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Abstract

Glial cell line-derived neurotrophic factor (GDNF) helps protect dopaminergic neurons in the
nigrostriatal tract. Although the cause of nigrostriatal degeneration is unknown, one theory is that
excess glutamate from the subthalamic nucleus (STN) results in excitotoxic events in the
substantia nigra (SN). Since dopaminergic degeneration is accompanied by a reduction in GDNF,
we examined glutamate neurotransmission in the SN using a Gdnf heterozygous mouse model
(Gdnf*/™) at 8 and 12 months of age. At 8 months, Gdnf*/~ mice have greater glutamate release
and higher basal glutamate levels, which precede the SN dopaminergic degeneration observed at
12 months of age. However, at 12 months, Gdnf*/~ mice have lower basal levels of glutamate and
less glutamate release than wildtype (WT) mice. Also at 8 months, Gdnf*/~ mice have lower
levels of GLT-1 and greater GFAP levels in the SN compared to WT mice, differences that
increase with age. These data suggest that reduced levels of GDNF induce excess glutamate
release and dysregulation of GLT-1, causing excitotoxicity in the SN that precedes dopaminergic
degeneration.
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1. Introduction

Glial cell line-derived neurotrophic factor (GDNF) is an important growth factor for the

development, survival, and maintenance of midbrain dopaminergic (DAergic) neurons (Lin
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et al., 1993, Deister and Schmidt, 2006). The nigrostriatal DAergic system is involved with
motor function, both of which decline with normal aging (Volkow et al., 1998; Ingram,
2000). Individuals with Parkinson’s disease (PD) experience an accelerated decline in the
DAergic system resulting in greater motor impairment (Jenner and Olanow, 1998, Jankovic,
2008). While GDNF levels are reduced in the surviving dopamine (DA) neurons of PD
patients (Chauhan et al., 2001), GDNF administration has been shown to exert
neuroprotective and neurorestorative effects on substantia nigra (SN) DA neurons in animal
models of PD (Borlongan et al., 2001; McGrath et al., 2002), as well as in PD patients (Gill
et al., 2003; Slevin et al., 2005).

A mouse model with a partial knockout of the Gdnf gene was produced to study the impact
GDNF has on DAergic systems (Gdnf*/~; Pichel et al., 1996). Gdnf*/~ mice have a 40%
reduction in GDNF protein levels (Boger et al., 2006). Previous studies from our laboratory
have demonstrated that Gdnf*/~ mice have an accelerated decline in motor function and
DAergic dysfunction compared to wildtype (WT) mice (Boger et al., 2006). Gdnf*/~ mice
also have greater levels of nigral inflammation and oxidative stress, both of which have been
implicated in DAergic neurodegeneration (Boger et al., 2007; Littrell et al., 2013). Acute
intra-striatal administration of GDNF attenuated these effects, prevented DAergic cell loss,
and improved motor function (Littrell et al., 2013). Taken together, these data continue to
demonstrate the importance of GDNF to DA systems. However, the mechanism by which
GDNF exerts its neuroprotective effects is still unknown.

A potential mechanism for the accelerated decline of nigrostriatal DA in Gdnf*/~ mice is
glutamate neurotransmission dysfunction. Glutamatergic neurons of the subthalamic nucleus
(STN) project to the SN (Iribe et al., 1999). Previous studies have shown that glutamate can
become toxic if it remains in the synaptic cleft (Mark et al., 2004; Sonsalla et al., 1992).
This excitotoxicity, which may be caused by either excess presynaptic release or decreased
glutamate uptake by transporters, leads to continuous post-synaptic glutamate receptor
activation. Overactive receptors will increase the release of intracellular calcium, leading to
oxidative stress (Joseph et al., 2002; Kruman and Mattson, 1999) followed by inflammatory
events (Blandini et al., 1996; Gianforcaro and Hamadeh, 2014). The excess calcium depletes
energy stores and may result in DA cell death (Gordon, 2013; Misonou et al., 2006).

Several studies have been conducted to explore a link between GDNF and glutamate.
Activation of glutamate receptors in various animal models of neurological disorders has
been shown to increase GDNF levels in the brain (Di Liberto et al., 2011; Kosuge et al.,
2009). Another study suggests that increased levels of GDNF may help protect neurons from
excitotoxic death (Ho et al., 1995). Based on these previous findings, we focused our studies
on the potential impact that a GDNF reduction has on glutamate neurotransmission and
inflammation with age. We hypothesized that mice with a partial reduction of GDNF have
increased glutamate neurotransmission in the SN that precedes the motoric and DAergic loss
observed in previous studies at 12 months of age (Boger et al., 2006, Littrell et al., 2013).
Therefore, in this study we assessed KCI-stimulated glutamate release and uptake in the SN
of 8- and 12-month old Gdnf*/~ and WT mice. Additionally, we assessed various markers of
the glutamatergic system, including glutamate transporter-1 (GLT-1), vesicular glutamate
transporter 2 (VGLUT-2), and glial fibrillary acidic protein (GFAP).
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2. Materials and Methods

2.1. Animals

For these experiments, heterozygous 8- and 12-month-old (mon) male B6.Cg-Gdnftm1Lmgd
(Gdnf*") mice were compared with their WT littermates (N=5-8/genotype/group) (Pichel et
al., 1996). Gdnf*/~ offspring containing this allele are fertile and viable, whereas Gdnf
homozygous knockouts are embryonic lethal. This mouse colony was established at the
Medical University of South Carolina (MUSC) according to National Institutes of Health
(NIH)-approved protocols. Mice for this study were bred at MUSC and backcrossed for
greater than 10 generations onto a C57BL/6J background. Mice were weaned and genotyped
as previously described (Boger et al., 2006). The mice were housed three to five animals per
cage with a twelve hour light/dark cycle. The room was kept at 20-22°C, and food and
water were provided ad libitum.

2.2. Enzyme-Based Glutamate Biosensor

S2 ceramic-based microelectrode arrays (MEA) were prepared for in vivo recordings
(Burmeister et al., 2002; Quintero et al., 2011). Briefly, recording sites were coated with a
glutamate oxidase (GluOx) enzyme solution (U.S. Biological) containing a final
concentration of 1% bovine serum albumin (BSA, Sigma-Aldrich), 0.125% glutaraldehyde
(Sigma-Aldrich), and 1% GluOx. After a 24-hour (hr) drying period, platinum sites were
electroplated with an m-Phenylenediamine dihydrochloride size exclusion layer (Acros
Organics) to block potential interfering analytes such as ascorbic acid (AA), catecholamines
and indoleamines (Burmeister et al., 2002; Hascup et al., 2008). The GluOx enzyme is
required for measurement of glutamate as it metabolizes glutamate to a-ketoglutarate, which
is then converted to the reporter molecule hydrogen peroxide (H,O5). When a potential of
+0.7 V versus a silver/silver chloride reference electrode was applied to the MEA, H,0, is
oxidized resulting in the transfer of two electrons to the platinum recording surface. The
resulting change in current was amplified and digitized by a FAST16 MKIII recording
system (Quanteon, LLC).

2.3. Electrode Calibration

MEAs were calibrated to determine their sensitivity to glutamate and selectivity against AA
using constant potential amperometry with a FAST16 MKIII system as described previously
(Burmeister et al., 2002; Quintero et al., 2011). Briefly, the MEA was submerged in 40 mL
of a continuously stirred solution of 0.05 M phosphate-buffered saline filtered and titrated to
pH 7.4 and allowed to reach a stable baseline for ~60 minutes (min) before calibrating.
Phosphate buffer temperature was maintained at 37°C using a circulating water bath
(Gaymar Industries). Aliquots of freshly made 20 mM AA and 20 mM glutamate were used
to obtain final concentrations of 250 UM AA and 20, 40, and 60 uM glutamate for all
calibrations. Selectivity ratios for glutamate over AA were calculated in addition to the limit
of detection (LOD) and linearity (R?) for all glutamate MEAs. Reported as mean +S.E.M.,
the MEAs had average selectivity ratios of 35 + 13: 1, limits of detection (LOD) of 0.8 + 0.4
UM and R values of 0.9983 + 0.002. The MEAs were also tested to compare the recording
capability among the platinum recording sites using H,O5 (8.8 UM, final concentration) as a
test substance. Electrodes that did not respond to H,05, had R? values <0.99, or had LODs
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>5 UM were excluded. After calibration, MEAs were fitted with single-barrel glass
capillaries that were pulled and bumped to an inner tip diameter of approximately 10 pm.
The pipette was attached under a dissection scope in order to place the tip of the pipette
above the glutamate sensitive sites, 75 um from the surface of the MEA (Burmeister et al.,
2002; Smith et al., 2007). The pipette was filled with freshly made KCI solution containing
70 mM KCI, 79 mM NacCl, and 2.5 mM CaCl, at pH 7.4, attached to the headstage, and
connected to a Picospritzer I11 (Parker Instruments).

2.4. In Vivo Glutamate Electrochemistry

The electrode was implanted into the mouse SN (Hoffman and Gerhardt, 1998). Mice were
anesthetized with 12.5% urethane at 0.01 mL/g body weight injection volume and placed in
a stereotaxic apparatus (David Kopf Instruments) fitted with a 37°C heating pad. Following
removal of the scalp tissue, mice underwent a craniotomy, leaving bregma intact. Mice were
implanted with a glutamate-selective MEA-KCI pipette assembly into the left and right SN
(AP, =3.0 mm; ML, £1.25 mm; DV, —-4.2 mm relative to bregma; Franklin and Paxinos,
2001; Fig. 1A). A small hole was drilled at the front of the skull above the parietal cortex for
placement of the silver/silver chloride reference electrode. Once the MEA was lowered,
mice underwent a minimum of 30 min acclimation period to establish a stable baseline
recording. Following baseline period, pressure ejections of 70 mM KCI solution were
performed using the Picospritzer 11 microinjection dispensing system. Approximately 150
nL of KCI solution was pressure ejected adjacent to the microelectrode to induce
depolarization and subsequent release of glutamate into the SN. KCI ejection resulted in
reproducible glutamate peaks detected by MEAs. Following each KCI ejection, recordings
were allowed to return to baseline for at least 3 min before repeating the procedure. This
procedure was repeated 6-8 times for each recording site. Following recordings, the brains
were processed for immunohistochemical detection and electrode placement in the SN was
verified via microscope on sections stained for TH for each animal (Fig. 1B).

2.5. Electrochemistry Data Analysis

The FAST16 MKIII recording system saved amperometric data, time, and experimenter
mediated ejection marks. All data traces from MEAs were analyzed with the FAST Analysis
software (Jason Burmeister Consulting, LLC), a program written and compiled in Matlab
from Mathworks. The FAST Analysis software was used to determine basal glutamate (UM),
peak amplitude (glutamate release, uM), and k1 (glutamate uptake, sec™1), see Fig. 1C for
representative traces. All data were passed through a low stringency wavelet low pass filter
(using the Daubechies wavelet) to remove high frequency noise.

2.6. Brain Preparation

Upon completion of electrochemical recordings, the mice were decapitated while deeply
anesthetized. The brains were extracted and dissected. Samples from the right dorsal
striatum were dissected and stored at —80°C for Western blotting. The left and right caudal
portion of the brain containing both STN and SN was blocked and placed in 4%
paraformaldehyde at 4°C. After 48 hr, the STN/SN tissue block was placed in 30% sucrose
for at least 24 hr before cryo-sectioning for immunohistochemistry (45 um; Microm).
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2.7. Immunohistochemical Staining

Immunohistochemistry in the SN was performed using rabbit polyclonal glial fibrillary
acidic protein antibody (GFAP; 1:2000 Dako) or rabbit polyclonal GLT-1 (1:1000 Abcam).
Immunohistochemistry in the STN was performed using a guinea pig polyclonal VGLUT-2
(vesicular glutamate transporter-2) antibody (1:20,000 Millipore). Briefly, primary
antibodies were applied to serial sections taken every 6th section from the SN or STN based
on our previous protocols (Boger et al., 2006). Endogenous peroxidase activity was
quenched by treating sections with 10% H,0, in 20% methanol for 10 min. Sections were
then permeabilized in TBST (TBS with 0.25% TritonX-100) following treatment for 20 min
with sodium meta-periodate. Non-specific binding was controlled by incubation in 10%
normal goat serum (NGS) for 1 hr. Sections were then incubated overnight in the primary
antibody at room temperature. The next day, sections were incubated for 1 hr with the
secondary antibody (1:200; biotinylated goat anti-rabbit serum or biotinylated goat anti-
guinea pig serum, Vector Laboratories) and 1 hr with avidin-biotin complex (ABC kit,
Vector labs). The reaction was developed using VIP peroxidase substrate kit (Vector labs) to
enhance the reaction and produce a color stain. This reaction was stopped using 0.1 M
phosphate buffer, and the sections were mounted on glass slides, dehydrated and cover-
slipped with DPX (Sigma). To control for staining intensity, staining of all sections for each
antibody were conducted on the same day, and developed with VIP for the same amount of
time (GFAP: 3 min, GLT-1: 0.5 min, VGLUT-2: 1 min).

2.8. Semiquantitation of GLT-1, GFAP, and VGLUT-2 immunostaining

Staining intensity of VGLUT-2 in the STN, and GLT-1 and GFAP in the SN, was
determined using NIH Image J Software to measure a gray scale value within the range of
0-256, where 0 represents white and 256 black. A template for the SN and STN was created
and used on all brains similarly, and images were captured with a Nikon Eclipse E-600
microscope, or an Olympus-750 video camera system, and a Dell Pentium 111 computer.
Measurements were performed blinded and measurements from 4 sections per brain region
(STN or SN) were averaged to obtain one value per subject. Staining density was obtained
when background staining was subtracted from mean staining intensities on every 6th
section through the STN (VGLUT-2) and SN (GLT-1 and GFAP).

2.9. Immunoblotting

Samples of right dorsal striatum were homogenized on ice using lysis buffer containing
PhosSTOP (Roche) and Protease Inhibitor (CalBiochem), and then loaded in duplicate (15
ug) and separated on Mini-PROTEAN TGX gels (BioRad Laboratories) at 200 V for 35
min. Proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane (BioRad
Laboratories) via a semi dry transfer for 7 min using 2.5 A and 25 V. The membranes were
removed from the cassette and blocked in 5% non-fat milk for 1 hr at room temperature. The
blots were then incubated overnight at 4°C in the primary antibodies (GLT-1 1:5000,
Abcam; GFAP 1:30,000, Abcam; TH 1:500, PelFreez). The next day, the blots were rinsed
in PBS with 0.1% Tween-20 (PBSt) and incubated in the secondary antibody (peroxidase-
conjugated goat anti-rabbit 1gG 1:10,000) for 1 hr. After repeating the PBSt rinse, blots were
imaged on a Kodak Image Station (3 exposures) using SuperSignal West Dura Luminol/
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Enhancer Solution (Thermo Scientific Laboratories). The band intensities were normalized
for protein load in each well. Normalized intensities of each band were reported as percent
of the WT whole-brain control sample that was run on each blot.

2.10. Statistical Analysis

Electrochemical, western blot, and immunohistochemical data were analyzed utilizing a 2
(genotype) x 2 (age) mixed-factor ANOVA analysis using Statview. For multiple
comparisons of groups, data were analyzed using one-way ANOVA comparisons, followed
by Fisher’s PLSD post-hoc analysis. Significance is reported as p<0.05.

3. Results

3.1. Alterations in glutamate kinetics in Gdnf*/~ mice

The glutamate system of the basal ganglia has been closely linked to neurodegenerative
diseases. In this study, we examined glutamate neurotransmission in the SN using in vivo
electrochemical detection to determine if glutamate neurotransmission was altered. A 2
(genotype) x 2 (age) ANOVA showed a significant interaction between genotype and age on
basal glutamate levels (F(1,27)=9.481; p<0.01). A group-wise comparison indicated a
significant difference (F(3 22)=4.410; p<0.05). A Fisher’s post-hoc analysis showed that 8
mon Gdnf*/~ mice have higher basal glutamate than WT mice at 8 mon (p<0.05) and
Gdnf*/~ mice at 12 mon (p<0.01), and lower glutamate baseline levels in 12 mon Gdnf*/~
mice than WT mice at 12 mon (p<0.05; Fig. 1B). These data indicate that at 8 mon, Gdnf*/~
mice have higher levels of glutamate in the extracellular space than age-matched WT mice.
However, at 12 mon, there is less glutamate in the extracellular space of Gdnf*/~ mice as
opposed to WT mice (p<0.05).

In addition, we looked at the magnitude of glutamate release as a potential cause of
glutamate excitotoxicity in Gdnf*/~ mice compared to WT mice. Glutamate release was
measured by the maximum peak amplitude of the evoked response to 70 mM KCI (Morris et
al., 2011) applied locally in the SN. A 2 (genotype) x 2 (age) ANOVA showed that KCI-
stimulated glutamate release is affected by age (F(1,18)=4.832; p<0.05), and a genotype x age
interaction existed (F(1,18)=8.912; p<0.01). A group-wise comparison indicated a significant
difference between groups (F(3,18)=5.144; p<0.01). Eight mon Gdnf*'~ mice released
significantly more glutamate than 12 mon Gdnf*/~ mice (p<0.01) and more than 8 mon WT
mice (p<0.05; Fig. 1C). At 12 mon, Gdnf*/~ mice had less glutamate release compared to
WT mice, although not statistically significant (p=0.0573).

Glutamate excitotoxicity can occur when excess glutamate persists in the synaptic cleft, and
in the extracellular space. This excess glutamate causes receptors on the post-synaptic
neuron to remain over-activated, and can also eventually lead cell death (Manev et al., 1989;
Misonou et al., 2006). In this study we examined glutamate uptake by measuring k_; (with
units of sec™1), the decay constant for glutamate clearance (Burmeister and Gerhardt, 2001).
A 2 (genotype) x 2 (age) ANOVA showed that the Gdnf*/~ genotype had a significant effect
on glutamate clearance (F(1,19)=8.519; p<0.01); however, neither age nor interaction
between the two main effects existed. A group-wise comparison confirmed that there was a
significant difference between the groups (F(3,19)=3.459; p<0.05). A Fisher’s post-hoc
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analysis showed that there was no significant difference between genotypes at 8 mon, even
though there is a trend towards Gdnf*/~ mice having slower clearance, but at 12 mon,
Gdnf*/~ mice had significantly slower glutamate clearance (uptake) than age-matched WT
mice (p<0.05; Fig. 1D). Taken together, the increased basal levels and release suggest that
Gdnf*/~ mice have alterations in glutamate transmission at an age prior to SN DA loss
(Boger et al., 2006; Littrell et al., 2013), suggesting a role for excess glutamate in the
degeneration of this system.

3.2. Effects of aging and reduced GDNF on GLT-1 and GFAP in the SN

GLT-1, a glutamate transporter primarily expressed on astrocytes, is responsible for
removing glutamate from the synaptic cleft as well as from the extrasynaptic space. We
wanted to assess levels of this transporter in the SN to evaluate its role as a potential
mechanism for DAergic cell death due to glutamate excitotoxicity in Gdnf*/~ mice. A 2
(genotype) x 2 (age) ANOVA found overall genotype (F(1,16)=21.47; p<0.001) and age
effects (F(1,16)=40.433; p<0.0001), but interaction of the two factors did not exist. A group-
wise comparison showed a significant difference between the groups (F(3,16)=21.2;
p<0.0001). A Fisher’s PLSD post hoc analysis found that GLT-1-immunoreactivity (ir)
decreased in both genotypes with age (WT: p<0.01; Gdnf*/~: p<0.0001), and Gdnf*/~ mice
had less GLT-1-ir than WT mice at both ages (8 mon: p<0.05; 12 mon: p<0.0.001; Fig. 2A-
E). These data coupled with reduced glutamate uptake at 12 mon suggests that dysfunction
of glutamate clearance mechanisms of Gdnf*/~ mice potentially results in DAergic cell death
as documented in our previous studies (Boger et al., 2006; 2007).

Increased astrogliosis is common with age (Lim et al., 2000); therefore, in this study we
assessed GFAP expression in 8 and 12 mon Gdnf*/~ and WT mice. A 2 (genotype) x 2 (age)
ANOVA showed overall age (F(1,26)=11.687; p<0.01) and genotype effects (F(1,26)=4.483;
p<0.05), but not an interaction of the main factors. A group-wise comparison indicated a
significant difference between groups (F(3 26)=5.627; p<0.01). A Fisher’s PLSD post hoc
analysis revealed that GFAP-ir density increased in the SN of both genotypes with age (WT:
p<0.05; Gdnf*/~: p<0.05). At 8 mon, Gdnf*/~ mice have more GFAP-ir than WT mice
(p<0.05), but at 12 mon, there is no significant difference between genotypes (Fig. 3A-E).
While some astrogliosis is expected and seen by the increase of GFAP in both genotypes
with age, the increase of GFAP-ir in 8 mon Gdnf*/~ mice compared to 8 mon WT mice
indicates that astrogliosis occurs at an earlier age in Gdnf*/~ mice compared to WT mice.

3.3. Effects of age and GDNF reduction on glutamatergic neurons in the STN

To assess glutamatergic neurons in the STN, we immunolabeled for VGLUT-2, one of the
vesicular transporters involved in glutamate neurotransmission, and a marker for
glutamatergic neurons (Favier et al., 2013; Varoqui et al., 2002). A 2 (genotype) x 2 (age)
ANOVA revealed a significant effect of age on VGLUT-2-ir (F(1,18)=28.422; p<0.0001), as
well as a genotype by age interaction (F(1,18)=11.962; p<0.01). A group-wise comparison
demonstrated a significant difference between groups (F3 18)=15.150; p<0.0001). A Fisher’s
post-hoc analysis showed that there is no significant difference between genotypes at 8 mon.
At 12 mon, Gdnf*/~ mice had significantly lower VGLUT-2-ir than 8 mon Gdnf*/~ mice
(p<0.0001) and 12 mon WT mice (p<0.01; Fig. 4A-E). This suggests that the increase in
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glutamate release and basal levels are not due to an increase in the number of glutamatergic
neurons in the STN, rather a hyperactive glutamate system. The overall decrease in
glutamate neurotransmission in 12 mon Gdnf*/~ mice may be explained by the fact that
these mice have fewer glutamatergic neurons in the STN at this age.

3.4. Effects of age and reduced GDNF on TH, GLT-1, and GFAP in the striatum

Since the SN DA neurons project to the striatum, we wanted to assess what effects altered
glutamate neurotransmission have on the SN-DA system; therefore, we measured TH levels
in the striatum (Fig. 5A). A 2 (genotype) x 2 (age) ANOVA found an overall genotype effect
(F(1,17)=5.998; p<0.05), but not an age effect or an interaction of the two. A group-wise
comparison confirmed the difference between groups (F(3,17)=3.87; p<0.05). A Fisher’s
PLSD post hoc analysis revealed that 12 mon Gdnf*/~ mice had lower levels of TH than
both age-matched WT mice (p<0.01) and 8 mon Gdnf*/~ mice (p<0.05; Fig. 5A). The
decrease of striatal TH levels in Gdnf*/~ mice at 12 mon suggests degeneration of the
DAergic axons and terminals that project to the striatum from the SN. This result is in
accordance with our previous findings of DAergic degeneration in the SN (Boger et al.,
2006; Littrell et al., 2013).

The dorsal striatum not only receives signals from the DAergic neurons of the SN, but also
from cortical glutamate neurons (Fieblinger et al., 2014). Increased glutamate
neurotransmission can result in damage to the SN DA system by causing axonal
degeneration. As seen in Fig. 5B, a 2 (genotype) x 2 (age) ANOVA found that there was a
significant effect of age on GLT-1 levels in the striatum (F(;,18)=6.442; p<0.05). There was
also a trend towards a genotype by age interaction; however, this was not significant
(F1,18=4.225; p=0.0546). A group-wise comparison demonstrated a significant difference
between groups (F(3,18)=3.895; p<0.05). A Fisher’s PLSD post-hoc analysis showed that at
12 mon, Gdnf*/~ mice had significantly lower GLT-1 levels than both 8 mon Gdnf*/~ mice
(p<0.01) and 12 mon WT mice (p<0.05; Fig. 5B). Since there is no significant difference
between genotypes at 8 mon, the decrease of GLT-1 in the striatum occurs after the
alterations of glutamate in the SN.

GFAP protein levels were measured to assess astrogliosis in the striatum (Fig. 5C). A 2
(genotype) x 2 (age) ANOVA revealed genotype and age effects on GFAP levels in the
striatum (F(1,20)=10.539; p<0.01 and F(1 20)=18.398; p<0.001, respectively), but there was
not a significant interaction. A group-wise comparison showed that the groups are
significantly different (F(3 20)=9.357; p<0.001). A Fisher’s PLSD post-hoc analysis
indicated that GFAP was lower in 8 mon mice than in 12 mon mice, regardless of genotype
(Gdnf*/~: p<0.01; WT: p<0.01). Gdnf*/~ mice had higher GFAP levels at both ages than
their WT counterparts (8 mon: p<0.05; 12 mon: p<0.05; Fig. 5C). These data show
astrogliosis in the striatum of both genotypes with age, but to a greater extent in Gdnf*/~
mice. Decreased GLT-1 levels and increased GFAP levels potentially suggest the presence
of glutamate system alterations in the dorsal striatum that occur prior to the DAergic
degeneration seen in Gdnf*/~ mice, providing a potential mechanism of degeneration.
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4. Discussion

Results from these studies demonstrate that changes in glutamate signaling are seen earlier
than the DAergic neuron loss and motor impairments observed in Gdnf*/~ mice (Boger et
al., 2006; Littrell et al., 2013). Our findings include higher basal glutamate levels and
increased glutamate release, lower levels of GLT-1-ir and higher levels of GFAP-ir in the
SN of Gdnf*/~ mice. Despite the increase of GFAP in the striatum at 12 mon in both
genotypes, the glial transporter GLT-1 is expressed at significantly lower levels in the
striatum of 12 mon Gdnf*/~ mice. This finding suggests that the change in GLT-1 is due to a
reduction in the expression of GLT-1, as opposed to an alteration in GLT-1 function.
Astrogliosis, known to increase with normal aging (Lim et al., 2000), has been shown to
alter genetic expression in astrocytes (Sofroniew 2009). Elevated GFAP-ir in 8 mon
Gdnf*/~ mice shows that astrogliosis is occurring earlier in these mice compared to WT
counterparts. This coupled with the reduction of GLT-1-ir in 8 mon Gdnf*/~ mice indicates
that astrogliosis leads to a reduction in expression of the of the glial glutamate transporter
GLT-1. This pattern of astrogliosis paired with decreased GLT-1-ir is seen again in 12 mon
mice of both genotypes. Future studies, including RT-PCR for mRNA and uptake assays, are
warranted to determine the exact nature of this change in expression.

We have previously demonstrated that by 12 mon of age, Gdnf*/~ mice have reduced motor
activity and an accelerated loss of SN DA neurons (Boger et al., 2006); however, the
mechanism by which this occurs is unknown. One potential mechanism is glutamate
excitotoxicity. Glutamate neurons in the STN project to the SN, and it has been
hypothesized that dysregulation of glutamate neurotransmission results in excess glutamate
stimulating post-synaptic receptors and increased Ca2* influx, potentially leading to cell
death. This study sought to establish a potential link between disrupted glutamate signaling
and GDNF levels. This was accomplished by examining glutamate transmission in Gdnf*/~
mice. Although the full mechanism by which excitotoxicity may occur is unknown, two
potential causes are: 1) increased glutamate release from the presynaptic cells; or 2)
alterations in the function or expression of the transporter that removes glutamate from the
synapse.

In this study, we demonstrated that at 8 mon of age, Gdnf*/~ mice have higher basal levels
of glutamate compared to age-matched WT mice. This is an age prior to the onset of motoric
and DAergic loss previously observed in these mice (Boger et al., 2006). Previous studies
have demonstrated that excess glutamate in the synaptic cleft can set the stage for increased
post-synaptic receptor activation. In addition to having increased basal levels of glutamate at
8 mon, Gdnf*/~ mice also displayed increased KCl-stimulated release of glutamate. Based
on previous studies, both higher basal levels of glutamate and increased stimulated release
coupled together could result in a potential excitotoxic environment for the SN DA neurons
in Gdnf*/~ mice. Future studies will be conducted to determine the exact age that glutamate
neurotransmission becomes altered and delve into the downstream effects as a result of
increased extracellular glutamate. However, by 12 mon — the age at which we have
previously shown that SN DA neurons are decreased in Gdnf*/~ mice (Boger et al., 2006)
— KCl-stimulated glutamate release is reduced compared to WT mice. One possible reason
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for this reduction is the loss of glutamate neurons in the STN, which we demonstrated in 12
mon Gdnf*/~ mice during this study.

Another potential mechanism for excess extracellular glutamate is a lack of clearance via
glutamate transporters (Fischer et al., 2013; Russo et al., 2013). While no significant
differences were observed at 8 mon of age, at 12 mon, Gdnf*/~ mice had significantly
slower uptake of glutamate in the SN. This finding was coupled with reduced
immunoreactivity of GLT-1, the major transporter associated with glutamate uptake into
astrocytes, in the SN. Similarly, at 12 mon, in the dorsal striatum of Gdnf*/~ mice, we
showed that GLT-1 levels were lower and GFAP levels were higher compared to age-
matched WT mice.

To determine the potential role of glutamate-induced damage in the dorsal striatum (the
target region for SN DA neurons), we assessed TH levels. These studies showed lower
levels of TH in 12 mon Gdnf*/~ mice compared to age-matched WT and 8 mon mice,
regardless of genotype. These findings are consistent with our previous studies showing
reduced TH-positive cells in the SN of 12 mon Gdnf*/~ mice (Boger et al., 2006; Littrell et
al., 2013).

These data show two separate mechanisms of glutamate excitotoxicity, increased release and
decreased uptake. While we are still working on the mechanism of increased release, the
decreased uptake can be explained by lower levels of GLT-1 in the SN and dorsal striatum.
These changes in glutamate neurotransmission are initially seen at 8 mon in Gdnf*/~ mice,
whereas the reduction of striatal TH is not observed until 12 mon. In this study, we see that
mice with a GDNF deficiency have altered glutamate signaling that precedes an accelerated
decline of the nigrostriatal pathway. This accelerated decline then leads to motor
dysfunction, according to our previous studies (Boger et al., 2006; Littrell et al., 2013).

5. Conclusions

Taken together, these data show that excess release from STN glutamatergic neurons, as
well as reduced glutamate uptake by GLT-1, may contribute to excitotoxicity that eventually
leads to DAergic cell death. Future studies will be conducted to determine whether changes
in glutamate kinetics are the cause of DAergic neuronal death, the mechanism by which
glutamate release is greater in Gdnf*/~ mice, and to determine whether GDNF-like
compounds alleviate these deficiencies.
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Figure 1.
Glutamate kinetics were measured in the substantia nigra of 8 mon and 12 mon WT and

Gdnf*/~ mice. A, Microelectrode placement through the mouse substantia nigra. The
diagrams show the approximate location of the microelectrode at: AP-3.0 (relative to
bregma; modified from Franklin and Paxinos (2001)). B, Photomicrograph of TH-ir in the
SN depicting electrode placement (arrow) in mice. C, Representative traces of glutamate
kinetics in 8 mon old WT and Gdnf*/~ mice to depict the various measures assessed,
including amplitude (dotted line) and k-1 (red slope line). D, Basal levels of glutamate
decreased in Gdnf*/~ mice over time (**p<0.01). At 8 mon, Gdnf*/~ mice had higher levels
of glutamate than WT animals (*p<0.05), and at 12 mon, basal levels dropped in Gdnf*/~
mice below those of WT animals (*p<0.05). E, The amount of glutamate released in
response to 70 mM KClI stimulation decreased in Gdnf*/~ mice over time (**p<0.01). At 8
mon, Gdnf*/~ mice released more glutamate than WT animals during KCl-stimulations
(*p<0.05). F, Glutamate uptake was slower in 12 mon Gdnf*/~ mice than in WT age-
matched animals (*p<0.05). Scale bar=150uM.
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Figure 2.
GLT-1-ir was lower in Gdnf*/~ mice at both ages. A-D, Photomicrographs (10x) in SN of 8

mon WT mice (A), 12 mon WT mice (B), 8 mon Gdnf*/~ mice (C), and 12 mon Gdnf*/~
mice (D). E, GLT-1-ir decreased in both genotypes with age (WT: **p<0.01, Gdnf*/~:
***n<0.001), but overall was lower in Gdnf*/~ mice at both ages (8 mon: *p<0.05, 12 mon:
***p<0.001). Scale bar=200uM.
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Figure 3.
GFAP-ir increased with age in both genotypes. A-D, Photomicrographs (60x) in SN of 8

mon WT mice (A), 12 mon WT mice (B), 8 mon Gdnf*/~ mice (C), and 12 mon Gdnf*/~
mice (D). E, GFAP-ir increased with age in both WT (*p<0.05) and Gdnf*/~ mice
(*p<0.05). However, GFAP-ir was significantly greater in the SN of Gdnf*/~ mice
compared to WT counterparts (*p<0.05). Scale bar=0.5mm.
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Figure 4.
VGLUT-2-ir, an indicator of glutamatergic neurons, decreased over time in the STN of

Gdnf*/~ mice. A-D, Photomicrographs of VGLUT-2-ir (60x) in STN of 8 mon WT mice
(A), 12 mon WT mice (B), 8 mon Gdnf*/~ mice (C), and 12 mon Gdnf*/~ mice (D). E,
VGLUT-2-ir decreased significantly between and 8 mon and 12 mon Gdnf*/~ mice
(***p<0.001) and at 12 mon was significantly lower than WT littermates (**p<0.01). Scale
bar=0.5mm.
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protein levels decreased in 12 mon Gdnf*/~ mice from both 8 mon Gdnf*/~ mice (*p<0.05)
and 12 mon WT mice (**p<0.01). (B) GLT-1 protein levels were lower in 12 mon Gdnf*/~
mice than either 8 mon Gdnf*/~ mice (**p<0.01) or 12 mon WT mice (*p<0.05). (C) GFAP
was increased predictably with age in both genotypes (WT: *p<0.05, Gdnf*/~: **p<0.01).
GFAP levels were higher in Gdnf*/~ mice at both ages compared to WT littermates (8 mon:
*p<0.05, 12 mon: *p<0.05).
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