antibodies to PAR-1 (1:1000, Novus Biologicals, 

Littleton, CO, USA; Santa Cruz Biotechnology, Dallas, Texas, USA) and GAPDH (1:1000, Novus 

Biologicals) overnight at 4 °C. The PAR-1 antibody was validated in a PAR-1 knockout mouse. 

Prior to incubation with the secondary antibody for 1 hour at room temperature, the membrane 

was washed five times in TBST (10 minutes each). The appropriate secondary antibodies were 

used, anti-rabbit (1:10,000) for PAR-1 and anti-mouse (1:10,000) for GAPDH. The membrane 

was washed for five times in TBST (10 minutes each) after removal of the secondary antibody. 

The membranes were exposed to western-lighting plus- ECL (PerkinElmer Inc., Hanover, MD, 

USA). Film bands were quantified using ImageJ. 

 

IX.  Behavioral assays 

A week prior to behavioral testing, animals were handled to minimize confounding results 

due to stress. Testing was conducted on P50-70 mice. On the first day mice were subjected to 

prepulse inhibition testing, two days later they were placed through the locomotion assay. Lastly, 

two to three days post the locomotion assay, mice went through the prepulse inhibition assay under 

the influence of amphetamine. 
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X.  Prepulse inhibition (PPI)  

Mice were placed in individual startle chambers (ventilated and illuminated) with constant 

background noise (70 dB). Animals were allowed to acclimate to the chamber for 5 min, followed 

by a noise pulse (120 dB) above background lasting 30 ms (pulse alone). Pulse alone was presented 

5 times to habituate animals to testing procedure. After habituation to the task, animals received 

either the startle pulse alone or the startle pulse preceded by a prepulse noise that was just above 

background (3-12 dB above background). Each session consisted of 30 trials of "pulse alone" and 

the "prepulse + pulse" trials in random order.  Percent PPI was calculated using the following 

formula: [ [1-(magnitude on prepulse/magnitude on pulse alone trial)]*100. To test PPI under 

amphetamine, mice were injected with amphetamine (2.5 mg/kg, ip) prior to placement in the 

chamber and allowed to sit in the chamber for ten minutes prior to the start of testing. 

 

XI.  Locomotion assay 

Mice were placed in an acrylic locomotor arena (40 x 40 x 30 cm, l x w x h) and allowed 

to freely explore for 1 hour. After 1 hour, mice were injected with saline 0.1ml/10g body weight, 

intraperitoneal (ip) and allowed to freely explore in the area. After an hour, animals were injected 

with d-amphetamine sulfate (2.5 mg/kg, ip) and locomotor activity was monitored for an additional 

2 hours (Bhardwaj et al., 2012; Wurzman et al., 2015).  
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XII.  Experimental design and statistical analysis 

Bar graphs of frequency, peak amplitude, rise time, and decay time displayed average 

values and standard error of the mean. Statistical analysis was conducted using GraphPad Prism. 

Outliers were determined using the ROUT test.  

For the comparison of D1 and D2 SPNs, data were analyzed as a function of cell type. For 

IPSC parameters and passive properties statistical significance was assessed using the non-

parametric Mann-Whitney test. Neuronal firing pattern was analyzed by 2-way ANOVA with cell 

type as a between subject factor and current intensity as a within subject factor. For the MMP-1OE 

mice, electrophysiological and morphological reconstruction data were analyzed separately for the 

D1 and D2 populations as a function of genotype. For IPSC parameters and passive properties 

statistical significance was assessed using the non-parametric Kruskal-Wallis test with Dunn's 

multiple comparison test. Neuronal firing pattern was analyzed by 2-way ANOVA with genotype 

as a between subject factor and current intensity as a within subject factor. Morphological analyses 

were conducted using a 2-way ANOVA for the Sholl analysis and for the length and individual 

branch count parameters. Kruskal-Wallis test with Dunn’s multiple comparisons test was used for 

total branch count and fraction of primary with secondary branches. Locomotion assay data were 

analyzed by 2-way ANOVA with genotype as a between subject factor and time as a repeated 

measure; data summed across hourly blocks were analyzed via Kruskal Wallis test. In all cases P 

values less than 0.05 were considered to be statistically significant. PPI data were analyzed using 

a repeated measures multi-way ANOVA.  
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RESULTS 

 
CHARACTERIZATION OF D1 AND D2 SPNS IN THE NUCLEUS ACCUMBENS CORE 

 
The electrophysiological properties of D1 and D2 SPNs in the dorsal striatum have been 

characterized extensively (Gertler et al., 2008). Although the properties of SPNs in the ventral 

striatum have been investigated, there remains a gap in our knowledge of the differences between 

the two SPN subtypes (Grueter et al., 2010; Taverna, 2003). The aim of this chapter is to dissect 

what characteristics the two subtypes share and how they differ. I assessed passive and active 

membrane properties, inhibitory and excitatory transmission, and dendritic complexity. 

 

I.  Passive and active properties 

 D1 and D2 SPNs did not differ in the three passive properties assessed: input resistance 

(D1 SPNs= 145 ± 11.7 MΩ, D2 SPNs= 187 ± 24.1 MΩ, p=0.2204, Figure 14A), time constant 

(D1 SPNs= 7 ± 0.8 ms, D2 SPNs= 8 ± 1.3 ms, p=0.4139, Figure 14B), and capacitance (D1 SPNs= 

52 ± 5.9 pF, D2 SPNs= 48 ± 5.3 pF, p=0.9851, Figure 14C).  

 



51 
 

 

Figure 14. Passive properties did not differ between D1 and D2 SPNs. 
A.  Input resistance (D1 SPNs= 145 ± 11.7 MΩ, D2 SPNs= 187 ± 24.1 MΩ, p=0.2204), B. Time 
constant (D1 SPNs=7 ± 0.8 ms, D2 SPNs=8 ± 1.3 ms, p=0.4139), and C. Capacitance (D1 
SPNs=512 ± 5.9 pF, D2 SPNs=48 ± 5.3 pF, p=0.9851) did not differ between D1 and D2 SPNs in 
the nucleus accumbens core. N= D1 SPNs (18 cells from 13 animals), D2 SPNs (14 cells from 12 
animals). Mann Whitney test. 
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Figure 15. Increased excitability of D2 SPNs compared to D1 SPNs. 
A.  The resting membrane potential of D1 SPNs (-68 ± 1.9 mV) and D2 SPNs (-68 ± 3.2 mV) did 
not differ. B. The rheobase of D2 SPNs (32 ± 3.7 pA) was significantly lower than that of D1 SPNs 
(64 ± 4.3 pA, p=0.0025). C. Representative traces from current clamp recordings of D1 (left) and 
D2 SPNs (right). D. D2 SPNs displayed increased excitability compared to D1 SPNs. Increasing 
amplitude of depolarizing current steps led to a significant increase in action potential firing rate 
in D1 and D2 SPNs (F11,110=50.76, p<0.0001). There was a main effect of cell type (F1,10=13.58, 
p=0.0042) and a current step by cell type interaction (F11,110=5.177, p<0.0001). The source of this 
difference was between 40 pA (p=0.0422) and 80 pA (p=0.0030) steps. N= D1 SPNs (11), D2 
SPNs (5). Mann Whitney test was used for RMP and rheobase. 2-way ANOVA with multiple 
comparisons for the input-output curve. 
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Although D1 SPNs and D2 SPNs of the ventral striatum did not differ in their passive 

properties, there were differences in some of their active properties. D1 SPNs (-68 ± 1.9 mV) and 

D2 SPNs (-68 ± 3.2 mV) displayed hyperpolarized resting membrane potentials typical of SPNs 

but did not differ from each other (p=0.8070, Figure 15A). The rheobase of D2 SPNs (32 ± 3.7 

pA) was significantly lower than that of D1 SPNs (64 ± 4.3 pA, p=0.0025, Figure 15B). Consistent 

with prior findings, D2 SPNs displayed increased excitability compared to D1 SPNs (Figure 15C, 

15D). Increasing amplitude of depolarizing current steps led to a significant increase in action 

potential firing rate in D1 and D2 SPNs (F11,110=50.76, p<0.0001). There was a main effect of cell 

type (F1,10=13.58, p=0.0042) and a current step by cell type interaction (F11,110=5.177, p<0.0001). 

The source of this difference was the firing rate between the 40 pA (p=0.0422) and 80 pA 

(p=0.0030) steps. 

SPNs display hyperpolarized resting membrane potentials due to the presence of IKir 

currents. I assessed the extent of inward rectification by measuring the Kir rtio (Figure 16A). A 

smaller ratio is indicative of higher inward rectification. D2 SPNs (0.58 ± 0.08) displayed a 

significantly lower IKir ratio compared to D1 SPNs indicating increased inward rectification (0.80 

± 0.08, p=0.0309, Figure 16B). Previous work has reported a higher tonic current in D2 SPNs of 

the dorsal striatum compared to D1 SPNs (Ade et al., 2008). TTX application revealed a substantial 

tonic current in D2 SPNs (1.2 ± 0.34 pA) but not D1 SPNs (0.17 ± 0.12 pA, p=0.0148, Figure 

16C, 16D). Although not significantly different from D1 SPNs (0.25 ± 0.15 pA) BMR application, 

revealed a GABAA mediated tonic current in D2 SPNs (0.78 ± 0.37 pA, p=0.2617, Figure 16E). 
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Figure 16. Increased IKir conductance and tonic current in D2 SPNs 
A.  Responses of D1 SPNs (left) and D2 SPNs (right) to 20 pA hyperpolarizing current pulses (500 
msec duration). B. D2 SPNs (0.58 ± 0.08) displayed a significantly lower IKir ratio compared to 
D1 SPNs indicating increased inward rectification (0.80 ± 0.08, p=0.0309). N= D1 SPNs (16 cells 
from 9 animals), D2 SPNs (10 cells from 9 animals).  C. Example trace of TTX sensitive tonic 
current. D. D2 SPNs (1.2 ± 0.34 pA, n=11) display a larger TTX-sensitive tonic current compared 
to D1 SPNs (0.17 ± 0.12 pA, n=8, p=0.0148). E. Although not significantly different from D1 
SPNs (0.25 ± 0.15 pA, n=7), BMR application, revealed a GABAA mediated tonic current in D2 
SPNs (0.78 ± 0.37 pA, n=6, p=0.2617). N= TTX-sensitive tonic current (D1 SPNs=8 cells from 8 
animals, D2 SPNs=11 cells from 9 animals), BMR-sensitive tonic current (D1 SPNs=7 cells from 
6 cells, D2 SPNs=6 cells from 5 animals). Mann Whitney test. 
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II.  sIPSCs and mIPSCs 

sIPSC frequency was significantly higher in D2 SPNs (1.3 ± 0.24 Hz) compared to D1 

SPNs (0.63 ± 0.13 Hz, p=0.0208, Figure 17A, B). Peak amplitude did not significantly differ 

between SPNs, but peak amplitude of D2 SPNs (26.7 ± 2.40 pA) was trending towards being 

smaller than that of D1 SPNs (37.6 ± 4.42 pA, p=0.0821, Figure 17C). Rise times were 

significantly longer in D2 SPNs (4.5 ± 0.37 ms) compared to D1 SPNs (3.4 ± 0.26 ms, p=0.0103, 

Figure 17D). Decay time did not differ between D1 and D2 SPNs (p=0.4585, Figure 17E). 

Action potential-independent inhibitory transmission was also assessed via application of 

TTX. mIPSC frequency was significantly higher in D2 SPNs (1.1 ± 0.23 Hz) compared to D1 

SPNs (0.37 ± 0.08 Hz, p=0.004, Figure 18A, B). Peak amplitude was significantly smaller in D2 

SPNs (26.4 ± 2.46 pA) compared to D1 SPNs (45.6 ± 6.33 pA, p=0.0206, Figure 18C). Rise times 

did not differ between D2 SPNs (3.7 ± 0.36 ms) and D1 SPNs (2.7 ± 0.50 ms, p=0.0927, Figure 

18D). Decay times did not differ, but there was a trend towards longer decay times in D2 SPNs 

(28.9 ± 1.69 ms) compared to D1 SPNs (34.0 ± 2.17 ms, p=0.0745, Figure 18E). 

 

III.  mEPSCs 

mEPSC frequency was significantly higher in D2 SPNs (0.76 ± 0.19 Hz) compared to D1 

SPNs (0.22 ± 0.10 Hz, p=0.0286, Figure 19A, B). In addition, mEPSC rise times were 

significantly longer in D2 SPNs (4.7 ± 0.44 ms) compared to D1 SPNs (2.8 ± 0.25 ms, p=0.0012, 

Figure 19D). In contrast, mEPSC peak amplitude (p=0.1514) and decay times (p=0.7950) did not 

differ between D1 and D2 SPNs (Figure 19C, 19E).  
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Figure 17. Increased sIPSC frequency in D2 SPNs compared to D1 SPNs. 
A. Representative traces of whole-cell voltage-clamp recordings from D1 SPNs (left) and D2 
SPNs (right). B. D2 SPNs (1.3 ± 0.24 Hz) displayed increased sIPSC frequency compared to D1 
SPNs (0.63 ± 0.13 Hz, p=0.0208). C. Peak amplitude of D2 SPNs (26.7 ± 2.40 pA) was trending 
towards being smaller than that of D1 SPNs (37.6 ± 4.42 pA, p=0.0821). D. Rise times were 
significantly higher in D2 SPNs (4.5 ± 0.37 ms) compared to D1 SPNs (3.4 ± 0.26 ms, 
p=0.0103). E. Decay time did not differ between D1 (30.2 ± 2.33 ms) and D2 SPNs (29.2 ± 1.66 
ms, p=0.4585). N= D1 SPNs (13 cells from 9 animals), D2 SPNs (11 cells from 10 animals). 
Mann Whitney test. 
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Figure 18. Increased mIPSC frequency in D2 SPNs compared to D1 SPNs. 
A. Representative traces of whole-cell voltage-clamp recordings from D1 SPNs (left) and D2 
SPNs (right). B. mIPSC frequency was significantly higher in D2 SPNs (1.1 ± 0.23 Hz) 
compared to D1 SPNs (0.37 ± 0.08 Hz, p=0.004). C. Peak amplitude was significantly smaller in 
D2 SPNs (26.39 ± 2.46 pA) compared to D1 SPNs (45.6 ± 6.33 pA, p=0.0206). D. Rise times did 
not differ between D2 SPNs (3.7 ± 0.36 ms) and D1 SPNs (2.72 ± 0.50 ms, p=0.0927). E. Decay 
times of D2 SPNs (28.9 ± 1.69 ms) were trending towards being shorter than those of D1 SPNs 
(34 ± 2.17 ms, p=0.0745). N= D1 SPNs (8 cells from 7 animals), D2 SPNs (9 cells from 6 
animals). Mann Whitney test. 
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Figure 19. Increased mEPSC frequency in D2 SPNs compared to D1 SPNs  
A. Representative traces of whole-cell voltage-clamp recordings from D1 SPNs (left) and D2 
SPNs (right). B. mEPSC frequency was significantly higher in D2 SPNs (0.76 ± 0.19 Hz) 
compared to D1 SPNs (0.22 ± 0.10 Hz, p=0.0286). C. mEPSC peak amplitude (p=0.1514) did 
not differ between D2 SPNs (16.8 ± 3.18 pA) and D1 SPNs (24.4 ± 4.45 ms). D. mEPSC rise 
times were significantly longer in D2 SPNs (4.7 ± 0.44 ms) compared to D1 SPNs (2.8 ± 0.25 
ms, p=0.0012). E. Decay times (p=0.7950) did not differ between D1 and D2 SPNs). N= D1 
SPNs (7 cells), D2 SPNs (7 cells). Mann Whitney test. 
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IV.  Dendritic complexity 

Alterations of inhibitory transmission and excitability have been linked to changes in 

dendritic complexity (Cazorla et al., 2012; Day et al., 2006).  Morphological reconstruction was 

done on biocytin filled neurons and complexity was assessed using Sholl analysis (Figure 20).  

 

 

Figure 20. Dendritic complexity did not differ between D1 and D2 SPNs.  
A. Z projections of confocal images stacks of biocytin filled D1 SPNs (left) and D2 SPNs (right). 
Slices (250 µm) were stained with fluorescein Avidin D. B. Neurons from Figure 20A traced 
using the ImageJ plugin NeuronJ. For all analyses the soma and dendritic arbor were traced. 

A

B
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Figure 21. Dendritic complexity did not differ between D1 and D2 SPNs. 
A. Dendritic complexity did not differ between D1 and D2 SPNs. Complexity of D1 and D2 SPNs 
increased as function of distance from the soma (F25,375=67.58, p<0.0001). There was no main 
effect of cell type (F1,15=0.5408, p=0.4734) or an interaction of these variables (F25,375=0.3663, 
p=0.9981). B. D1 and D2 SPNs did not differ in their number of primary, secondary, or tertiary 
branches. There was no significant effect of branch complexity on branch number (F2,30=1.603, 
p=0.2180), or a main effect of cell type (F1,15=0.00572, p=0.9407), or a significant cell type by 
branch complexity interaction (F2,30=2.578, p=0.0926). C. Total branch number did not differ 
between D1 and D2 SPNs (p=0.6508). N= D1 SPNs (7 cells from 7 animals), D2 SPNs (10 cells 
from 6 animals). Mann Whitney test was used for total branch count. 2-way ANOVA with multiple 
comparisons for Sholl analysis and number of branches. 
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Dendritic complexity did not differ between D1 and D2 SPNs as measured by Sholl 

analysis (Figure 21A). Complexity of D1 and D2 SPNs increased as function of distance from the 

soma (F25,375=67.58, p<0.0001). There was no main effect of cell type (F1,15=0.5408, p=0.4734) or 

an interaction of these variables (F25,375=0.3663, p=0.9981). 

Counting of branches by branch type (primary, secondary, tertiary) did not reveal a 

difference between D1 and D2 SPNs (Figure 21B). There was no significant effect of branch 

complexity on branch number (F2,30=1.603, p=0.2180), or a main effect of cell type (F1,15=0.00572, 

p=0.9407), or a significant cell type by branch complexity interaction (F2,30=2.578, p=0.0926). 

Total branch number did not differ between D1 and D2 SPNs (p=0.6508, Figure 21C). 

 

 

Figure 22. No difference in dendritic length between D1 and D2 SPNs. 
A. The fraction of primary branches with secondary branches in D2 SPNs compared to D1 SPNs, 
did not differ (p=0.1836).  Mann Whitney test. B. Branch length did not differ between D1 and D2 
SPNs for primary, secondary, or tertiary branches. There was no significant effect of branch 
complexity on branch length (F2,30=0.7016, p=0.5037), or a main effect of cell type (F1,15=1.036, 
p=0.3248), or a cell type by branch complexity interaction (F2,30=2.854, p=0.0733). N= D1 SPNs 
(7 cells from 7 animals), D2 SPNs (10 cells from 6 animals). 2-way ANOVA with multiple 
comparisons. 
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The number of primary branches with secondary branches was also assessed (Figure 22A). 

There was no difference in the fraction of primary branches with secondary branches between D2 

SPNs and D1 SPNs (p=0.1836). Branch length did not differ between D1 and D2 SPNs for 

primary, secondary, or tertiary branches (Figure 22B). There was no significant effect of branch 

complexity on branch length (F2,30=0.7016, p=0.5037), or a main effect of cell type (F1,15=1.036, 

p=0.3248), or a cell type by branch complexity interaction (F2,30=2.854, p=0.0733). 
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ALTERATIONS IN INHBITORY TRANSMISSION AND DENDRITIC MORPHOLOGY 

in MMP-1OE and MMP-1OE/PAR-1KO MICE 

 
As overexpression of a ligand may lead to downregulation of a receptor, I initially assed 

PAR-1 protein levels in the MMP-1OE mice. Western blot data revealed that PAR-1 brain protein 

expression of MMP-1OE mice did not differ from that of control mice (p=0.3611, Figure 23A, 

23B).   

 

 
Figure 23. No alterations in PAR-1 expression in the MMP-1OE mouse. 
A. Western blot analysis showing no difference in PAR-1 levels between the control (ctl) and 
MMP-1OE (MMP-1) mice, demonstrating no downregulation of PAR-1. Mann-Whitney test, 
p=0.3611, two-tailed.  B. Western blot for PAR-1 in control and MMP-1OE mice 

 
 

Initial studies revealed that the MMP-1OE mice display alterations in motor function 

(unpublished data), leading to the hypothesis that inhibitory transmission in the striatum would be 

altered in MMP1-OE mice (Lemos et al., 2016; Rothwell et al., 2014). I compared the average 

frequency, amplitude, rise times, and decay times of synaptic currents in D1 and D2 SPNs in 

control, MMP-1OE mice, and MMP-1/PAR-1KO mice. Both spontaneous inhibitory synaptic 
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currents (sIPSCs) and miniature IPSCs (mIPSCs) were measured to probe the source of alterations 

in inhibitory currents. I also assessed mEPSCs to probe alterations in excitatory transmission. 

Work by other laboratories has provided a link between changes in synaptic transmission and 

dendritic complexity (Day et al., 2006). Passive and active membrane are correlated with changes 

in dendritic complexity (Cazorla et al., 2012). Therefore, I also assessed passive and active 

membrane properties, and alterations in dendritic complexity. 

 

I.  Inhibitory transmission 

 
a.  D1 sIPSCs and mIPSCs 

sIPSC frequency was significantly increased in D1 SPNs from MMP-1OE mice (1.4 ± 0.16 

Hz) in comparison to those from either control (0.63 ± 0.13 Hz, p=0.0064) or MMP-1OE/PAR-

1KO mice (0.74 ± 0.13 Hz, p=0.0204, Figure 24A, 24B). sIPSC frequency in D1 SPNs did not 

differ between control and MMP-1OE/PAR-1KO mice (p>0.99). sIPSC peak amplitude 

(p=0.7845), rise time (p=0.5292), and decay time (p=0.4942) from D1 SPNs did not differ across 

all three genotypes (Figure 24B, 24C, 24D). 

To determine whether the alterations in inhibitory transmission are due to action dependent 

or independent release of neurotransmitter, I also assed TTX-insensitive mIPSCs. mIPSC 

frequency was increased in D1 SPNs of the MMP-1OE (0.95 ± 0.13 Hz) mice in comparison those 

from either control (0.37 ± 0.08 Hz, p=0.0091) and MMP-1OE/PAR-1KO mice (0.39 ± 0.07 Hz, 

p=0.0074, Figure 25A, 25B). mIPSC peak amplitude (p=0.3941), rise time (p=0.6280), and decay 

time (p=0.6812) did not differ across all three genotypes (Figure 25C, 25D, 25E). 
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Figure 24. Increased sIPSC frequency in D1 SPNs of the MMP-1OE mouse not seen in the 
MMP-1OE/PAR-1KO mouse. 
A. Representative traces of whole-cell voltage-clamp recordings from D1 SPNs in a control (left), 
MMP-1OE (middle), and MMP-1OE/PARKO mouse (right). B. sIPSC frequency in D1 SPNs in 
MMP-1OE mice is increased compared to control mice (p=0.0064) and MMP-1OE/PAR-1KO 
mice (p=0.0204), Kruskal-Wallis test with Dunn’s multiple comparisons. Comparison of sIPSC 
peak amplitude (D), rise time (E), and decay time (F) between control, MMP-1OE, and MMP-
1OE/PAR-1KO mice. N= control (13 cells from 9 animals), MMP-1OE (12 cells from 10 animals), 
and MMP-1OE/PAR-1KO (16 cells from 11 animals). 
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Figure 25. Increased mIPSC frequency in D1 SPNs of the MMP-1OE mice not seen in the 
MMP-1OE/PAR-1KO mice. 
A. Representative traces of whole-cell voltage-clamp recordings from D1 SPNs in a control (left), 
MMP-1OE (middle), and MMP-1OE/PARKO mouse (right). B. mIPSC frequency in D1 SPNs in 
MMP-1OE mice is increased compared to D1 SPNs of control mice (p=0.0091) and MMP-
1OE/PAR-1KO mice (p=0.0074), Kruskal-Wallis test with Dunn’s multiple comparisons. 
Comparison of mIPSC peak amplitude (D), rise time (E), and decay time (F) between control, 
MMP-1OE, and MMP-1OE/PAR-1KO mice. N= control (8 cells from 7 animals), MMP-1OE (10 
cells from 9 animals), and MMP-1OE/PAR-1KO (13 cells from 11 animals). 
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Figure 26. Altered sIPSC and mIPSC inter-event interval frequency in D1 SPNs. 
Summary cumulative distribution IEI curves. See results for exact p values. sIPSCs (A), mIPSCs 
(B). Cumulative distribution of inter-event intervals (IEI) for individual cells (black) and the 
superimposed average trace in red for D1 SPNs in the three genotypes. sIPSCs (C), mIPSCs (D).  
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The cumulative distribution of inter-event intervals for sIPSCs was shifted to the left 

(Figure 26A, 26C) in D1 SPNs from MMP-1OE mice when compared to control (p=0.0003) and 

MMP-1OE/PAR-1KO mice (p=0.0003), indicating a higher frequency of shorter inter-event 

intervals. Interestingly, the MMP-1OE/PAR-1KO curve displayed an intermediate phenotype: it 

was left-shifted relative to the control curve (p=0.0003) but right shifted as compared to the MMP-

1OE curve. The cumulative distribution of inter-event intervals for mIPSCs was shifted to the left 

(Figure 26B, 26D) in the MMP-1OE mice when compared to controls (p=0.0003) and MMP-

1OE/PAR-1KO mice (p=0.0003). The cumulative distribution of inter-event intervals for mIPSCs 

in the control and MMP-1OE/PAR-1KO mice did not differ (p=0.2447). 

 
 
b.  D2 sIPSCs and mIPSCs 

Conversely, sIPSC frequency in D2 SPNs was comparable between the control (1.3 ± 0.24 

Hz), MMP-1OE (1.4 ± 0.16 Hz) and MMP-1OE/PAR-1KO (1.1 ± 0.20 Hz) mice (p=0.4961, 

Figure 27A, 27B). Similarly, sIPSC peak amplitude (p=0.0642) and decay time (p=0.7151) did 

not differ across the three genotypes (Figure 27C, 27E). Rise time was decreased in MMP-

1OE/PAR-1KO (3.5 ± 0.17 ms) mice compared to controls (4.5 ± 0.37 ms, p=0.0379), but not 

MMP-1OE mice (4.0 ± 0.24 ms, p=0.5477, Figure 27D). Additionally, mIPSC frequency in D2 

SPNs did not differ between control (1.1 ± 0.23 Hz), MMP-1OE (1.0 ± 0.15 Hz), and MMP-

1OE/PAR-1KO (0.88 ± 0.20 Hz) mice (p=0.6619, Figure 28A, 28B). mIPSC average amplitude 

(p=0.2628), rise time (p=0.5634), and decay time (p=0.1914) did not differ across all three 

genotypes (Figure 28C, 28D, 28E).  
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Figure 27. sIPSC frequency in D2 SPNs did not differ across all three genotypes. 
A. Representative traces of whole-cell voltage-clamp recordings from D2 SPNs in a control (left), 
MMP-1OE (middle), and MMP-1OE/PARKO mouse (right).  B. sIPSC frequency in D2 SPNs did 
not differ across all three genotypes. Kruskal-Wallis test with Dunn’s multiple comparisons. 
Comparison of sIPSC peak amplitude (C) and decay time (E) between control, MMP-1OE, and 
MMP-1OE/PAR-1KO mice. D. Rise time is decreased in the MMP-1OE/PAR-1KO mice 
compared to controls (p=0.039). N= control (11 cells from 7 animals), MMP-1OE (16 cells from 
11 animals), and MMP-1OE/PAR-1KO (11 cells from 10 animals). 
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Figure 28. mIPSC frequency in D2 SPNs did not differ across all three genotypes. 
A. Representative traces of whole-cell voltage-clamp recordings from D2 SPNs in a control mouse 
(left), MMP-1OE mouse (middle), and MMP-1OE/PARKO mouse (right).  B. mIPSC frequency 
in D2 SPNs did not differ across all three genotypes. Kruskal-Wallis test with Dunn’s multiple 
comparisons. Comparison of mIPSC peak amplitude (C), rise time (D), and decay time (E) 
between control, MMP-1OE, and MMP-1OE/PAR-1KO mice. N= control (9 cells from 6 animals), 
MMP-1OE (12 cells from 10 animals), and MMP-1OE/PAR-1KO (10 cells from 9 animals). 
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Figure 29. Altered sIPSC and mIPSC inter-event interval frequency in D2 SPNs. 
Summary cumulative distribution IEI curves. See results for exact p values. sIPSCs (A), mIPSCs 
(B). Cumulative distribution of inter-event intervals (IEI) for individual cells (black) and the 
superimposed average trace in red for D1 SPNs in the three genotypes. sIPSCs (C), mIPSCs (D).  
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The cumulative distribution of inter-event intervals for sIPSCs revealed slight changes in 

inter-event length between the three genotypes (Figure 29A, 29C). At the top of the curve the 

MMP-1OE curve was shifted to the left of the control (p=0.0037) and MMP-1OE/PAR-1KO 

(p=0.0074) curves. The control curve is shifted to the left of the MMP-1OE/PAR-1KO (p=0.0006) 

curve. Interestingly, for mIPSCs in D2 SPNs, the MMP-1OE cumulative distribution of inter-event 

intervals was shifted to the right of the control (p=0.003) and MMP-1OE/PAR-1KO (p=0.0068) 

mice (Figure 29B, 29D). Although not as strongly, the MMP-1OE/PAR-1KO curve is shifted to 

the right of the control (p=0.0068) curve.  

 

II. Excitatory transmission 

Although not the primary focus of this thesis, excitatory transmission was also assessed 

during BMR application to block the occurrence of GABAergic IPSCs. mEPSC frequency was 

increased in D1 SPNs of MMP-1OE mice (0.60 ± 0.12 Hz) compared to control (0.22 ± 0.10 Hz, 

p=0.0486) and MMP-1OE PAR-1KO mice (0.25 ± 0.09 Hz, p=0.0427, Figure 30A). Peak 

amplitude (p=0.1421), rise times (p=0.3104), and decay times (p=0.4581) for mEPSCs in D1 SPNs 

did not differ as a function of genotype (Figure 30B, 30C, 30D). mEPSC frequency (p=0.3552), 

peak amplitude (p=0.5020), rise times (p=0.2435), and decay times (p=0.0817) in D2 SPNs did 

not differ as a function of genotype (Figure 31). 
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Figure 30. Increased mEPSC frequency in D1 SPNs of the MMP-1OE mice not seen in the 
MMP-1OE/PAR-1KO mice. 
A. mEPSC frequency was increased in D1 SPNs of MMP-1OE mice (0.60 ± 0.12 Hz) compared 
to control (0.22 ± 0.10 Hz, p=0.0486) and MMP-1OE PAR-1KO mice (0.25 ± 0.09 Hz, p=0.0427) 
Comparison of mIPSC peak amplitude (B), rise time (C), and decay time (D) between control, 
MMP-1OE, and MMP-1OE/PAR-1KO mice. N= control (7 cells), MMP-1OE (9 cells), and MMP-
1OE/PAR-1KO (9 cells). 
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Figure 31. mEPSC frequency in D2 SPNs did not differ across all three genotypes. 
A. mEPSC frequency in D2 SPN did not differ across all three genotypes. Kruskal-Wallis test with 
Dunn’s multiple comparisons. Comparison of mIPSC peak amplitude (B), rise time (C), and decay 
time (D) between control, MMP-1OE, and MMP-1OE/PAR-1KO mice. N= control (8 cells), 
MMP-1OE (11 cells), and MMP-1OE/PAR-1KO (6 cells) 
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III. Active and passive properties 

 
a.  Passive properties of D1 and D2 SPNs 

I assessed the membrane properties of D1 and D2 SPNs in the control, MMP-1OE, MMP-

1OE/PARKO mice. The input resistance of D1 SPNs of the MMP-1OE/PAR-1KO (258 ± 31 M:) 

mice was increased compared to control (145 ± 12 M:, p=0.0187) and MMP-1OE (141 ± 10 M:, 

p=0.0025) mice (Figure 32A). The input resistance of D2 SPNs did not differ between the three 

genotypes (p=0.5328, Figure 32B).  

 

 
Figure 32. D1 SPNs in MMP-1OE/PAR-1KO mice displayed altered passive membrane 
properties. 
A. The input resistance of D1 SPNs of the MMP-1OE/PAR-1KO (258 ± 31 M:) mice was 
increased compared to control (145 ± 12 M:, p=0.0187) and MMP-1OE (141 ± 10 M:, p=0.0025) 
mice. B. The input resistance of D2 SPNs did not differ between the three genotypes (p=0.5328). 
D1 SPNs, N= control (18 cells from 12 animals), MMP-1OE (27 cells from 20 animals), and 
MMP-1OE/PAR-1KO (15 cells from 12 animals). D2 SPNs, N= control (14 cells from 11 
animals), MMP-1OE (16 cells from 12 animals), and MMP-1OE/PAR-1KO (15 cells from 11 
animals). 
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Figure 33. D1 SPNs in MMP-1OE/PAR-1KO mice displayed altered passive membrane 
properties.  
A. The time constant of D1 SPNs in the MMP-1OE/PAR-1KO mice (12 ± 1.3 ms) was increased 
compared to control (7 ± 0.8 ms, p=0.0047) and MMP-1OE (8 ± 0.8 ms, p=0.0204) mice. B. The 
time constant of D2 SPNs did not differ between the three genotypes (p=0.2486). Membrane 
capacitance of D1 SPNs (C, p=0.5514) and D2 SPNs (D, p=0.8492) did not differ as a function of 
genotype. D1 SPNs, N= control (18 cells from 12 animals), MMP-1OE (27 cells from 20 animals), 
and MMP-1OE/PAR-1KO (15 cells from 12 animals). D2 SPNs, N= control (14 cells from 11 
animals), MMP-1OE (16 cells from 12 animals), and MMP-1OE/PAR-1KO (15 cells from 11 
animals). 
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Additionally, the time constant of D1 SPNs in the MMP-1OE/PAR-1KO mice (12 ± 1.3 

ms) was increased compared to control (7 ± 0.8 ms, p=0.0047) and MMP-1OE (8 ± 0.8 ms, 

p=0.0204) mice, but the time constant of D2 SPNs did not differ between the three genotypes 

(p=0.2486, Figure 33A, 33B). Membrane capacitance did not differ as function of genotype for 

either D1 or D2 SPNs (Figure 33C, 33D). 

 
 
b.  Active properties of D1 SPNs 

 

 
Figure 34. D1 SPNs in MMP-1OE mice displayed decreased excitability. 
A. Representative traces from current clamp recordings of D1 SPNs from control (left), MMP-
1OE (middle), and MMP-1OE/PAR-1KO (right) mice. B. Resting membrane potential did not 
differ as a function of genotype (p=0.2091). C. Rheobase did not differ as a function of genotype 
(p=0.1141). 
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In addition to the alterations of passive membrane properties, our data revealed differences 

in excitability between the three genotypes (Figure 34A). The resting membrane potential of D1 

SPNs did not differ as a function of genotype (p=0.2091, Figure 34B).  Additionally, rheobase did 

not differ between the three genotypes (p=0.1141, Figure 34C). 

 

 

Figure 35. D1 SPNs in MMP-1OE mice displayed decreased excitability. 
MMP-1OE D1 SPNs display decreased excitability compared to control and MMP-1OE/PAR-
1KO D1 SPNs. Increasing current injections led to increased action potentials number 
(F11,231=73.57, p<0.0001). There was no main effect of genotype (F2,21=2.434, p=0.1120), but there 
was an interaction between these variables (F22,231=1.978, p=0.0071). D1 SPNs N= control (7 cells 
from 6 animals), MMP-1OE (8 cells from 6 animals), and MMP-1OE/PAR-1KO (9 cells from 7 
animals). 

 
 

Increasing depolarizing current injections led to an increase of action potentials fired in D1 

SPNs in all three genotypes (F22,231=73.57, p<0.0001, Figure 35A, 35).  There was no main effect 

of genotype (F2,21=11.53, p=0.1120), but there was significant interaction between these variables 

(F22,231=1.978, p=0.0071). The source of this difference was decreased D1 SPN excitability in the 
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MMP-1OE mice compared to control and MMP-1OE/PAR-1KO mice at 100 pA injections 

(pcontrol=0.0100, pMMP-1OE/PAR-1KO=0.0192) and 110 pA injections (pcontrol=0.0115, pMMP-1OE/PAR-

1KO=0.0304).  

 

c.  Active properties of D2 SPNs 

 

 
Figure 36. D2 SPNs in MMP-1OE and MMP-1OE/PAR-1KO mice displayed decreased 
excitability. 
A. Representative traces from current clamp recordings of D2 SPNs from control (left), MMP-
1OE (middle), and MMP-1OE/PAR-1KO (right) mice. B. Resting membrane potential did not 
differ as a function of genotype (p=0.6671). C. D2 SPNs in control mice displayed decreased 
rheobase compared to MMP-1OE mice (p=0.0431). 
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The resting membrane potential of D2 SPNs did not differ as a function of genotype 

(p=0.6671, Figure 36B). D2 SPNs in control mice displayed decreased rheobase compared to 

MMP-1OE mice (p=0.0431, Figure 36C). There was a trend towards decreased rheobase of D2 

SPNs in control mice compared to MMP-1OE/PAR-1KO mice (p=0.0899). 

 

 
Figure 37. D2 SPNs in MMP-1OE and MMP-1OE/PAR-1KO mice displayed decreased 
excitability. 
D2 SPNs in control mice displayed increased excitability compared to MMP-1OE and MMP-
1OE/PAR-1K mice. Increasing current injections led to increased action potentials number 
(F11,242=73.62, p<0.0001). There was a main effect of genotype (F2,22=6.049, p=0.0081), and there 
was significant interaction between genotype and current injection (F22,242=2.95, p=<0.0001). 

 

Increasing amplitude of depolarizing current steps led a significant increase in action 

potential firing rate in D2 SPNs (F11,242=73.62, p<0.0001), there was a main effect of genotype 

(F2,22=6.049, p=0.0081), and there was a significant interaction between genotype and current 

injection (F22,242=2.95, p=<0.0001, Figure 36A, 37). The source of this difference was decreased 
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D2 SPN excitability in the MMP-1OE and MMP-1OE/PAR-1KO mice compared to control mice 

between 50 pA injections (pMMP-1OE<0.0001, pMMP-1OE/PAR-1KO=0.0012) and 90 pA injections 

(pMMP-1OE=0.0012, pMMP-1OE/PAR-1KO=0.0219). 

  

d.  Inward rectification 

A unique hallmark of SPNs is the presence and activity of IKir channels. IKir activity was 

assessed via the IKir ratio. A decreased ratio indicates increased IKir conductance.  

 

 
Figure 38. Altered IKir conductance in MMP-1OE mice. 
A. The IKir ratio in D1 SPNs of MMP-1OE mice (0.50 ± 0.05, p=0.0108) and MMP-1OE/PAR-
1KO mice (0.51 ± 0.06, p=0.0124) was increased compared to control mice (0.80 ± 0.07).  B. D2 
SPNs of MMP-1OE/PAR-1KO (0.45 ± 0.06) displayed increased rectification compared to D2 
SPNs in MMP-1OE (0.79 ± 0.07, p=0.0062) mice but not controls 0.58 ± 0.08, p>0.99). 

 

The data revealed a decreased IKir ratio in D1 SPNs in the MMP-1OE mice (0.50 ± 0.05, 

p=0.0108) and MMP-1OE/PAR-1KO mice (0.51 ± 0.06, p=0.0124) compared to control mice 

(0.80 ± 0.07, Figure 38A). D2 SPNs of MMP-1OE/PAR-1KO (0.45 ± 0.06) displayed increased 
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rectification compared to D2 SPNs in MMP-1OE (0.79 ± 0.07, p=0.0062) mice but not controls 

(0.58 ± 0.08, p>0.99, Figure 38B).  

 

e.  Tonic current 

Previous work in our laboratory, as well as others, revealed differential tonic current in 

SPNs of the dorsal striatum. In younger mice, D2 SPNs displayed increased tonic current 

compared to D1 SPNs (Ade et al., 2008). Whereas, in older mice tonic current increased in D1 

SPNs, but not D2 SPNs (Janssen et al., 2011; Santhakumar et al., 2010). Thus, it was important to 

analyze tonic current in D1 and D2 SPNs in the three genotypes.  

There was increased TTX sensitive tonic current in D1 SPNs of the MMP-1OE/PAR-1KO 

(2.7 ± 0.70 pA) compared to control mice (0.17 ± 0.12 pA, p=0.0104) and MMP-1OE mice (0.43 

± 0.20 pA, p=0.0244, Figure 39). Although not significant there was a trend towards increased 

BMR sensitive tonic current in D1 SPNs of the MMP-1OE/PAR-1KO mice (5.0 ± 1.60 pA) 

compared to control (0.25 ± 0.15 pA, p=0.0548). In contrast there was no difference in TTX 

(p=0.7174) or BMR (p=0.1880) sensitive tonic current in D2 SPNs across all three genotypes 

(Figure 40). 
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Figure 39. Altered tonic current in D1 SPNs in MMP-1OE/PAR-1KO mice. 
There was increased TTX sensitive tonic current in D1 SPNs of the MMP-1OE/PAR-1KO (2.7 ± 
0.70 pA) compared to control mice (0.17 ± 0.12 pA, p=0.0104) and MMP-1OE mice (0.43 ± 0.20 
pA, p=0.0244). Although not significant there was a trend towards increased BMR sensitive tonic 
current in D1 SPNs of the MMP-1OE/PAR-1KO mice (5.0 ± 1.60 pA) compared to control (0.25 
± 0.15 pA, p=0.0548). 
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Figure 40. Unaltered tonic current in D2 SPNs in MMP-1OE and MMP-1OE/PAR-1KO 
mice compared to control mice. 
There was no difference in TTX (p=0.1180) or BMR (p=0.7174) sensitive tonic current in D2 
SPNs across all three genotypes. 
 
 
 
IV. Altered dendritic complexity 

To determine whether the changes in synaptic input I observed were associated with altered 

neuronal structure I examined the dendritic complexity in all three genotypes by performing 

morphological reconstruction in biocytin filled neurons and quantified the dendritic complexity 

using Sholl analysis (Day et al., 2006).  
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a.  D1 SPNs 

 

 
Figure 41.  Altered D1 SPN dendritic complexity in the MMP-1OE mouse not seen in the 
MMP-1OE/PAR-1KO mouse  
A. Z projections of confocal images stacks of biocytin filled D1 SPNs. Slices (250 μm) were 
stained with fluorescein Avidin D. Slices are from control (left), MMP-1OE (middle), and MMP-
1OE/PAR-1KO (right) mice. B. Neurons from Figure 41A traced using the ImageJ plugin 
NeuronJ. For all analyses the soma and dendritic arbor were traced. Soma is in magenta, primary 
dendrites are in red, secondary in cyan, and tertiary in yellow. Images from control (left), MMP-
1OE (middle), and MMP-1OE/PAR-1KO (right). 

 

D1 SPNs of MMP-1OE mice displayed increased dendritic complexity as compared to 

control and MMP-1OE/PAR-1KO mice as measured by Sholl analysis (Figure 41A, 41B, 42A). 

As expected, dendritic complexity increased as a distance from the soma (F32,704=89.18, 

p<0.0001). There was no main effect of genotype (F2,22=1.788, p=0.1907), and although trending 

there was no significant interaction between these variables (F64,704=1.322, p=0.0525). D1 SPNs 
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in MMP-1OE mice have increased dendritic complexity in comparison to controls and MMP-

1OE/PAR-1KO mice between 50 μm (pcontrol=.0389, pMMP-1OE/PAR-1KO=0.0161) and 80 μm 

(pcontrol=0.0184, pMMP-1OE/PAR-1KO=0.0081).  

 

 
Figure 42. Altered D1 SPN dendritic complexity in the MMP-1OE mouse not seen in the 
MMP-1OE/PAR-1KO mouse 
A. MMP-1OE D1 SPNs display increased dendritic complexity mice between 50 μm 
(pcontrol=.0389, pMMP-1OE/PAR-1KO=0.0161) and 80 μm (pcontrol=0.0184, pMMP-1OE/PAR-1KO=0.0081). 
There was an effect of distance from the soma on complexity (F32,704=89.18, p<0.0001), no main 
effect of genotype (F2,22=1.1788, p=0.1907), and no significant interaction between these variables 
(F64,704=1.322, p=0.0525). B. MMP-1 D1 SPNs exhibit increased number of tertiary branches in 
comparison to control (p=0.0004) and MMP-1OE/PAR-1KO (p=.0078) mice. There was a main 
effect of branching on the number of branches (F2,44=6.337, p=0.0038), no main effect of genotype 
(F2,22=2.125, p=0.1433), but there was a significant interaction of these variables (F4,44=4.458, 
p=0.0041). 

 

The altered dendritic complexity was also observed as an increased number of tertiary 

branches of D1 SPNs in MMP-1OE mice compared to control (p=0.0004), and MMP-1OE/PAR-

1KO (p=0.0078) mice (Figure 42B). The number of branches increased as a function of branch 
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complexity (F2,44=6.337, p=0.0038). There was no main effect of genotype (F2,22=2.125, 

p=0.1433), but there was an interaction between these two variables (F4,44=4.458, p=0.0041).  

 

 
Figure 43. Dendritic length did not differ across genotypes. 
A. Total number of branches did not differ as a function of genotype (p=0.2154). B. Number of 
primary branches with secondary branches did not differ across genotypes (p=0.4507). C. Branch 
length did not differ across the three genotypes. There was no effect of branch complexity on 
length (F2,44=1.709, p=0.1928), no main effect of genotype (F2,22=0.3376, p=0.7171) or an 
interaction between these variables (F4,44=1.648, p=0.1794).  
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The total number of branches did not differ as a function of genotype (p=0.2154, Figure 

43A). Similarly, the number of primary branches with secondary branches did not differ across 

genotypes (p=0.4507, Figure 43B). Branch length did not differ across the three genotypes 

(Figure 43C). There was no effect of branch complexity on length (F2,44=1.709, p=0.1928), no 

main effect of genotype (F2,22=0.3376, p=0.7171) or an interaction between these variables 

(F4,44=1.648, p=0.1794).  

 

 
b.  D2 SPNs 

I also observed altered dendritic complexity in D2 SPNs (Figure 44A, 44B, 45A). Control 

D2 SPNs displayed decreased complexity between 90 μm (pMMP-1OE=0.0393, pMMP-1OE/PAR-

1KO=0.0002) and 100 μm (pMMP-1OE=0.0298, pMMP-1OE/PAR-1KO=0.0001) compared to MMP-1OE 

and MMP-1OE/PAR-1KO mice. Furthermore, MMP-1OE/PAR-1KO mice have increased 

complexity compared to control and MMP-1OE mice between 100 μm (pcontrol=0.0298, pMMP-

1OE=0.0227) to 140 μm (pcontrol=00461, pMMP-1OE=0.0395). As expected there was an effect of 

increased complexity as a function of distance from the soma (F32,896=151, p<0.0001). There was 

no main effect of genotype (F2,28=2.583, p=0.0935), but there was a significant interaction between 

these variables (F64,896=1.548, p=0.0047).  
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Figure 44. Altered D2 SPN dendritic complexity in the MMP-1OE mouse not seen in the 
MMP-1OE/PAR-1KO mouse.  
A. Z projections of confocal images stacks of biocytin filled D2 SPNs. Slices (250 μm) were 
stained with fluorescein Avidin D. Slices are from control (left), MMP-1OE (middle), and MMP-
1OE/PAR-1KO (right) mice. B. Neurons from Figure 44A traced using the ImageJ plugin 
NeuronJ. For all analyses the soma and dendritic arbor were traced. Soma is in magenta, primary 
dendrites are in red, secondary in cyan, and tertiary in yellow. Images from control (left), MMP-
1OE (middle), and MMP-1OE/PAR-1KO (right). 
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Figure 45. Altered D2 SPN dendritic complexity in the MMP-1OE mouse not seen in the 
MMP-1OE/PAR-1KO mouse.  
A. Control D2 SPNs had decreased complexity between 90 μm (pMMP-1OE=0.0393, pMMP-1OE/PAR-

1KO=0.0002) and 100 μm (pMMP-1OE=0.0298, pMMP-1OE/PAR-1KO=0.0001) compared to MMP-1OE 
and MMP-1OE/PAR-1KO mice. MMP-1OE/PAR-1KO mice have increased complexity 
compared to control and MMP-1OE mice between 100 μm (pcontrol=0.0298, pMMP-1OE=0.0227) to 
140 μm (pcontrol=00461, pMMP-1OE=0.0395). There was an effect of increased complexity as a 
function of distance from the soma (F32,896=151, p<0.0001). There was no main effect of genotype 
(F2,28=2.583, p=0.0935), but there was a significant interaction between these variables 
(F64,896=1.548, p=0.0047). B. there were fewer tertiary branches on D2 SPNs of control mice 
compared to MMP-1OE (p=0.0224) and MMP-1OE/PAR-1KO mice (p=0.0002). There was no 
main effect of genotype (F2,32=2.2468, p=0.1007), but there was a main effect of branching 
(F2,64=35.43, p<0.0001) and a significant interaction between genotype and branch complexity 
(F4,64=2.809, p=0.0327). 

 
 

Additionally, there were fewer tertiary branches on D2 SPNs of control mice compared to 

MMP-1OE (p=0.0224) and MMP-1OE/PAR-1KO mice (p=0.0002, Figure 45B). There was no 

main effect of genotype (F2,32=2.2468, p=0.1007), but there was a main effect of branching 

(F2,64=35.43, p<0.0001) and a significant interaction between genotype and branch complexity 

(F4,64=2.809, p=0.0327).  

A B
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Figure 46. Dendritic length did not differ across genotypes. 
A. The total number of branches did not differ as a function of genotype (p=0.0923) B. Number 
of primary branches with secondary branches did not differ across genotypes (p=0.9683). C. 
Branch length did not differ across the three genotypes. There was an effect of branching on length 
(F2,64=11.94, p<0.0001), but no effect of genotype (F2,32=0.176, p=0.0898), or an interaction of 
these variables (F4,64=1.032, p=0.3979). 
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The total number of branches did not differ as a function of genotype (p=0.0923, Figure 

45A). The number of primary branches with secondary branches did not differ across genotypes 

(p=0.9683, Figure 45B). Branch length did not differ across the three genotypes (Figure 45C). 

There was an effect of branching on length (F2,64=11.94, p<0.0001), but no effect of genotype 

(F2,32=0.176, p=0.0898), or an interaction of these variables (F4,64=1.032, p=0.3979). 
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BEHAVIOR 

 
I.  Alterations in amphetamine induced locomotion 

To assess motor behavior, I evaluated both spontaneous and amphetamine induced 

locomotion.  There were no differences between spontaneous locomotion and locomotor response 

to saline across all three genotypes. Amphetamine injection increased locomotor activity [total 

distance traveled] in all three genotypes. There was a main effect of amphetamine injection 

(F3,168=26.15, p<0.0001), but no main effect of genotype (F2,56=3.036, p=0.0560). The drug by 

genotype interaction approached statistical significance (F6,168=1.794, p=0.1030). A priori I 

hypothesized that MMP1-OE mice would display altered response to amphetamine challenge, 

therefore I evaluated the response across genotypes during the amphetamine-exposed period. The 

effect of amphetamine was decreased in the MMP-1OE mice compared to control mice (p=0.0005, 

Figure 47A). Locomotor activity response to amphetamine did not differ between MMP-1OE and 

MMP-1OE/PAR-1KO mice (p=0.2562). 

Further detailed analysis of distance traveled per minute revealed differences between the 

three genotypes (Figure 47B). There was a significant effect of time on distance traveled 

(F239,13384=14.02, p<0.0001) and an effect of genotype (F2,56=3.196, p=0.0485). Furthermore, there 

was a time a by genotype interaction (F478,13384=1.311, p<0.0001). Starting at 137 minutes, which 

is 17 minutes post amphetamine injection, control mice traveled a significantly longer distance 

compared to MMP-1OE mice (p=0.0092).  Control mice traveled significantly longer distances 

compared to MMP-1OE and MMP-1OE/PAR-1KO between 141 minutes (pMMP-1OE=0.0252, 

pMMP-1OE/PAR-1KO=0.0176) and 155 minutes (pMMP-1OE=0.0023, pMMP-1OE/PAR-1KO=0.0343. 
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Figure 47. Disruption of amphetamine induced locomotion in the MMP-1OE mouse 
A. A timeline of ambulatory distance for the mice. Testing occurred as follows: one-hour baseline, 
one hour post saline injection, two hours post amphetamine injection. B. There was an effect of 
amphetamine (F3,168=26.15, p<0.0001), but no effect of genotype (F2,56=3.036, p=0.0560) or a drug 
by genotype interaction but this was trending (F6,168=1.794, p=0.1030).  The effect of amphetamine 
was decreased in the MMP-1OE mice compared to control mice (p=0.0005), but not MMP-
1OE/PAR-1KO mice (p=0.2562). 

A

B

Bas
eli

ne
Sali

ne

1s
t h

our o
f 

am
pheta

mine

2n
d hour o

f 

am
pheta

mine

0

5000

10000

15000

20000

25000 Control
MMP-1OE
MMP-1OE/PAR-1KO

**



95 
 

II.  Prepulse Inhibition 

 In addition to testing locomotor activity, a test of sensory motor gating was conducted 

(Figure 48). Prepulse inhibition is a test in which a mouse is exposed to a stimulus (pulse) and a 

weaker prestimulus (prepulse). The presentation of the prepulse inhibits the reaction to the pulse 

and this is quantified as a percentage. 

The data revealed no difference between genotypes (F2,48=0.374, p=0.690) or sexes 

(F1,48=0.153, p=0.697). There was also no genotype by sex effect (male, F2,48=2.410, p=0.101, 

female, F2,48=0.738, p=0.483). There was an effect of drug (p=0.005), but there were no drug by 

genotype (F2,48=1.137, p=0.329), drug by sex (F1,48=0.160, p=0.691), or drug by genotype by sex 

(F2,48=0.218, p=0.805) effects. There was an effect of prepulse intensity (<0.0001) as seen by the 

increased percent inhibition as prepulse intensity increased. However, there was no prepulse 

intensity by genotype, prepulse intensity by sex (F3,48=0.726, p=0.538), or prepulse intensity by 

genotype by sex effect (F6,48=0.691, p=0.658). The three genotypes did not differ in their prepulse 

inhibition to 3 dB (F2,48=1.512, p=0.231), 6 dB (F2,48=0.97, p=0.908), 9 dB (F2,48=1.001, p=0.375), 

and 12 dB (F2,48=1.042, p=0.361) prepulse stimuli. 
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Figure 48. Prepulse inhibition.  
There was no difference between genotypes (F2,48=0.374, p=0.690) or sexes (F1,48=0.153, 
p=0.697). There was an effect of drug (p=0.005) and an effect of prepulse intensity (<0.0001). The 
three genotypes did not differ in their prepulse inhibition to 3 dB (F2,48=1.512, p=0.231), 6 dB 
(F2,48=0.97, p=0.908), 9 dB (F2,48=1.001, p=0.375), and 12 dB (F2,48=1.042, p=0.361) prepulse 
stimuli. 
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DISCUSSION 
 

I.  Characterization of D1 and D2 SPNs in the Nucleus Accumbens core 

 

a.  Summary  

Although D1 and D2 SPNs in the dorsal striatum have been well investigated in terms of 

their differential electrophysiological and anatomical properties, D1 and D2 SPNs of the ventral 

striatum remain poorly studied (Day et al., 2008; Gertler et al., 2008; Grueter et al., 2010). Through 

the use of labeled D1 and D2 SPN BAC transgenic mice, I am able to bridge this gap in the 

literature (Gong et al., 2003; Shuen et al., 2008). Our work results complement the literature and 

the results established about D1 and D2 SPNs in the dorsal striatum and extends the knowledge 

on D1 and D2 SPNs in the ventral striatum, in particular the nucleus accumbens core. The 

subpopulations of neurons have been found to differ in their neuronal outputs, but also share some 

similarities (Kupchik et al., 2015). Due to their differential roles in striatal circuitry, it is vital to 

understand differences in their basic membrane properties to begin to understand their functional 

role in reward and motor circuitry.  

In this thesis, I have demonstrated that D1 and D2 SPNs of the nucleus accumbens core 

exhibit differential electrophysiological properties. SPNs in the ventral striatum exhibit a 

hyperpolarized resting membrane potential as previously shown (Taverna, 2003). D2 SPNs 

displayed decreased rheobase, increased excitability as measured by action potential firing rates to 

depolarizing current injections, increased inward rectification, and increased TTX-sensitive 

GABAergic tonic conductance compared to D1 SPNs. The two SPN subtypes did not differ in 

terms of their input resistance, time constant, or capacitance. However, sIPSC, mIPSC, and 
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mEPSC frequency is increased in D2 SPNs compared to D1 SPNs. sIPSC and mEPSC peak 

amplitude and decay times did not differ between the two cell types, but rise times were longer in 

D2 SPNs. In addition, mIPSC rise and decay times did not differ between the two cell types, but 

peak amplitude was smaller in D2 SPNs. Moreover, D1 and D2 SPNs did not differ in their 

dendritic complexity as measured by Sholl analysis, number of branches, and branch length.  

 

b.  Increased D2 excitability 

Passive properties of SPNs differed in the dorsal striatum, where D2 SPNs display 

increased input resistance, decreased capacitance and decreased time constant compared to D1 

SPNs (Gertler et al., 2008). Capacitance is primarily dictated by cell size and morphology, and 

consistent with the similar capacitance of D1 and D2 SPNs in the nucleus accumbens core, I also 

found no differences in dendritic complexity or length between D1 and D2 SPNs. This differs from 

the profile in the dorsal striatum, where D1 SPNs displayed increased dendritic complexity which 

correlates with their increased capacitance (Gertler et al., 2008). Resistance is determined by cell 

size and channel composition. My results also show that although D1 and D2 SPNs did not differ 

in size, D2 SPNs exhibit increased tonic GABA current and inward rectification. This increased 

channel conductance at resting membrane potential would lead to a decreased input resistance. 

However, down regulation of leak channels in D2 SPNs and/or upregulation of leak channels in 

D1 SPNs may compensate for the increased conductance, therefore result in no net difference in 

input resistance across SPN populations in the nucleus accumbens core. This profile again differs 

from that in the dorsal striatum, where D2 SPNs display both increased input resistance and 

decreased dendritic complexity (Gertler et al., 2008). Lastly, time constant is correlated with cell 
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size, capacitance and input resistance; given the fact that I found no difference in these parameters 

between D1 and D2 SPNs in the nucleus accumbens core, it is not surprising that time constant 

was also consistent between these cell populations. Unlike the present findings, dorsal striatal D2 

SPNs displayed a decreased time constant, which was driven by their decreased capacitance and 

cell size (Gertler et al., 2008). Although the two subpopulations of SPNs in the nucleus accumbens 

core do not differ in their passive properties, they may differ in the channels that dictate those 

properties.  

At resting membrane potential, the predominant channels open are leak channels and 

inwardly-rectifying K+ channels (Nisenbaum and Wilson, 1995; Uchimura et al., 1989). SPNs of 

the nucleus accumbens core did not differ in their resting membrane potential but there was 

increased inward rectification in D2 SPNs compared to D1 SPNs. This difference was also reported 

in the dorsal striatum, but was noted in D1 SPNs and was correlated with a hyperpolarized resting 

membrane potential in D1 SPNs compared to D2 SPNs (Gertler et al., 2008). In the nucleus 

accumbens core, resting membrane potential may be dictated predominantly by leak channels in 

D1 SPNs and IKir in D2 SPNs. This is in accordance with lack of differences of input resistance, 

but increased inward rectification in D2 SPNs and the possibility of increased leak current in D1 

SPNs. Inwardly-rectifying K+ channels are susceptible to changes in membrane potential, whereas 

leak channels are not. If at rest, resting membrane potential is dictated by leak channels in D1 

SPNs and inwardly-rectifying K+ channels in D2 SPNs, changes in voltage are more likely to 

affect D2 SPNs. My findings of decreased rheobase and increased excitability of D2 SPNs are 

consistent with this interpretation, and likewise similar to the profile reported for SPNs in the 

dorsal striatum (Gertler et al., 2008).  
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In addition to potassium channel conductance, several mechanisms control neuronal 

excitability including cell size and morphology and receptor expression (Cazorla et al., 2012; Day 

et al., 2008; Gertler et al., 2008). There were no significant differences in D1 and D2 SPN dendritic 

morphology, however other mechanisms may have contributed to the differential excitability. In 

the dorsal striatum, muscarinic M1 receptors differentially modulate Kir2 channels in D1 and D2 

SPNs. Activation of muscarinic M1 receptors inhibits IKir  and increases D2 SPN membrane 

excitability but  cannot completely explain the differences in excitability between D1 and D2 SPNs 

(Gertler et al., 2008; Shen et al., 2007). Moreover, several potassium and calcium channels dictate 

the excitability of SPNs. For example, work has implicated Kv1.2-containing K+ channels in the 

subthreshold excitability of SPNs in the dorsal striatum (Shen et al., 2004). Similar mechanism 

may exist in the nucleus accumbens core thus contributing to differential excitability of D1 and 

D2 SPNs in this region. 

In addition to the decreased rheobase, Kir ratio, and increased excitability seen in D2 SPNs 

as compared to D1 SPNs of the nucleus accumbens core, I also detected changes in synaptic 

transmission between these cell groups. D2 SPNs displayed a higher frequency of both excitatory 

(mEPSC) and inhibitory (sIPSCs, mIPSCs) synaptic events as compared to D1 SPNs. The 

increased mEPSC frequency I found is consistent with a prior report in the accumbens core 

(Grueter et al., 2010). By contrast, in the dorsal striatum, there does not appear to be a difference 

in frequency of IPSCs between D1 and D2 SPNs (Ade et al., 2008; Janssen et al., 2009). My data 

revealed smaller peak amplitudes and longer rise times of sIPSCs, mIPSCs, and mEPSCs in D2 

SPNs. In dorsal striatum, IPSC kinetics and amplitude have not been reported to differ between 

D1 and D2 SPNs (Ade et al., 2008; Janssen et al., 2009).  I did not evaluate the subtypes of SPNs 
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either in terms of synaptic inputs or postsynaptic receptor subunit composition, however, 

differential profiles have been previously reported in dorsal striatum; the degree to which this holds 

true in ventral striatum remains to be examined.  

In addition to increased synaptic transmission on D2 SPNs, I also found an enhanced tonic 

GABA current in D2 SPNs. TTX application revealed a significantly higher tonic GABA current 

in D2 SPNs as compared to D1 SPNs. BMR application further revealed a tonic current in D2 

SPNs, but this was not significantly higher than in D1 SPNs. This indicates that the source of 

GABA causing the tonic current is both action potential dependent and independent, perhaps 

astrocytically mediated (Pandit et al., 2015). This dichotomy of increased  tonic current expression 

in D2 SPNs compared to D1 SPNs has also been observed in the dorsal striatum in younger but 

not older animals where the profile is reversed (Ade et al., 2008; Santhakumar et al., 2010). In the 

dorsal striatum, tonic GABA currents are modulated by dopamine receptor signaling, and mediated 

by E3 containing GABA-A receptors. Whether this profile holds true in the accumbens core 

remains to be examined (Janssen et al., 2011). 

 In summary, my results demonstrate that there is a physiological dichotomy between D1 

and D2 SPNs of the nucleus accumbens core. These differences may in part be due differential 

channel composition in D1 and D2 SPNs. While differential intrinsic membrane properties, 

excitability, and synaptic transmission have been reported in dorsal striatal SPN populations, the 

profile of divergence is different than that observed in the nucleus accumbens core. This suggests 

that while the dorsal and ventral striatum share a similar basic architecture, there are differences 

between these regions at the level of cellular neurophysiology.  These data provide us with a better 
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understanding of the neuronal circuitry of the ventral striatum and may inform future studies 

regarding its role in reward and motor function. 

 

II. Overexpression of MMP-1  

 
a.  Summary 

Here, I report the effect of MMP-1 overexpression on striatal neuronal inhibition and 

excitation: genetic over-expression of MMP-1 triggered increased synaptic inhibition and 

excitation onto D1 SPNs, but not D2 SPNs. This effect may be mediated through PAR-1, as both 

inhibition and excitation were normal in MMP-1 overexpressing mice that lack PAR-1, a known 

substrate expressed on neurons and glia (Junge et al., 2004; Weinstein et al., 1995). In addition, 

increased inhibitory and excitatory synaptic input onto D1 SPNs was associated with increased 

dendritic complexity of D1 SPNs and a blunted locomotive response to amphetamine. A subset of 

morphological and behavioral effects seen in the MMP-1OE mouse was absent in MMP1-

OE/PAR-1KO mice. Taken together, these results suggest a significant role for the MMP-1/PAR-

1 axis in the regulation of striatal physiology and behavioral functions. 

 

b.  Increased inhibitory transmission onto D1 SPNs 

There are several possible mechanisms that may account for the increased IPSC and 

mEPSC frequency I observed in D1 SPNs from MMP-1OE mice. Non-mutually exclusive 

possibilities include: altered excitability of the presynaptic cell, altered vesicular release, or altered 

dendritic complexity.  
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Alterations in the excitability of presynaptic cells and their axons may be operative in the 

increase of sIPSCs, but they cannot be the only mechanism at play as I observed changes in both 

sIPSC and action potential-independent mIPSC frequency. As I did not record sEPSCs I cannot 

make this conclusion for the increased mEPSCs observed. Although it should be noted that in 

striatal slices mEPSC and sEPSC frequencies do not differ (Forcelli et al., 2012). The shift of 

cumulative distribution of inter-event intervals (IEI) for IPSCs appears to support the altered 

excitability of the presynaptic neurons. There is a higher frequency of shorter IEI in the MMP-

1OE mice compared to both controls and MMP-1OE/PAR-1KO mice suggesting increased 

bursting of the presynaptic neuron onto D1 SPNs. This is seen in the MMP-1OE/PAR1-KO mice 

compared to controls although this does not alter the average frequency of inhibitory transmission. 

However, this pattern was also seen for action potential independent vesicular release responsible 

for mIPSCs, suggesting a possible action of MMP-1 on the presynaptic machinery, perhaps related 

to altered calcium dynamics (Chang et al., 2017). Recent evidence suggests circuit—specific, 

astrocytic regulated calcium dynamics may contribute to altered action potential independent 

vesicular release (Perea and Araque, 2007).  

Increased presynaptic release probability is a plausible contributor to the increase in PSC 

frequency. Further studies are needed to identify which presynaptic inhibitory inputs onto D1 

SPNs are affected by MMP-1OE. Once identified, mean variance analysis can be conducted, 

followed by paired pulse ratio experiments, to determine whether the alterations are due to altered 

release probability or altered number of vesicles. The most probable source of increased inhibitory 

synaptic input to SPNs are striatal interneurons. GABAergic interneurons, although a minority of 

cells in the striatum, are potent sources of inhibitory synaptic input to SPNs. Multiple classes of 
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interneurons make both somatic and dendritic connections onto both D1 and D2 SPNs. (English 

et al., 2011; Gittis and Kreitzer, 2012; Ibanez-Sandoval et al., 2010, 2011; Partridge et al., 2009; 

Planert et al., 2010). By contrast, collateral inhibition from other SPNs seems less of a plausible 

target of MMP-1 for several reasons. First, excitability of both D1 and D2 SPNs was decreased, a 

profile that would not be consistent with increased release. Second, while D1 SPNs preferentially 

synapse onto D1 SPNs (Taverna, 2003), D2 SPNs synapse onto both D1 and D2 SPNs. Given that 

I detected increased IPSC frequency only in D1 neurons, a global increase in presynaptic activity 

of D2 SPNs would be expected to impact both populations. It is worth noting that although the 

microcircuitry of the ventral striatum might be similar to that of the dorsal striatum, it has yet to 

be fully elucidated. Paired recordings and optogenetic stimulation will be needed to identify the 

specific presynaptic inputs affected by MMP-1.  

Increased dendritic complexity can also lead to an increase of IPSC and mEPSC frequency 

because it allows for increased synaptic connectivity (Day et al., 2006; Gertler et al., 2008). Whole-

cell recordings with a potassium chloride-based internal solution can accurately detect currents 

originating in dendrites up to 100 μm from the soma (Queenan et al., 2016). The increased dendritic 

complexity seen in D1 SPNs of the MMP-1OE mice occurred between 50 μm and 80 μm from the 

soma, thus, the increased synaptic transmission observed may be due in part to the altered dendritic 

tree. Although I did observe increased dendritic complexity of D2 SPNs in the MMP-1OE and 

MMP-1OE/PAR-1KO mice, this increase occurred distal to the soma, likely beyond the spatial 

detection limit of PSCs. I did not investigate differences in spine number, density, or morphology 

but hypothesize there will be an increase in spine density as seen in the hippocampus (Allen et al., 

2016). 
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c. Alterations of passive and active properties 

Both PAR-1 dependent and PAR-1 independent effects of MMP1-OE were also evident in 

the passive and active membrane properties of SPNs: D1 and D2 SPN excitability was decreased 

in the MMP-1OE mice compared to controls. These effects may be due in part to increased 

dendritic complexity in both D1 and D2 SPNs and increased inward rectification in D1 SPNs 

(Cazorla et al., 2012). The alteration of inward rectification was not reflected in the resting 

membrane potential or input resistance but there was trend towards increased rheobase of D1 

SPNs. The excitability and complexity of D1 SPNs was normalized in the MMP-1OE/PAR-1KO 

mouse, but the decreased excitability and complexity of D2 SPNs were not. The data revealed an 

increase in inward rectification in the D2 SPNs of MMP-1OE/PAR-1KO mice, which with the 

increased dendritic complexity would contribute to their decreased excitability. Interestingly I 

observed an increase in the membrane time constant, input resistance of D1 SPNs and an increase 

in IKir and TTX sensitive tonic current in MMP-1OE/PAR-1KO mice; this may have resulted in 

no net change in excitability in these mice, as these changes in membrane properties likely have 

opposing effects. The increase in time constant correlates with the increased input resistance. The 

increased tonic current does not seem to affect the IKir, but spiny projections neurons express 

several other potassium channels that may be affected by the tonic current. For example, blockade 

of Kv1.2 channels led to increased somatic excitability of SPNs (Day et al., 2008). Assessing the 

properties and expression of potassium channels as they are key regulators of SPN excitability, 

will help to further elucidate the mechanisms at play. 
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d. “Astrocytes govern our stars” 

The effects of MMP-1 overexpression on synaptic transmission were selective to D1 SPNs. 

Neither IPSC or EPSC frequency differed between genotypes for D2 SPNs. Single cell RNAseq 

revealed PAR-1 expression in astrocytes, D1 SPNs, and D2 SPNs in the striatum, with the greatest 

expression in astrocytes (Gokce et al., 2016). PAR-1 has been implicated in astrocyte-neuron 

interactions or what is called the tripartite synapse (Haydon and Carmignoto, 2006). Of interest to 

GABAergic synapses, astrocytic PAR-1 activation leads to activation of Bestrophin 1, a calcium 

activated anion channel, that shows permeability to Cl- and GABA, and is potentially relevant to 

setting the ambient extracellular GABA concentration, and GABA mediated tonic current (Lee et 

al., 2010; Park et al., 2009).Work by the Araque group showed that in the hippocampus, astrocytes 

can potentiate transmitter release (Perea and Araque, 2007). Studies from the same group revealed 

subpopulations of SPNs activate a certain subset of astrocytes that then activated homotypic SPNs 

(Martin et al., 2015). PAR-1 signaling in a D1 SPN – astrocyte microcircuit could thus also 

contribute to the effects I detected. A neuronal PAR-1 mechanism may also contribute to the 

phenotype observed (Junge et al., 2003). Future studies will need to probe the cell specific and 

subcellular localization of PAR-1 to further understand the alterations observed in the mutant mice 

I investigated. 

 

e. PAR-1 and dendritic complexity 

In addition to altered synaptic function of D1 SPNs, I found increased dendritic complexity 

in both D1 and D2 SPNs of MMP-1OE mice. The increased dendritic complexity seen in the D1 

SPNs of MMP-1OE mice is not observed in the MMP-1/PAR-1KO. Consistent with this, prior 
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studies have shown that PAR-1 activation regulates calcium flux in neurons and increases 

hippocampal dendritic complexity (Allen et al., 2016; Wang et al., 2002). Further underscoring 

the difference in effect of MMP-1OE on D1 and D2 SPNs, the region of the dendritic arbor 

impacted differed between these two cell populations. Given that the increased complexity seen in 

the D1 SPNs was normalized in the MMP-1OE/PAR-1KO mouse, this phenotype is likely PAR-1 

dependent. By contrast, D2 dendritic arbor was not normalized in MMP-1OE/PAR-1KO mice, 

suggesting that PAR-1 independent effects may be driving these changes. Possibilities include 

breakdown of the extracellular matrix which has been linked to dendritic growth (Fujioka et al., 

2012).  

 

f.  Motor function and sensory motor gating 

Although the dorsal striatum is a major regulator of locomotor behavior, recent evidence 

has implicated the ventral striatum as well. For example, loss of dopamine D2 signaling in the 

ventral striatum can lead to a blunted locomotor response (Lemos et al., 2016). Similarly, in a 

mouse model of autism, decreased inhibitory transmission onto D1 SPNs in the nucleus accumbens 

was correlated with increased spontaneous locomotion (Rothwell et al., 2014). Furthermore, the 

nucleus accumbens core was found to contribute to behavioral activation of locomotor activity due 

to amphetamine injection (Sellings and Clarke, 2003). My results reveal a blunted locomotive 

response to amphetamine in the MMP-1OE. The phenotype I observed may be due to the altered 

excitability of D1 and D2 SPNs or the synaptic inputs onto these neurons, such as neurons from 

the VTA. Acute application of a PAR-1 antagonist blocked morphine mediated dopamine release 

in the nucleus accumbens and hyperlocomotion (Ito Mina et al., 2007). Indeed it has been 
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demonstrated that D2-EGFP mice overexpress D2 receptors and have altered dopaminergic 

signaling, but all of my mice expressed D2-EGFP, thus any alterations would have been seen in 

all three genotypes. (Kramer et al., 2011).  While I focused on the ventral striatum, the transgenic 

approach I used was global. Thus, I cannot rule out a contribution of other brain regions or 

mechanisms to this motor phenotype. Potential contributors include altered dorsal striatal function, 

altered presynaptic dopamine neuron function or post-synaptic dopamine receptor signaling. 

Spontaneous locomotion was not altered in these mice suggesting that the two motor behavior 

functions have distinct neuronal mechanisms. These studies highlight the complex underpinning 

of distinct motor functions and its neurological basis.  

The MMP-1OE and MMP-1OE/PAR-1KO mice did not demonstrate a disrupted acoustic 

startle response. Prepulse inhibition increased as a function prepulse intensity across all three 

genotypes. Amphetamine injection caused an increased in prepulse inhibition. Higher doses of 

amphetamine attenuate prepulse inhibition, but previous work has shown that lower doses will in 

fact intensify it (Ralph et al., 2001). The dopaminergic system is implicated in regulating 

sensorimotor gating in rodent models (Mansbach et al., 1988). These initial studies indicate that 

the dopaminergic system involved in sensorimotor gating is not disrupted by MMP-1 

overexpression. 

 

g.  PAR-1KO and global alterations 

A caveat of my present studies is that I was unable to examine mice that lack PAR-1 in the 

absence of MMP-1 overexpression. The limited litter sizes and high in utero mortality reported for 

PAR-1KO mice made this experiment practically unattainable (Connolly et al., 1997). 
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Interestingly, crossing the MMP-1OE mouse to the PAR-1KO mouse rescued the early mortality 

previously reported in this strain, enabling the experiments I performed. In light of this caveat, I 

note that gross brain structure is normal in PAR-1 knockout mice (Almonte et al., 2013). As for 

the MMP-1OE/PAR-1KO mice, although the murine orthologue of MMP-1 is not expressed in the 

absence of pathology (Allen et al., 2016),  additional PAR-1 activators including MMP-3 and -13 

are physiologically expressed (Brzdak et al., 2017; Traynelis and Trejo, 2007). Importantly, while 

the increased synaptic transmission observed in the MMP-1OE mice were not observed in the 

MMP-1OE/PAR-1KO, a portion of the changes (e.g., intrinsic excitability, dendritic arborization 

in D2 SPNs) persisted in the MMP-1OE/PAR-1KO mouse. This suggests that MMP-1 may be 

acting via a combination of PAR-1 dependent and independent mechanisms, consistent with the 

fact that MMP-1’s actions are likely mediated by multiple mechanisms including its potential to 

generate integrin binding ligands (Conant et al., 2015). My work was performed on mice that 

overexpressed MMP-1 or lacked PAR-1 throughout development, which may bear relevance to 

MMP-1 promoter polymorphisms that affect expression in a relatively persistent manner. 

However, I acknowledge that disease states including PD may instead involve a temporally 

restricted upregulation of this product of activated glia, and thus the pattern of changes observed 

may differ from long-term upregulation (Arakaki et al., 2009). 

 

h.  Conclusions 

 MMPs play a vital role in facilitating excitatory synaptic plasticity in the hippocampus that 

is specific for both distinct MMPs and lamina (Brzdak et al., 2017). My results revealed a 

specificity of MMP-1OE for D1 SPNs in the nucleus accumbens core which is correlated with 
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increased dendritic complexity. The altered motor behavior is present in both mouse models 

suggesting MMP-1’s actions on locomotion may not be PAR-1 mediated. These data are of 

importance because of the alteration of both MMP-1 and PAR-1 in several neurological diseases 

with a motor dysfunction component (Boven et al., 2003; Ishida et al., 2006). The MMP-1/PAR-

1 axis may contribute the locomotor phenotype observed in these diseased states. This opens the 

door for treatments focusing on MMP-1 and/or PAR-1. 
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LIMITATIONS AND FUTURE DIRECTIONS 

Although proper controls were implemented when possible, there were some limitations to 

the studies conducted. As previously mentioned in the methods, obtaining a pure PAR-1KO mouse 

was difficult due to small litter sizes and presents a limitations of the studies. Therefore, the 

alterations that were “rescued” in the MMP-1OE/PAR-1KO mouse may be due to the lack of PAR-

1 and not the lack of MMP-1’s actions on PAR-1. The experiments outlined in this thesis will need 

to be repeated in a pure PAR-1KO mouse to definitively determine whether the phenotype 

observed in the MMP-1OE mice are due to MMP-1’s actions on PAR-1. Secondly, in my mouse 

model, MMP-1 is overexpressed globally since birth. In most neurodegenerative diseases 

alterations in protein expression do not occur until later in life. Future experiments could revolve 

around chronic MMP-1 treatment in adulthood. PAR-1 antagonists can be added on to test whether 

alterations are PAR-1 mediated. 

Changes in frequency of inhibitory and excitatory postsynaptic currents can be due to both 

presynaptic and postsynaptic alterations. The presynaptic source of increased inhibitory 

transmission is unknown. The source can be determined via paired recordings in MMP-1OE and 

MMP-1OE/PAR-1KO mice in which specific interneurons are genetically labeled. Once the 

source is determined, experiments can be conducted to reveal alterations in vesicular release. 

Furthermore, MMPs and PAR-1 influence LTP in the hippocampus, as such it would be interesting 

to explore long-term depression and depolarization induced suppression of inhibition in the 

striatum of MMP-1OE and MMP-1OE/PAR-1KO mice. 

Although the ventral striatum is implicated in motor function, the dorsal striatum is also a 

major player in regulating motor function. Therefore, it would be vital to explore possible 
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electrophysiological alterations in the dorsal striatum. I hypothesize similar alterations in synaptic 

transmission and neuronal excitability will occur in the dorsal striatum of MMP-1OE and MMP-

1OE/PAR-1KO mice. Furthermore, studies can be extended to the nucleus accumbens shell, as the 

core and shell have been shown to influence behavior in differential manners with the core 

contributing to behavioral activation and the shell to rewarding effects (Sellings et al, 2003). 

The MMP-1/PAR-1 axis’ actions on amphetamine induced locomotion may be through 

alterations of dopamine signaling. This combined, with changes in synaptic transmission of the 

ventral striatum, it may be of interest to explore other amphetamine induced dopamine mediated 

behaviors, such as conditioned place preference, self-administration, locomotion sensitization, and 

a reinstatement paradigm. Drugs of abuse influence the dopaminergic system in various ways. 

Therefore, drug induced locomotion to a subset of drugs can be used to tease out how PAR-1 

activation influences dopamine. 

The data in thesis revealed alterations in the MMP-1OE mice that may in part be due to 

PAR-1 activation but may also be PAR-1 independent. One possible mechanism of action may 

include MMP-1’s action on the extracellular matrix (ECM). Initial studies would need to be 

performed to determine alterations in extent of the extracellular matrix. I hypothesize there will be 

a decrease in the ECM of the MMP-1OE and MMP-1OE/PAR-1KO mice. However, these 

experiments would not directly assess the role of the ECM in alterations observed in my mouse 

models.  

The data revealed increased inward rectification in both mouse models. Firstly, it will be 

vital to determine whether the altered rectification is due to altered levels of inward rectifying 

potassium channels. Secondly, if it is determined that receptor levels are altered, it would be 
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interesting to explore if rescue of these receptors will also rescue the changes in neuronal 

excitability and dendritic complexity. 

Lastly, although PAR-1 expression has been found in the ventral striatum, its cell and 

subcellular location is known. Using RNAscope and similar methods, these questions can be 

resolved and help us better understand the changes I have documented.  Similarly, I would explore 

changes in D1 and D2 levels in the MMP-1OE and MMP-1OE/PAR-1KO mice.
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SUMMARY OF FINDINGS AND CONCLUSIONS 

x Comparison of D1 and D2 SPNs in the NuAcc core.  

o Resting membrane potential, input resistance, time constant, and capacitance did 

not differ between D1 and D2 SPNs.  

o D2 SPNs displayed decreased rheobase, increased excitability, increased inward 

rectification, and increased tonic current compared to D1 SPNs. 

o The increased rectification in D2 SPNs may make them more susceptible to 

changes in voltage and thus more excitable. 

o Increased sIPSC and mEPSC frequency and longer sIPSC and mEPSC rise times 

in D2 SPNs compared to D1 SPNs. 

o Increased mIPSC frequency and decreased peak amplitude in D2 SPNs compared 

to D1 SPNs . 

o Dendritic complexity did not differ between D1 and D2 SPNs suggests differential 

release of the presynaptic neurons that input onto D1 and D2 SPNs. 

x MMP-1 OE and MMP-1OE/PAR-1KO mice 

o Global PAR-1 expression was not altered in the MMP-1OE mice. 

o Increased sIPSC, mIPSC, and mEPSC frequency in D1 SPNs of the MMP-1OE 

mouse not seen in the MMP-1OE/PAR-1KO mice implicates altered vesicular 

release of the presynaptic neuron and/or altered dendritic complexity. Average peak 

amplitude, rise times, and decay times did not differ as a function of genotype. 

o sIPSC, mIPSC, and mEPSC parameters in D2 SPNs did not differ as a function of 

genotype with the exception of decreased sIPSC rise times in MMP-1OE mice 
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compared to controls. These results suggest that vesicular release of the presynaptic 

neurons onto D2 SPNs does not differ between genotypes. 

o Capacitance, resting membrane potential and rheobase of D1 SPNs did not differ 

as a function of genotype. 

o The input resistance, time constant, inward rectification, and occurrence of 

GABAergic tonic current of D1 SPNs of MMP-1OE/PAR-1KO mice were 

increased. Combined this resulted in unaltered excitability. 

o D1 SPNs in MMP-1OE mice display increased dendritic complexity and inward 

rectification contributing to decreased excitability compared to control and MMP-

1OE/PAR-1KO mice.  

o The input resistance, time constant, capacitance, resting membrane potential, and 

tonic current of D2 SPNs did not differ as a function of genotype. 

o The rheobase and dendritic complexity of D2 SPNs in MMP-1OE mice was 

increased compared to control mice. This may have contributed to the decreased 

excitability of D2 SPNs in MMP-1OE mice. 

o Inward rectification and dendritic complexity was increased in D2 SPNs of MMP-

1OE/PAR-1KO. This may have contributed to the decreased excitability of D2 

SPNs in MMP-1OE/PAR-1KO mice. 

o D1 SPNs in MMP-1OE mice displayed increased dendritic complexity and 

increased number of tertiary branches compared to control and MMP-1OE/PAR-

1KO mice. Branch length of D1 SPNs and D2 SPNs did not differ across the three 
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genotypes. These data correlated with the increased sIPSC, mIPSC, and mEPSC 

frequency and decreased D1 excitability in the MMP-1OE mice. 

o D2 SPNs in MMP-1OE and MMP-1OE/PAR-1KO mice displayed increased 

dendritic complexity and increased number of tertiary branches compared to 

control mice which correlates with the decreased excitability. 

o MMP-1OE mice displayed a blunted locomotive response to amphetamine 

suggesting a functional effect of the increased inhibitory transmission onto D1 

SPNs and their decreased excitability. 

o Prepulse inhibition did not differ as a function of genotype but did differ as a 

function of prepulse intensity and amphetamine injection. These data suggest that 

sensory motor gating is unimpaired in all three genotypes.  
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