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25Glial cell-line derived neurotrophic factor (GDNF) has been established as a growth factor for the survival and
26maintenance of dopamine (DA) neurons. In phase I clinical trials, GDNF treatment in Parkinson's disease
27patients led to improved motor function and asGDNF has been found to be down regulated in Parkinson's
28disease patients. Studies using GDNF heterozygous (Gdnf+/−) mice have demonstrated that a partial reduc-
29tion of GDNF leads to an age-related accelerated decline in nigrostriatal DA system- and motor-function and
30increased neuro-inflammation and oxidative stress in the substantia nigra (SN). Therefore, the purpose of
31the current studies was to determine if GDNF replacement restores motor function and functional markers
32within the nigrostriatal DA system in middle-aged Gdnf+/− mice. At 11 months of age, male Gdnf+/− and
33wildtype (WT)mice underwent bilateral intra-striatal injections of GDNF (10 μg) or vehicle. Locomotor activ-
34ity was assessed weekly 1–4 weeks after treatment. Four weeks after treatment, their brains were processed
35for analysis of GDNF levels and various DAergic and oxidative stress markers. An intrastriatal injection of GDNF
36increased motor activity in Gdnf+/− mice to levels comparable to WT mice (1 week after injection) and this
37effect was maintained through the 4-week time point. This increase in locomotion was accompanied by
38a 40% increase in striatal GDNF protein levels and SN GDNF expression in Gdnf+/− mice. Additionally, GDNF
39treatment significantly increased the number of tyrosine hydroxylase (TH)-positive neurons in the SN of
40middle-aged Gdnf+/− mice, but not WT mice, which was coupled with reduced oxidative stress in the SN.
41These studies further support that long-term changes related to the dysfunction of the nigrostriatal pathway
42are influenced by GDNF expression and add that this dysfunction appears to be responsive to GDNF treatment.
43Additionally, these studies suggest that long-term GDNF depletion alters the biological and behavioral
44responses to GDNF treatment.
45© 2012 Published by Elsevier Inc.
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50 1. Introduction

51 The use of neurotrophic factor supplementation, particularly in the
52 context of Parkinson's disease (PD), has been widely investigated
53 with promising findings of enhanced neuron function and behavioral
54 measures (Peterson and Nutt, 2008). In particular, GDNF has shown re-
55 storative effects in numerous animal models exhibiting dopamine
56 (DA)-neuron dysfunction including the aged and 6-hydroxydopamine
57 (6-OHDA) lesioned rat (Hebert and Gerhardt, 1997; Hoffer et al.,
58 1994) and the aged and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
59 (MPTP)-lesioned non-human primate (Grondin et al., 2002, 2003).
60 GDNF has also demonstrated protective effects from 6-OHDA- and

61MPTP-induced cytotoxicity in rodents (Kearns et al., 1997; Tomac
62et al., 1995). Furthermore, in phase I clinical trials GDNF showed sig-
63nificant therapeutic potential in Parkinson's disease patients (Gill et
64al., 2003; Slevin et al., 2005) with a 25% improvement on the Unified
65Parkinson Disease Rating Scale motor score.
66GDNF is a target derived neurotrophic factor that is expressed at
67highest levels in the developing striatum with a decline in expression
68in adulthood (Stromberg et al., 1993). There is also evidence for de-
69creased GDNF expression in the brains of Parkinson's disease patients
70(Chauhan et al., 2001; Jenner and Olanow, 1998) and dysregulation in
71aged rats with 6-OHDA lesions (Yurek and Fletcher-Turner, 2001). In
72light of the restorative- and protective-effects of GDNF on DA neurons
73and the prominent role of GDNF in development (Granholm et al.,
742000), the effects of a chronic GDNF depletion have been investigated
75using GDNF heterozygous mice (Gdnf+/−), which have decreased
76GDNF protein expression in the brain (Boger et al., 2006; Pichel et al.,
771996). Gdnf+/− mice display a unique aging phenotype — exhibiting
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78 locomotor deficiencies, decreases in tyrosine hydroxylase (TH) staining
79 in the SN, and functional changes in DA-release and -uptake in the
80 striatum (Boger et al., 2006; Littrell et al., 2010). Typically, motor and
81 DA-neuron functional measures decline around 12 months of age in
82 Gdnf+/− mice.
83 It has been suggested that inflammation contributes to ni-
84 grostriatal dysfunction in Gdnf+/− mice because of increased mi-
85 croglial cell activation and exacerbated microglial responses in
86 methamphetamine-induced toxicity models (Boger et al., 2007).
87 Indeed, neuro-inflammation is strongly implicated in the degeneration
88 and dysfunction of the nigrostriatal pathway related to PD and parkin-
89 sonism (He et al., 2001; Hunter et al., 2007; Zecca et al., 2008). The
90 inflammatory response is thought to be related to oxidative stress
91 (Hald and Lotharius, 2005) — both processes having been associated
92 with neurodegeneration (Aubin et al., 1998; Chan et al., 2012; Jenner
93 and Olanow, 1996; Sugama et al., 2003). In addition to being linked to
94 PD pathogenesis (Jenner and Olanow, 2006), oxidative stress is impli-
95 cated in age-associated neurodegeneration (Chakrabarti et al., 2011).
96 Since GDNF treatment reduces neurotoxicity related to oxidative stress
97 (Ortiz-Ortiz et al., 2011; Sawada et al., 2000), oxidative stress markers
98 in Gdnf+/−micewere investigated. Preliminary data from our laborato-
99 ry have shown that markers of oxidative stress are altered in the SN of
100 Gdnf+/− mice. Cyclooxygenase-2 (COX-2) is a known cytokine that
101 can be released from glial cells and is involved in neuro-inflammatory
102 and oxidative stress pathways (Gupta et al., 2011).
103 To further investigate results from preliminary studies, the current
104 studies assess oxidative stress markers (COX-2) as well as levels of an
105 antioxidant (superoxide dismutase-2 (SOD-2)) in this model of GDNF
106 depletion and examine if GDNF treatment in middle-aged Gdnf+/−

107 mice affects these oxidative stress markers. Motor behavior (locomotor
108 activity) and DA-neuron functional measures are enhanced in studies
109 using GDNF treatment in animal models (Grondin et al., 2003; Hebert
110 and Gerhardt, 1997; Kordower et al., 2000). Thus, similar locomotor
111 measures and DA-neuron functional measures were investigated after
112 GDNF treatment in Gdnf+/− mice. The primary aim of these studies
113 was to test the hypothesis that age-related DA-neuron dysfunction,
114 potential causes of dysfunction, and concomitant motor impairments
115 are reduced by GDNF treatment in Gdnf+/− mice. In particular, the
116 following questions were investigated in Gdnf+/− and age-matched
117 WT mice: 1) Does GDNF treatment affect spontaneous or stimulated
118 locomotor activity? 2) Does GDNF treatment restore the number of
119 DA neurons in the SN? 3) Does GDNF treatment attenuate oxidative
120 stress markers in the SN?

121 2. Material and methods

122 2.1. Animals

123 A nonfunctional GDNF allele was generated by replacing part of
124 exon 3, which encodes the GDNF protein with a selectable marker
125 neomycin phosphotransferase expressing cassette. Generation and
126 genotyping of Gdnf+/− mice is described in detail in previous work
127 (Pichel et al., 1996). Mice were obtained from a colony established
128 at the Medical University of South Carolina. Mice were bred on a
129 C57Bl/6J background consistent with NIH approved protocols. After
130 transfer to the University of Kentucky, mice were acclimated for
131 a minimum of 1 week before experimentation. Male Gdnf+/− mice
132 (12 months of age) were compared with age-matched WT mice in
133 all experiments. Mice were housed 3–4 per cage with food and
134 water provided ad libitum. Mice were maintained under 12:12 h
135 light/dark cycle at an ambient temperature of 20–22 °C. Protocols
136 for animal care were in agreement with NIH approved guidelines
137 and compliant with local institutional protocols at the University of
138 Kentucky Medical Center and Medical University of South Carolina.
139 Procedures were in strict agreement with the Guide for the Care and
140 Use of Laboratory Animals.

1412.2. Reagents

142Recombinant methionyl human GDNF (Amgen, Thousand Oaks,
143CA, USA) expressed in Escherichia coli as previously described (Lin
144et al., 1993) was used.

1452.3. Delivery of GDNF

146GDNF was dissolved (5 μg/μL) in sterile (0.22 μm filtered) citrate
147buffer (10 mM sodium citrate, 150 mM NaCl, pH=5) as previously
148described (Hebert et al., 1996).
149Animals used for survival surgical procedures were anesthetized
150with isoflurane gas (1.5–2.5% in O2) and positioned in a stereotaxic
151frame (Kopf Instruments, Tujunga, CA, USA). A craniotomy was
152performed for access to the targeted structures and GDNF or vehicle
153was delivered using a 26-gauge needle (cannula only) (22026-01,
154point style-3; Hamilton Company, Reno, NV) attached to a 25-μL
155Hamilton syringe (80408, point style 3; Hamilton Company, Reno,
156NV) using plastic tubing (Zeus Inc., Orangeburg, SC). Gdnf−+/−

157mice (12-month-old) (n=14) and age-matched WT littermate mice
158(n=8) were treated with 10 μg of GDNF (bilaterally) or equivalent
159volume of citrate buffer (vehicle) to the striata. The dose was selected
160based on previous studies in rodents (Hebert et al., 1996; Hudson
161et al., 1995). Stereotaxic coordinates were (from bregma (mm)
162(bilaterally)): anterior–posterior: +1.0, medial–lateral: +/−1.5,
163dorsal–ventral: −3.0 (Franklin and Paxinos, 2001; Kirik et al.,
1642004). Solution delivery was controlled using a KD Scientific model
165infusion pump (model 100, KD Scientific Inc., Holliston, MA). Solution
166delivery began 5 min after lowering to the appropriate depth. GDNF
167and vehicle treatments were administered bilaterally (10 μg per
168hemisphere or equivalent volume (2 μL) of vehicle) at a rate of
1690.2 μL/min for 10 min. The needle remained in the brain after
170completing solution delivery and was slowly retracted after 10 min.
171This procedure was repeated bilaterally and the overlying burr holes
172were covered with bone wax before closing the incision with dis-
173solvable sutures (4-0 Caprosyn™, Covidien; Norwalk, CT). Topical
174analgesic ointment (Neosporin® with pramoxine HCl; Rite Aid
175Corp.) was applied to the incision site following surgical procedures
176and daily out to 3 days post-operatively. During surgical procedures
177and the immediate recovery period following surgery, animals rested
178on a heating pad connected to a re-circulating water bath (Gaymar
179Industries, Inc., Orchard Park, NY)maintained at 37 °C. Animals recov-
180ered in their home cage under observation in the laboratory (~2 h)
181before transport to the animal housing facility. Animal health was
182assessed daily for a minimum of 1 week for signs of postoperative
183distress. There was significant attrition due to anesthetic intolerance
184in all treatment groups and genotypes. Thus, some of the treated ani-
185mals were not viable for use in brain tissue analysis. The resulting
186sample size is indicated in the Results sections.

1872.4. Locomotor activity

188Locomotor activity (total distance traveled) was assessed using a
189Digiscan Animal Activity Monitor system (Omnitech Electronics
190Model RXYZCM (8); TAO, Columbus, OH, USA), details of which
191have been previously described (Halberda et al., 1997). Animals
192were tested for spontaneous motor activity prior to treatment
193with vehicle or GDNF and randomly assigned to treatment groups.
194Spontaneous motor activity was determined weekly (1–4 weeks
195after treatment) using the total distance traveled over a 1-hour
196period. At the 4-week time point, animals were injected with saline
197(0.9% NaCl, 0.01 mL/g body weight, i.p.) before measuring sponta-
198neous locomotor activity. The saline injection served as a negative
199control for stimulated motor activity. Previous studies from our
200laboratory have demonstrated that Gdnf+/− mice have greater DAT
201activity (Boger et al., 2007). Since it has been established in the
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