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ABSTRACT
Neuroinflammation precedes neuronal loss in striatal neurodegenerative diseases and can be
exacerbated by the release of proinflammatory molecules by microglia. These molecules can
affect trafficking of glutamate receptors. For example, the preferential trafficking of calciumpermeable (CP-AMPAR) versus impermeable AMPARs can result in disruptions of [Ca2+]i and
alter cellular functions. In striatal neurodegenerative diseases, changes in [Ca2+]i and L-type
voltage-gated calcium channels (VGCCs) have been reported. Therefore, we sought to determine
whether a proinflammatory environment alters AMPA-mediated [Ca2+]i through L-type VGCCs
in dorsal striatal dopamine-2 and dopamine-1 expressing striatal spiny projection neurons (D2
and D1 SPNs). Mice expressing the calcium indicator protein GCaMP selectively in D2 or D1
SPNs were utilized for calcium imaging. Microglial activation was assessed by release of
proinflammatory molecules and morphological changes. To induce inflammation, acute striatal
slices were incubated with lipopolysaccharide (LPS) for two hours. Here we report that LPS
potentiated AMPA responses only in D2 SPNs. When a nonspecific VGCC blocker was
included, we observed a decrease of AMPA-mediated calcium fluorescence in D2 but not D1
SPNs. The remaining AMPA-stimulated [Ca2+]i was mediated by CP-AMPARs because the
responses were completely blocked by a selective CP-AMPAR antagonist, philanthotoxin. In
addition, LPS selectively decreased sensitivity AMPA-stimulated [Ca2+]i through CP-AMPARs,
however we found that total CP-AMPARs were unchanged with LPS treatment. We did observe
a role for GABA given that blockade of GABA receptors decreased AMPA-stimulated [Ca2+]i in
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LPS treated D2 SPNs. This suggests that the LPS mediated increase is dependent on VGCCs and
GABA signaling. To further understand the role of VGCCs, we used isradipine, the highly
specific L-type VGCC antagonist. Isradipine decreased AMPA-stimulated responses selectively
in D2 SPNs after LPS treatment. This strongly implicates the L-type VGCCs in inflammatory
conditions. We also examined NMDA-stimulated [Ca2+]i in SPNs and discovered an opposing
effect of LPS treatment. Specifically, D2 SPNs demonstrated an increase in NMDA-stimulated
[Ca2+]i whereas D1 SPNs demonstrated a decrease. Our findings suggest differential effects of a
proinflammatory environment on D2 and D1 SPNs.
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CHAPTER 1: INTRODUCTION
A. Overview of Spiny Projection Neurons (SPNs)
Voluntary movement is the result of precise neurotransmitter convergence on striatal spiny
projection neurons (SPNs), (for review (Calabresi et al., 2014)). SPNs are the principal
projection neurons (~95%) of the striatum and are divided into two populations based on
dopamine receptor expression and output targets (Gerfen et al., 1990; Surmeier et al., 1996; Doig
et al., 2010; Kravitz et al., 2010). As shown in Figure I.1, both SPN subtypes are GABAergic
and project to different targets to either release inhibition and facillitate movement or increase
inhibition and prevent movement (Doig et al., 2010; Kravitz et al., 2010). Specifically, dopamine
receptor-1 (D1) expressing SPNs are part of the “direct” pathway and project to the globus
pallidus internal (GPi) and substantia nigra pars reticulata (SNpr). Because the GPi/SNpr
tonically inhibits the thalamus, GABA release from SPNs onto neurons in the GPi/SNpr reduces
this inhibition and allows the thalamus to release glutamate to the cortex, thus enabling
movement. In contrast, dopamine receptor-2 (D2) expressing SPNs are part of the “indirect”
pathway and project to the globus pallidus external (GPe). D2 SPNs release GABA onto
inhibitory GPe neurons, which consequently results in less GABA release onto the excitatory
neurons in subthalamic nucleus (STN). The net effect of the “indirect” pathway is greater
glutamate release onto neurons in the GPi/SNpr. This increases tonic inhibition of the thalamus
and reduces movement. Previously it was thought that movement disorders manifested due to an
under- or over-activation of one of the pathways, but we now know that they simultaneously
work in tandem to control movement (Jaidar et al., 2010; Cui et al., 2013; Calabresi et al., 2014).
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SPN activity is determined by the integration of glutamatergic and dopaminergic signals with
local GABAergic and cholinergic feedback (Kreitzer, 2009; Doig et al., 2010; Jaidar et al.,
2010). As illustrated in Figure I.2, SPNs receive glutamatergic input from both the cortex and
thalamus, which is modulated by dopamine release from neurons originating in the substantia
nigra pars compacta (SNpc). SPN excitability is locally regulated by release of acetylcholine and
GABA from neighboring interneurons with additional inhibitory modulation via SPN-to-SPN
collaterals (Fig. I.2). Consequently, interference of neurotransmitter convergence on SPNs can
impair their ability to regulate movement.

B. Striatal neurodegenerative disorders
Striatal neurodegenerative disorders are progressive diseases wherein specific neurons
degenerate with cumulative deficits in motor function. For example, Huntington’s disease (HD)
is an autosomal dominant genetic neurodegenerative disorder where mutated Huntingtin protein
forms aggregates in cortical neurons and SPNs (Sieradzan and Mann, 2001). D2 SPNs eventually
degenerate causing worsening of motor symptoms such as excessive movement (i.e., chorea),
muscle rigidity (i.e., dystonia), and impairments in postural stability and walking. SPNs are more
vulnerable to degeneration than cortical neurons despite containing lower levels of protein
aggregates (Sieradzan and Mann, 2001). This suggests that SPNs are more sensitive and/or there
is an alternative mechanism that induces neuronal death (Sieradzan and Mann, 2001).

In contrast, Parkinson’s disease (PD) can be either genetic or idiopathic. Although PD is not
classified as a striatal neurodegenerative disorder it can affect the striatum. PD is characterized
by a loss of dopaminergic neurons in the SNpc with ensuing dopamine depletion on SPNs in the
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striatum. Dopaminergic neurons can degenerate after exposure to environmental toxins and/or
accumulation of protein aggregates containing alpha-synuclein. Primary motor symptoms
include resting tremor, slowing of movement (i.e., bradykinesia), difficulty initiating movement
(i.e., akinesia), with postural and gait instability. Even though degeneration occurs outside the
striatum, SPN physiology is also affected in PD. For example, dopamine deinnervation causes
spine loss and alterations of corticostriatal synapses (Stephens et al., 2005; Smith et al., 2009;
Villalba and Smith, 2010; Pienaar et al., 2012; Matikainen-Ankney et al., 2016).

Likewise, cortical and striatal structures are affected in human immunodeficiency virus (HIV)infected patients with an eventual decline into HIV-associated neurocognitive disorders (HAND)
including dementia. HAND patients develop parkinsonism-like symptoms such as akinesia,
bradykinesia, with postural and gait abnormalities (Berger and Arendt, 2000; Koutsilieri et al.,
2002; Melrose et al., 2008; du Plessis et al., 2015). Similar to patients with PD, dopaminergic
depletion is observed in HAND (Berger and Arendt, 2000; Koutsilieri et al., 2002). Specifically
there is a loss of dopaminergic neurons in the SNpc (Itoh et al., 2000), abnormal dopamine
synapses in the striatum (Gelman et al., 2006), with lower levels of striatal dopamine-transporter
and D2 receptors (Wang et al., 2004; Chang et al., 2008). In addition, animal models of HIVinfection show increased dopamine uptake in the striatum (Zhu et al., 2016) while dopaminergic
neurons in the SNpc degenerate after exposure to HIV proteins (Agrawal et al., 2010). As HAND
progresses, increasing loss of striatal volume is associated with greater cognitive impairments
(Ances et al., 2006). Interestingly, atrophy of the striatum continues in spite of suppression of
viral load (Becker et al., 2011), which may be indicative of an ongoing secondary mechanism
that targets striatal neurons in HAND.
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C. Cellular impairments in striatal neurodegenerative disorders
i. Glutamate and SPN activity
Disruptions of SPN firing and glutamatergic signaling underlie striatal neurodegenerative
disorders (Sieradzan and Mann, 2001; Cepeda et al., 2003; Gelman et al., 2004; Cepeda et al.,
2007; Deutch et al., 2007; Neely et al., 2007; Jaidar et al., 2010; Miller et al., 2010). Although
HD patients show reduced glutamate receptor binding (Albin et al., 1990; Dure et al., 1991),
mutant Huntingtin can potentiate ion flux through NMDARs (Chen et al., 1999). Therefore, even
if glutamate receptors are down-regulated in HD, the remaining receptors may be potentiated
which could increase SPN excitability. Not surprisingly, animal models of HD show increased
SPN sensitivity to glutamate receptor stimulation and slightly depolarized resting membrane
potentials (Levine et al., 1999), which are indicative of increased excitability. Furthermore,
animal models of HD also show disrupted firing of SPNs due to presynaptic (Cepeda et al.,
2003) and postsynaptic (Li et al., 2003; Li et al., 2004) gluatamatergic alterations. Notably,
changes in corticostriatal glutamatergic transmission can be detected in HD animal models prior
to behavioral symptoms (Milnerwood and Raymond, 2007; Fan et al., 2012; Deng et al., 2014)
which suggests early alterations of SPN activity.

Recently, it was discovered that PD patients also have increased SPN activity (Singh et al.,
2016). This increase could be through a strengthening of glutamatergic transmission and/or a
decrease in inhibition. In support of this theory, SPNs in animal models of PD demonstrate
increased excitatory neurotransmission (Matikainen-Ankney et al., 2016), altered strength and
remodeling of glutamatergic synapes (Smith et al., 2009; Villalba and Smith, 2010), and
increased firing (Zold et al., 2012; Escande et al., 2016). Furthermore, PD animal models also
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show a weakening of SPN-to-SPN collaterals (Taverna et al., 2008), which may increase SPN
sensitivity to glutamate through reduced GABA transmission.

In addition, HAND patients show reduced striatal GABA receptor markers (Buzhdygan et al.,
2016) and alterations in several glutamate receptors which can increase or decrease SPN
excitability (Gelman et al., 2004). This may underlie the abnormal subcortical electrical activity
observed during motor movements of HIV-infected patients (Baldeweg and Gruzelier, 1997).
Similar to HD, animal models of HIV-infection show potentiated ion conductance through
striatal glutamate receptors (Fitting et al., 2014). Blockade of glutamate receptors and
degredation of extracellular glutamate can prevent excitotoxic injury in neurons treated with HIV
proteins (Lipton, 1991). In accordance with this evidence, animal models of HIV-infection also
show reduced synaptic glutamate uptake (Melendez et al., 2016) suggesting increased synaptic
availability of this excitatory neurotransmitter. However, these effects may depend on the stage
of disease. For example, HIV-infected patients with severe cognitive deficits demonstrate lower
levels of glutamate in the basal ganglia, whereas HIV-infected patients without cognitive
impairment demonstrate higher levels of glutamate (Ernst et al., 2010). Taken together, these
findings reveal disruptions in glutamatergic signaling in striatal neurodegenerative diseases.

ii. Calcium homeostasis and VGCCs
Calcium enters neurons through calcium-permeable channels (Carafoli, 1986; Heizmann, 1993;
Joshi et al., 2016) where it can activate numerous cellular processes and/or be mediated by
calcium buffering proteins (Heizmann, 1992, 1993; Roussel et al., 2006; Simms and Zamponi,
2014; Joshi et al., 2016). Calcium dysregulation is observed in striatal neurodegenerative
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disorders. For example, in post-mortem HD brains, there is a loss of calcium buffering proteins
(Seto-Ohshima et al., 1988) and a reduction in calcium channels (Watson et al., 1988) which is
indicative of disrupted calcium homeostasis. Furthermore, animal models of HD and PD
demonstrate increased [Ca2+]i (Bibb et al., 2000; Day et al., 2006; Day et al., 2008; Miller and
Bezprozvanny, 2010; Vigont et al., 2014). Rising [Ca2+]i may contribute to the loss of dendritic
spines in D2 SPNs following dopamine depletion (Day et al., 2006; Day et al., 2008) or lead to
excessive mitochondrial stress in dopaminergic neurons (Guzman et al., 2010; Surmeier et al.,
2011). Similarly, models of HIV-infection also show disruptions in [Ca2+]i homeostasis.
Specifically, HIV proteins can increase [Ca2+]i (Lipton, 1991; Kruman et al., 1998; Bonavia et
al., 2001; Haughey and Mattson, 2002; Mattson et al., 2005; Rom et al., 2009; Hu, 2016; Meeker
et al., 2016) and potentiate calcium flux through NMDARs and AMPARs in hippocampal and
cortical neurons (Lannuzel et al., 1995; Bonavia et al., 2001; Haughey and Mattson, 2002; Hu,
2016), as well as SPNs (Fitting et al., 2014).

Blocking calcium conductance through VGCCs has shown to be beneficial in models of HD
(Romero et al., 2008; Wu et al., 2008). In addition, emerging evidence suggests that there is a
protective role of blocking L-type VGCCs in animal models (Chan et al., 2010) and in patients
with PD (Ritz et al., 2010; Parkinson Study, 2013). Dopamine depletion can also lead to a reorganization of L-type VGCCs leading to increased currents in PD animal models (Martella et
al., 2011). L-type VGCCs genes are altered in HAND patients (Gelman et al., 2004) with
evidence of an upregulation and over-activation in SPNs during HIV-infection (Hu, 2016). In
support of this, L-type VGCC antagonists can prevent the excitotoxic effects of rising [Ca2+]i due
to HIV viral protein exposure (Lipton, 1991; Lannuzel et al., 1995; Bonavia et al., 2001).
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Taken as a whole, previous evidence has identified early cellular impairments in glutamate
transmission and SPN activity in striatal neurodegenerative disorders. In addition, there are
disruptions in calcium homeostasis and VGCC’s in these diseases that can subsequently affect
SPNs. These are intriguing commonalities considering HD, PD, and HAND have different
etiologies and clinical presentations.

D. Neuroinflammation in striatal neurodegenerative disorders
Despite having different mechanisms of disease progression, the shared commonalities of
glutamate and calcium dysfunction suggest that there could be driving factors that are not disease
specific. One possibility is neuroinflammation because HD, PD, and HAND all show evidence
for increased glial activation and elevated proinflammatory molecule release. Specifically, HD
patients show an increase in the number of activated microglia in the striatum (Sapp et al., 2001;
Tai et al., 2007b; Moller, 2010; Politis et al., 2011; Ellrichmann et al., 2013; Andre et al., 2016)
and elevated proinflammatory cytokines in plasma samples (Chang et al., 2015). Similarly, PD
patients demonstrate increased striatal microglial activation as measured by greater numbers of
amoeboid microglia and phagocytic markers (Knott et al., 2000; Imamura et al., 2003; Croisier et
al., 2005; Ouchi et al., 2005; Bartels and Leenders, 2007; Edison et al., 2013; More et al., 2013;
Ghadery et al., 2017). PD patients also demonstrate an upregulation of genes that produce
reactive oxygen species (Knott et al., 2000; Przedborski and Dawson, 2001), and increased levels
of proinflammatory cytokines in CSF and brain tissue (Imamura et al., 2003; Kim and Joh, 2006;
Bartels and Leenders, 2007; More et al., 2013). Lastly, HAND patients also demonstrate
increased microglial activation as measured by increased microglial activation markers in post-
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mortem issue (Adamson et al., 1996; Adamson et al., 1999) with elevated proinflammatory
molecules found in the CNS (Yoshioka et al., 1995; Giovannoni et al., 1998; Rostasy et al.,
2005; Brabers and Nottet, 2006; Abassi et al., 2016). Because HD, PD, and HAND patients
demonstrate neuroinflammation, this could be a driving factor in early glutamate disruption. This
observation may yield important insights given that both can be detected years before diagnosis
and neuronal degeneration.

i. Neuroinflammation coincides with disease progression
The fact that neuroinflammation can precede and coincide with disease progression is in
agreement with early glutamatergic dysfunction in HD, PD, and HAND. For example, presymptomatic HD gene carriers show elevated systemic proinflammatory markers on average, 16
years before symptoms emerge (Bjorkqvist et al., 2008). HD gene carriers also demonstrate
increased microglial activation with evidence of striatal and cognitive dysfunction up to five
years before the onset of HD (Tai et al., 2007a; Politis et al., 2011). Another study found
cognitive and motor impairments could be detected 10-15 years before HD diagnosis (Paulsen et
al., 2008). Presumably, early glutamate disruptions lead to the motor symptoms detected years
before diagnosis. In support of this idea, changes in glutamatergic signaling precede
degeneration of SPNs in HD (Cepeda et al., 2007; Miller and Bezprozvanny, 2010). In addition,
patients with HD show reduced NMDAR receptors at presymptomatic stages (Albin et al., 1990;
Dure et al., 1991). Throughout HD progression and deterioration of motor function, patients
show increasing microglial activation (Sapp et al., 2001; Tai et al., 2007b; Politis et al., 2011)
with concurrent reductions of other glutamate receptors (Dure et al., 1991). These findings are
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consistent with the idea that neuroinflammation may contribute to changes in glutamatergic
signaling in HD, as both can precede onset of disease and continue throughout later stages.

Similarly, prior to the diagnosis of PD, there are premotor and subtle movement symptoms in a
prodromal period that can last up to a decade (Hawkes, 2008; Hawkes et al., 2010; Schrag et al.,
2015; Mirelman et al., 2016; Sauerbier et al., 2016; Doppler et al., 2017; Hlavnicka et al., 2017).
However, unlike for pre-symptomatic HD, there is limited definitive evidence of microglial
activation in prodromal PD. This is in part due to the fact that PD is diagnosed clinically after
significant degeneration of dopaminergic neurons (Bandres et al., 2014) and that PD is a
heterogeneous disorder with overlapping mechanisms (Espay et al., 2017). To address these
issues, new diagnostic guidelines were recently submitted (Zach et al., 2017) but it will take
some time before rigorous scientific studies on patients can be evaluated.

Despite this, when comparing early PD to later stages, there is a progressive increase in
microglial activation (Ouchi et al., 2005; Iannaccone et al., 2013; Terada et al., 2016) which
correlates with the severity of motor (Ouchi et al., 2009) and cognitive symptoms (Lin et al.,
2015), the degree of neuronal degeneration (Imamura et al., 2003), dementia (Edison et al.,
2013), and disease duration (Croisier et al., 2005). A recent study used an animal model of PD to
characterize early alterations as an approximation of a prodromal period. Specifically, Chesselet
et al. (2012) found progressive microglial activation, elevated proinflammatory markers, motor
and pre-motor changes, with early disruptions of glutamatergic signaling and SPN firing prior to
neuronal loss. These findings support our hypothesis that neuroinflammation may play a role in
altering neurotransmitter convergence, and thus SPN activity early in PD.
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Prior to the onset of HAND, patients show motor slowing and hypoactivation of subcortical
regions (Melrose et al., 2008; du Plessis et al., 2015), with disruptions in frontostriatal
connectivity (Ipser et al., 2015). HAND patients also demonstrate increasing levels of microglial
activation with increasing disease and symptom severity (Adamson et al., 1999; Glass and
Wesselingh, 2001). Animal models of HIV-infection suggest that early activation of microglia
precedes neuronal loss and can induce motor dysfunction (Walsh et al., 2014). Similar findings
in HIV-infected patients show early neuronal disruptions that coincide with increased
proinflammatory cytokine release and microglial activation prior to onset of dementia (An et al.,
1999; Kolson, 2002; Fischer-Smith and Rappaport, 2005). This suggests that there is increasing
neuroinflammation and neuronal dysfunction which precedes neuronal degeneration in HAND
patients.

ii. Proinflammatory molecules affect glutamatergic signaling
Mechanisms of inducing neuroinflammation can be disease specific such as exposure to HIV
proteins (Adamson et al., 1996; Agrawal et al., 2010; Hahn et al., 2010; Louboutin et al., 2010),
mutated huntingtin (Andre et al., 2016), misfolded proteins containing alpha-synuclein
(Maguire-Zeiss and Federoff, 2010; Beraud et al., 2013; Ren et al., 2016; Zhang et al., 2017),
and toxins that target dopaminergic neurons (Manocha et al., 2017). Despite the initiating factor,
we postulate that it is the resulting neuroinflammation that contributes to the disruption in
glutamate and calcium signaling in these diseases. In support of this idea it has been shown that
proinflammatory molecules can alter trafficking of AMPARs (Albensi and Mattson, 2000;
Beattie et al., 2002; Stellwagen et al., 2005; Lai et al., 2006; Stellwagen and Malenka, 2006;
Balosso et al., 2009; Lee et al., 2010; Lewitus et al., 2014; Lewitus et al., 2016).
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neurotransmission. They are assembled from four subunits (GluA1-4) and most often occur as
heterodimers of GluA1/GluA2 (Cull-Candy et al., 2006; Isaac et al., 2007). The GluA2 subunit is
post-transcriptionally modified by replacing a neutrally charged glutamine residue with a
positively charged arginine, rendering the receptor impermeable to calcium (Cull-Candy et al.,
2006; Isaac et al., 2007). In contrast, AMPARs not containing GluA2 or edited GluA2 are
permeable to calcium (CP-AMPAR) due to the lack of arginine (Cull-Candy et al., 2006; Isaac et
al., 2007). Although most AMPARs are edited to be impermeable to calcium in the adult brain,
SPNs retain CP-AMPARs (Bernard et al., 1997; Cull-Candy et al., 2006; Deng et al., 2007). The
ionotropic glutamate receptor mediating slower excitatory transmission, NMDARs, flux four
times the amount of calcium when compared to CP-AMPARs (Wollmuth and Sakmann, 1998)
so they have received greater attention in neurodegenerative disorders where calcium
homeostasis is disrupted. However, CP-AMPARs may play an overlooked but important role for
SPN calcium regulation given that CP-AMPARs can conduct calcium in a voltage-independent
manner when NMDARs are inactivated (Jonas and Burnashev, 1995; Carter and Sabatini, 2004;
Tukey and Ziff, 2013). Because neuroinflammation increases proinflammatory molecule release,
and proinflammatory molecules can affect calcium-permeable ionotropic glutamate receptors,
this may contribute to the disruptions of calcium and glutamate transmission observed in striatal
neurodegenerative disorders.
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Figure I.1. Overview of the “direct” and “indirect” motor pathways. Abbreviations:
dopamine receptor-1 expressing SPN (D1), dopamine receptor-2 expressing SPN (D2),
dopamine (DA), substantia nigra pars compacta (SNpc), globus pallidus internal (GPi),
substantia nigra pars reticulata (SNpr), globus pallidus external (GPe), subthalamic nucleus
(STN). The direct pathway starts with D1 SPNs projecting to the GPi/SNpr (blue line). The
indirect pathway starts with D2 SPNs projecting to the GPe, STN, and GPi/SNpr (purple line).
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Figure I.2. Illustration of the neurotransmitter convergence on SPNs. Abbreviations:
dopamine receptor-1 expressing SPN (D1), dopamine receptor-2 expressing SPN (D2),
dopamine (DA), acetylcholine (Ach).

13

CHAPTER II: MATERIALS AND METHODS
A. Materials
i. Chemicals
Studies employed commercially available chemicals as follows: S-AMPA (Abcam,
#AB120005), cyclothiazide (Abcam, #AB120061), (R-)CPP (Abcam, #AB120159), TTX
(Abcam, #AB120054), CGP52432 (Tocris, #1246), NMDA (Tocris, #0114), bicuculline (Tocris,
#0130), philanthotoxin-74 (Alomone Labs, #P-120), and isradipine (Tocris, #2004). Stocks were
prepared in artificial cerebral spinal fluid (aCSF) or DMSO as the manufacturer recommended.
Lipopolysaccharide (LPS; Escherichia coli 0.55:B5) was purchased from Sigma-Aldrich
(#L6529) and resuspended in dH20. Recombinant mouse TNF-α (R&D Systems, #aa 80-235)
was reconstituted in PBS. Stocks were stored at -20 °C.

ii. Cell culture reagents
Primary microglial cultures were grown using Dulbecco’s Modified Eagle Medium (DMEM)
and Minimum Essential Medium (MEM) purchased from Cellgro (St. Louis, MO). Horse serum,
fetal bovine serum (FBS), and Hank’s Balance Salt Solution (HBSS) were added to medium
accordingly and were obtained from Hyclone (Logan, UT). In addition, penicillin-streptomycin
and HEPES (4-(2-hydroxyethyl)-1 piperazineethanesulfonic acid) were purchased from Gibco
(Carlsbad, CA).

iii. Antibodies
Primary antibodies used in the studies include IBA-1 (Wako, #19741), NF-κB (Abcam,
#AB16502), GAPDH (Abcam, #AB8245), β-actin (Abcam, #AB8226), GluA1 (Millipore,
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#AB1504), GluA2 (Millipore, #MAB397), phosphorylated GluA1 at s831 (R&D Systems,
#PPS007), and phosphorylated GluA1 at s845 (R&D Systems, #PPS008). Secondary antibodies
for western blot analyses included HRP-conjugated goat anti-mouse or anti-rabbit antibodies
(Chemicon).

B. Methods
i. Mice with genetically encoded Ca2+ indicator in D2 and D1 SPNs
Cre-dependent GCaMP3 (JAX, #014538) or GCaMP6f (#024105) floxed mice were purchased
from The Jackson Laboratory. These animals were bred with mice that express Cre recombinase
under the control of the drd2 (GENSAT, ER44), adora2A (JAX, #010685), or drd1 (GENSAT,
EY217) promoter. The presence of Cre and GCaMP3 or GCaMP6 in pups from this breeding
strategy was confirmed using automated genotyping (Transnetyx, Inc., Cordova, TN).
Homozygous CX3CR1gfp/gfp mice were also purchased from the Jackson Laboratory (#005582).
These animals were bred with C57/Bl6 mice to produce CX3CR1gfp/+ mice, which maintain one
functional CX3CR1 allele.

ii. Acute slice preparation and treatment
Acute coronal corticostriatal slices were prepared from male and female mice at postnatal days
(P18-P23) as previously described (Janssen et al., 2009; Janssen et al., 2011; Partridge et al.,
2014). Mice were subjected to rapid decapitation to minimize pain and distress. Acute coronal
slices (250 µm) were prepared in aCSF containing (in mM): NaCl (124), NaHCO3 (26), dextrose
(10), KCl (4.5), CaCl2 (2.0), Na2HPO4 (1.2) and MgCl2 (1), at an osmolarity of 325 mOsm. After
recovery, slices were hemisected and incubated for two hours with either vehicle or LPS, or
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TNF-α, at 31 °C at 5% CO2 in an incubator. Vehicle and LPS treatments were prepared in 600
mL aCSF. Treatment solutions during each hour of incubation had a pH of 7.3–7.4 as tested with
Whatman indicator papers (Sigma-Aldrich, #WHA2629990). Slices were washed in aCSF before
being subjected to calcium imaging or preparation of lysates for western blot analyses. All
animal experimental procedures were performed in accordance with the guidelines and approval
of the Georgetown University Animal Care and Use Committee.

iii. Calcium imaging
To determine changes in [Ca2+]i, striatal slices from drd1-, adora-, and drd2- GCaMP3/6f mice
were treated as described above and subjected to a glutamate receptor agonist cocktail to evoke
[Ca2+]i. The agonist cocktail was provided locally with a y-tube applicator (Rabe et al., 2000) to
allow rapid perfusion and to minimize the region exposed to the treatment. The AMPA agonist
cocktail consisted of AMPA (50 µM) to stimulate AMPARs and cyclothiazide (100 µM) to
block AMPAR desensitization. We blocked NMDARs (CPP, 50 µM) and depending on the
experimental conditions, high voltage-gated calcium channels using cadmium chloride (CdCl2,
25 µM) (Niespodziany et al., 2001; Simms and Zamponi, 2014) or isradipine (5 µM)
(Brimblecombe et al., 2015), and CP-AMPARs using philanthotoxin-74 (PhTX, 300 µM)
(Nilsen and England, 2007; Poulsen et al., 2014). Voltage-gated sodium channels were blocked
using TTX (1 µM). GABAA receptors were blocked using bicuculline (25 µM) while GABAB
receptors were blocking using CGP52432 (10 µM). In contrast, the NMDA agonist cocktail
consisted solely of NMDA (40 µM). Receptors or Ca2+-conducting channels were blocked by
pretreatment of slices for one minute with antagonists as indicated per experimental condition.
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Striatal slices were excited with 488 nm light to visualize GCaMP expressing neurons using a
Nikon GFP HYQ LP filter cube (ex425/475nm, dm480, ba 485LP). The Excite 120LED
(Excelitas Technology) was used as a white light source. Imaging was performed using a RoleraXR FAST 1394 camera (Q imaging) mounted on an upright microscope (E600FN, Nikon)
equipped with Nomarski optics and a 20X 0.5 NA water-immersion objective lens at room
temperature (22–24 °C). Images were acquired at 20 Hz with 20 ms exposure to minimize
photobleaching. Agonist-stimulated fluorescence intensity changes over baseline (ΔF/F = [(FtFb)-(F0-Fb)] / F0-Fb) were analyzed in manually defined regions of interest (ROIs) corresponding
to D2 and D1 SPNs somata using ImageJ (NIH). ROIs were evaluated following subtraction of
background (Fb) by selecting the darkest areas in the neuropil. The baseline fluorescence
intensity (F0) values were determined by selecting the first 10 frames of each movie prior to
agonist application. The changes in fluorescent intensity over time (Ft) were analyzed after
correcting for background and adjusting to the baseline fluorescence. The background (Fb) and
baseline fluorescence (F0) values were not statistically different between experimental
conditions.

iv. Griess assays
Nitric oxide (NO) release was quantified for nitrite using a Griess assay (Molecular Probes, #G7921). Briefly, conditioned media or aCSF was mixed with equal volumes of Griess reagent for 30
minutes. Absorbance was read at 540 nm for detection of nitrite and compared to a standard curve.
Nitrate/nitrite was measured similarly using a modified Griess (Cayman Chemicals, #780001), which
included Griess reagents, co-factors, and nitrate reductase.
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v. Microglial morphology analyses
Images were analyzed using ImageJ software. Images were scaled and cell bodies were isolated
using the freehand tracing tool and thresholded to the cell body area. Cells were selected from
the middle of each image using the wand tool for area and perimeter measurements. Microglial
protrusions were assessed using a modified sholl analysis from images using ImageJ, NeuronJ,
and Neuronstudio software (Langhammer et al., 2010). Briefly, confocal images were stacked
and compressed to a single .tif file and converted to 8-bit. The cell body was then isolated from
the protrusions using NeuronJ. The files were then converted and translated into Neuronstudio
where the protrusions were manually corrected for any software errors. Finally the data were
compiled and analyzed using MatLab. The results were verified by an independent blinded
observer.

vi. Microglial movement analyses
Vehicle and LPS treated slices derived from CX3CR1gpf/+ mice were visualized with a Nikon
FN1 upright microscope equipped with a ThorLabs scanning laser confocal system and a Nikon
Fluor 60X water-immersion objective. Green fluorescence was excited with a 488 nm laser (1%
power) and detected by a PMT (50% gain) through a FITC-emission bandpass filter. Planes
imaged ranged from 8 to 20 µm in depth. 512 x 512 pixel frames were acquired every 10 s for 10
minutes. ImageJ custom scripts and publicly available plugins were used for image analyses.
Specifically, each movie was converted into a single RGB stack that was then assigned a name
from a randomized integer list for blinded analysis. Movies with drift in the x or y dimensions
were registered with the StackReg plugin using Rigid Body transformation. Each resulting
blinded movie was split into individual channel files for further analyses. The number of process
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elongations of each microglia over the course of the movie was counted for each cell, and
divided by the duration of the movie to determine the frequency of process extension for each
cell.

vii. Primary microglial cultures
Primary microglia cultures were prepared from C57BL/6J post-natal mice (P1-P3) cortices. The
meninges were removed and cortices were minced in microglia complete media (MCM)
including HBSS, 1%, HEPES and 1% Pen/strep. Cells were subsequently dissociated in
microglial growth media (MGM) containing MEM, Earle’s salts, L-glutamine, 0.01% pyruvate,
0.6% glucose, 4% FBS and 6% horse serum. Dissociated cells were centrifuged for 5 minutes at
1,000 rpm before being subjected to resuspension in MCM. The resuspended cells were plated in
T75 flasks with 10 mL MCM. Cultures were grown at 37 ºC under 5% CO2 for 24 hours.
Following 24 hours, the flasks were gently tapped to remove excess cell debris. We replaced the
media with 10 mL of fresh MCM and cultures were grown for approximately 14 days while
being monitored for fluency. Microglia were harvested from mixed glial cultures by shaking at
125 rpm for 5 hours at 37 °C on a rotary shaker. Microglia were plated on glass coverslips for
ICC (coverslip diameter = 12 mm, Deckglaser, Germany experiments) or in 24-well plates in 0.5
mL of MGM and allowed to adhere for 24 hours. Cells were subsequently treated with LPS or
vehicle in MGM or HI-MGM (MGM containing heat-inactivated FBS) for 2, 24, 48, or 72 hours
as described in the figure legends.

viii. TNF-α ELISA
For cell culture assays, TNF-α levels were quantified from conditioned media from cultured
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microglia treated with LPS or vehicle at different time points. Secreted TNF-α was assessed by
using an enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s
instructions (R&D Systems, #MTA00B). For acute striatal slices, TNF-α ELISAs were
conducted on the conditioned aCSF or tissue extracts prepared in mRIPA or PBS.

ix. Western blot analyses
Acute striatal slices were treated as described above. Following treatment, slices were rinsed in
fresh aCSF for two minutes. Each striatum was microdissected and pooled (N = 5) per animal
before being subjected to lysing on ice in modified RIPA buffer (50 mM Tris–HCl pH 7.4,1%,
NP-40, 0.25%, sodium deoxycholate, 150 mM NaCl) and supplemented with Protease and
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, #1861281). Lysates remained on ice
and were sonicated at 18 Hz (3 x 10 s bursts with 30 s rest between bursts; Ultrasonic
Dismembrator Model 150E, Fisher Scientific). Lysates were separated by centrifugation at
17,000 rpm for 10 minutes at 4 °C. The concentration of all protein samples was assessed using a
Bio-Rad DC protein assay (Bio-Rad, #5000111). Protein samples (25 µg) were loaded onto into
individual wells in 4-20% SDS-polyarylamide gels, and subjected to electrophoresis followed by
transfer to PVDF membranes (PerkinElmer). Following transfer, PVDF membranes were
allowed to dry before being reactivated in 100% methanol. Membranes were washed with dH20
and blocked for one hour at room temperature in TBST/NFDM (20 mM Tris-HCl pH 7.5, 150
mM NaCl, 0.1%, Tween, 5% non-fat dry milk) followed by incubation with the appropriate
primary antibody overnight at 4 °C with gentle rotation. Membranes were washed and incubated
with the appropriate secondary antibody (HRP-conjugated goat anti-mouse or anti-rabbit
antibody (1:10,000 Chemicon)] and Pierce ECL Western Blot Substrate (Thermo Fisher
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Scientific, #32106). Immune complexes were visualized on film before re-probing with primary
antibodies for loading control or phosphorylated GluA1. Densitometric analysis of digitized
images was completed using ImageJ and the values were normalized to appropriate loading
control.

x. Immunocytochemistry
Microglia were plated on glass coverslips as described above and subjected to
immunocytochemistry (ICC). Following vehicle or LPS treatment, cells were washed with PBS
for 5 minutes and fixed in 4% PFA/sucrose at room temperature for 15 minutes. Cells were
permeabilized in PBS containing 0.1% Triton X-100 for 5 minutes with gentle rotation, and
blocked for 1 hour at room temperature with 10% goat serum. Cells were incubated overnight at
4 ºC with rabbit anti-NFκB antibody (1:200, Abcam) in blocking buffer. Cells were washed three
times at room temperature for 10 minutes with gentle rotation. Secondary antibodies were
incubated for 1 hour at room temperature in the dark. An Alexa Fluor 594 conjugated goat antirabbit IgG secondary antibody (1:500) was used to visualize immunocomplexes. Cells were
counterstained with 4',6- diamidino-2-phenylindole (DAPI; 1:5000) in PBS for 5 minutes
followed by two washes with PBS. Cover glasses were mounted in Hydromount (National
Diagnostics), sealed with nail polish. Microglia were imaged using a Zeiss Axioskop microscope
(Carl Zeiss, Thornwood, NY).

xi. Statistics
To reach statistical significance but to minimize animal usage, 2-6 mice were used in
experiments with acute striatal slices. 4-5 slices per mouse were analyzed for a total of 8-30
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slices. Slices were separated into hemi-slices per treatment condition. For calcium imaging, all
responding cells in each slice were analyzed to obtain the mean of the maximum peak
fluorescence response per slice. All data sets were checked for normality using D'AgostinoPearson omnibus or Shapiro-Wilk tests for the use of parametric statistics. Two-tailed student ttests, 1-way ANOVA, or 2-way ANOVA were conducted on all data sets with significance set to
P < 0.05. Data values in the text and figures are presented as mean ± SEM or box and whiskers
plot. Statistical tests and graphical plots were carried out in Prism 7 software (GraphPad).
Treatment interactions were assessed by Sidak’s or Tukey’s post hoc multiple comparisons tests.
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CHAPTER III: LIPOPOLYSACCHARIDE (LPS) EFFECTS ON ACUTE SLICES
Microglia are the resident immune cells of the CNS and are constantly scanning the
microenvironment for cellular insults. They can be classified as “resting/inactivated” or
“reactive/activated” based on their function and morphology. When inactivated, they are thought to
play a supportive role by releasing anti-inflammatory molecules and growth factors while displaying
a ramified morphology with elongated processes that protrude and retract rapidly away from the cell
body (for review (Boche et al., 2013)). Alternatively when activated, they are either phagocytic
and/or release proinflammatory molecules while displaying an amoeboid-like shape with retracted
processes (Boche et al., 2013). However, we now know the stages of activation are not dichotomous
and are more complex as microglia move fluidly between states and can release both anti- and proinflammatory molecules when “activated” (Boche et al., 2013; Walker et al., 2014). Nevertheless,
microglia have stereotypical morphofunctional changes in response to activating stimuli (Boche et
al., 2013; Walker et al., 2014).

To induce a proinflammatory environment and mimic a neurodegenerative disease state, we
employed the well-established initiator of microglial activation, lipopolysaccharide (LPS), (Castano
et al., 2002; Chiarugi and Moskowitz, 2003; McCoy et al., 2006; Choi et al., 2007; Qin et al., 2007;
Hunter et al., 2008; Koprich et al., 2008; Li et al., 2008; Hunter et al., 2009; Klintworth et al., 2009;
Ito et al., 2010; Zhang et al., 2010; Ahn et al., 2012; Gao et al., 2012; Daniele et al., 2014; Dickens et
al., 2014; Sheikh et al., 2014; Sandiego et al., 2015). Previous work has shown that LPS causes
amoeboid-like morphological changes of microglia (Nakamura et al., 1999; Daniele et al., 2014)
and stimulates release of multiple proinflammatory molecules including tumor necrosis factoralpha (TNF-α) and nitric oxide (NO) (Chao et al., 1992; Du and Li, 1998; Nakamura et al., 1999;
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Castano et al., 2002; Arimoto and Bing, 2003; Kawanishi et al., 2004; Qin et al., 2005; Wang et
al., 2005; McCoy et al., 2006; Qin et al., 2007; Hunter et al., 2009; Li et al., 2009; Zhang et al.,
2010; Ahn et al., 2012; Parajuli et al., 2012; Sharma and Nehru, 2015).

In addition to perpetuating a proinflammatory response, TNF-α and NO can also affect trafficking
of ionic glutamate receptors, AMPARs. For example, TNF-α increases CP-AMPARs in
hippocampal neurons (Albensi and Mattson, 2000; Beattie et al., 2002; Stellwagen et al., 2005;
Stellwagen and Malenka, 2006) whereas it decreases CP-AMPARs in SPNs (Lewitus et al.,
2014). Furthermore, NO can increase surface expression of GluA2 (Huang et al., 2005; Lu et al.,
2014) and GluA1 containing AMPARs (Selvakumar et al., 2009; Selvakumar et al., 2014).
Therefore we hypothesized that LPS treatment would induce morphofunctional changes in
microglia consistent with proinflammatory activation, and consequently alter the glutamatergiccalcium signaling in dorsal striatal SPNs.

A. Results
i. LPS increases proinflammatory markers in acute striatal slices
To confirm the proinflammatory effects of LPS on microglial function in acute striatal slices, we
prepared slices from C57/Bl6 mice as previously described (Chapter II) and looked for evidence of
microglial activation. We treated acute striatal slices for two hours with either vehicle or LPS. We
selected a range of concentrations based on our in vitro findings of proinflammatory cytokine release
in primary cultured microglia (i.e., 125, 250, or 500 ng/ml). We collected the conditioned aCSF for
analyses of proinflammatory molecule release and prepared lysates of the treated slices for western
blot analyses or TNF-α ELISA. We detected nitrite, a surrogate for nitric oxide (NO), in the
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conditioned aCSF of treated slices but there were no differences between any of the treatment
conditions (Fig. III.1A; 1-way ANOVA, F(3,12) = 0.3812, P = 0.77). This suggests that there are no
differences in NO with LPS treatment or the assay cannot detect differences. Given the relative
insensitivity of the Griess assay (see Appendix I), we looked for alternative measurements of
microglial activation. Macrophages and microglia exclusively express ionized calcium binding
adapter molecule-1 (IBA-1), which can become upregulated when they either proliferate or
undergo morphological changes in response to activating stimuli (Ito et al., 1998; Ito et al., 2001;
Sasaki et al., 2001). We prepared lysates from the same slices that the conditioned aCSF was
analyzed for NO and evaluated IBA-1 protein with western blot analyses. Compared to vehicle
treated slices, we observed a 76%, 53%, and 103% increase in IBA-1 protein after treatment with
125 ng/ml, 250 ng/ml, and 500 ng/ml LPS respectively (Fig. III.1B,C; 1-way ANOVA, F(3,4) =
50.57, P = 0.0012), which is consistent with microglial activation.

We next examined release of TNF-α into the conditioned aCSF of slices treated with vehicle or LPS.
Using an ELISA, we did not find detectable TNF-α protein with the two-hour treatment of LPS
when comparing against the standard curve (data not shown). We next concentrated the
conditioned aCSF and subjected the samples but still did not detect an increase in TNF-α protein
with two hours of LPS treatment (Fig. III.1D; 1-way ANOVA, F(2,13) = 0.39, P = 0.68). When we
extended the treatment window to 24 hours we found increased TNF-α in the conditioned aCSF of
slices treated with 125 ng/ml LPS for 24 hours (Fig. III.1E; 1-way ANOVA, F(2,13) = 7.90, P =
0.001). However, there was not a significant increase in TNF-α with 500 ng/ml LPS for 24 hours
(Fig. III.1E; P = 0.06). To determine the amount of TNF-α in the slice, we prepared mRIPA
extracts of acute slices treated with vehicle or 125 ng/ml LPS but did not detect differences following
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a two-hour treatment (Fig. III.1F; Students t-test, t(6) = 3.00, P = 0.36). Preliminary experiments
(Maguire-Zeiss lab, unpublished data) suggested that mRIPA might reduce the detection of TNF-α in
ELISA. To mitigate this possible effect and determine soluble released TNF-α, we prepared PBS
extracts of treated slices and subjected them to an ELISA. Although we observed greater overall
detection of TNF-α, we did not find significantly increased levels TNF-α protein with two hours
of LPS treatment (Fig. III.1G; Students t-test, t(6) = 1.71, P = 0.39). From these experiments we
concluded that a two-hour treatment of LPS induces microglial activation as indicated by increased
IBA-1 protein, but further studies are required to assess other molecular markers of microglial
activation.

ii. LPS alters microglial morphology and motility in acute striatal slices*
To examine the effects of LPS treatment on the morphology of microglia in acute striatal slices, we
prepared slices from transgenic mice expressing green fluorescent protein (GFP) in microglia
(CX3CR1gfp/+) and treated these with vehicle or 125 ng/ml LPS. Microglia in vehicle treated slices
showed elongated protrusions that extended and retracted from the cell body (Fig. III.2A,B),
indicative of healthy surveying cells (Nimmerjahn et al., 2005). In contrast, microglia in LPS treated
slices had less dynamic and noticeably retracted protrusions with a classic amoeboid shape (Fig.
III.2C,D). To further support our qualitative interpretation, we quantified the complexity of
microglial protrusions and length of protrusions as previously described (Langhammer et al., 2010).

___________________
*

Adapted from the following:
Winland, C., Welsh, N., Sepulveda-Rodriguez, A., Vicini, S., and Maguire-Zeiss, K.A. (2017). Inflammation alters
AMPA-stimulated calcium responses in dorsal striatal D2 but not D1 spiny projection neurons through L-type
voltage-gated calcium channels. Under review.

26

Using a modified Sholl analysis, LPS treatment decreased the complexity of microglial protrusions
(Fig. III.2E; 2-way ANOVA, F(1,294) = 55.08, P < 0.001, P < 0.01, P < 0.05). Similarly, LPS treatment
significantly decreased the length of microglial protrusions (Fig. III.2F; Students t-test, t(42) = 2.56, P
= 0.0143) and the total number of protrusions (Fig. III.2G; Students t-test, t(42) = 3.14, P = 0.0031).
Examples of skeletonized microglia in the vehicle and LPS conditions are shown in Figure III.2H-K
respectively. Time-lapse videos of microglia treated with vehicle showed ramified microglial
protrusions that appeared to rapidly survey the microenvironment whereas microglia in LPS treated
slices displayed an amoeboid phenotype that moved considerably slower with fewer protrusions. We
quantified the dynamics of the microglia processes and found that LPS treatment decreased the
frequency of process extension from the soma compared to vehicle conditions (Fig. III.2L-N;
Students t-test, t(23) = 8.037, P < 0.0001). Therefore, two hour LPS treatment of acute striatal slices
effectively induced morphological changes indicative of activated microglia.

27

A.

Nitric Oxide Release - aCSF

Nitrite (uM)

3

2

1

0

Vehicle

B.

LPS 125
D.

LPS 250

LPS 500
F.

2 hr - aCSF

2 hr - Tissue mRIPA

10

L500

IBA1

16 kDa

GAPDH

37 kDa

8
6
4
2

E.

0.8

**

0.6

**
*

0.4
0.2
0.0

300

LPS 125

LPS 250

6
4
2

G.

N.S.

Vehicle LPS 125
2 hr - Tissue PBS

10

**
N.S.

200
100

LPS 500

8

0

Vehicle LPS 125 LPS 500

24 hr - aCSF

0

Vehicle

N.D.

400

TNF-α (pg/ml)

IBA1/GAPDH (A.U.s)

0

C.

TNF-α (pg/ml)

L250

Vehicle LPS 125 LPS 500

TNF-α (pg/ml)

L125

TNF-α (pg/ml)

V

10

8
6

N.S.

4
2
0

Vehicle LPS 125

Figure III.1. LPS treatment of acute slices increases markers of microglial activation. Acute
striatal hemislices were treated for two hours at 31 °C in a CO2 incubator with either vehicle or LPS.
A) Conditioned aCSF from treated slices was analyzed for NO with a traditional Griess assay. (P
= 0.78). N=4 hemislices in duplicate. B) IBA-1 western blot analyses of acute hemislices treated
with vehicle or LPS (125, 250, 500 ng/ml). Protein lysates were prepared, 25 µg was loaded onto
a 4-20% SDS-polyarylamide gel, and subjected to electrophoresis before immunoblotting for
IBA-1 (~16 kDa; 1:3000, Wako). PVDF membranes were reprobed for GAPDH as a loading
control. N=4 hemislices in duplicate. C) Quantification densitometric analyses of normalized
IBA-1 to GAPDH, (*P = 0.012, **P < 0.001). D) Hemislices were treated with vehicle or LPS
(125 or 500 ng/ml) for two hours. The conditioned aCSF was concentrated and evaluated for TNF-α
using an ELISA. N.D. denotes non-detectable. (P = 0.68). N=3 aCSF samples in duplicate. E)
Slices were treated for 24 hours with vehicle or LPS and the conditioned aCSF concentrated and
evaluated for TNF-α using an ELISA. (**P = 0.001, N.S., P = 0.06). N=3 aCSF samples in
duplicate. F) Hemislices were treated for two hours with vehicle or 125 ng/ml LPS and mRIPA
extracts prepared for ELISA to detect TNF-α. (N.S., P = 0.36). N=2 mRIPA samples in duplicate.
G) Hemislices were treated for two hours with vehicle or 125 ng/ml LPS and PBS extracts prepared
for ELISA to detect TNF-α. (N.S. = P = 0.39). N=4 PBS samples in duplicate. Data represent
mean ± S.E.M.
____________________
Carissa Winland conducted preliminary experiments for III.1D-G. Ari Kassardijian and Deran Erdengiz performed follow
up ELISAs (Maguire-Ziess lab).
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Figure III.2. LPS treatment of acute striatal slices alters microglial morphology. Corticostriatal
coronal slices from CX3CR1gfp/+ mice were pretreated with 125 ng/ml LPS or vehicle for two hours.
A,B) Representative images of microglia following vehicle treatment. White arrows show the
elongated protrusions emanating from the soma (40X). C,D) Representative images of microglia
following LPS treatment illustrating the amoeboid cell body and decreased number and length of
protrusions typical of LPS-activated microglia. Calibration bar = 8 µm for (A-D). Modified Sholl
analysis of microglial protrusions for vehicle and LPS treated slices (E), shown as number of
protrusion intersections from each cell as measured by concentric circles from the cell soma, (***P <
0.001, **P < 0.01, *P < 0.05). F) Length (µm) of microglial protrusions (*P < 0.05) and number G)
(**P < 0.01) per treatment condition. Examples of vehicle (H,J) and LPS (I,K) treated microglia with
the superimposed skeletonized tracing used for protrusion analyses. N = 6 animals, 10 hemislices,
180 cells per treatment. Calibration bar = 10 µm for (H-K). Microglial dynamics were analyzed in
single confocal planes vehicle (L) or LPS treated hemislices (M). To illustrate examples of our
motility analyses, compound representative images were created from time-lapse videos at baseline
(red) and after 10 min (green). Yellow illustrates unaltered movement of microglia. Vehicle treated
microglia (L) demonstrate increased movement as indicated by increased red and green with limited
overlap (yellow), whereas LPS treated microglia (M) show high overlap (yellow). Calibration bar =
10 µm for (L,M). N) Quantification of extensions of microglial protrusions per minute. Frequencies
were averaged across N = 3 animals and 20 hemislices per animal for a total of 60 cells per
treatment.
________________________
Carissa Winland conducted these experiments with assistance from Nora Welsh (Maguire-Ziess lab) and Alberto
Sepulveda-Rodriguez (Vicini lab).
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B. Summary and discussion
Based on our in vitro findings that LPS treatment induces morphofunctional changes (see
Appendix I), we sought to examine the effects of LPS on microglia in acute striatal slices. First
we examined NO release in the conditioned aCSF of slices treated with vehicle or LPS for two
hours. We did not observe differences in nitrite with LPS treatment of slices. Using western blot
analyses, we observed an increase in IBA-1 protein with LPS treatment, which can be
upregulated when microglia either proliferate or undergo morphological changes in response to
activating stimuli (Ito et al., 1998; Ito et al., 2001; Sasaki et al., 2001). Protein levels alone
cannot differentiate between proliferation or morphology changes so future experiments will be
necessary to understand which process is occurring.

Despite our in vitro findings that microglia release TNF-α after two hours of LPS treatment in
primary cultures (Appendix I), we had difficulty replicating these results using ELISA on the
conditioned aCSF or extracts of slices at two hours. However, we did observe increased TNF-α
release in conditioned aCSF of slices treated for 24 hours with 125 ng/ml LPS. In contrast, we
not detect significantly more TNF-α protein in conditioned aCSF after 24 hour treatment with
500 ng/ml LPS. This is likely due to the fact that 500 ng/ml LPS produces morphologically sick
appearing striatal neurons in slices (Fig. IV.2) and it is unknown if there are increases in TNF-α
in microglia that are actively phagocytosing.

The lack of differences in TNF-α and NO at two hours of LPS treatment does not exclude the
possibility that there are differences but that the assays were not able to detect based on the
specific experimental procedures. Specifically, there may be limitations when moving to an ex

30

vivo acute slice model. For example, LPS has to penetrate the slice and induce a
proinflammatory cascade whereas in vitro LPS is applied directly to cultured cells. Therefore
variations in the thickness of slices as well as the permeability of slices may result in varied
production of TNF-α protein per slice. In addition, we wash the slices after treatment and before
preparation of tissue extracts to remove excess LPS. Even though this is a brief rinse, it may
remove an unknown and variable amount of released TNF-α. Furthermore, despite several
optimization procedures, we found the Griess assay to be unreliable as a measure of NO (see
Appendix I).

Although we did not find evidence for increased proinflammatory molecule release in acute
striatal slices treated for two hours with LPS, the upregulation of IBA-1 is indicative of microglia
activation in response to a proinflammatory insult. We found additional support for this
activation by the significant changes in the morphology of LPS treated microglia in acute slices.
Specifically, we observed an increase in ameboid-like microglia with reduced protrusion length
and fewer numbers of protrusions. These are generally well-established signs of microglial
activation (for review (Boche et al., 2013; Walker et al., 2014)). In addition, we found that
microglial dynamics were altered with LPS treatment. LPS treated microglia had fewer
occurrences of process extensions, which is consistent with an activated state. Taken as a whole,
this suggests that LPS does induce morphological changes in acute slices but further experiments
will be necessary to interrogate the specific molecular alterations at the two-hour time point.
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CHAPTER IV: LPS DIFFERENTIALLY ALTERS AMPA-STIMULATED [CA2+]I IN D2 SPNS
A. Results
i. Experimental paradigm
Important work by Lewitus et al. (2014) demonstrated that treatment of acute striatal slices with
a proinflammatory cytokine reduced the ratio of AMPA to NMDA current amplitudes as well as
the expression of CP-AMPARs. Recently, using a cocaine sensitization model, they discovered a
TNF-α-mediated reduction in AMPAR currents which was specific to D1 SPNs in the nucleus
accumbens (Lewitus et al., 2016). We wanted to determine if a proinflammatory environment
affects AMPA-stimulated [Ca2+]i in D2 and/or D1 SPNs in the dorsal striatum. We employed
calcium imaging of GCaMP transgenic mice to explore changes in CP-AMPAR induced calcium
signaling these specific neuronal populations.

To investigate the effect of a proinflammatory environment on AMPA-stimulated calcium changes in
SPNs, we prepared slices from cre-dependent reporter mice that express the genetically encoded
green calcium sensor protein GCaMP3 or GCaMP6f in D2 and D1 SPNs. The experimental
paradigm is shown in Figure IV.1A. The dorsal striatum is easily visualized at low magnification
(Fig. IV.1B), and 450 x 450 µm areas (Fig. IV.1C) for calcium imaging were randomly selected. In
order to prevent any secondary effects of broad agonist stimulation via bath application and to speed
up wash out, we used a y-tube delivery system to deliver a small amount of the agonist cocktail to a
restricted region of the slice (Fig. IV.1B). As seen in Figure IV.1C, there are a number of GCaMP3
expressing SPNs with detectable fluorescence in the baseline condition, reflecting uninduced [Ca2+]i
levels. After application of the agonist solution we observed increased fluorescence in SPNs
expressing GCaMP3 (Fig. IV.1D), indicative of agonist-induced rising [Ca2+]i levels. ROIs
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corresponding to responding cells and the time dependent changes in fluorescence intensity were
measured and plotted as ΔF/F versus time for vehicle and LPS treated slices (Fig. IV.1E). Peak
amplitude was quantified from the traces to compare the agonist-induced increases in fluorescence
intensity. Representative examples of AMPA-stimulated peak fluorescence responses from individual
slices are shown in Figure IV.1E with the cumulative response distributions of ROIs illustrated in
Figure IV.1F.
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Figure IV.1. Experimental timeline and validation of calcium imaging experiments. A)
Schematic of the experimental set up and timeline used. Acute corticostriatal slices were hemisected
with one half treated with vehicle and the other with LPS. Hemislices were treated for two hours
before being washed with aCSF and subjected to calcium imaging. B) Representative image of a
hemisected acute corticostriatal slice (2X) with the y-tube drug delivery device (white arrow; AMPA
cocktail). C) D2 SPNs at baseline without exogenous stimulation (20X) magnification. D) Increased
fluorescence in GCaMP3 expressing D2 SPNs after stimulation (time = 30s) with AMPA cocktail (50
µM AMPA, 100 µM cyclothiazide, 50 µM CPP). Example somata that were used for ROIs are
highlighted with white arrows. Calibration bar = 250 µm for (B) and 25 µm for (C,D). E)
Representative traces of AMPA-stimulated calcium responses in vehicle (left) and LPS (right) treated
D2 SPNs in one hemislice. The red line indicates the average of all responding cells (ROIs) in the
vehicle (N = 101 cells) and LPS (N = 98 cells) conditions. F) Representative cumulative probability
distributions of vehicle and LPS treated cells for AMPA-stimulated responses changes over baseline
in D2 SPNs.
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ii. Effect of LPS treatment on SPNs
We initially tested three different concentrations of LPS (i.e., 125, 250, and 500 ng/ml). We found
that the two-hour treatment of 500 ng/ml of LPS resulted in damaged slices as observed with DIC
such that individual cells could not be identified (Fig. IV.2A) as in (Fig. IV.3A). Therefore, we
omitted this concentration and more closely compared 125 ng/ml and 250 ng/ml LPS with vehicle
treatment (Fig. IV.3A-C). Incubation of slices with 125 ng/ml of LPS did not appear to change the
morphology of SPNs compared to the vehicle condition (Fig. IV.3A,B). However, 250 ng/ml of LPS
caused morphologically appearing unhealthy SPNs with enlarged nuclei and membrane puckering
(Fig. IV.3C, white arrows).

Further analyses included quantification of the number of cells with high basal fluorescence
suggesting high [Ca2+]i levels produced by cellular damage. As neuroinflammatory conditions can
increase apoptosis due to increased [Ca2+]i, (for review, (Annunziato et al., 2003)), we reasoned that
SPNs with high basal fluorescence were unhealthy and would be unresponsive to agonist stimulation
(defined as a nonresponder). Indeed, 250 ng/ml LPS resulted in a significantly higher percent of D2
nonresponders (Fig. IV.3D top, 1-way ANOVA, F(2,51) = 10.07, **P = 0.0083) and cells with higher
basal fluorescence (Fig. IV.3D bottom, 1-way ANOVA, F(2,2355) = 157.80, ****P < 0.0001).
Similarly, 250 ng/ml LPS also significantly increased the percent of D1 nonresponders (Fig. IV.3E
top, 1-way ANOVA, F(2,70) = 4.816, *P = 0.035) and cells with higher basal fluorescence (Fig. IV.3E
bottom, 1-way ANOVA, F(2,326) = 18.74, ****P < 0.0001). Representative slices used for analyses are
shown in Figure IV.3F-H. For example, treatment with 250 ng/ml LPS (Fig. IV.3H) leads to a greater
proportion of SPNs being unresponsive to agonist stimulation with high basal fluorescence, while
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vehicle (Fig. IV.3F) and LPS 125 ng/ml treated (Fig. IV.3G) SPNs show relatively low basal
fluorescence prior to agonist stimulation.

For further verification that treatment with the lower concentration of LPS does not change the
morphology of SPNs, we fixed drd2- and drd1-GCaMP3 slices with paraformaldehyde following a
two-hour incubation with vehicle or 125 ng/ml LPS. Confocal imaging demonstrated that the
morphology of the processes and somata of D2 (Fig. IV.3I,J) and D1 SPNs (Fig. IV.3K,L) were intact
and visibly unchanged due to LPS treatment. Therefore we selected 125 ng/ml of LPS as an ideal
concentration given that it did not increase the percent of nonresponders or basal fluorescence of
SPNs, nor did it result in discernable morphological changes when compared to vehicle.
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A.

B.

C.

LPS 500

LPS 500

LPS 500

Figure IV.2 Morphology of SPNs treated with 500 ng/ml LPS. A-C) Separate hemislices showing
treatment with 500 ng/ml LPS results in sick slices such that SPNs that could not be identified as in
Figure IV.3A. (60X). Calibration bar = 15 µm.
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Figure IV.3 Dose response of LPS. A) An example of the morphology of SPNs with vehicle
treatment with DIC imaging. B) LPS 125 ng/ml does not result in morphological changes of SPNs as
observed with DIC. C) LPS 250 ng/ml causes unhealthy appearing SPNs as is indicated by expanded
nuclei and shrunken membranes (white arrows). Calibration bar = 15 µm for (A-C). D) 250 ng/ml
LPS causes significantly more non-responding D2 SPNs (top) with higher basal fluorescence of nonresponding D2 SPNs (bottom), (**P < 0.01, ****P < 0.0001). N = 3-5 animals and 95 slices. E) 250
ng/mL LPS causes significantly more non-responding D1 SPNs (top) with higher basal fluorescence
(bottom), (*P < 0.05, ****P < 0.0001). N = 3-5 animals condition and 77 hemislices. Values
represent means of slices ± S.E.M. Examples of vehicle treated (F), 125 ng/ml LPS treated (G), and
250 ng/ml treated (H) hemislices illustrating the proportion of D2 non-responding SPNs and their
higher basal fluorescence. Calibration bar = 25 µm (F-H). Hemislices were prepared from drd2 - and
drd1-GCaMP3 mice and treated with vehicle (I,K) or 125 ng/ml LPS (J,L) and fixed with 4% PFA
for qualitative observations of general health and preservation of processes (100X). Blue = DAPI,
Green = GFP. As demonstrated, fixation of slices allows for visualization of GCaMP expression
without immunohistochemistry. Calibration bar = 60 µm (I-L).
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iii. LPS augments AMPA-stimulated [Ca2+]i in D2 but not D1 SPNs and is dependent on neuronal
activation
Because PD, HD, and HAND demonstrate increased neuroinflammation as well as disruptions in
glutamate and calcium signaling, we sought to understand the functional consequences of selective
CP-AMPAR modulation in dorsal striatal SPNs when subjected to a proinflammatory environment.
We studied the effects of glutamatergic-mediated calcium disruptions separately in D2 and D1 SPNs
by using calcium imaging to assess changes in [Ca2+]i. To elicit the calcium response, the cocktail
included: AMPA, cyclothiazide, and CPP as described in Chapter II. We found that LPS treatment
increased the peak amplitude of the fluorescence response in D2 SPNs (Fig. IV.4A; Students t-test,
t(28) = 5.234, ****P < 0.0001) compared to vehicle treated slices. In contrast, LPS did not
significantly change the peak amplitude of AMPA-stimulated fluorescence response in D1 SPNs
(Fig. IV.4B; Students t-test, t(15) = 0.3808, P = 0.38). These data suggest that a proinflammatory
environment increases AMPA-stimulated [Ca2+]i selectively in D2 SPNs.

To determine how much of the AMPA-stimulated calcium signal was through activation of SPNs
resulting in action potentials and neurotransmitter release, we blocked voltage-gated sodium (TTX)
and high voltage-gated calcium channels (CdCl2) (Simms and Zamponi, 2014). In contrast to our
earlier findings, D2 SPNs in LPS treated slices demonstrated a decrease in the peak amplitude of
the AMPA response with blockade of neuronal activity (Fig. IV.4C; Students t-test, t(15) = 9.478,
****P < 0.0001). However, LPS treated D1 SPNs did not respond differently under the same
conditions (Fig. IV.4D; Students t-test, t(21) =0.6411, P = 0.53). This strongly suggests that a
proinflammatory environment potentiates AMPA-stimulated calcium responses via neuronal
activation and/or increased calcium flux through VGCCs selectively in D2 SPNs.
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Figure IV.4. LPS treatment increases AMPA-stimulated fluorescence in D2 SPNs. Corticostriatal
coronal sections were pretreated with 125 ng/ml LPS or vehicle for two hours. D2 and D1 SPNs
were stimulated with an AMPA cocktail (50 µM AMPA, 100 µM cyclothiazide, and 50 µM CPP). A)
Peak amplitude of fluorescence response in D2 SPNs in each hemislice studied (****P < 0.0001). N
= 4 animals and 30 hemislices. B) Peak amplitude of fluorescence response in D1 SPNs (P = 0.38).
N = 3 animals and 17 hemislices. SPNs were pretreated via y-tube with activity blockers (+ 1 µM
TTX and 25 µM CdCl2) and subjected to delivery of the AMPA cocktail including activity blockers.
C) Peak amplitude of fluorescence response in D2 SPNs (****P < 0.0001). N = 4 animals and 17
hemislices. D) Peak amplitude of fluorescence response in D1 SPNs (P = 0.53). N = 4 animals and
23 hemislices. ΔF/F values represent means ± S.E.M.
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iv. The role of GABA and VGCCs
Intriguingly, the peak amplitude of fluorescence responses in the vehicle treated slices was
consistently higher in the experiments that combined TTX and CdCl2 (Fig. IV.4A,C). This effect was
significant in both D2 and D1 SPNs (Fig. IV.A,C; P < 0.0001). We reasoned that this difference could
be due to changes in the background (Fb) which would artificially inflate ΔF/F, or be a consequence
of blocking neuronal activity and/or VGCCs. To assess if there was inflation of ΔF/F, we compared
the backgrounds (Fb) of all analyzed slices from the two treatment variables (LPS or vehicle) in both
experimental conditions (i.e., with or without TTX & CdCl2). We found no effect of treatment (2way ANOVA; F(1,43) = 0.030; P = 0.86) or experimental conditions (2-way ANOVA; F(1,43) = 1.904;
P = 0.17) on the background fluorescence in slices prepared from drd2-GCaMP3 mice (Fig. IV.5A).
Similarly, there was no change in background fluorescence of drd1-GCaMP3 slices (Fig. IV.5B) as a
result of treatment (2-way ANOVA; F(1,36) = 3.817; P = 0.06) or experimental conditions (2-way
ANOVA; F(1,36) = 2.337; P = 0.14). These data suggest that the changes in vehicle treated slices
between the experimental conditions were not an experimental artifact and are result of blocking
neuronal activity and VGCCs with TTX and CdCl2, respectively. The changes on AMPA-stimulated
responses in vehicle treated slices should be investigated in future experiments.

Furthermore, the observation that combining CdCl2 and TTX reversed the potentiation of LPS on
AMPA-stimulated calcium responses in D2 SPNs suggests a role for neuronal activation and possibly
neurotransmitter release in the proinflammatory environment. To further explore this finding in D2
SPNs, we isolated the contributions of CdCl2 and TTX separately to determine if they could
attenuate the LPS-mediated potentiation of AMPA-stimulated [Ca2+]i. The inclusion of TTX alone
did not reverse the LPS-mediated potentiation of the AMPA responses in D2 SPNs (Fig. IV.5C;
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Students t-test, t(9) =7.89, P < 0.0001), suggesting that the mechanism of LPS potentiation was not
due to neuronal activation. We next tested AMPA-stimulated [Ca2+]i in the presence of CdCl2 alone
in the agonist cocktail. The inclusion of CdCl2 reversed the LPS-mediated potentiation of the
AMPA responses in D2 SPNs (Fig. 5D; Students t-test, t(13) =12.72, P < 0.0001), suggesting that
the potentiation of AMPA-stimulated responses with LPS treatment was dependent on VGCCs.
These findings support a D2 SPN specific alteration of AMPA-stimulated [Ca2+]i due to activation
of VGCCs in inflammatory conditions.

Specifically, cadmium blocks high VGCCs, which are important for cellular excitability,
synaptic transmission, calcium entry, and neurotransmitter release (Perez-Reyes, 2003; Kim et
al., 2008; Belardetti et al., 2009; Simms and Zamponi, 2014). In addition, GABA signaling can
modulate the activity of high VGCCs (Chebib and Johnston, 1999; Ong and Kerr, 2000;
Kantamneni, 2015). SPNs provide local GABAergic inhibition to other SPNs to regulate firing
(Lighthall and Kitai, 1983; Czubayko and Plenz, 2002; Tepper et al., 2004; Taverna et al., 2008;
Tepper et al., 2008; Lalchandani et al., 2013; Lalchandani and Vicini, 2013). Tonic GABA currents
and activation of GABAA receptors can decrease excitability of SPNs (Janssen et al., 2009; Janssen
et al., 2011) and protect against glutamatergic excitotoxicity (Santhakumar et al., 2010). In addition,
activation of GABAB receptors inactivate calcium channels (Chebib and Johnston, 1999; Ong and
Kerr, 2000; Kantamneni, 2015), reduce excitatory transmission (Takahashi et al., 1998; Ong and
Kerr, 2000; Ladera et al., 2008), decrease activity of glutamate receptors (Kantamneni, 2015), and
can ameliorate motor deficits in HD animal models (Kim and Seo, 2014). Furthermore, LPS can
increase or decrease GABA synthesis (Feleder et al., 1996; Akema et al., 2005; Yan et al., 2015) and
transmission (Hellstrom et al., 2005; Yan et al., 2015) depending on the brain region. In addition,
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LPS can also alter GABA transmission through release of cytokines (Hellstrom et al., 2005; Yan et
al., 2015). Therefore, we investigated whether GABA receptor blockade in a proinflammatory
environment affected AMPA-stimulated calcium responses in D2 SPNs.

D2-GCaMP3 slices were pretreated with GABAA (bicuculline) and GABAB (CGP52432) antagonists
in the absence of TTX and cadmium before being subjected to the AMPA cocktail. We observed that
LPS treated D2 SPNs had lower AMPA-stimulated calcium responses with GABA blockade and
intact neuronal activity when compared to vehicle treated D2 SPNs (Fig. IV.5E; Students t-test, t(14) =
3.40, **P < 0.0043). These results suggest that LPS alters GABA signaling in D2 SPNs under
proinflammatory conditions. However, the reduction of AMPA-stimulated calcium responses with
LPS treatment as illustrated in Figure IV.5E should be interpreted cautiously because we observed
higher peak fluorescence responses in vehicle treated slices with GABA receptor blockers (Fig.
IV.5E), compared to the experimental condition without GABA blockers and with intact neuronal
activity (Fig. IV.4A). This suggests that GABA receptors attenuate AMPA-stimulated [Ca2+]i in D2
SPNs under normal conditions. This may be disrupted in proinflammatory conditions because LPS
treated D2 SPNs with GABA blockade and intact neuronal activity (Fig. IV.5E) did not respond
differently (P = 0.53) than LPS treated D2 SPNs without GABA blockade and with intact neuronal
activity (Fig. IV.4A). Taken together, this suggests that LPS potentiates AMPA-stimulated calcium
responses by reducing GABA signaling and increasing calcium through VGCCs in D2 SPNs.
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Figure IV.5. LPS treatment alters AMPA-stimulated fluorescence through GABA signaling and
voltage-gated calcium channels in D2 SPNs. A) Background fluorescence (Fb) of D2 SPNs does
not differ between vehicle and LPS treatment (P = 0.86) or experimental conditions (i.e., with or
without TTX & CdCl2); (P = 0.17). N = 3-4 animals and 44 hemislices. B) Background fluorescence
(Fb) of D1 SPNs does not differ between treatment (P = 0.06) or experimental conditions (P = 0.14).
N = 3-4 animals and 41 hemislices. C) Peak amplitude of fluorescence response increased in D2
SPNs pretreated with TTX (without CdCl2) and stimulated with the AMPA cocktail + TTX (****P <
0.0001), N = 2 animals and 11 hemislices. D) D2 SPNs were pretreated with CdCl2 (without TTX)
and subjected to delivery of the AMPA cocktail + CdCl2 (AMPA, cyclothiazide, CPP). The peak
amplitude of fluorescence responses decreased in D2 SPNs (****P < 0.0001). N = 2 animals and 15
hemislices. E) D2 SPNs were pretreated with GABAA and GABAB blockers (+ 25 µM bicuculline
and 10 µM CGP52432) without TTX or CdCl2 and subjected to delivery of the AMPA cocktail (i.e.,
AMPA, cyclothiazide, CPP, bicuculline, and CGP52432). The peak amplitude of fluorescence
responses decreased in D2 SPNs treated with LPS (**P = 0.0043). N = 2 animals and 16 hemislices.
ΔF/F values represent means ± S.E.M.

44

v. Philanthotoxin blocks AMPA-stimulated Ca2+ responses in D2 and D1 SPNs
We next investigated the role of CP-AMPARs in AMPA-stimulated [Ca2+]i in proinflammatory
conditions. We hypothesized that the AMPA response could be attenuated by the inclusion of the
GluA1/CP-AMPAR blocker philanthotoxin with activity blockade. Pretreatment with philanthotoxin
combined with TTX and CdCl2 prior to AMPA cocktail exposure completely reduced the
fluorescence responses in both D2 (Fig. IV.6A; 1-way ANOVA, F(3,51) = 302.4, ****P < 0.001) and
D1 SPNs (Fig. IV.6B; 1-way ANOVA, F(3,69) = 224.9, ****P < 0.001) regardless of the
microenvironment (i.e., proinflammatory or control). This confirms the presence of CP-AMAPRs in
D2 and D1 SPNs. In addition, these results strongly suggest that the calcium response elicited by the
AMPA cocktail after activity blockade is mediated by CP-AMPARs because it could be completely
blocked by the GluA1 antagonist. Specifically, the inclusion of TTX and CdCl2 reveals the
contribution of CP-AMPARs because the complete blockade of the calcium response with
philanthotoxin indicates that there are not additional modes of AMPA-stimulated calcium entry.
Figure IV.6 demonstrates that there is a decrease in AMPA-stimulated [Ca2+]i through CPAMPARs in D2 SPNs with LPS treatment. These data corroborate and extend previous findings
(Lewitus et al., 2014) by showing that this effect is specific to D2 SPNs.
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Figure IV.6. Blocking Ca permeable AMPARs in LPS treated slices decreases AMPAstimulated [Ca2+]i in both D2 and D1 SPNs and LPS selectively decreases AMPA-stimulated
[Ca2+]i in D2 SPNs. Corticostriatal coronal sections were treated with 125 ng/ml LPS or vehicle for
two hours. D2 or D1 SPNs were pretreated via y-tube application with philanthotoxin-74 (300 µM),
TTX, and CdCl2, before exposure to the AMPA cocktail. A) Peak amplitude of fluorescence response
in D2 SPNs (****P < 0.0001). N = 3 animals and 39 hemislices. B) Peak amplitude of fluorescence
response in D1 SPNs (****P < 0.0001). N = 3 animals and 49 hemislices. Data are shown with
Tukey’s box and whiskers plots to illustrate the median and inter-quartile range of calcium responses.
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vi. LPS potentiates AMPA-stimulated Ca2+ influx through L-type VGCCs in D2 SPNs
As shown in Fig IV.A, LPS potentiated AMPA-stimulated calcium entry in D2 SPNs. This calcium
entry can be due to AMPA-mediated depolarization and subsequent activation of VGCCs (Perrier et
al., 2002; Stanika et al., 2015) as well as direct permeation through CP-AMPARs. However, Figure
IV.6A shows that LPS decreased calcium entry via CP-AMPARs in D2 SPNs, suggesting that the
potentiation of AMPA-stimulated calcium responses was through VGCCs. We hypothesized that this
potentiation was specifically through L-type VGCCs because they are implicated in striatal
neurodegenerative disorders (Guzman et al., 2010; Ilijic et al., 2011; Surmeier et al., 2011;
Surmeier et al., 2016), and blockade of L-type VGCCs in vitro protects against LPS-induced
inflammation (Li et al., 2009). We reasoned that if LPS was acting on L-type VGCCs, we should
observe a reduction in AMPA-stimulated calcium responses with LPS treatment in D2 but not D1
SPNs in the presence of the highly selective L-type VGCC blocker, isradipine (SinneggerBrauns et al., 2009; Ilijic et al., 2011; Kang et al., 2012).

For these experiments, we used adora-GCaMP6f mice, where the GCaMP6f sensor (T. W. Chen
et al., 2013) is targeted to D2 SPNs based on the specificity of adenosine receptor A2a gene
regulatory elements (Dobbs et al., 2016; Lemos et al., 2016). First, we conducted a series of
experiments to test if similar responses to LPS could be seen in this strain of mice. Slices were
prepared from adora-GCaMP6f mice and exposed to an AMPA cocktail in the absence of CdCl2
and TTX. Similar to slices from drd2-GCaMP3 mice (Fig. IV.4A), LPS treated slices from adoraGCaMP6f mice demonstrated an increase in the peak amplitude of fluorescence responses (Fig.
IV.7A; Students t-test, t(22) = 4.479, ***P = 0.002).
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Next, we replicated the neuronal activity blockade experiments in the adora-GCaMP6f mice to
assess whether D2 SPNs in these mice would respond in a similar fashion as slices from drd2GCaMP3 mice. Slices from adora-GCaMP6f mice were pretreated with vehicle or LPS prior to
calcium imaging experiments. Subsequently, SPNs were exposed to the AMPA cocktail that included
TTX and cadmium chloride. We observed that activity blockade reversed the LPS directed increase
as shown by the reduction in peak amplitude fluorescence responses (Fig. IV.7B; Students t-test, t(16)
= 6.076, ****P < 0.0001). In addition, the different strains were statistically compared to validate our
observations of the similarity in their responses. Indeed, we found that the adora-GCaMP6f mice
responded comparably to the drd2-GCaMP3 mice in both experimental conditions. Specifically
there was no significant difference between adora-GCaMP6f slices versus drd2-GCaMP3 slices
when exposed to AMPA-cocktail without TTX and cadmium chloride (Fig. IV.7C; 2-way
ANOVA, F(1,50) = 3.788, P = 0.10). The same outcome was detected in our experiments with TTX
and cadmium chloride where there was no difference between the two strains of mice (Fig.
IV.7D; 2-way ANOVA, F(1,31) = 1.663, P = 0.21). This formally supports our observation that adoraGCaMP6f mice respond similarly to the drd2-GCaMP3 mice in our experimental conditions.

To test our hypothesis that a proinflammatory environment affects L-type VGCCs, we prepared
slices from adora-GCaMP6f and drd1-GCaMP6f mice and incubated them in LPS or vehicle.
Calcium imaging was performed in the presence of the AMPA cocktail that now included TTX
and the L-type VGCC blocker, isradipine. Excitingly, we observed an isradipine-mediated
decrease of the peak amplitude of fluorescence responses in D2 (Fig. IV.8A; Students t-test, t(16) =
5.31, ****P < 0.0001) but not D1 SPNs (Fig. IV.8B; Students t-test, t(11) = 0.3456, P = 0.74). These
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data show for the first time that L-type VGCCs play a role in AMPA-stimulated calcium influx
selectively in dorsal striatal D2 SPNs under inflammatory conditions.
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Figure IV.7. Adora-GCaMP6f D2 SPNs respond similarly to Drd2-GCaMP3 D2 SPNs. A)
Adora-GCaMP6f D2 SPNs were subjected to delivery of AMPA cocktail (AMPA, cyclothiazide,
CPP) after two-hour incubation with vehicle or LPS. The peak amplitude of fluorescence responses
increased with LPS treatment in Adora-GCaMP6f D2 SPNs (***P < 0.001). N = 3 animals and 24
hemislices. B) The peak amplitude of fluorescence responses in Adora-GCaMP6f D2 SPNs treated
with (+ 1 µM TTX and 25 µM CdCl2) decreased with LPS treatment (****P < 0.0001). N = 4
animals and 18 hemislices. C,D) Comparison of slices prepared from Drd2-GCaMP3 and AdoraGCaMP6f mice demonstrate no significant differences in peak amplitude of AMPA-stimulated
responses without TTX or cadmium (C) or in the presence of TTX and cadmium (D). ΔF/F values
represent means ± S.E.M.
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Figure IV.8. Blocking L-type voltage-gated calcium channels with isradipine decreases AMPA
mediated increases in [Ca2+]i in Adora-GCaMP6f D2 SPNs. Corticostriatal coronal sections were
pretreated with 125 ng/ml LPS or vehicle for two hours. Slices were pretreated with isradipine (5
µM) for 5 minutes before exposure to the AMPA cocktail +1 µM TTX + 5 µM isradipine. A) Peak
amplitude of fluorescence response in D2 SPNs (****P < 0.0001). N = 4 animals and 18 hemislices.
B) Peak amplitude of fluorescence response in D1 SPNs. (P = 0.74). N = 3 animals and 13
hemislices. ΔF/F values represent means ± S.E.M.
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B. Summary and discussion
Multiple neuronal processes in SPNs are regulated by calcium including synaptic strength, cellular
excitability, and gene expression (Berridge et al., 2000; West et al., 2002). In addition, SPN firing
can also be modulated by calcium-activated potassium channels such that calcium flux from
action potentials (AP) activates hyperpolarizing potassium channels to control the duration and
intervals between APs (Abel et al., 2004; Clements et al., 2013). Synaptic plasticity in striatal
SPNs has also been shown to be calcium-dependent (Adermark and Lovinger, 2007). Therefore
alterations in calcium influx can have numerous impacts on neuronal functioning and activity.
Furthermore, there is evidence of calcium alterations in striatal neurodegenerative disorders
(Marambaud et al., 2009; Chan et al., 2010), which highlights the importance of investigating
calcium disruptions in SPNs.

Because CP-AMPARs are retained in SPNs throughout adulthood (Bernard et al., 1997; CullCandy et al., 2006; Deng et al., 2007), and because proinflammatory molecules can alter CPAMPAR trafficking (Albensi and Mattson, 2000; Beattie et al., 2002; Stellwagen et al., 2005;
Lai et al., 2006; Stellwagen and Malenka, 2006; Balosso et al., 2009; Lee et al., 2010; Lewitus et
al., 2014; Lewitus et al., 2016), CP-AMPARs may play an important role in calcium regulation
in proinflammatory conditions. Therefore the current work sought to elucidate the role of CPAMPARs and calcium signaling in a proinflammatory environment.

We observed without blockade of neuronal activity that LPS potentiated AMPA-stimulated calcium
responses in dorsal striatal D2 but not D1 SPNs. These findings are relevant to the consequences of a
proinflammatory environment in neurodegenerative disorders. We subsequently isolated the specific
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alterations of CP-AMPARs and VGCCs in proinflammatory conditions by conducting a series of
experiments with selective blockers. We found that AMPAR activation of VGCCs appear to be the
major targets of the LPS-mediated potentiation in AMPA-stimulated [Ca2+]i in D2 SPNs. This was
supported by the observation that a nonspecific high VGCC channel blocker (i.e., CdCl2) but not a
voltage-gated sodium channel blocker (i.e., TTX), reversed the LPS-mediated potentiation in AMPAstimulated [Ca2+]i. Notably, this effect was selective to D2 SPNs, which provides novel evidence that
D2 SPNs in the dorsal striatal are preferentially sensitive to proinflammatory conditions.

CP-AMPARs are an important mechanism of AMPA-stimulated calcium entry, which may underlie
the alteration produced by the proinflammatory environment. Indeed, the CP-AMPAR antagonist
philanthotoxin, demonstrated that CP-AMPARs are present in both D2 and D1 SPNs, as the [Ca2+]i
elicited by the AMPA cocktail could be completely blocked by this GluA1 antagonist in the presence
of TTX and CdCl2. However, we found that LPS decreased calcium influx through CP-AMPARs,
supporting previous work showing that a proinflammatory environment decreased expression and
function of CP-AMPARs in striatal SPNs (Lewitus et al., 2014). Our study further extends these
findings by showing preferential targeting of D2 SPNs in a proinflammatory environment. However,
our results also suggest that CP-AMPARs are not the mechanism underlying the LPS-mediated
potentiation of AMPA-stimulated [Ca2+]i with intact neuronal activity. Instead, we demonstrate that
VGCCs are the main targets of a proinflammatory environment in D2 SPNs.

In the striatum there are several subtypes of high VGCCs, which can be blocked non-selectively with
CdCl2, present at presynaptic (Barral et al., 2000) and postsynaptic (Akopian and Walsh, 2002; Olson
et al., 2005; Adermark and Lovinger, 2007; Stanika et al., 2015) locations with distinct functions. In
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particular, post-synaptic L-type VGCCs are affected in striatal neurodegenerative diseases. For
example, L-type VGCCs genes are altered in HAND patients (Gelman et al., 2004) with
evidence of an upregulation and over-activation in SPNs during HIV-infection (Hu, 2016). In
support of this, L-type VGCC antagonists can prevent the excitotoxic effects of rising [Ca2+]i due
to HIV viral protein exposure (Lipton, 1991; Lannuzel et al., 1995; Bonavia et al., 2001). In
addition, emerging evidence suggests that there is a protective role of blocking L-type VGCCs in
animal models (Chan et al., 2010) and in patients with PD (Ritz et al., 2010; Parkinson Study,
2013). Thus, to gain further insights into the central role of L-type VGCCs in a proinflammatory
environment, we examined the effect of isradipine, a specific L-type blocker. We found that
isradipine had the same effect as cadmium in that it reversed the LPS-mediated potentiation of
AMPA-stimulated [Ca2+]i in D2 SPNs. This strongly implicates selective targeting of L-type VGCCs
in D2 SPNs in a proinflammatory environment.

L-type VGCCs can indirectly regulate synaptic transmission, alter membrane excitability, play an
important role in mediating somatic calcium signaling, and can influence the timing of APs and
EPSPs (Calin-Jageman and Lee, 2008; Striessnig et al., 2014). In addition, L-type VGCCs can be
activated at suprathreshold membrane potentials by EPSPs (Mermelstein et al., 2000) and can
contribute to striatal LTD (Adermark and Lovinger, 2007). Furthermore, SPNs maintain critical
balances between their “up-states” and “down-states” (Surmeier et al., 2007) and the frequency
of up-states can induce upregulation (Carter and Sabatini, 2004) and activation (Cooper and
White, 2000) of L-type VGCCs. Importantly, dendritic calcium influx occurs in SPN up-states
(Kerr and Plenz, 2002) suggesting that if D2 SPNs are driven toward more up-states, this would
increase the likelihood of dendritic and somatic calcium influx. Moreover, the activation of L-
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type channels can induce CREB phosphorylation (Zhang et al., 2006) and cause transcription of
immediate early genes, which can turn on or off the intracellular processes necessary to protect
neurons from proinflammatory insults. Our results do not exclude the possibility of a role for
second messengers.

As illustrated in Table IV.1, we observed higher peak amplitudes of fluorescence responses in vehicle
treated SPNs with TTX and CdCl2 compared to vehicle conditions without activity blockade. This
change was not seen in LPS conditions with or without activity blockade. We ensured that this effect
in vehicle treated slices was not due to changes in background fluorescence between experimental
conditions. Furthermore, we did not observe this effect in vehicle conditions with TTX alone but did
observe it in vehicle conditions with CdCl2 alone. This finding further supports a modification of
VGCCs in a proinflammatory environment and suggests that the protective mechanisms regulating
VGCCs may be disrupted with LPS treatment. For example, rising [Ca2+]i causes inactivation of
VGCCs (Evans et al., 2015) which could be altered in proinflammatory conditions through
disruption of VGCC phosphorylation (Oshiro et al., 2004).

In addition, calcium entry in striatal neurons can induce release of a variety of neurotransmitters
including GABA, which can inhibit calcium flux through VGCCs via activation of GABAA and
GABAB receptors (Mayfield and Zahniser, 1993; Nisenbaum et al., 1993; Smolders et al., 1995;
Barral et al., 2000; Perrier et al., 2002; Long et al., 2009). In support of previous findings, we found
that blocking GABAA and GABAB receptors with intact neuronal activity in vehicle treated slices
increased AMPA-stimulated calcium responses compared to vehicle conditions without GABA
blockade and with intact neuronal activity. This confirms that GABA receptors have an attenuating
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effect on AMPA-stimulated calcium influx under normal conditions. However future experiments
will need to be conducted to determine if this effect was due to GABAA and/or GABAB receptors.
Interestingly, activation of GABAA receptors reduces calcium flux through L-type VGCCs (Long et
al., 2009), which if disrupted, could increase AMPA-stimulated calcium responses through L-type
VGCCs. Considering that LPS potentiated calcium responses through L-type VGCCs and given that
we did not observe an increase in AMPA-stimulated responses with GABA blockade in LPS treated
D2 SPNs, the LPS potentiation of AMPA-stimulated responses could be a result of decreased
GABAA inhibition on L-type VGCCs in D2 SPNs.

There is also mounting evidence that D2 SPNs are affected first in striatal neurodegenerative
diseases. For example, it is well established that D2 SPNs are preferentially targeted first in HD
(Bunner and Rebec, 2016). In addition, some models of PD suggest that D2 SPNs are more
excitable as a function of dopamine depletion (Day et al., 2006; Day et al., 2008). HAND
patients also demonstrate parkinsonian-like symptoms (Itoh et al., 2000) and loss of D2 receptors
in the striatum (Gelman et al., 2006). Furthermore, there are also indications that L-type VGCCs
are affected in D2 SPNs in animal models of PD (Day et al., 2006; Martella et al., 2011). For
example, Martella et al. (2011) dissociated SPNs from PD rat models and showed alterations in
VGCC composition and selective modulation of L-type calcium currents with D2 but not D1
agonist stimulation of SPNs. Taken as a whole, there is converging evidence to suggest that D2
SPNs and L-type VGCCs may be a target in striatal neurodegenerative disorders.

Taken together, our work demonstrates that a proinflammatory environment is sufficient to
induce changes in L-type VGCCs and CP-AMPARs selectively in D2 SPNs, possibly through
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GABA receptor modulation. Specifically, LPS potentiates AMPA-stimulated [Ca2+]i through Ltype VGCCs while decreasing AMPA-stimulated [Ca2+]i through CP-AMPARs selectively in D2
SPNs. Given that neuroinflammation is observed in striatal neurodegenerative disorders, our
findings could suggest a mechanism of disruption to be explored in disease models. This study
further contributes to the field by combining neuronal calcium imaging and quantitative data of
microglial morphology and dynamics of movement after LPS treatment. Importantly, our work is
bolstered by the reproducibility of responses from striatopallidal SPNs tested in different strains of
GCaMP expressing mice using different gene expression strategies. Most notably, our findings
validate the idea that dorsal striatal D2 SPNs may be more vulnerable in proinflammatory conditions.
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Table IV.1. Overall findings and conclusions of peak fluorescence responses (ΔF/F) in D2 SPNs
Treatments

Vehicle
(Mean ± SEM)

LPS
(Mean ± SEM)

LPS versus
Vehicle

Significance

No blockers

0.92 ± 0.09

1.73 ± 0.13

é

****

LPS potentiates AMPA-stimulated [Ca2+]i

Voltage-gated
Na+ channels

0.74 ± 0.20

1.56 ± 0.23

é

****

LPS potentiation of AMPA-stimulated [Ca2+]i
responses is not dependent on neuronal activity

Voltage-gated
Ca2+
channels

1.60 ± 0.08

0.28 ± 0.05

ê

****

LPS potentiation of AMPA-stimulated [Ca2+]i
responses is dependent on high VGCCs

Conclusions

Voltage-gated
Na+ & Ca2+
channels

2.20 ± 0.14

0.83 ± 0.07

ê

****

1) Blocking neuronal activity and neurotransmitter
release raises the peak amplitude of AMPAstimulated calcium responses in vehicle treated
slices. 2) Blockade of VGCCs and VGSCs reveals
that LPS decreases AMPA-stimulated [Ca2+]i
through CP-AMPARs

Voltage-gated
Na+ & L-type
Ca2+
channels

1.88 ± 0.20

0.63 ± 0.07

ê

****

LPS potentiates AMPA-stimulated [Ca2+]i through
L-type VGCCs

Voltage-gated
Na+ & Ca2+
channels
& CPAMPARs

0.13 ± 0.10

0.04 ± 0.02

=

N.S.

Blocking CP-AMPARs attenuates AMPAstimulated [Ca2+]i which confirms the presence of
CP-AMPARs and suggests there are no other
sources of calcium flux

GABAA &
GABAB
Receptors

2.71 ± 0.22

1.85 ± 0.12

ê

**

Blocking GABA receptors with intact neuronal
activity raises the peak amplitude of AMPAmediated [Ca2+]i in vehicle treated slices but not
LPS treated slices

**P < 0.01,****P < 0.0001, N.S. P = 0.73
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CHAPTER V: ADDITIONAL FINDINGS OF A PROINFLAMMATORY ENVIRONMENT
ON ACUTE STRIATAL SLICES

Microglia are proximally located by synapses and play a role in pruning and synaptic maturation
(Bechade et al., 2013; Eyo and Dailey, 2013; Eyo and Wu, 2013; Ji et al., 2013; Kim et al., 2013;
Schafer et al., 2013; Siskova and Tremblay, 2013; Wu et al., 2015; Mosser et al., 2017). As
described earlier, LPS treated microglia release proinflammatory molecules that can alter the
function of glutamatergic ionotropic receptors, AMPARs and NMDARs. Given the proximity of
microglia near the synapse, release of proinflammatory molecules can affect both synaptic and
extrasynaptic receptors.

A. AMPARs
AMPARs are composed of four subunits (GluA1-4). The organization of AMPAR subunits can
affect receptor functioning. For example, CP-AMPARs (GluA2 lacking/GluA1 containing) have
rapid kinetics with greater ion conductance, that can enhance mEPSCs relative to calcium
impermeable AMPARs (GluA2 Q/R edited/GluA1 heterodimer) (Guire et al., 2008). The
synapse preferentially contains calcium-impermeable GluA2/GluA1s with a small proportion of
heteromeric CP-AMPARs (Cull-Candy et al., 2006; Isaac et al., 2007). In contrast, homomeric
GluA1-containing CP-AMPARs are found in extra synaptic sites (Isaac et al., 2007; Ferrario et
al., 2011). Extrasynaptic CP-AMPARs can respond to excess glutamate spill over (Yang et al.,
2008; He et al., 2009) or can rapidly diffuse to the synapse to strengthen LTP (Oh et al., 2006;
Guire et al., 2008; Makino and Malinow, 2009).
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GluAs are held in subcellular pools and can be trafficked for insertion or removal in synaptic or
extrasynaptic membranes (Cull-Candy et al., 2006; Isaac et al., 2007). GluA1 trafficking is
regulated by phosphorylation by protein kinases on specific serine residues on the intracellular cterminus. For example, PKC/CaMKII phosphorylates serine 831 (s831) whereas PKA/cGKII
phosphorylates serine 845 (s845) (Roche et al., 1996; Barria et al., 1997; Mammen et al., 1997;
Mao et al., 2011). Functionally, phosphorylation of s831 stabilizes GluA1 in the synapse (Yang
et al., 2010; Ferrario et al., 2011). In contrast, GluA1 delivery and stabilization in extrasynaptic
sites is dependent on s845 phosphorylation (Oh et al., 2006; Serulle et al., 2008; Yang et al.,
2010; Mao et al., 2011; Xue et al., 2014). In addition, PKA phosphorylation of s845 can increase
channel open probability (Banke et al., 2000), which could subsequently increase ion flux
through CP-AMPARs.

Although homomeric CP-AMPARs are typically restricted to extrasynaptic sites, induction of
CaMKI can recruit these receptors to the synapse (Guire et al., 2008) where s831 can be
subsequently phosphorylated by CamKII to potentiate CP-AMPAR channel conductance
(Derkach et al., 1999; Guire et al., 2008). In fact, as little as 5% of CP-AMPARs in the synapse
can strengthen LTP (Guire et al., 2008). Therefore greater recruitment of CP-AMPARs to the
synapse can potentiate glutamatergic signaling and calcium influx. In addition, increased
trafficking of CP-AMPARs to extrasynaptic membranes could increase glutamatergic activity
and calcium influx in the presence of excess glutamate.

Proinflammatory molecules can alter phosphorylation of these serine residues, which can affect
AMPAR trafficking. Specifically, NO stimulates cGMP production, which can induce PKG
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phosphorylation of s845 by activation of cGKII (Serulle et al., 2008), and increase trafficking of
GluA1 to the synaptic membrane in SPNs (Tukey and Ziff, 2013). Cultured hippocampal
neurons treated with TNF-α demonstrate rapid insertion (i.e., 15 min) of CP-AMPARs into
extrasynaptic membranes with eventual synaptic insertion of GluA2-containing AMPARs
(Leonoudakis et al., 2008). However, TNF-α treatment in the striatum is known to have a
different effect on AMPAR trafficking. For example, Lewitus et a., (2014) demonstrated that
acute striatal slices treated for one hour with TNF-α decreased surface expression of GluA1 and
GluA2. They additionally found decreased s831 and s845 in total protein extracts but no change
in total GluA1, suggesting that TNF-α removes membrane bound AMPARs and returns them to
subcellular pools (Lewitus et al., 2014). LPS can also induce changes in AMPARs. Specifically,
systemic injections of LPS reduce surface expression of GluA1 in the cortex and VTA, while
increasing surface expression of GluA2 in the nucleus accumbens with no change in total protein
(Sekio and Seki, 2014). However, the direct effect of LPS on AMPARs in the striatum has not
been reported.

i. Results
We first wanted to examine if there was a dose dependent effect of LPS treatment on total GluA1
and GluA2. We microdissected the striatum from each vehicle or LPS treated slice and pooled 5
slices per animal for preparation of lysates. Using western blot analyses, we did not find an effect
of LPS treatment on total GluA1 (Fig. V.1A,B; 1-way ANOVA, F(3,2) = 1.58, P = 0.22) or total
GluA2 (Fig. V.1C,D; 1-way ANOVA, F(3,2) = 2.01, P = 0.14). These data suggest that LPS does not
change total AMPARs. We next determined if there were changes in phosphorylated GluA1s with
LPS treatment. It has been shown that there is a higher proportion of s831 in synaptic membranes
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and higher levels of s845 in extrasynaptic membranes (Ferrario et al., 2011). Therefore
measurements of s845 and s831 can assess alterations of CP-AMPARs in synaptic and
extrasynaptic membranes. We treated acute striatal slices with either vehicle or LPS (i.e., 125
ng/ml), and compared s831 and s845 phosphorylation normalized to total GluA1 in microdissected
striatal tissue. We did not observe differences in s831 (Fig. V.1E,F; two-tailed paired t-test, t(9) =
0.21, P = 0.88) or s845 (Fig. V.1G,H; two-tailed paired t-test, t(5) = 0.70, P = 0.51) with LPS
treatment. This suggests that LPS treatment of acute slices does not affect CP-AMPAR trafficking in
the striatum.
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Figure V.1. The effect of LPS on GluA1 and GluA2 protein levels in the striatum. Acute
striatal slices were incubated for two hours with LPS or vehicle. Slices were washed in PBS and
the striatum was microdissected, pooled, protein lysates were prepared, and subjected to 4-20%
SDS-polyarylamide gel electrophoresis followed by immunoblotting (25 µg / lane). PVDF
membranes were reprobed for GAPDH or β-actin as a loading control A) Representative western
blot of acute hemislices treated with vehicle or LPS (125, 250, 500 ng/ml) and probed for GluA1
(~106 kDa; AB1504 1:1000, Millipore). B) Quantification densitometric analyses of normalized
GluA1 to GAPDH, (P > 0.05). N=9 animals (5 hemislices pooled per mouse). C) Representative
western blot of the same acute hemislices in (A) treated with vehicle or LPS (125, 250, 500
ng/ml) and probed for GluA2 (~106 kDa; MAB397 1:1000, Millipore). D) Quantification
densitometric analyses of normalized GluA2 to GAPDH, (P > 0.05). N=9 animals (5 hemislices
pooled per mouse). E) Representative western blot of acute hemislices treated with vehicle or
LPS (125 ng/ml) and probed for GluA1 (~106 kDa; AB1504 1:1000, Millipore) and
phosphorylated GluA1 at s831 (~106 kDa; PPS007 1:1000, R&D Systems). F) Quantification
densitometric analyses of normalized GluA1 to β-actin and s831 normalized to total GluA1, (P >
0.05). N=10 animals (5 hemislices pooled per mouse). G) Representative western blot of the
same acute hemislices in (E) treated with vehicle or LPS (125 ng/ml) and probed for GluA2
(~106 kDa; MAB397 1:1000, Millipore) and phosphorylated GluA1 at s845 (~106 kDa; PPS008
1:1000, R&D Systems). H) Quantification densitometric analyses of normalized GluA1 to βactin and s845 normalized to total GluA2, (P > 0.05). N=10 animals (5 hemislices pooled per
mouse).
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ii. Summary and discussion
We are the first to report on the direct effects of LPS treatment on AMPARs in acute striatal
slices. Previously, others did not observe alterations in total GluA1 or GluA2 when striatal slices
were treated with TNF-α (Lewitus et al., 2014) or when mice were injected systemically with
LPS (Sekio and Seki, 2014). Similarly, we did not observe a change in total GluA1 and GluA2
on acute striatal slices treated with LPS, suggesting that total AMPARs are unchanged.

Lewitus et al. (2014) did observe decreased s831 and s845 in total protein extracts on striatal
slices treated with TNF-α. Although LPS releases TNF-α, we did not replicate these findings.
Several possibilities could explain this discrepancy. The first is that the amount of TNF-α
induced by LPS treatment could be lower than what the authors used for their experiments. To
support this rationale, we previously reported detecting less TNF-α (0.005 ± 0.001 ng/ml) in
slices treated with LPS (Fig.III.4G) compared to the treatment used by Lewitus et al. (i.e., 100
ng/ml). Additionally, it was not clear if their western blot analyses were conducted on
microdissected striatal tissue. Cortical and hippocampal neurons GluA1s are also subject to
phosphorylation, which are affected by proinflammatory molecules, however whether the effects
are the same remain unknown. Additionally, it is known that D2 and D1 expression varies along
the rostral-caudal axis of the dorsal striatum with decreasing D2 SPNs progressing caudally
(Gangarossa et al., 2013), so tissue selection for analyses may be critical. Therefore, if there are
selective D2 or D1 subtype associated changes in phosphorylated GluA1s, the depth of the
striatum becomes a critical variable to control for. To account for this, for our western blot
analyses we prepared 5 sections per animal at the same level of the striatum that were used for
calcium imaging. However, our western blot data are not consistent with our calcium imaging
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experiments. As noted earlier, we observed decreased AMPA-stimulated calcium responses
through CP-AMPARs with LPS treatment (Fig. IV.6A,B). Therefore, future experiments should
assess surface expression of CP-AMPARs using biotinylation or receptor trafficking given we
did not observe LPS-mediated changes indirectly through total GluA1 and GluA2 or
phosphorylated GluA1.

B. NMDA mediated [Ca2+]i in D2 and D1 SPNs treated with LPS
LPS has been shown to potentiate cytotoxic injury through NMDARs (Glezer et al., 2003; Lutz
et al., 2015). Specifically, release of proinflammatory cytokines such as TNF-α can augment the
sensitivity of NMDARs (Marchetti et al., 2004; Pickering et al., 2005; Lutz et al., 2015). TNF-α
can also increase glutamate release, which can over-activate NMDARs (Olmos and Llado, 2014;
Habbas et al., 2015; Jing et al., 2015) and increase the open probability of the receptor thereby
increasing excitatory transmission (Han and Whelan, 2010). In addition, TNF-α can increase
surface expression of NMDARs (Balosso et al., 2009; Wheeler et al., 2009).

Furthermore, LPS induced IL-1β release can increase NMDAR activity (Huang et al., 2008;
Kawamoto et al., 2013). Specifically, IL-1β can potentiate NMDAR currents (Curran and
O'Connor, 2001; Yang et al., 2005; Liu et al., 2013) and increase calcium flux (Viviani et al.,
2003; Yang et al., 2005) by directly interacting with NMDARs (Viviani et al., 2003). Likewise,
NO can increase excitotoxicity through NMDARs by increasing ion flux (Dawson et al., 1991;
Dawson et al., 1993; Yun et al., 1998; Yun et al., 1999; Golde et al., 2002). Although
potentiation of NMDAR mediated calcium influx by proinflammatory cytokines has been
reported in hippocampal (Lutz et al., 2015) and cortical neurons (Marchetti et al., 2004; Jara et
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al., 2007), little is known about the effects on SPNs. Therefore we sought to examine LPSmediated calcium flux changes through NMDARs in SPNs.

i. Results
We treated acute striatal slices for two hours with vehicle or LPS and examined the effects of
calcium flux through NMDARs on D2 and D1 SPNs. We stimulated NMDARs with the agonist,
NMDA, without blockade of any other channels and measured the peak fluorescence intensity of
[Ca2+]i. In D2-GCaMP3 SPNs, we observed that the peak fluorescence response was higher with
NMDA stimulation than AMPA stimulation in the vehicle conditions (AMPA = 0.92 ± 0.09 vs.
NMDA = 1.70 ± 0.16 ΔF/F). We also found that LPS treatment increased the NMDA stimulated
peak fluorescence of the [Ca2+]i response in D2 SPNs when compared to vehicle (Fig. V.2A;
Students t-test, t(21) = 3.413, P = 0.003). However, we observed the opposite effect in D1 SPNs.
Specifically, LPS treatment decreased the NMDA stimulated peak fluorescence of the [Ca2+]i
response in D1 SPNs (Fig. V.2B; Students t-test, t(18) = 3.116, P = 0.006). These findings suggest that
LPS affects NMDARs differently in SPNs such that they are potentiated in D2 SPNs and attenuated
in D1 SPNs. Additionally, we observed a greater NMDA stimulated response in D1 SPNs when
compared to D2 SPNs with vehicle treatment (Fig. V.2AB; D2 = 1.70 ± 0.16 vs. D1 = 3.90 ± 0.47
ΔF/F). These data suggest that D1 SPNs have either more NMDARs and/or greater conductance of
calcium with NMDAR stimulation when compared to D2 SPNs.
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Figure V.2. LPS differentially affects NMDAR stimulated [Ca2+]i in SPNs. Corticostriatal
coronal sections were pretreated with 125 ng/ml LPS or vehicle for two hours before being subjected
to NMDA (40 µM). A) Peak amplitude of fluorescence response in D2 SPNs (**P = 0.003). N = 5
animals and 23 hemislices. B) Peak amplitude of fluorescence response in D1 SPNs (**P = 0.006). N
= 5 animals and 20 hemislices. ΔF/F values represent means ± S.E.M.
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ii. Summary and discussion
Previous work has shown that calcium flux through NMDARs can be potentiated by multiple
proinflammatory cytokines. Because LPS treatment releases these cytokines, we sought to
determine if we could observe SPN changes in peak fluorescence [Ca2+]i responses through
NMDARs. Our major finding is that LPS treatment resulted in opposing effects in D2 and D1 SPNs
on NMDA stimulated [Ca2+]i. Specifically, LPS treatment decreased NMDA stimulated peak
fluorescence responses in D2 SPNs whereas it increased the responses in D1 SPNs. Others have
established differences in NMDAR modulation in D2 and D1 SPNs. For example, in knockout
animals of a cell adhesion molecule important for NMDAR synaptic clustering, dorsal striatal D2
SPNs selectively showed presynaptic NMDAR alterations whereas D1 SPNs only revealed
alterations in postsynaptic NMDAR currents (Espinosa et al., 2015). Moreover, others have reported
a reversal of NMDAR function in ventral striatal D2 and D1 SPNs. Specifically, D2 SPNs had
decreased NMDAR currents whereas D1 SPNs had increased NMDAR currents following exposure
to ethanol vapor (Renteria et al., 2017). These findings in combination with our calcium imaging data
strongly suggest different mechanisms of NMDAR regulation in D2 and D1 SPNs.

In addition, we found that the peak fluorescence [Ca2+]i responses elicited by NMDA was higher than
the responses elicited by AMPA. This is expected, as it is widely understood that NMDARs
contribute more to calcium signaling than AMPARs. In addition, we observed a difference for
calcium flux through NMDARs in vehicle conditions between D2 and D1 SPNs. Specifically, D1
SPNs displayed higher NMDAR stimulated peak fluorescence [Ca2+]i responses compared to D2
SPNs. One possibility for this difference is the fact that suprathreshold stimulation of D1 SPNs
results in a longer duration and higher frequency of action potentials compared to D2 SPNs (Flores-
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Barrera et al., 2010). This was discovered to be contingent on slower activation of hyperpolarizing
calcium-activated potassium channels in D1 SPNs (Arias-Garcia et al., 2013). Therefore strong
glutamatergic stimulation could produce greater calcium influx through increased opening of
voltage-sensitive calcium permeable channels as a result of prolonged membrane depolarizations
relative to D2 SPNs. In addition, there could be differential effects of NMDARs on D1 SPNs either
through increased conductance or number of receptors. In support of this idea, it was previously
shown that NMDARs contribute to a greater extent of corticostriatal currents in D1 versus D2 SPNs
(Vizcarra-Chacon et al., 2013). Specifically, Vizcarra-Chacon et al. demonstrated that the NMDARs
contribute to 43% of currents in D1 SPNs whereas they found a 21% contribution in D2 SPNs when
stimulating nearby cortical tissue. This may explain the difference in NMDAR stimulated calcium
influx observed in the vehicle conditions (Fig. V.2). Interestingly, they did not observe these
robust differences between D2 and D1 SPNs for AMPARs. Specifically, they found that
AMPARs contribute to 18% of cortical stimulated currents in D1 SPNs and 21% in D2 SPNs
(Vizcarra-Chacon et al., 2013). This finding further supports our calcium imaging data as we
observed similar AMPA-stimulated peak fluorescence responses between D2 and D1 SPNs in the
vehicle conditions (Fig. IV.4 and IV.8). Taken together, these data suggest that D1 SPNs are
preferentially more sensitive to NMDAR stimulation than D2 SPNs and LPS changes NMDARs
differently between the two SPN subtypes.
C. AMPA-stimulated [Ca2+]i changes in acute striatal slices treated with TNF-α
i. Results
Because TNF-α has been implicated in increasing glutamate receptor trafficking as previously
described, we sought to understand how TNF-α may change AMPA-stimulated [Ca2+]i in D2
SPNs. In a pilot study, we treated acute slices with 100 ng/ml TNF-α (Lewitus et al. 2014) for two
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hours and subjected slices to calcium imaging in the presence of TTX and cadmium. Similar to
our findings with LPS (Fig. IV.4C and IV.7B) we observed a decrease of AMPA-stimulated peak
fluorescence in D2 SPNs treated with TNF-α (Fig. V.3; Students t-test, t(7) = 3.66, P = 0.009). This
suggests that TNF-α alone is sufficient to induce changes in AMPA-stimulated [Ca2+]i in D2
SPNs.
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Figure V.3. TNF-α treatment reduces AMPA-stimulated [Ca2+]i in D2 SPNs. Corticostriatal
coronal sections were pretreated with 100 ng/ml TNF-α or vehicle for two hours. D2 SPNs were
pretreated via y-tube with activity blockers (+ 1 µM TTX and 25 µM CdCl2) and subjected to
delivery of the AMPA cocktail including activity blockers. Peak amplitude of fluorescence response
in D2 SPNs (**P = 0.008) N = 1 animal, 9 hemislices. ΔF/F values represent means ± S.E.M.
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ii. Summary and discussion
TNF-α treatment in the presence of TTX and cadmium of acute striatal slices reduced AMPAstimulated [Ca2+]i in D2 SPNs. Given the similarity to our LPS findings reported in Chapter IV, this
suggests that TNF-α and LPS may exhibit a common mechanism of action. Future experiments
would be necessary to elucidate this possibility. Interestingly, the peak amplitude of the
fluorescence responses with TNF-α appeared to be higher than LPS treatment in D2 SPNs (Fig.
V.3; = TNF-α 1.00 ± 0.05 vs. Fig. IV.4C; LPS = 0.83 ± 0.07 ΔF/F). This could indicate that TNF-α
is less potent or other factors are involved in the LPS-induced decrease. However, these results
should be interpreted with caution given that this was a pilot study and would need to be replicated.
Regardless, it does provide promising support that TNF-α alone can contribute to alterations in
AMPA-stimulated [Ca2+]i in D2 SPNs.
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CHAPTER VI: OVERALL DISCUSSION
i. Main findings
The overarching aim of this dissertation was to understand how a proinflammatory environment
would affect glutamate-agonist stimulation of calcium flux in dorsal striatal SPNs. The rationale
for this work was based on observations that striatal neurodegenerative diseases have differing
etiologies and clinical presentations, but share disruptions in glutamate and calcium signaling. In
addition, patients with HD, PD, and HAND show neuroinflammation that can be detected in
early disease stages and coincide with disease progression. We hypothesized that a
proinflammatory

microenvironment

would

contribute

to

these

alterations

because

proinflammatory molecules released by microglia can alter glutamate receptors and calcium
signaling.

We used LPS to induce a proinflammatory environment and confirmed its effects by measuring
markers of microglial activation and changes in morphology consistent with LPS activation. As
shown in Figure VI.1, LPS causes activation of microglia and release of proinflammatory
molecules that can affect post-synaptic receptors and calcium channels to modulate
neurotransmission. Our main finding was that a proinflammatory environment potentiated
AMPA-stimulated calcium response through L-type VGCCs selectively in D2 SPNs (Fig. VI.2).

L-type VGCCs can be activated by AMPA-stimulated depolarizations of the membrane (Perrier
et al., 2002; Stanika et al., 2015). Despite observing a reduction in AMPA-stimulated calcium
responses through CP-AMPARs with LPS treatment (Fig. VI.3), a proinflammatory environment
could still augment calcium responses through calcium impermeable AMPARs. This could
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consequently lead to the excessive activation of L-type VGCCs. For example, TNF-α release can
increase activity of AMPARs through excess glutamate release (Bezzi et al., 2001; Rossi et al.,
2005), inhibition of glutamate reuptake (Fine et al., 1996), and increased AMPAR open channel
probabilities (Han and Whelan, 2010). In addition, excess activation of VGCCs can downregulate CP-AMPARs through calcium-dependent dephosphorylation (Gray et al., 2014).
Therefore a reduction of CP-AMPARs in a proinflammatory environment could be a
compensatory mechanism to protect against AMPAR over-activation and subsequent VGCC
overstimulation. Although our work did not reveal changes in phosphorylated CP-AMPARs, others
found that a proinflammatory environment decreased phosphorylation of CP-AMPARs using
different approaches (Lewitus et al. 2014). Therefore, it remains a possibility in our experimental
paradigm that CP-AMPARs could be down-regulated as a result of over-activated L-type VGCCs.

In addition to greater activation of L-type VGCCs through increased AMPAR stimulation, Ltype VGCCs may also be altered as in a proinflammatory environment. L-type VGCCs have
different electrophysiological properties and expression targets as determined by their poreforming α1 subunits (CaV1.1-4) (Calin-Jageman and Lee, 2008; Stanika et al., 2015). In both
SPN subtypes, CaV1.2 and CaV1.3 subunits are expressed (Calin-Jageman and Lee, 2008;
Stanika et al., 2015). The CaV1.3 subunits have greater sensitivity to membrane depolarizations
compared to CaV1.2 subunits (Calin-Jageman and Lee, 2008; Simms and Zamponi, 2014;
Stanika et al., 2015), and are affected in striatal neurodegenerative disorders (Day et al., 2006;
Stanika et al., 2015).
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CaV1.2 and CaV1.3 are positively regulated by calcium-dependent protein kinases, which may be
a target of LPS. For example, CaMKII can augment CaV1.2 by increasing open channel
probabilities (Calin-Jageman and Lee, 2008; Abiria and Colbran, 2010), whereas rising [Ca2+]i
can induce phosphorylation of CaV1.3 by CaMKII, further increasing its sensitivity to membrane
depolarizations (Gao et al., 2006; Calin-Jageman and Lee, 2008). CaMKII is also important for
synaptic glutamate receptor functioning. For example, Klug et al. (2012) demonstrated that
inhibition of CaMKII in SPNs resulted in a loss of excitatory neurotransmission. Furthermore,
increased CaMKII activity is observed in animal models of PD (Picconi et al., 2004).
Specifically, Picconi et al. (2004) found that reversing CaMKII over-activation in SPNs
improved motor performance in a PD animal model (Picconi et al., 2004).

Furthermore, LPS can increase activity of CaMKII (Mishra et al., 2005; Liu et al., 2008; W.
Chen et al., 2013) through release of TNF-α (Liu et al., 2008; Seo et al., 2008) and IL-1β (Seo et
al., 2008). However, CaMKII can also potentiate low voltage activated T-type VGCCs (Welsby
et al., 2003), which are also present in SPNs (Hoehn et al., 1993; Carter and Sabatini, 2004). In
our experimental paradigm, T-type VGCCs were not blocked with cadmium (Perez-Reyes, 2003;
Simms and Zamponi, 2014) or the highly selective L-type blocker, isradipine. Future
experiments should be conducted to examine the effects of LPS on T-type VGCCs. However,
our results showing that isradipine reversed the LPS potentiation of AMPA-stimulated calcium
responses strongly supports that L-type VGCCs were the target of LPS.

In addition, GABA signaling indirectly decreases activity of L-type VGCCs under normal
conditions (Fig. VI.4A). For example, post-synaptic ionotropic GABAA receptor activation
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induces hyperpolarization of the membrane through in the influx of negatively charged chloride
ions (Bormann, 1988; Farrant and Kaila, 2007), thereby partially negating AMPA-induced
depolarizations. In contrast, metabotropic GABAB receptor stimulation can activate inwardly
rectifying potassium channels (Ong and Kerr, 2000), making the membrane less sensitive to
excitatory stimuli. Post-synaptic GABAA and GABAB receptors can also inhibit L-type VGCCs
(Guyon and Leresche, 1995; Ikeda et al., 1997; Chieng and Bekkers, 1999; Voisin and Nagy,
2001; Perrier et al., 2002; Kim et al., 2006). GABAB receptors indirectly inhibit L-type VGCCs
most likely through G-protein signaling (Bowery, 1989), while the mechanism of action for
GABAA receptors remains elusive.

LPS also affects GABA neurotransmission through IL-1β and TNF-α. For example, LPS
mediated IL-1β decreases GABA synthesis and postsynaptic GABA receptor inhibitory currents
in motor neurons (Yan et al., 2015). In addition, TNF-α can reduce GABA reuptake (Chao et al.,
1992) and lead to the endocytosis of GABAA receptors (Stellwagen et al., 2005). The loss of
GABAA receptors may explain our findings that a proinflammatory environment appeared to
prevent GABA inhibition of AMPA-stimulated calcium responses (Fig. VI.4B). Furthermore,
under normal conditions, L-type VGCC activation increases GABAA insertion (Saliba et al.,
2012), which may be disrupted in proinflammatory conditions. Tonic GABAA currents protect
against excitotoxicity in SPNs (Santhakumar et al., 2010), therefore endocytosis of GABAA receptors
or prevention of GABAA receptor insertion may be another target of LPS. In addition, stimulation
of AMPARs can down-regulate GABAB receptors (Kantamneni, 2015). If AMPARs are indeed
over-activated with LPS treatment, this could cause a down-regulation of GABAB receptors
leading to increased activity of L-type VGCCs.
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Taken as a whole, our work suggests that a proinflammatory environment potentiates AMPAresponses in D2 SPNs through L-type VGCCs, with a concurrent decrease through CP-AMPARs
and removal of GABA receptor inhibition of VGCCs (Fig. VI.5). Previous work by others
implies that this proinflammatory effect could be through increased activation of AMPARs,
increased CaMKII phosphorylation, and/or removal and inactivation of GABAA or GABAB
receptors. Importantly, our finding that there is D2 selectivity in a proinflammatory environment
is novel. D1 SPNs have greater GABAA tonic currents than D2 SPNs (Santhakumar et al., 2010),
which may lead to increased sensitivity to excitatory insults in D2 SPNs. In addition, D2 SPNs
express adenosine A2A receptors which can increase calcium currents and may explain why D2
SPNs are more excitable (Hernandez-Gonzalez et al., 2014). Lastly, the CaV1.3 subunits increase
calcium influx in D2 SPNs in animal models of PD, suggesting another mechanism of
preferential sensitivity for D2 SPNs (Day et al., 2006; Stanika et al., 2015). Our work raises the
intriguing question, how does a proinflammatory environment alter L-type VGCCs?
Furthermore, this work points to L-type VGCCs as a possible nidus for novel therapeutic
approaches to ameliorate neurodegenerative disorders.
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Activated Microglia Release Proinflammatory Molecules Which Can
Affect Post-Synaptic Receptors

Resting Microglia
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Figure VI.1. Schematic of microglial activation and proinflammatory molecule release at
the corticostriatal and GABAergic synapses on SPNs. Microglia are proximately located near
synapses where they can release proinflammatory molecules that can modulate
neurotransmission by altering post-synaptic receptors and channels.
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Figure VI.2. Schematic of LPS potentiation of AMPA-stimulated calcium responses in D2
SPNs through L-type VGCCs. AMPARs are stimulated with AMPA and cyclothiazide in the
presence of CPP to block NMDARs (red X). A) AMPA stimulation depolarizes the membrane
and activates L-type VGCCs, which open to allow calcium to enter. Calcium also enters through
extrasynaptic CP-AMPARs. B) LPS treatment potentiates calcium through L-type VGCCs
through increased activation of L-type VGCCs.
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AMPA-stimulated Calcium Responses Through CP-AMPARs With
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Figure VI.3. Schematic of AMPA-stimulated calcium responses in D2 SPNs through CPAMPARs in vehicle and LPS conditions. AMPARs are stimulated with AMPA and
cyclothiazide in the presence of CPP to block NMDARs, cadmium to block VGCCs, and TTX to
block neuronal activity. A) Stimulation of AMPARs allows calcium to enter through
extrasynaptic CP-AMPARs. B) LPS treatment decreases calcium through CP-AMPARs,
possibly through reduced trafficking and endocytosis of CP-AMPARs (grey circle).
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B. GABA Inhibition on AMPA-Stimulated Calcium Responses Is Disrupted
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Figure VI.4. Schematic of GABA receptor modulation on AMPA-stimulated calcium
responses in D2 SPNs with vehicle and LPS treatments. AMPARs are stimulated with AMPA
and cyclothiazide in the presence of CPP to block NMDARs. A) GABAA and GABAB receptors
decrease AMPA-stimulated calcium responses through negative inhibition of L-type VGCCs. B)
LPS disrupts GABAergic modulation of AMPA-stimulated calcium responses possibly through
disruption of inhibition of L-type VGCCs.
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Overall Model of LPS Potentiation of AMPA-stimulated Calcium
Responses
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Figure VI.5. Schematic of overall model of LPS potentiation of AMPA-stimulated calcium
responses in D2 SPNs. LPS treatment potentiates AMPA-stimulated calcium responses in D2
SPNs through over-activation of L-type VGCCs. Potentiation through L-type VGCCs could
occur through reduced GABA receptor inhibition and/or increased depolarization from AMPAR
stimulation. The reduction of calcium through CP-AMPARs could be a compensatory effect and
is likely a result of reduced CP-AMPAR trafficking.
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ii. Alternative explanations and considerations
Our experiments did not distinguish between calcium flux and increased [Ca2+]i through
intracellular stores. This is relevant because TNF-α can increase [Ca2+]i by releasing calcium
through intracellular stores (Park et al., 2009). However, the complete attenuation of AMPAstimulated calcium responses and lack of difference between vehicle and LPS treated slices in the
presence of philanthotoxin strongly suggests that the observed calcium responses were through
calcium-permeable AMPARs and subsequent activation of VGCCs.

In addition, our model examined the effects of a proinflammatory environment in an acute slice
model. Future experiments will be necessary to assess the long-term effects of a proinflammatory
environment. For example, LPS mediated IL-1β (Huang et al., 2008; Kawamoto et al., 2013)
decreases expression of L-type VGCCs in cortical neurons after 12 hours (Zhou et al., 2006)
while 24-hour incubations of TNF-α reduced AMPA- and NMDA-stimulated calcium currents
through L-type VGCCs (Furukawa and Mattson, 1998).

Other proinflammatory molecules can alter [Ca2+]i through VGCCs. For example, LPS induced IL6 (Burton et al., 2011) and extracellular applications of IL-6 increases [Ca2+]i through VGCCs on
cultured neurons (Fan et al., 2009). Furthermore, many of the released proinflammatory
molecules can have synergistic effects. For example, LPS treatment of dopaminergic neurons
causes rising intracellular calcium and degeneration through IL-1β and NO (Wang et al., 2005)
and can synergistically potentiate [Ca2+]i in SPNs (Meini et al., 2000). It has been proposed that
LPS first induces IL-1β, which then subsequently activates synthesis of NO (Hartlage-Rubsamen
et al., 1999), which can in turn further stimulate production of IL-1β (Sudo et al., 2015) or
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additional cytokines (Pawate et al., 2004). It is also known that IL-1β and TNF-α concurrently
facilitate NMDAR excitotoxicity (Chao et al., 1995). In addition to cytotoxic roles, many
cytokines have overlapping neuroprotective roles. For example, IL-1β, IL-6, and TNF-α can also
prevent excitotoxicity from calcium influx through NMDARs (Carlson et al., 1999).

To further complicate the mechanisms of action, LPS and TNF-α can directly affect glial cells.
For example, LPS decreases glutamatergic receptors on mixed glial cultures through a TNF-α
dependent mechanism (Weaver-Mikaere et al., 2013). Additionally, TNF-α decreased AMPAstimulated [Ca2+]i and expression of GluA2 receptors in microglial cultures (Beppu et al., 2013).
Others found that LPS causes a rapid rise of [Ca2+]i in microglia by release of internal calcium
stores (Bader et al., 1994) in addition to down-regulating calcium-activated rectifying channels
(Beck et al., 2008). Microglia also express GABAB receptors which when stimulated can
attenuate IL-6 release (Kuhn et al., 2004). In addition, activated microglia can perpetuate the
proinflammatory response by recruitment of other microglia through upregulation of the iNOS
gene (Arimoto and Bing, 2003). Astrocytes can also recruit microglia through release of
chemokines and ATP (Hennessy et al., 2015) or regulate microglial activity through GABA
release (Lee et al., 2011). Astrocytes also have TLR4 receptors that can induce a similar
proinflammatory molecule cascade with LPS treatment (Gorina et al., 2011). Furthermore, TNFα signaling through astrocytes increases NMDAR potentiation and excitotoxic injury (Habbas et
al., 2015). Therefore, not only do astrocytes and microglia release proinflammatory molecules
that can affect neurons, these same molecules can reciprocally affect glial cells to perpetuate a
proinflammatory response.
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Taken together, there could be numerous actions of LPS that led to our overall findings of
glutamate and calcium signaling disruptions in D2 SPNs. Although the exact mechanisms will
have to be investigated in future experiments, we believe that the potential mechanisms of action
could be related to TNF-α, NO, IL-6, and/or IL-1β.
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CHAPTER VII: FUTURE DIRECTIONS
Our work suggests that a two-hour incubation of LPS induces microglial activation in acute
striatal slices as measured by the microglial marker, IBA-1, and microglial morphology and
motility dynamics. Despite the fact that LPS is well known to release proinflammatory
molecules, we did not find sufficient molecular evidence for increased NO metabolites or TNF-α
protein. Thus we were only are able to make the assumption of their involvement in our calciumimaging experiments. Therefore future experiments should optimize the experimental procedures
for cytokine protein detection and/or conduct other assays such as qPCR to assess gene
transcription of proinflammatory markers. In addition, it would be useful to also assess IL-6 and
IL-1β given their potential roles in glutamate signaling in proinflammatory conditions.

Furthermore, our work does not exclude the possibility that LPS directly affects SPNs. Although
it is unknown if SPNs express TLR4 receptors, we do know dopaminergic neurons in VTA
(Aurelian et al., 2016), hippocampal neurons (Hua et al., 2007; He et al., 2013), and cortical
neurons (Wang et al., 2013) express TLR4 receptors. One method to investigate this would be to
culture dissociated SPNs in vitro (Lalchandani et al., 2013; Lalchandani and Vicini, 2013). This
would allow examination of TLR4 receptor expression without the interfering role of glial
expression. Confirming the roles of proinflammatory cytokines and eliminating the possible
direct effects of TLR4 receptors on SPNs would allow future experiments to investigate exact
mechanisms of glutamatergic and calcium alterations in SPNs.

In addition, our work opens intriguing questions regarding the effects of LPS on GABA
signaling. Specifically, it would be interesting to assess if there are changes in or GABA
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receptors and/or GABA release, which may have be contributed to the alterations we observed
with our calcium imaging experiments. We examined AMPA-stimulated calcium changes in the
presence of both GABAA and GABAB receptor blockers to first determine if there was a role of
GABA receptors. Indeed, we found support for GABA receptors so the next series of calcium
imaging experiments should be conducted with each blocker separately to ascertain if one or
both receptors are changed with LPS treatment. Furthermore, these experiments should also be
conducted in D1 SPNs as GABA receptors have different functions between SPN subtypes (Ade
et al., 2008). For example, D1 SPNs have stronger GABA currents and GABAA receptors can
protect against NMDA-mediated excitotoxicity (Santhakumar et al., 2010). GABA release could
be measured with electrophysiological whole-cell current clamp experiments assessing miniature
inhibitory post-synaptic potentials.

Alterations in GABA could change SPN sensitivity to glutamate, which may partially explain
our findings with NMDA-stimulated calcium influx in D2 SPNs. However there could also be
direct affects on NMDARs. Therefore, calcium-imaging experiments need to be conducted in the
presence of neuronal activity blockers to isolate the contribution of NMDARs given that LPS
treatment affects L-type VGCCs and GABA transmission. Follow up experiments could assess
also NMDAR trafficking differences between D2 and D1 SPNs in vitro. For example,
extrasynaptic NMDARs on SPNs can activate excitotoxicity whereas synaptic NMDARs activate
cell survival pathways (Kaufman et al., 2012). It would be intriguing to discover if there are
differences between D2 and D1 SPNs in proinflammatory conditions, which may contribute to
D2 sensitivity in PD (Villalba and Smith, 2013; Escande et al., 2016).
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Although we did not find evidence of LPS mediated changes in CP-AMPARs by measuring total
expression of GluA1, phosphorylated GluA1, or GluA2, that does not exclude the possibility that
these receptors are altered with LPS treatment. Future experiments should more closely examine
the surface expression of GluA1 and GluA2 with biotinylation followed by western blot analyses
to better assess membrane-bound AMPARs. Our experiments were limited to preparation of
lysates, which includes intracellular and membrane-bound AMPARs. In contrast, Lewitus et al.
(2014) measured surface expression of AMPARs and found a reduction in GluA1 with TNF-α
treatment so we hypothesize that these assays would reveal a reduction in surface expression of
GluA1 and phosphorylated GluA1 subunits. It is important to note that our calcium-imaging
experiments cannot differentiate between synaptic or extra-synaptic calcium influx through CPAMPARs. Therefore if a difference in surface expression of AMPARs is observed, synaptosomal
preps should be used to identify changes in extrasynaptic or synaptic fractions. In addition, other
follow ups include whole-cell voltage-clamp experiments on LPS treated SPNs and examine the
AMPA-to-NMDA mediated excitatory post-synaptic current ratios after electrical stimulation of
nearby cortical tissue. Alternatively, we could assess AMPA-agonist stimulated currents to look
at ion flux through AMPARs.

Furthermore, additional calcium-imaging experiments need to be conducted to clarify the effects
of TNF-α incubation on acute striatal slices. We only examined AMPA-stimulated calcium
changes in D2 SPNs in a pilot experiment. Therefore this needs to be replicated in multiple
animals and the effects in D1 SPNs need to be evaluated with and without activity blockade.
Likewise, it would also be interesting to compare NMDA-stimulated calcium responses between
D2 and D1 SPNs treated with TNF-α.
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In addition, our calcium imaging experiments cannot decipher potential changes in post-synaptic
receptor sensitivity due to increased glutamate. Future electrophysiological experiments could
assess the frequency of the frequency of miniature excitatory post-synaptic potentials in D2 and
D1 SPNs. These data would provide an indication of presynaptic vesicular release of glutamate
in a proinflammatory environment. This phenomenon would be important to evaluate given the
fact that D2 SPNs are preferentially vulnerable in PD (Villalba and Smith, 2013; Escande et al.,
2016). In particular D2 SPNs show increased firing in animal models of PD (Zold et al., 2012)
and fire more frequently and earlier than D1 SPNs in pre-symptomatic animal models of PD
(Escande et al., 2016).

Lastly, although we show changes in glutamate agonist induced calcium influx with a
proinflammatory environment, the disadvantage of our model is that it is an acute system.
Striatal neurodegenerative disorders are progressive diseases with cumulative disruptions over
time. Therefore the generalization of our acute findings are limited without knowing the effects
of a chronically induced proinflammatory microenvironment. Our findings would be bolstered
by longer treatments in a model such as organotypic slices. Despite these limitations, we found
encouraging evidence to support our hypothesis that a proinflammatory environment alters
glutamatergic and calcium signaling in SPNs. Excitingly, we also discovered key differences
between D2 and D1 SPNs which have not yet been reported.
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APPENDIX I: LPS EFFECTS ON CULTURED PRIMARY MICROGLIA
A. Results
LPS binds to the toll-like receptor 4 (TLR4) to initiate translocation of the transcription factor,
NF-ΚB to the nucleus where it subsequently leads to transcription and secretion of
proinflammatory cytokines (Nakajima et al., 2006; Cao et al., 2010; Gomez-Nicola et al., 2010;
Byun et al., 2012; Cronin et al., 2012). First, using primary microglia derived from mouse brain,
we validated that exposure to LPS results in translocation of NF-ΚB to the nucleus using
immunocytochemistry (Fig AI.1). In vehicle treated primary microglia, we observed ramified
morphology consistent with non-activation and the absence of NF-ΚB immunoreactivity in the
nucleus (Fig AI.1A,C). Conversely, LPS treated microglia had an amoeboid-like morphology and
NF-ΚB immunoreactivity concentrated in the nucleus (Fig. AI.1B,D).

We next sought to examine release of TNF-α and NO with LPS treatment. TNF-α protein
secretion was assessed using an ELISA of microglial-conditioned media. We observed an
increase in TNF-α protein at two hours (Fig. AI.2A; Students t-test, t(10) = 8.08, P < 0.0001) and 24
hours (Fig. AI.2B; Students t-test, t(10) = 29.46, P < 0.0001) from microglia treated with 25 ng/ml
LPS. To determine release of NO, we employed a traditional Griess assay to detect the stable
metabolite, nitrite (Du and Li, 1998; Guevara et al., 1998; Weissman and Gross, 2001). Primary
microglia were treated with vehicle or 250 ng/ml LPS and the microglial-conditioned medium was
analyzed for NO release. We observed a significant increase in nitrite with 72 hours of LPS treatment
(Fig. AI.2C; 2-way ANOVA, F(1,16) = 34.11, P < 0.0001).

We examined differences at shorter time points so we optimized the experimental conditions to
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ascertain if we could increase detection of NO. To this end, we employed a modified procedure (i.e.,
Cayman Nitrate/Nitrite Colorimetric Assay [Cayman Griess]) that enzymatically reduces nitrate to
nitrite and measures both metabolites as a way to increase sensitivity of the assay (Miranda et al.,
2001). We treated primary microglia for 72 hours with vehicle or 250 ng/ml LPS and analyzed the
samples in parallel to compare the traditional Griess with the Cayman Griess assay. We did not find
evidence that the modified Griess was superior at detecting NO because the levels of nitrite with the
traditional Griess were higher than the combined metabolites in the Cayman Griess assay (Fig.
AI.3A; 2-way ANOVA, F(1,20) = 11.91, P = 0.003).

We hypothesized that the inclusion of fetal bovine serum (FBS) in the microglial medium may
interfere with the sensitivity of the Griess assay based on previous reports that complete serum
suppresses NO production in macrophage-like cell lines (Ohki et al., 1999). Therefore we grew the
primary microglia in either complete media or media containing heat inactivated FBS. We next
conducted the traditional Griess assay at 24 hours after treatment with vehicle, a low (25 ng/ml), or
high (250 ng/ml) LPS concentration to determine if there was increased sensitivity of NO detection.
We did not observe an increase in nitrite with the 25 ng/ml LPS treatment from microglia grown in
either media (Fig. AI.3B; P > 0.05) suggesting that the lower concentration of LPS at 24 hours is not
sufficient to generate detectable NO. In support of our hypothesis that complete serum inhibits NO
release, 250 ng/ml LPS did not reveal significant differences compared to vehicle treated microglia in
complete media (Fig. AI.3B; P > 0.05). However, treatment with 250 ng/ml LPS on microglia grown
in heat inactivated FBS revealed higher nitrite levels when compared to microglia grown in complete
media (Fig. AI.3B; 2-way ANOVA, F(1,13) = 13.13, P = 0.02). We also observed a within-group effect
such that 250 ng/ml LPS treatment of microglia grown in heat inactivated FBS resulted in
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significantly higher nitrite compared to vehicle and 25 ng/ml LPS treated microglia grown in heat
inactivated FBS (Fig. AI.3B; 2-way ANOVA, F(2,13) = 13.88, P = 0.003). Therefore we reasoned that
treatment with 250 ng/ml LPS on microglia grown in heat-inactivated FBS would be the best
approach to compare the optimization of the Griess assays.

Because we observed a significant effect of 250 ng/ml LPS treatment on microglia grown in heat
inactivated FBS, we re-examined the Cayman Griess to see if NO detection could be improved with
the new approach. We grew primary microglia in either complete media or media with heat
inactivated FBS and treated them for 24 hours with 250 ng/ml LPS. The conditioned media was
subjected to the Cayman Griess for determination of nitrate and nitrite. We found that 250 ng/ml LPS
in both media types resulted in significantly higher levels of nitrate and nitrite when compared to
vehicle treated microglia (Fig. AI.3C; 2-way ANOVA, F(1,4) = 36.52, P = 0.04). However, we did not
observe an effect of heat inactivated FBS because there were no differences in nitrate and nitrite
when comparing LPS treatment between the media conditions (Fig. AI.3C; P > 0.05). Similar to the
findings shown in Figure AI.3A, we noted that the sensitivity of detecting NO with LPS treatment of
microglia grown in heat inactivated FBS was lower with the Cayman Griess (Fig. AI.3C; 2.74 ± 0.04
µM) when compared to the traditional Griess assay (Fig. AI.3B; 17.49 ± 4.5 µM). Thus we
concluded that the Cayman Griess does not outperform the traditional Griess assay for NO detection
in our experimental paradigm.

We next conducted the traditional Griess assay to determine if there was increased sensitivity of NO
detection in a time course (24, 48, and 72 hours) of 250 ng/ml LPS treatment on microglia grown in
media containing heat inactivated FBS. Contrary to our results showing that a 24-hour treatment of
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250 ng/ml LPS in heat inactivated FBS increases nitrite (Fig. AI.B), we did not observe significant
differences with the same treatment conditions at 24 or 48 hours (Fig. AI.3D; P > 0.05). However, we
did find robust nitrite production at 72 hours with 250 ng/ml LPS treatment of microglia grown in
heat inactivated FBS (Fig. AI.3D; 2-way ANOVA, F(2,72) = 135.5, P < 0.0001).

We sought to understand the lack of consistent findings with 24-hour treatment of 250 ng/ml LPS on
microglia grown in media with heat inactivated FBS. The confluency and health of plated microglia
were confirmed before, during, and after treatments in all experiments and found to be similar. We
considered the possibility that the density of cells (1 x 105 per well) may be too low as others found
increased nitrite with higher densities at 24 hours (Colasanti et al., 1995; Shibakawa et al., 2005).
Therefore, we doubled the density of primary microglia (2 x 105 cells per well), grew them in media
with heat inactivated FBS, and treated them for 24 hours with vehicle or 250 ng/ml LPS. We did not
observe an increase in nitrite at 24 hours with the increased density of cells (Fig. AI.2E; Students ttest, t(6) = 2.21, P = 0.07). Taken together, we concluded that LPS treatment does cause release of
proinflammatory molecules, but that measurement of TNF-α by ELISA may be more sensitive to
detect LPS-directed proinflammatory molecule release at two hours.

96

A.

Veh
B.

LPS
C.

D.

Veh

LPS

Figure A.1. LPS increases NF-κB translocation to the nucleus. Primary microglia were plated on
glass coverslips in 24-well plates (1 x 105 cells per well) and treated for 24 h with 25 ng/ml LPS or
vehicle. Cells were fixed with 4% PFA/sucrose before being subjected to immunocytochemistry for
NF-κB (1:1000 dilution). Blue = DAPI, Red = NF-κB. (40X) A) Vehicle treated microglia show
ramified morphology consistent with a non-activated state and display diffuse immunoreactivity in
the cell body with an absence of NF-κB immunostaining in the nuclear regions. B) LPS treated
microglia demonstrate an amoeboid morphology consistent with LPS activation. LPS treated
microglia also show increased NF-κB immunoreactivity in the nuclear regions with less
immunostaining in the cell body. C,D) Selected cells from vehicle and LPS treated conditions.
Calibration bar = 20 µm (A,B) and 5 µm for (C,D).
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Figure A.2. LPS treatment of primary microglia induces release of proinflammatory molecules.
Primary microglia were treated with 25 ng/mL of LPS or vehicle for 2 (A) or 24 (B) hours. The
conditioned media was evaluated for TNF-α protein secretion using an ELISA. N=2 in triplicate.
C) Primary microglia were treated with 250 ng/mL LPS at various time points and the conditioned
media analyzed for nitric oxide release with a traditional Griess assay. N=2 in duplicate. (****P <
0.0001). Data represent mean ± S.E.M.
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Figure A.3. Optimization of Griess assays for nitric oxide detection. A) Primary microglia were
treated with 250 ng/ml LPS or vehicle for 72 hours in parallel to compare the traditional Griess
(nitrite) and Cayman Griess (nitrite + nitrate) assays, (**P = 0.003). N=3 in duplicate. B)
Traditional Griess assay on conditioned media collected from primary microglia grown in
complete media (CM) or media containing heat inactivated FBS (HI) and treated with vehicle, 25
ng/ml LPS, or 250 ng/ml LPS for 24 hours (*P = 0.02 HI LPS 250 vs. CM LPS 250), (^^P =
0.003 HI LPS 250 vs. HI vehicle and HI 250 LPS vs. HI 25 LPS). N=3 in duplicate. C) Cayman
Griess assay of conditioned media collected from primary microglia grown in complete media or
media containing heat inactivated FBS and treated with vehicle or 250 ng/ml LPS for 24 hours
(^P = 0.04 CM LPS vs. CM vehicle and HI LPS vs. HI vehicle). N=2 in duplicate. D) Traditional
Griess assay on conditioned media collected from primary microglia grown in complete media or
media containing heat inactivated FBS and treated with vehicle or 250 ng/ml LPS at different
time points (****P < 0.0001 72-hour LPS vs. all vehicle time points), (^^^^P < 0.0001 72 hour
LPS vs. 24 and 48 hour LPS). N=6 in duplicate. E) Primary microglia were plated at double
density (2 x 105 cells per well) in media containing heat inactivated FBS and treated for 24 hours. A
traditional Griess assay was conducted on the conditioned media (P = 0.07). N=2 in duplicate. Data
represent mean ± S.E.M.
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B. Summary and discussion
Previous work has demonstrated that exposure to LPS provokes stereotypical morphofunctional
changes in microglia indicative of a proinflammatory state (Chao et al., 1992; Du and Li, 1998;
Nakamura et al., 1999; Castano et al., 2002; Arimoto and Bing, 2003; Kawanishi et al., 2004;
Qin et al., 2005; Wang et al., 2005; McCoy et al., 2006; Qin et al., 2007; Hunter et al., 2009; Li
et al., 2009; Zhang et al., 2010; Ahn et al., 2012; Parajuli et al., 2012; Sharma and Nehru, 2015).
To confirm these findings within our experimental paradigm, we initially prepared primary
microglial cultures and subjected them to LPS treatments with various concentrations and
treatment durations. We found that LPS treatment of microglia in vitro induces translocation of
NF-κB to the nucleus with accompanying morphological changes that were consistent with LPS
activation (Nakamura et al., 1999; Daniele et al., 2014). NF-κB translocation to the nucleus is a
necessary step for the transcription factor to produce TNF-α and NO (Nakajima et al., 2006; Cao et
al., 2010; Gomez-Nicola et al., 2010; Byun et al., 2012; Cronin et al., 2012), thus these findings
are consistent with a first indication that LPS inducing a proinflammatory cascade in primary
microglia.

To directly assess proinflammatory molecule release in vitro, we analyzed conditioned media for
TNF-α protein or NO metabolites. Using an ELISA, we found increased TNF-α protein at two
hours and robust expression after 24 hours of LPS treatment. These data are consistent with
previous findings and support TNF-α as a proinflammatory molecule that can be detected at
early time points. Initially, a Griess assay only revealed significant increases in nitrite at 72 hours
of LPS treatment. In an effort to increase NO detection for shorter treatments we conducted a
series of optimization experiments. We first compared the traditional Griess assay with an

100

optimized Griess (i.e., Cayman Nitrate/Nitrite Colorimetric Assay [Cayman Griess]) assay that
includes an enzymatic conversion step to reduce nitrate to nitrite and measures both metabolites
(Guevara et al., 1998; Miranda et al., 2001; Viviani et al., 2003; Tsikas, 2007). However, we did
not find that the Cayman Griess was superior at detecting NO metabolites. This could be because
of interference with the reduction process as it depends on pH, cofactors, and can be incomplete
(Tsikas, 2007, 2008). One possibility in our experiments is the cofactor NADPH, which is
important for the conversion from nitrate to nitrite. However, oxidized NADPH (i.e., NADP+)
can inhibit this reduction leading to inaccurate and imprecise results (Tsikas, 2007). To
circumvent this, small amounts of NADPH or comparable cofactors are added to the assay
(Tsikas, 2007). However microglia increase NADPH oxidase after LPS exposure (Qin et al.,
2004; Chung et al., 2012), creating higher levels NADP+ that could subsequently interfere with
the reduction. Therefore future optimizations of this assay could include increasing cofactors to
eliminate this potential issue.

We also attempted to increase detection of nitrite at shorter time points by growing microglia in
heat-inactivated FBS given that FBS can inhibit the production of NO (Ohki et al., 1999). We did
find greater detection of nitrite with LPS treated microglial grown in heat-inactivated FBS.
However, our findings at 24 hours were inconsistent. Specifically, when comparing 250 ng/ml
LPS treatments at 24 hours, several Griess assays revealed significant differences compared to
vehicle. However, in repeated experiments comparing treatment times (24, 48, and 72 hours), or
when we doubled the cell densities, there were no differences observed at 24 hours. The failure to
replicate our findings at 24 hours of 250 ng/ml LPS treatment of microglia grown in media
containing heat inactivated FBS suggests that the Griess assay is affected by one or more

101

experimental conditions that undermines its reliability. Indeed, the Griess assay has been shown to
variably detect NO (Weissman and Gross, 2001) and has been criticized for its unreliability in
cell medium where proteins containing nitrosylated cysteine and tyrosine can alter the signal-tonoise ratio (Tsikas, 2007, 2008; Hunter et al., 2013).

High variability caused by random error can be overcome by increasing statistical power. It is
difficult to retrospectively determine if an experiment is underpowered but using post-hoc
statistical analyses, we sought to investigate this. We conducted a two-tailed student’s t-test only
on the 24-hour data in Figure AI.3D where the greatest numbers of samples with the lowest
variability were analyzed (N=6 in duplicate, vehicle SD 2.02, LPS SD 2.43). We discovered a
trend (P = .058) for a difference in the 24-hour LPS treatment condition in heat inactivated FBS,
which is indicative that more statistical power may be needed. To further examine this, we used a
slightly more powerful one-tailed student’s t-test on the same data set and revealed significant
findings at 24 hours of LPS treatment (P = .029). These analyses support our hypothesis that
more statistical power is needed for experiments with Griess assays. Although it would be
appropriate to use one-tailed tests when comparing vehicle and LPS treatments (e.g., we do not
expect LPS to generate lower levels of proinflammatory molecules than vehicle), we employed a
conservative approach for our statistical analyses. Therefore future experiments should increase
the sample sizes of treated microglia grown in heat-inactivated FBS.
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