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Abstract 30 

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is the most common 31 

neurosurgical treatment for Parkinson’s disease motor symptoms.  In preclinical models, 32 

STN DBS provides neuroprotection for substantia nigra (SN) dopamine neurons and 33 

increases brain-derived neurotrophic factor (BDNF) in the nigrostriatal system and 34 

primary motor cortex.  However, whether BDNF signaling in the SN participates in the 35 

neuroprotective effects of DBS remains unknown.  We demonstrate that STN DBS in 36 

male rats activates signaling downstream of tropomyosin receptor kinase type B (trkB), 37 

namely phosphorylation of Akt and ribosomal protein S6, in SN neurons.  Long-term 38 

trkB blockade abolished STN DBS-mediated neuroprotection of SN neurons following 39 

progressive 6-hydroxydopamine lesion and was associated with decreased p-rpS6 40 

immunoreactivity.  Acute trkB blockade in rats with stable nigrostriatal denervation 41 

attenuated the forelimb akinesia improvement normally induced by STN DBS.  These 42 

results suggest that STN DBS increases BDNF-trkB signaling to contribute to the 43 

neuroprotective and symptomatic efficacy of STN DBS.   44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 
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Significance Statement 53 

Subthalamic nucleus deep brain stimulation (STN DBS) is increasingly used in mid- to 54 

late-stage Parkinson’s disease (PD) but with an incomplete knowledge of its molecular 55 

mechanisms.  STN DBS is neuroprotective against neurotoxicants in animal models and 56 

increases brain-derived neurotrophic factor (BDNF).  This study is the first to show that 57 

BDNF signaling through the cognate trkB receptor occurs in substantia nigra pars 58 

compacta neurons and is required for neuroprotection.  In addition, blockade of trkB 59 

unexpectedly reduced the functional benefit of STN DBS on a short timescale that is 60 

inconsistent with canonical trkB signaling pathways, suggesting a non-canonical role for 61 

trkB in STN DBS-mediated behavioral effects.  Together, these data implicate trkB 62 

signaling in the symptomatic efficacy and disease-modifying potential of STN DBS.   63 

  64 
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Introduction 65 

Deep brain stimulation (DBS) is currently the gold-standard neurosurgical therapy for 66 

Parkinson’s disease (PD) with the subthalamic nucleus (STN) as the most commonly 67 

targeted and studied site.  Apart from its symptomatic benefits, STN DBS has been 68 

investigated as a disease-modifying therapy, though these clinical studies arrived at 69 

opposing conclusions, presumably because they exclusively used late-stage PD 70 

subjects (Krack et al., 2003; Rodriguez-Oroz et al., 2004; Hilker et al., 2005; Rodriguez-71 

Oroz et al., 2005; Tagliati et al., 2010).  However, it is well established that the 72 

overwhelming majority of dopamine (DA) neurons of the substantia nigra pars compacta 73 

(SNpc) and dopaminergic (DAergic) innervation to the putamen already have 74 

succumbed to degeneration at later stages of the disease (Cheng et al., 2010; 75 

Kordower et al., 2013).  As a result, understanding potential disease-modifying effects 76 

of DBS is an important step in justifying early-stage PD interventions when a larger 77 

portion of the SNpc can be saved.     78 

 79 

Preclinical studies in parkinsonian animal models can provide insight into the disease-80 

modifying potential of STN DBS.  STN DBS or lesions of the STN can prevent SNpc DA 81 

neuron loss when initiated prior to or following 6-hydroxydopamine (6-OHDA) or 1-82 

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in rodents and non-human primates 83 

in addition to showing clinically-relevant alleviation of motor impairments (Piallat et al., 84 

1996; Meissner et al., 2002; Chang et al., 2003; Darbaky et al., 2003; Maesawa et al., 85 

2004; Shi et al., 2004; Fang et al., 2006; Shi et al., 2006; Temel et al., 2006; Vlamings 86 

et al., 2007; Wallace et al., 2007; Harnack et al., 2008; Spieles-Engemann et al., 2010b; 87 
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Spieles-Engemann et al., 2010a; Spieles-Engemann et al., 2011).  However, the 88 

mechanism for STN DBS-mediated neuroprotection in preclinical models of PD is 89 

currently unknown.  Identification of the neuroprotective mechanism(s) in preclinical PD 90 

models would inform a strategy to optimize the disease-modifying potential of STN DBS 91 

in the parkinsonian brain. 92 

 93 

Evidence suggests a role for brain-derived neurotrophic factor (BDNF) in the 94 

neuroprotection associated with STN DBS in preclinical models.  Previously, our 95 

laboratory demonstrated that STN DBS increases BDNF in the nigrostriatal system and 96 

the primary motor (M1) cortex in a stimulation-dependent manner (Spieles-Engemann 97 

et al., 2009; Spieles-Engemann et al., 2011), and a role for BDNF has been revealed in 98 

other studies examining high-frequency stimulation of other brain circuitries (Friedman 99 

et al., 2009; Gersner et al., 2010; Hamani et al., 2012).  STN DBS likely increases 100 

BDNF release in an activity-dependent manner, similar to that observed with high-101 

frequency stimulation in vitro (Hartmann et al., 2001; Matsuda et al., 2009).  Activity-102 

dependent release of BDNF promotes survival, growth and synaptic plasticity via 103 

activation of its high-affinity receptor tropomyosin-related kinase type B (trkB) (Yoshii 104 

and Constantine-Paton, 2010; Lewin et al., 2014).  TrkB activation of the mitogen-105 

activated protein kinase/extracellular signal related-kinase (MAPK/ERK) cascade or the 106 

phosphatidylinositol 3-kinase/Akt (PI3K/Akt) cascade is linked to survival signaling 107 

(Cobb and Cobb, 1999; Airaksinen et al., 2002; Yoshii and Constantine-Paton, 2010; 108 

Lewin et al., 2014).  Therefore, it is reasonable to suggest that an increase in BDNF-109 

trkB survival signaling could promote the survival of SNpc neurons. 110 
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 111 

Using our long-term stimulation platform and our well-characterized 6-OHDA rat model 112 

of PD (Spieles-Engemann et al., 2010b), we examined SNpc neurons in situ for 113 

evidence supporting stimulation-dependent trkB activation.  Phosphorylation of both Akt 114 

(protein kinase B) and ribosomal protein S6 (rpS6) phosphorylation (p-rpS6)— 115 

downstream readouts of BDNF-trkB signaling through the converging pathways PI3K-116 

Akt-mTOR and ras-ERK-mTOR (Mendoza et al., 2011)—was significantly increased in 117 

SNpc neurons receiving chronic stimulation.  Using long-term treatment with the potent 118 

and specific trkB receptor antagonist N-[2-[[(Hexahydro-2-oxo-1H-azepin-3-119 

yl)amino]carbonyl]phenyl]benzo[b]thiophene-2-carboxamide (ANA-12) (Cazorla et al., 120 

2011) concurrently with stimulation, we then examined whether trkB antagonism 121 

attenuated STN DBS-mediated neuroprotection.  Furthermore, we examined whether 122 

acute trkB blockade attenuates the ability of STN DBS to reverse forelimb akinesia 123 

induced by unilateral nigrostriatal denervation.  Our data implicate trkB signaling in both 124 

the symptomatic and disease-modifying potential of STN DBS.   125 

 126 

  127 
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Methods 128 

Experimental Design 129 

In Experiment 1, rats underwent surgery for STN electrode implantation only (i.e., no 6-130 

OHDA administration), and received either stimulation or no stimulation starting one 131 

week after implantation for a period of one week until sacrifice on Day 14.  In 132 

Experiment 2, all rats underwent intrastriatal 6-OHDA neurotoxicant lesioning and 133 

electrode placement into the STN during the same surgical session.  Stimulation and 134 

drug (or vehicle) administration were both begun on the tenth day after surgery and 135 

continued until the end of the experiment.  A subset of rats underwent behavioral testing 136 

on Days 26 and 27 when ‘on’ or ‘off’ stimulation, respectively.  Rats were euthanized on 137 

Day 28.  In Experiment 3, all rats were administered 6-OHDA and implanted with 138 

electrodes during the same surgical session, and the lesion was allowed to progress 139 

until stable at six weeks (Spieles-Engemann et al., 2010b) with the cylinder task 140 

employed as detailed below.  Timelines for all three experiments are depicted in panel A 141 

of Figures 1, 2 and 4.   142 

 143 

Animals 144 

A total of forty-two, male, Sprague-Dawley rats (Harlan, ≈250 g) were used in 145 

Experiments 1 (n = 6), 2 (n = 26) and 3 (n = 10).  Rats were only included in the final 146 

analysis if they successfully completed the study with electrode placement adequately 147 

targeting the STN, as described previously (Spieles-Engemann et al., 2010a).  Animals 148 

were allowed food and water ad libitum and were housed in reverse dark-light cycle 149 

conditions in the AAALAC approved facility at the Van Andel Research Institute.  The 150 
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Michigan State University Institutional Animal Care and Use Committee approved this 151 

study.   152 

 153 

Electrode Implantation 154 

All rats were implanted with stimulating electrodes.  In Experiments 2 and 3 rats also 155 

received intrastriatal 6-OHDA injections prior to electrode implantation during the same 156 

surgical session.  Rats were unilaterally implanted (ipsilateral to 6-OHDA injections) with 157 

a bipolar, concentric microelectrode (inner electrode projection 1.0 mm, inner insulated 158 

electrode diameter 0.15 mm, outer electrode gauge 26, Plastics One, Roanoke, VA) 159 

targeted to the dorsal border of the STN (AP −3.4 mm, ML +2.5 mm, relative to bregma 160 

and DV −7.7 mm, relative to the dura mater).  The dorsal STN border placement site 161 

was selected in order to minimize damage to the nucleus, as has been described 162 

previously (Spieles-Engemann et al., 2010b).  Burr holes were drilled in the skull; the 163 

electrode was fixed in place using bone screws and dental acrylic.  164 

 165 

Intrastriatal 6-OHDA Injections 166 

Intrastriatal 6-OHDA injections were conducted as described previously (Spieles-167 

Engemann et al., 2010b).  Rats were anesthetized prior to surgery with Equithesin (0.3 168 

ml / 100 g body weight i.p.; chloral hydrate 42.5 mg / ml + sodium pentobarbital 9.72 mg 169 

/ ml).  They received two unilateral, intrastriatal injections (AP +1.6 mm, ML +2.4 mm, 170 

DV −4.2 mm and AP +0.2 mm, ML +2.6 mm, DV −7.0 mm relative to bregma) of 6-171 

OHDA (MP Biomedicals, Solon, OH; 5.0 μg / μl 6-OHDA in 0.02% ascorbic acid, 0.9% 172 

saline solution, injection rate 0.5 μl/minute, 2.0 μl per site).  Drill holes were filled with 173 
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gel foam or bone wax to prevent entry of cement during electrode placement.  These 6-174 

OHDA lesion parameters result in ≈50% loss of SNpc tyrosine hydroxylase 175 

immunoreactive (THir) neurons after two weeks that progresses to ≈75% loss after four 176 

weeks and is stable at six weeks (Spieles-Engemann et al., 2010b).   177 

 178 

Continuous Stimulation Platform 179 

Rats received STN stimulation that was continuously delivered in a freely moving setup 180 

as previously described (Spieles-Engemann et al., 2010b).  Stimulation was generated 181 

by an Accupulser Signal Generator (World Precision Instruments, Sarasota, FL) via a 182 

battery-powered Constant Current Bipolar Stimulus Isolator (World Precision 183 

Instruments, Sarasota, FL).  Stimulation parameters consisted of a frequency of 130 Hz, 184 

a pulse width of 60 μs and an intensity of 30-50 μA.  At the onset of stimulation, 185 

intensity settings were increased until orofacial or contralateral forepaw dyskinesias 186 

were observed in order to confirm stimulation delivery.  Immediately following a positive 187 

dyskinetic response, the intensity was set below the lower limit of dyskinesias, such that 188 

no rat was functionally impaired by stimulation.  When rats were not being stimulated, 189 

they were still physically connected within their specially designed stimulator cage to a 190 

commutator.   191 

 192 

ANA-12 and Vehicle Preparation 193 

N-[2-[[(Hexahydro-2-oxo-1H-azepin-3-yl)amino]carbonyl]phenyl]benzo[b]thiophene-2-194 

carboxamide (ANA-12, Catalog #4781, Tocris Bioscience, Bristol, United Kingdom), was 195 

dissolved in dimethyl sulfoxide (DMSO, Fisher Scientific BP231-1, Lot #072871) and 196 
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added to a solution of polyethylene glycol 400 (PEG-400, Fluka 81172, Lot 197 

#BCBK4383V) and normal saline (Teknova, S5812, Lot #S581204D1301) for a final 198 

solution of 5% DMSO, 40% normal saline and 55% PEG 400.  Vehicle was prepared 199 

under identical parameters except for the addition of ANA-12.  For each injection of 200 

ANA-12, the compound was dissolved and a new solution made immediately before 201 

use.   202 

 203 

Experiment 2: Behavioral Testing, Stimulation and Drug Administration Timeline 204 

Rats were randomly assigned to receive stimulation (Active) or not (Inactive).   205 

Spontaneous forelimb use was assessed using the cylinder task as described 206 

previously (Schallert and Tillerson, 2000; Schallert, 2006; Spieles-Engemann et al., 207 

2011; Fischer et al., 2015).  Other behavioral measures were not employed due to their 208 

incompatibility with the external hardware required for continuous stimulation in an 209 

awake animal.  210 

 211 

During the dark cycle, rats were placed in a clear Plexiglas cylinder and videotaped until 212 

twenty, weight-bearing forelimb placements on the side of the cylinder occurred, or until 213 

a maximum trial time of five minutes had elapsed.  To determine if forelimb preference 214 

was present, the number of contralateral, ipsilateral and simultaneous paw placements 215 

was quantified.  Data are reported as the percentage of contralateral (to 6-OHDA and 216 

electrode) forelimb use: [(contralateral + ½ both)/(ipsilateral + contralateral + both)] x 217 

100%.  Rats with a unilateral nigrostriatal lesion will show a bias toward using the 218 

ipsilateral limb.  A forelimb deficit was defined as possessing a minimum of a 20% 219 



 

 12 

relative reduction in contralateral forepaw use compared to baseline.  Inclusion in this 220 

study required a forelimb deficit at the second behavioral task six weeks after surgery.   221 

 222 

Within the Active and Inactive arms of Experiment 2, rats were randomly assigned to 223 

receive ANA-12 or vehicle twice per day, i.p., 0.5 mg/kg (Cazorla et al., 2011; Ambrogini 224 

et al., 2013) from day 10 to day 28 after surgery, resulting in four total treatment groups: 225 

Active+ANA-12, Inactive+ANA-12, Active+Vehicle, Inactive+Vehicle.   226 

 227 

Experiment 3: Behavioral Testing, Stimulation and Drug Administration Timeline 228 

Within two hours of the start of the dark cycle, rats received an injection of ANA-12 (0.5 229 

mg/kg, i.p.) or vehicle and were immediately connected to the stimulation hardware.  230 

Stimulation was turned on 3.5 to 4.0 hours after injection, and behavior was assessed 231 

using the cylinder task (described above) at least four hours post injection (i.e., forelimb 232 

use was assessed after a 30-minute stimulation acclimation period), as intraperitoneal 233 

administration of ANA-12 results in peak attenuation of trkB phosphorylation four hours 234 

post injection (Cazorla et al., 2011).  Stimulation was discontinued after cylinder task 235 

testing was complete.  The cylinder task was conducted at the following time points for 236 

all rats under the conditions listed: (a) prior to surgery, vehicle injected (b) six weeks 237 

following surgery, off stimulation, vehicle injected (c) 6.5 weeks following surgery, on 238 

stimulation, vehicle injected and (d) 7.5 weeks following surgery, on stimulation, ANA-12 239 

injected.   240 

 241 

Euthanasia 242 
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At two (Experiment 1), four (Experiment 2) or eleven (Experiment 3) weeks after 243 

surgery, rats were deeply anesthetized (60 mg/kg, pentobarbital, i.p.) and perfused 244 

intracardially with heparinized normal saline at 37°C followed by ice-cold normal saline.  245 

Care was taken to minimize the tissue damage resulting from removing the skull with 246 

the electrode still intact.  All brains were placed in ice cold normal saline for one minute 247 

and then hemisected on the coronal plane at the optic chiasm.  The caudal half was 248 

fixed in 4% paraformaldehyde for one week and transferred to 30% sucrose in 0.1 M 249 

phosphate buffer.  The rostral half was immediately flash-frozen in 3-methyl butane on 250 

dry ice and stored at -80°C.   251 

 252 

Kluver-Barrera Histology 253 

Saline-perfused/paraformaldehyde-postfixed brains (caudal half after hemisection) were 254 

frozen on dry ice and sectioned at 40 μm thickness using a sliding microtome in six 255 

series.  Every sixth section of the subthalamic nucleus (STN) was stained using Kluver-256 

Barrera histochemistry (Kluver and Barrera, 1953) to evaluate for appropriate targeting 257 

of the electrode to the STN.  Only rats with correctly positioned electrodes were 258 

included in the data analysis (e.g., Figure 2B, C).  Electrode location was considered to 259 

be appropriate if the tip of the electrode was observed within 250 μm of the border of 260 

the STN within any of the sections based on previous estimations of current spread 261 

conducted using similar stimulation parameters (Spieles-Engemann et al., 2010a).   262 

 263 

Brightfield Tyrosine Hydroxylase Immunohistochemistry for SNpc Neurons 264 
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One series (i.e., every sixth section) was stained with antisera for tyrosine hydroxylase 265 

(TH) using the free-floating method.  Tissue was blocked in normal goat serum and 266 

incubated overnight in primary antisera directed against TH (Millipore Cat# MAB318 267 

RRID:AB_2201528, mouse anti-TH 1:4000).  Cell membranes were permeabilized with 268 

the addition of Triton-X (0.3%) to the 0.1 M Tris buffer during incubations.  Sections 269 

were then incubated in biotinylated secondary antisera against mouse IgG (Millipore 270 

Cat# AP124B RRID:AB_92458, 1:400) followed by the Vector ABC detection kit 271 

employing horseradish peroxidase (Vector Laboratories, Burlingame, CA).  TH 272 

immunoreactive (THir) neurons were visualized upon exposure to 0.5 mg/ml 3,3’-273 

diaminobenzidine (DAB) and 0.03% H2O2 in Tris buffer.  Sections were mounted on 274 

subbed slides, dehydrated with ethanol followed by xylenes and coverslipped with 275 

Cytoseal (Richard-Allan Scientific, Waltham, MA).  Images shown in figures were 276 

processed in Photoshop (Adobe, San Jose, CA) using the automatic levels function.   277 

 278 

Unbiased Stereology of THir Neurons in the SNpc 279 

The number of THir neurons in the SNpc ipsilateral and contralateral to 6-OHDA 280 

injection was quantified using unbiased stereology with the optical fractionator principle. 281 

Using a Nikon Eclipse 80i microscope, Retiga 4000R camera (QImaging, Surrey, BC, 282 

Canada) and Microbrightfield StereoInvestigator software (Microbrightfield Bioscience, 283 

Burlingame, VT), THir neuron quantification was completed by drawing a contour 284 

around the SNpc borders at 4X and counting THir neurons according to stereological 285 

principles at 60X (NA 1.4) with parameters chosen for Schmitz-Hof Coefficients of Error 286 
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to be less than or equal to 0.15.  The percentage of remaining THir neurons of the 287 

ipsilateral, lesioned SNpc relative to the contralateral, intact SNpc was calculated.   288 

 289 

Dissection of striatum for HPLC analysis 290 

Frozen brains were equilibrated at a temperature of −20°C prior to dissection.  Coronal 291 

slabs of 1–2 mm thickness were blocked from each brain using a brain blocker (Zivic, 292 

Pittsburg, PA).  Striatal tissue from both hemispheres was microdissected while being 293 

held at a constant −12 °C on a cold plate (Teca, Chicago, IL).  Frozen, dissected 294 

structures were placed individually in cryovials and stored at −80°C until analysis.   295 

 296 

High performance liquid chromatography (HPLC) 297 

Homogenized samples were analyzed as described previously (Perez et al., 2005; 298 

Spieles-Engemann et al., 2010b; Kanaan et al., 2015).  Briefly, samples were sonicated 299 

into an antioxidant solution (0.4 N perchlorate, 1.34 mM EDTA and 0.53 mM sodium 300 

metabisulfite), and protein concentration was determined on a small aliquot using a 301 

bicinchoninic acid (BCA) assay (Pierce).  Clarified samples were separated on a 302 

250x4.6 mm Microsorb MV C8 100-5 column (Varian, Walnut Creek, CA) and 303 

simultaneously examined for dopamine (DA), homovanillic acid (HVA) 3,4-304 

dihydroxyphenylacetic acid (DOPAC), 5-hydroxytryptophan (5-HT), 5-305 

hydroxyindoleacetic acid (5-HIAA) and norepinephrine (NE).  Compounds were 306 

detected using a 12-channel coulometric array detector (CoulArray 5200, ESA, 307 

Chelmsford, MA) attached to a Waters 2695 Solvent Delivery System (Waters, Milford, 308 

MA) under the following conditions: flow rate of 1 ml/min; detection potentials of 50, 175, 309 
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350, 400 and 525 mV; and scrubbing potential of 650 mV.  The mobile phase consisted 310 

of a 15% methanol solution in distilled water containing 100 mM citric acid, 75 mM 311 

Na2HPO4, 80 μM heptanesulfonate monohydrate and sodium salt at a pH of 4.25.  Data 312 

are expressed as ng/mg protein.  Striatal DA depletion of 90% was used as a criterion 313 

for inclusion in Experiment 2 based on previous determination that this intrastriatal 6-314 

OHDA paradigm results in near complete depletion of dopaminergic innervation within 2 315 

weeks (Spieles-Engemann et al., 2010b).   316 

 317 

Dual-Label Immunofluorescence for Tyrosine Hydroxylase/Phosphorylated Ribosomal 318 

Protein S6 or Akt/Phosphorylated Akt   319 

One series (i.e., every sixth section) was double labeled either with antisera for TH and 320 

phosphorylated ribosomal protein S6 (p-rpS6, Ser235/236) or Akt/phosphorylated Akt 321 

using the free-floating method.  Tissue was washed and blocked in normal goat serum 322 

for one hour and incubated overnight in primary antisera directed against TH (Millipore 323 

Cat# MAB318 RRID:AB_2201528, mouse anti-TH 1:4000), p-rpS6 (Cell Signaling 324 

Technology Cat# 2211 also 2211L, 2211S RRID:AB_331679, rabbit anti-p-rpS6 1:400), 325 

total Akt (R and D Systems Cat# MAB2055 RRID:AB_2224581, mouse anti-Akt, 326 

1:2000) and phospho-AKT (R and D Systems Cat# AF887 RRID:AB_355685, rabbit 327 

anti-phospho-Akt, 1:1000).  Cell membranes were permeabilized with the addition of 328 

Triton-X (0.5%) to the 0.1 M Tris buffer during incubations.  Sections were then 329 

incubated in secondary antisera conjugated to fluorophores against mouse IgG (Alexa 330 

Fluor 488, Thermo Fisher Scientific Cat# A-11001 RRID:AB_2534069, 1:500) and rabbit 331 

IgG (Alexa Fluor 568, Thermo Fisher Scientific Cat# A11077 RRID:AB_10562719, 332 
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1:500) for one hour and rinsed. Sections were mounted on subbed slides and 333 

coverslipped with Vectashield Hardset Mounting Medium (Vector Laboratories H1400).  334 

All treatment groups were processed simultaneously.   335 

 336 

The three SNpc sections in which the fibers of the medial terminal nucleus of the 337 

accessory optic tract could be identified were photographed at 20X magnification at a 338 

single focal plane using a Nikon Eclipse microscope, and images were stitched using 339 

Nikon Elements software.  Identical exposure times and settings within each channel 340 

were used across all sections that are statistically compared.  For TH/p-rpS6 341 

measurements, regions of interest (ROIs) were drawn around THir SNpc neurons with 342 

identifiable cell boundaries and evidence of nuclear pallor and with the p-rpS6 channel 343 

not viewable to the investigator.  For total Akt/pAkt intensity measurements a ROI 344 

contour was drawn encompassing the SNpc.  ROI mean intensity data were exported 345 

for both channels.  Each ROI/neuron across the three tissue sections was treated as a 346 

technical replicate and averaged.  Immunoreactivity values were converted to 347 

percentages of the control group average within each comparison.  Images shown in 348 

figures were processed in Photoshop using the automatic levels function.   349 

 350 

Statistical Analysis 351 

All statistical analyses were performed using IBM SPSS Statistics (IBM, Armonk, NY).  352 

The effect of 6-OHDA on THir neuron survival was determined by a two-tailed, 353 

independent samples t-test by comparing the intact to the lesioned hemisphere.  The 354 

impact of chronic ANA-12 administration on the extent of the 6-OHDA lesion was 355 
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determined by a two-tailed, independent samples t-test comparing the percent lesion 356 

between the two Inactive groups.  A two-tailed, independent samples t-test was 357 

conducted to assess differences in THir neuron survival due to ANA-12 administration in 358 

rats receiving stimulation.  A one-tailed, independent samples t-test was conducted to 359 

validate the neuroprotective effect of stimulation on the number of THir SNpc neurons in 360 

the Active-Vehicle group compared to the other groups combined.  Comparisons in TH, 361 

p-rpS6, Akt and p-Akt immunoreactivity were made using independent samples t-tests.  362 

Levene’s test for equality of variances was used as appropriate.  A repeated measures 363 

(RM)-ANOVA followed by a least significant difference post hoc analysis was conducted 364 

to confirm the presence of forelimb asymmetry, the functional/behavioral response to 365 

DBS and the effect of ANA-12 on spontaneous forelimb use.  Statistical significance 366 

was set at p < 0.05.  Statistical outliers were assessed using the Absolute Deviation 367 

from the Median (ADAM) method using the ‘very conservative’ criterion (Leys et al., 368 

2013).   369 

 370 

Results 371 

Chronic Stimulation Results in Phosphorylation of both Akt and rpS6 in SNpc Neurons 372 

In Experiment 1, unlesioned/intact rats with implanted electrodes were continuously 373 

stimulated (Active) or not (Inactive) for one week and were assessed for 374 

phosphorylation (activation) of Akt (pAkt) and rpS6 (p-rpS6), two downstream signaling 375 

molecules of trkB, used here as readouts of trkB activation, in TH immunoreactive (THir) 376 

SNpc neurons (Figure 1).  In order to control for the potential effects of unilateral 377 

electrode implantation, data were normalized to percent expression relative to the 378 
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identical hemisphere in Inactive rats.  No differences were observed in TH 379 

immunoreactivity due to STN stimulation (Ipsilateral t(4) = -0.805, p = 0.466; 380 

Contralateral t(4) = -1.597, p = 0.186; Figure 1D, E), though there was a trend for 381 

increased TH immunoreactivity in the contralateral hemisphere.  STN stimulation was 382 

associated with a bilateral increase in p-Akt in the SNpc compared to Inactive rats (t(10) 383 

=2.364, p = 0.0397, Figure 1H) with no significant difference observed between 384 

hemispheres or in total Akt immunoreactivity.  STN stimulation also was associated with 385 

an increase in p-rpS6 in SNpc neurons compared to Inactive rats (t(10) = 4.072, p = 386 

0.002, Figure 1I).  These results suggest that STN stimulation results in trkB activation 387 

in SNpc neurons using measurements of p-Akt and p-rpS6 as readouts.   388 

 389 

Chronic ANA-12 Administration Does Not Exacerbate Nigral Degeneration 390 

Rats receiving intrastriatal 6-OHDA and Inactive stimulation, regardless of Vehicle or 391 

ANA-12 treatment, possessed significantly fewer SNpc THir neurons ipsilateral to the 392 

injections/electrode compared to the contralateral SNpc (t(31.364) = 5.778, p < 0.001).  393 

Specifically, the intact SNpc in Inactive rats possessed 10,115 ± 941 THir neurons, 394 

whereas the lesioned SNpc contained 3,750 ± 572, or ≈63% fewer THir neurons than 395 

the unlesioned SNpc, as expected from this lesion paradigm (Spieles-Engemann et al., 396 

2010b; Gombash et al., 2014).  No significant difference was observed in the magnitude 397 

of degeneration measured in Inactive+Vehicle vs. Inactive+ANA-12 rats (t(18) = 1.164, p 398 

= 0.260).  These data are illustrated in Figure 2D and support the conclusion that ANA-399 

12 does not have a neuroprotective or an additive neurotoxic effect to 6-OHDA.   400 

 401 
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ANA-12 Abolishes STN DBS-Mediated Neuroprotection 402 

Active STN DBS in the absence of ANA-12 resulted in a neuroprotective effect, as we 403 

have reported previously (Spieles-Engemann et al., 2010b).  Specifically, vehicle-404 

treated Active STN DBS rats exhibited an average THir SNpc neuron survival rate of 405 

43.3 ± 6.0% compared to an average 32.3 ± 2.7% survival in all other groups (t(31) = 406 

1.800, p = 0.041). 407 

 408 

ANA-12 administration blocked the neuroprotective effect of STN DBS. Specifically, the 409 

Active+ANA-12 group had 23.4 ± 5.1% and the Active+Veh group 43.3 ± 6.0% 410 

remaining THir SNpc neurons, comparing the lesioned hemisphere to the intact one.  A 411 

statistically significant difference was observed between the groups (t(11) = -2.478, p = 412 

0.031).  These data are illustrated in Figure 2E-K and implicate trkB signaling in the 413 

neuroprotection afforded by long-term STN DBS.   414 

 415 

ANA-12 Does Not Alter Striatal Monoamines 416 

As described previously, in our lesion paradigm (Spieles-Engemann et al., 2010b), 417 

nigrostriatal terminals and DA levels are almost immediately depleted.  Striatal DA 418 

levels were used as a criterion for inclusion in this study to verify 6-OHDA lesion 419 

efficacy.  Striatal punches were analyzed for monoamines and their metabolites to verify 420 

that ANA-12 had no effect, particularly on the intact hemisphere.  A one-way ANOVA 421 

comparing the levels of monoamines in the intact striatum of the Inactive Vehicle, 422 

Inactive ANA-12, Active Vehicle and Active ANA-12 groups showed no between-group 423 

differences on any measure (p > 0.05), as expected.  Data are presented in Table 1.   424 
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 425 

ANA-12 Diminishes Phosphorylation of rpS6 Associated with STN Stimulation  426 

In Experiment 2, lesioned rats “on” or “off” stimulation were assessed for SNpc TH 427 

(Figure 3A, B, G-J) and p-rpS6 immunoreactivity to compare vehicle- and ANA-12-428 

treated rats (Figure 3 C, D, K-N).  In order to control for the potential effects of unilateral 429 

electrode implantation and 6-OHDA, data were normalized to percent expression 430 

relative to the identical hemisphere in Vehicle-treated rats.  No effect of ANA-12 was 431 

observed on TH or p-rpS6 in Inactive rats, in either hemisphere (Figure 3G, H, K, L), 432 

supporting that ANA-12 did not alter basal levels of trkB signaling.  In contrast, in rats 433 

with Active stimulation, ANA-12 was associated with a significant decrease in TH 434 

immunoreactivity in SNpc neurons ipsilateral to the lesion (t(11) = 3.873, p = 0.003, 435 

Figure 3I) but not contralateral, though a trend was observed (Figure 3J).  Of 436 

importance, systemic administration of ANA-12 was associated with decreased p-rpS6 437 

immunoreactivity bilaterally in Active rats (ipsilateral SNpc: t(10) = 3.038, p = 0.012, 438 

Figure 3M; contralateral SNpc: t(7.953) = 3.457, p = 0.009, Figure 3N).  These results 439 

demonstrate ANA-12 engagement of trkB signaling in SNpc neurons in Active STN 440 

stimulation rats.   441 

 442 

ANA-12 Attenuates Functional Efficacy of STN DBS 443 

We observed in Experiment 2 that forelimb asymmetry did not show as robust a 444 

remediation to chronic stimulation in the rats receiving ANA-12 administration compared 445 

to rats receiving vehicle (data not shown).  Since these two cohorts also had an 446 

underlying difference in SNpc neuron numbers, we performed an additional experiment 447 
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(Experiment 3) using rats with stable, near complete 6-OHDA lesions to determine 448 

whether blockade of trkB by ANA-12 contributed to this observation. 449 

 450 

In Experiment 3, rats that exhibited a ≥20% deficit in contralateral forelimb use post 6-451 

OHDA at the six-week time point compared to baseline values were considered 452 

adequately lesioned and included for acute behavioral analysis (Spieles-Engemann et 453 

al., 2011; Fischer et al., 2015).  In these animals, 6-OHDA produced a significant loss of 454 

THir SNpc neurons on the side ipsilateral to 6-OHDA injection (and electrode 455 

implantation) compared to the contralateral SNpc (t(18) = 4.143, p < 0.001, Figure 4E).  456 

There was an approximate 61% loss of THir neurons in the lesion versus intact sides 457 

(Lesioned = 4001 ± 1035; Intact =10370 ± 1137).  These data are depicted in Figure 458 

4B-F and support that all of the rats in Experiment 3 were comparably lesioned.   459 

 460 

All adequately lesioned rats were assessed at two additional time points: 6.5 weeks with 461 

stimulation plus vehicle treatment and at 7.5 weeks with stimulation and acute ANA-12 462 

treatment.  RM-ANOVA was used to compare spontaneous forelimb use across all four 463 

time points.  Values for spontaneous forelimb use are expressed as a percent of 464 

contralateral (to the lesion) forelimb use of the total.  Results are depicted in Figure 4F.  465 

Averages of contralateral forelimb use for each time point were as follows: 52.0 ± 2.1% 466 

on week 0 (“Baseline”); 24.5 ± 3.4% on week 6 (“Lesion”); 47.0 ± 3.7% on week 6.5 467 

(“Stim-On”); and 33.8 ± 5.5% on week 7.5 (“ANA-12”, where stimulation was also 468 

Active).  A statistically significant difference was observed between the time points 469 

(F(3,27) = 13.465, p < 0.001).  A post hoc analysis showed a significant difference 470 
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between: Baseline vs. Lesion (p < 0.001), Lesion vs. Stim-On (p < 0.001), Stim-On vs. 471 

ANA-12 (p = 0.015) and Baseline vs. ANA-12 (comparison not shown on Figure 4F, p = 472 

0.012).  There was a trend toward a significant difference for the Lesion vs. ANA-12 473 

comparison (p = 0.108).  The number of paw touches used to calculate the forelimb 474 

asymmetry value was the full twenty required by the cylinder task (Schallert and 475 

Tillerson, 2000) for all time points in 90% of the rats, suggesting that general locomotor 476 

activity did not influence the asymmetry values reported.  These data implicate BDNF-477 

trkB signaling as a component in the alleviation of symptoms by STN DBS.   478 
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Discussion 479 

Canonical BDNF-trkB Survival Signaling Underpins STN DBS-Mediated 480 

Neuroprotection of the SNpc Dopamine Neurons 481 

We have previously shown that STN DBS increases BDNF protein and transcript in the 482 

nigrostriatal system (Spieles-Engemann et al., 2011).  In the present study we 483 

demonstrate that chronic STN DBS results in phosphorylation of Akt and rpS6 in SNpc 484 

neurons, two readouts downstream of trkB that implicate BDNF-trkB canonical 485 

signaling.  Further, we hypothesize that when trkB signaling is attenuated, DBS no 486 

longer provides neuroprotection from ongoing 6-OHDA-induced DA neuron loss.  These 487 

findings strongly suggest that STN DBS activates canonical trkB survival signaling 488 

pathways in the SNpc.   489 

 490 

High-frequency stimulation of cultured glutamatergic hippocampal neurons results in the 491 

secretion of BDNF (Hartmann et al., 2001; Chen et al., 2004).  As the STN is primarily 492 

composed of glutamatergic neurons and expresses BDNF mRNA (Kitai and Kita, 2006; 493 

Zhang et al., 2006), it therefore is reasonable to suggest that these neurons respond to 494 

high-frequency stimulation by similarly releasing BDNF at target structures, including 495 

the SN pars reticulata (SNpr), SNpc or striatum (Jackson and Crossman, 1981; Kita et 496 

al., 1983; Kita and Kitai, 1987; Parent and Hazrati, 1995; Kitai and Kita, 2006; Zhang et 497 

al., 2006; Degos et al., 2008; Watabe-Uchida et al., 2012).  The fact that we observe 498 

increased Akt and rpS6 phosphorylation within SNpc neurons in rats with lesioned and 499 

intact striatal terminals supports an extrastriatal source of BDNF.  Our previous 500 

observation that nigrostriatal lesion status alters the site of BDNF increase (namely, 501 



 

 25 

striatum vs. nigra) (Spieles-Engemann et al., 2011) suggests that nigral dopamine 502 

neurons themselves participate in STN DBS-mediated increases in BDNF.  Future 503 

studies are required to determine which neurons in the basal ganglia circuitry are the 504 

sources of the BDNF secreted in response to STN DBS.   505 

 506 

Non-canonical BDNF-trkB Signaling Contributes to STN DBS-mediated Reversal of 507 

Forelimb Impairments  508 

Canonical trkB survival signaling involves long-term alterations.  Specifically, ligand 509 

binding followed by autophosphorylation of trkB leads to activation of PI3K-Akt and Erk 510 

that in turn promote cell survival or growth through changes in gene transcription and 511 

production of pro-survival proteins (Cobb and Cobb, 1999; Airaksinen et al., 2002; 512 

Yoshii and Constantine-Paton, 2010; Lewin et al., 2014).  These effects of canonical 513 

trkB signaling generally occur on the order of hours to days.  The time course of our 514 

neuroprotection Experiment 2 is consistent with the time required for canonical trkB 515 

survival signaling.  However, the acute behavioral effect observed in Experiment 3 516 

suggests a different mechanism.  Unexpectedly, we observed that following an acute, 517 

single dose of ANA-12 and acute stimulation, the reversal of forelimb impairments 518 

normally associated with STN DBS (Meissner et al., 2002; Chang et al., 2003; Darbaky 519 

et al., 2003; Maesawa et al., 2004; Shi et al., 2004; Temel et al., 2005; Fang et al., 520 

2006; Shi et al., 2006; Vlamings et al., 2007; Akita et al., 2010; Li et al., 2010; Spieles-521 

Engemann et al., 2011) was significantly attenuated.  We hypothesize that non-522 

canonical trkB signaling mechanisms are involved in this effect.  In recent years our 523 

understanding of non-canonical trkB signaling mechanisms has grown.  TrkB activation 524 
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can potentiate the response of N-methyl-D-aspartate (NMDA) receptors through 525 

phosphorylation of the NMDA receptor 2B subunit (NR2B) (Li et al., 2006; Chen et al., 526 

2014; Nakai et al., 2014).  This non-canonical pathway, which takes place over a 527 

shorter time course, has been used to explain other behavioral phenomena (Quintana 528 

et al., 2012; Nakai et al., 2014).  BDNF-trkB signaling also can affect DA reuptake or 529 

release in an immediate manner (Bosse et al., 2012).  Future studies are needed to 530 

examine whether BDNF-enhanced glutamatergic or dopaminergic signaling pathways 531 

participate in the functional efficacy of STN DBS.   532 

 533 

Considerations for the Use of ANA-12: 534 

We considered the pharmacokinetics and pharmacodynamics of ANA-12, as detailed 535 

previously (Cazorla et al., 2011; Ambrogini et al., 2013), in the design and interpretation 536 

of our experiment.  Under similar injection parameters, ANA-12 has been shown to 537 

reach the brain within 30 minutes at a level of 400 nM and remains in the brain at least 538 

six hours later at a level of 10 nM.  The effects of ANA-12 on trkB are specific, as it does 539 

not interact with other members of the receptor family TrkA or TrkC.  The ratio of TrkB 540 

phosphorylation to total levels is inhibited by approximately 30% after four hours; the 541 

degree of inhibition after four hours has not been measured, but the slope from zero to 542 

four hours was negative.  Of note, whether phosphorylation of trkB was measured by 543 

whole brain tissue or by dissection of specific structures (viz., the cortex, striatum and 544 

hippocampus), the degree of receptor inhibition was essentially equal.  As such, ANA-545 

12 is a particularly appropriate molecule for this study.  Future studies could examine 546 

whether similar inhibition of STN DBS-mediated neuroprotection and attenuation of 547 
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symptomatic effects are observed using a different compound to target TrkB signaling, 548 

should one become available.  549 

 550 

One shortcoming of using ANA-12 to achieve widespread blockade of trkB receptors is 551 

that it does not allow for identification of what circuitry is mediating the BDNF-trkB 552 

signaling and functional efficacy of STN DBS.  However, there are some likely 553 

possibilities.  In our previous work, we showed that STN DBS increases BDNF in the 554 

primary motor (M1) cortex.  Gradinaru et al. (2009) demonstrated using optogenetics 555 

that the functional efficacy of STN DBS can be explained through antidromic activation 556 

of the hyperdirect pathway, a set of fibers from Layer V neurons in the M1 cortex that 557 

project to the STN.  As these projections are glutamatergic, they may also release 558 

BDNF to act on trkB receptors located on STN neurons.  In addition, the rat has a 559 

proportion of STN fibers, which are also glutamatergic, that innervate the M1 cortex 560 

(Degos et al., 2008).  BDNF may then be released by STN neurons and act on trkB 561 

receptors within the M1 cortex.  However, these reciprocal, subthalamocortical fibers 562 

are not present in primates (Parent and Smith, 1987), so it is unlikely that the clinical 563 

phenomenon can be explained by this circuitry.   564 

 565 

Conclusion: 566 

Collectively our results suggest a role for BDNF-trkB signaling in two related, yet 567 

distinct, phenomena.  Long-term activation of canonical trkB signaling in SNpc neurons 568 

is associated with the neuroprotection afforded by STN DBS in this 6-OHDA model.  569 

Acute trkB signaling through a non-canonical pathway likely contributes to STN DBS-570 
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mediated reversal of forelimb asymmetry in a unilaterally parkinsonian rat.  Localizing 571 

these phenomena to specific circuitries through future experiments will specify the 572 

sources and sites of action for BDNF and may lead to refinements to STN DBS or 573 

generation of novel, less-invasive therapies for either symptom or disease-modifying 574 

indications.   575 

 576 
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Figure 1. Chronic Stimulation Increases Phosphorylation of Akt and rpS6 in 791 

Substantia Nigra pars compacta (SNpc) Neurons in Unlesioned Rats.  A. The 792 

timeline for Experiment 1 depicting electrode implantation surgery, stimulation and 793 

sacrifice.  SNpc of a stimulated, unlesioned rat ipsilateral to the electrode at high 794 

magnification, respectively, showing immunofluorescence for tyrosine hydroxylase (TH, 795 

B, C), phosphorylated rpS6 (p-rpS6, F, G) and merged images (J, K).  In order to 796 

control for the potential effects of unilateral electrode implantation, data were 797 

normalized to percent expression relative to the identical hemisphere in Inactive rats.  798 

SNpc neuron immunoreactivity for Inactive and Active groups was quantified for TH, 799 

phosphorylated Akt (p-Akt), total Akt and p-rpS6.  STN DBS resulted in a statistically 800 

significant increase in pAkt (H) and p-rpS6 (I) immunoreactivity in SNpc neurons (p < 801 

0.04).  Scale bars are 200 μm and 50 μm for low and high magnification images, 802 

respectively.  Graphs display mean ± SEM.   803 

 804 

Figure 2. ANA-12 Does Not Affect SNpc Lesion Paradigm and Abolishes STN 805 

DBS-Mediated Neuroprotection.  A. The timeline for Experiment 2.  All rats included in 806 

the present work were successfully implanted with electrodes in the STN as shown by 807 

Kluver-Barrera histochemistry at low (B) and high magnification (C).  The percentages 808 

of remaining THir SNpc neurons as measured by unbiased stereology are shown (D) for 809 

6-OHDA-injected rats with implanted but not activated electrodes receiving injections of 810 

Vehicle or ANA-12 from day 10 to day 28.  There is no significant difference between 811 

the two groups (p = 0.260).  The lesioned hemisphere for 6-OHDA-injected rats with 812 

activated electrodes receiving Vehicle or ANA-12 injections, respectively, from day 10 to 813 
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day 28 at low magnification (E, H) and high magnification (F, I) as compared to the 814 

intact hemisphere shown at high magnification (G, J).  K. The percentages of remaining 815 

THir SNpc neurons as measured by unbiased stereology are shown for rats with Active 816 

electrodes.  Active groups received either Vehicle or ANA-12, and there is a significant 817 

difference between them (p = 0.031).  Scale bars are 200 μm and 50 μm for low and 818 

high magnification images, respectively.  Graphs display mean ± SEM.   819 

 820 

Figure 3. ANA-12 Reduces Phosphorylation of rpS6 in SNpc Neurons in 821 

Stimulated, Lesioned Rats.  The SNpc contralateral to the electrode of 6-OHDA-822 

lesioned, stimulated rats receiving chronic injections of ANA-12 is shown (A-F).  823 

Photomicrographs at low and high magnification, respectively, are shown for TH (A, B), 824 

p-rpS6 (C, D) and merged images (E, F).  In order to control for the potential effects of 825 

unilateral electrode implantation and 6-OHDA, data were normalized to percent 826 

expression relative to the identical hemisphere in Vehicle-treated rats.  Quantification for 827 

rats not randomized to stimulation (Inactive) is shown for the SNpc ipsilateral and 828 

contralateral to the electrode, respectively for TH (G, H) and p-rpS6 (K, L).  829 

Quantification for rats receiving stimulation (Active) is shown for the SNpc ipsilateral and 830 

contralateral to the electrode, respectively for TH (I, J) and p-rpS6 (M, N).  Statistically 831 

significant differences between Vehicle and ANA-12 groups within the stimulation arms 832 

were only observed within the Active arm: the ipsilateral SNpc showed a decrease in TH 833 

(p = 0.003, I) and p-rpS6 (p = 0.012, M) immunoreactivity, and the contralateral SNpc 834 

showed a decreased in p-rpS6 (p = 0.009, N) immunoreactivity.  Scale bars are 200 μm 835 
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and 50 μm for low and high magnification images, respectively.  Graphs display mean ± 836 

SEM.   837 

 838 

Figure 4. TrkB Signaling Contributes to the Functional Efficacy of STN DBS.  A. 839 

The timeline for Experiment 3.  A stable lesion of the SNpc by six weeks is shown at low 840 

(B) and high magnification (C and D for the lesioned and intact hemispheres, 841 

respectively) with a statistical difference in number of neurons on the lesioned/ipsilateral 842 

side (p < 0.001, E).  F. Rats were assessed for forelimb asymmetery using the cylinder 843 

task before surery with vehicle (“Baseline”), six weeks after intrastriatal 6-OHDA with 844 

vehicle (“Lesion”), receiving acute STN stimulation with vehicle (“STIM-ON”) and 845 

receiving stimulation with ANA-12 (“ANA-12”).  Significant differences were observed for 846 

Baseline vs. Lesion (p < 0.001), Lesion vs. STIM-ON (p < 0.001), STIM-ON vs. ANA-12 847 

(p = 0.015) and Baseline vs. ANA-12 (not shown, p = 0.012).  Scale bars are 200 μm 848 

and 50 μm for low and high magnification images, respectively.  Graphs display mean ± 849 

SEM.   850 
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