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ABSTRACT 

THE NEUROPROTECTIVE POTENTIAL OF STN DBS AND THE ROLE OF BDNF 

By 

David Luke Fischer 

Parkinson’s disease (PD) is a chronic, neurodegenerative disease that affects 

one percent of the population over the age of sixty.  To our knowledge, there is no 

therapy that can slow the progression of the disease.  Deep brain stimulation (DBS) of 

either the subthalamic nucleus (STN) or the globus pallidus interna (GPi) is well 

established to provide significant therapeutic efficacy in alleviating the motor symptoms 

of PD, yet our understanding of effects on disease progression remains limited.  

Previous studies have shown that long-term, high-frequency stimulation of the STN 

halts degeneration of the substantia nigra induced by intrastriatal 6-hydroxydopamine 

(6-OHDA) injections and significantly increases brain-derived neurotrophic factor 

(BDNF) in the nigrostriatal system, primary motor cortex and entopeduncular nucleus 

(EP).  These results suggest that STN DBS can induce plasticity within basal ganglia 

circuitry and has the potential to provide neuroprotection in PD.   

In order to examine the role of BDNF in the neuroprotective effects of STN DBS, 

I examined in our 6-OHDA rat model if blockade of the trophic receptor for BDNF, 

tropomyosin-related kinase type 2 (trkB), would alter the afforded protection.  I also 

examined the effect of trkB antagonism on the recovery of motor function provided by 

STN DBS for unilaterally lesioned rats.  Beyond elucidation of the mechanism for STN 

DBS-mediated neuroprotection, I evaluated if STN DBS would similarly facilitate nigral 

neuroprotection against α-synuclein overexpression-mediated toxicity.  Lastly, I 

evaluated if DBS of the EP, the homologous structure of the GPi in the rat, would result 



 

in similar results as STN stimulation, namely alleviation of a unilateral motor deficit, 

nigral neuroprotection and increased BDNF.   

The data demonstrate that BDNF plays a critical role in the neuroprotective 

effects of STN DBS and in the alleviation of a unilateral motor deficit.  The data also 

show that STN DBS is unable to provide neuroprotection against α-synuclein 

overexpression-mediated insult, but I call into question the usefulness of this model for 

the question of if STN DBS is disease modifying.  I also present data that support 

abandoning EP DBS in the rat as an appropriate model of GPi DBS for PD.  I conclude 

with remarks on the implications of this work for the clinic, including the use of a 

common variant in the gene for BDNF as a biomarker that may allow the development 

of ‘precision medicine’ approaches for the refinement of current medical practice 

guidelines for PD.   
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Chapter 1: Introduction 

History of Parkinson’s Disease 

The Initial Descriptions of Parkinson’s Disease 

Parkinson’s disease (PD) owes its initial description to the English surgeon and 

geologist James Parkinson and its name to the famed and influential French neurologist 

Jean-Martin Charcot who credited him.  Parkinson’s description of a single disease in 

“An Essay on the Shaking Palsy”, published in 1817, linked together the symptoms of 

resting tremor, loss of movement and stooped posture into a triad within the context of 

relative sparing of cognitive and executive functions.  Whereas previous descriptions of 

the hallmark tremor had existed for centuries through the works of Galen, Sylvius, 

Juncker and Cullen, Parkinson’s monograph was the first to posit a single disease 

entity, which he called ‘paralysis agitans’, for a triad of symptoms that is still present 

today as the core of the clinical depiction [1].  In addition, Parkinson also first 

characterized some of the non-motor features of PD, including sleep disturbances and 

constipation, and described the progressive course of PD from the mildest tremor to the 

most violet shakes over many years, a fact of paramount importance in our 

understanding and treatment of PD today.   

 

James Parkinson’s monograph, though foundational, was inaccurate in naming the 

disease ‘paralysis agitans’, according to Jean-Martin Charcot at la Salpêtrière.  Charcot 

maintained that tremor was a common association but not a requirement for the 

diagnosis; as such, he advocated that the name be changed to Parkinson’s disease [2].  

In addition, Charcot was struck by the slowness of movement, as separate from the 
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absence of movement, observed in PD patients, so it was his work that added 

bradykinesia as a defining symptom of PD, shifting the hallmark symptoms from a triad 

to a tetrad, despite the common practice of movement disorders neurologists today to 

use bradykinesia and akinesia interchangeably [3].  Beyond Charcot’s christening of 

Parkinson’s disease, he promulgated it as well, leading to a host of his students at la 

Salpêtrière to further our understanding of PD.   

 

Connecting the Substantia Nigra to Parkinson’s Disease 

The substantia nigra (SN), or ‘black substance’, was first described in 1786 by Felix 

Vicq d’Azyr, using the name locus niger crurum cerebri, or the ‘black place of the legs of 

the cerebrum’, for its pigmented appearance on gross examination and its relative 

location to the large, easily identified, white matter tracts of the crus cerebri [2].  Despite 

his original contribution, his work was misappropriated by Jules-Bernard Luys in his 

original depictions of SN neurons to Samuel Thomas von Sœmmerring, resulting in 

what Martin Parent and André Parent eloquently refer to as, “an imbroglio regarding the 

paternity of a crucial finding” [2].  Despite this misattribution, Luys’ work informed that of 

Giovanni Mingazzini, who described the stratified divisions within the SN, Domenico 

Mirto, who described SN neurons as projection neurons, and Torata Sano, who formally 

divided the SN into a pars compacta (SNpc) and a pars reticulata (SNpr) [2].   

 

As knowledge of the substantia nigra grew, so did our knowledge of its relationship with 

Parkinson’s disease, much in part from the influence of Jean-Martin Charcot as a 

mentor at la Salpêtrière.  Gheorghe Marinescu, a neurologist, along with the pathologist 
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Paul Oscar Blocq first described the histology of a patient of Jean-Baptiste Charcot (the 

famed Charcot’s son) with disseminated tuberculosis that resulted in a small, 

tuberculoma at the SN and parkinsonian tremor.  The hypothesis of the SN as the 

critical site of pathology in PD was then put forth in a lecture by Edouard Brissaud.  This 

pioneering work at la Salpêtrière culminated with Konstantin Nicolaevich Tretiakoff, who 

in the service of Pierre Marie and laboratory of Marinescu, compared brain tissue 

samples from patients of Constantin Alexander Economo Freiherr von San Serff (“Von 

Economo” of neuroscience fame).  These patients had encephalitis lethargica and 

exhibited parkinsonian symptoms.  As encephalitis lethargica had reached pandemic 

proportions in Europe, there was ample tissue.  Tretiakoff correlated SN pathology seen 

in PD patients with that of post-encephalitic Parkinsonism, providing the needed 

demonstration of the connection between the SN and PD.  (previous paragraph 

paraphrased from [2]) 

 

Connecting the Neurotransmitter Dopamine to Parkinson’s Disease 

After the connection between the substantia nigra and Parkinson’s disease was made, it 

was only a matter of time before the neurotransmitter dopamine was implicated as well 

– about sixty years, in fact and as a side product of a different line of investigation.  

Following the discovery by Bernard Brodie that reserpine, a vesicular monoamine 

transporter antagonist, would deplete the brain of serotonin, Arvid Carlsson and 

colleagues initially sought to investigate the role of the catecholamine neurotransmitter 

norepinephrine due to its similarities in chemical structure to serotonin [4].  In an effort 

to reverse the physiological effects of reserpine in their model, they administered 3,4-
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dihydroxyphenylalanine (DOPA), a precursor to norepinephrine, as catecholamines 

cannot cross the blood brain barrier.  Much to their surprise, norepinephrine levels were 

not restored in the brain in conjunction with the relief of reserpine-induced physiological 

effects; hence, they looked to an earlier compound in the synthesis of norepinephrine, 

namely dopamine.  At that time, dopamine could not be measured in the brain, so 

Carlsson and colleagues developed a method to do so, and showed that reserpine 

diminished dopamine levels and that DOPA replaced them.  Additional work showed 

high levels of dopamine (DA) in the basal ganglia and a resultant parkinsonian state 

following reserpine administration, thereby laying the groundwork for dopamine’s central 

involvement in PD.  L-DOPA as a potential treatment for PD was first explored through 

studies employing intravenous administration and followed by an oral dosing regimen 

that widened L-DOPA use for PD [5] to its current use as standard of care for all PD 

patients.  (previous paragraph paraphrased from [4]) 

 

The Initial Presentation and Diagnosis of Parkinson’s Disease 

Patients most often present to their primary care physician and then through a referral 

to a neurologist with the chief concern of tremor at rest, which may often be 

accompanied by rigidity, akinesia (and bradykinesia often combined with this) and 

postural instability; these four cardinal motor symptoms are often recalled by students 

through the acronym TRAP [6].  Motor symptoms are most often unilateral or at least 

asymmetric in onset, only expanding bilaterally later in the course of the disease; as 

such, asymmetry is included as a diagnostic criterion [7, 8].   
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Resting tremor is often described as a ‘pill-rolling’ movement [6, 9] between the thumb 

and index finger, though it may be present in any of the limbs or in the jaw or lips; 

however, tremor of the neck or of the voice is rare in PD and is far more consistent with 

a diagnosis of essential tremor [6].  Rigidity is described by a resistance to passive 

motion when applied to a muscle group, and in the diagnosis of PD, this is often present 

in the shoulder and was misdiagnosed as musculoskeletal in origin (e.g., arthritis, 

rotator cuff injury) [6].  Akinesia and bradykinesia, loss or slowness of movement, 

respectively, are two separate but related symptoms of PD.  Onset of these symptoms 

is often subtle; some patients may have loss of fine motor skills (e.g., difficulty with 

buttoning a shirt) or drooling from decreased swallowing, whereas others may have a 

smaller arm swing when walking [6].  Bradykinesia results in poor reaction times in most 

cases; however, some environmental cues are capable of ‘restoring’ a patient’s 

response time to normal.  For example, patients may be able to sprint out of a building if 

someone yelled, “fire!”  This phenomenon is called ‘kinesia paradoxica.’  Postural 

instability is grouped with the cardinal features of PD, but it is not present at the time of 

diagnosis nor is it prominent over the first few years since motor symptom onset.  

Impaired postural reflexes along with orthostatic hypotension and a resistance to 

standard-of-care medications leads to an increased frequency in falls.   

 

The definitive diagnosis of PD is made through the combination of the clinical and 

histopathological examinations made by the neurologist and pathologist, respectively.  

Since a definitive diagnosis is less useful to the patient post mortem, a working 

diagnosis from clinical data alone is used through the inclusion of hallmark symptoms of 
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PD and the exclusion of other probable causes.  Presence of resting tremor, 

bradykinesia, rigidity and asymmetric onset, or any three of these in combination, 

suggests a probable diagnosis of PD in the absence of features suggesting an 

alternative diagnosis (e.g., dementia preceding motor symptoms or hallucinations 

unrelated to medications; see Table 1, Group B features for a complete list) [10].   

 

Even though the motor symptoms provide the impetus for the clinical encounter and 

dominate the diagnostic criteria for PD, a careful history often reveals a much longer 

narrative that features non-motor symptoms as well.  There are three cardinal 

symptoms associated with prodromal PD, viz. REM sleep behavior disorder, anosmia 

(loss of smell) and constipation [11].  It is estimated that prodromal PD may start as 

early as fifteen to twenty years before diagnosis [11].  An additional non-motor feature 

mentioned above, orthostatic hypotension, should be included as well [11].   

 

The Pathophysiological and Pathological Hallmarks of Parkinson’s Disease 

Overview of Normal Neuroanatomy and Physiology 

The caudate nucleus and the putamen (or collectively the striatum in rodents), the 

globus pallidus pars interna (GPi, or the entopeduncular nucleus, EP, in rodents) and 

pars externa (GPe, or simply globus pallidus, GP, in rodents), the subthalamic nucleus 

(STN) and the substantia nigra pars compacta (SNpc) and pars reticulata (SNpr) 

comprise the basal ganglia [12, 13].  Cortical, glutamatergic projections provide the 

primary input to the basal ganglia, and the GPi and SNpr are the two structures that 

provide the preponderance of the output from the basal ganglia.  Information flow within 
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the basal ganglia has been classically described as two parallel, functionally 

antagonistic pathways, the direct pathway and the indirect pathway [14], from 

foundational work conducted by Mahlon DeLong, earning him the 2014 Lasker-Debakey 

Clinical Medical Research Award (along with Alim-Louis Benabid, whose work is 

discussed below) [15].   

 

The Direct Pathway 

The direct pathway derives its name from the fact that there is only one synapse 

between the first structure in basal ganglia processing, the putamen, and its primary 

output structures, the GPi and SNpr.  Cortical input drives striatal neurons that express 

D1 dopamine (DA) receptors to release γ-aminobutyric acid (GABA) and substance P 

(SP) at the GPi and the SNpr [12].  Within this pathway, SP striatal neurons are typically 

at rest and the GPi and SNpr output neurons are tonically active [12, 14, 16, 17].  These 

output neurons transmit GABA to inhibit the thalamus and the pedunculopontine 

nucleus (PPN).  Corticostriatal input suppresses these output neurons, thereby 

disinhibiting the thalamus and PPN and activating their target structures, including the 

cortex, to facilitate a motor program [12, 18].  SNpc neurons project to the striatum to 

release DA to activate SP striatal neurons through the D1 receptor [12, 18]; hence, the 

SNpc has a similar overall effect on basal ganglia output as corticostriatal input, viz. 

striatal DA facilitates movement.   

 

The Indirect Pathway 
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The indirect pathway derives its name from the fact that there are three synapses—

opposed to the one synapse of the direct pathway discussed above—between the 

putamen and the GPi and SNpr.  Striatal neurons expressing D2 receptors project to the 

GPe to release GABA and enkephalin (Enk).  The GPe in turn sends GABAergic input 

to the STN that releases glutamate to activate the GPi and SN (both the SNpc and 

SNpr) [12, 19].  Through nigrostriatal DA release, Enk striatal neurons are inhibited via 

the D2 receptor, thereby disinhibiting the GPe and consequently suppressing STN 

activity [18].  As the STN typically drives GPi and SNpr inhibitory output, suppression of 

the STN removes this effect and facilitates movement.  Overall, striatal DA facilitates 

movement in the indirect pathway.   

 

Pathophysiology of Parkinson’s Disease 

The defining pathophysiological characteristic of PD is the loss of dopamine (DA) in the 

caudate nucleus and the putamen.  This loss of DA is a result of dysfunctional and 

subsequently degenerating nigrostriatal projections.  Of importance, not all 

dopaminergic neurons of the midbrain are equally affected.  SNpc neurons found in the 

ventral tier (vtSNpc), which primarily project to the putamen, are the most affected by 

PD and the first SN neurons to degenerate, resulting in at least 95% loss; SNpc 

neurons found in the dorsal tier (dtSNpc), which project to the caudate nucleus, are 

more resistant to degeneration in PD with usually an 80% loss observed [20-23].  In 

contrast, DA neurons of the nearby ventral tegmental area (VTA) that project to the 

nucleus accumbens, hypothalamus and cortex are relatively spared [21].  Furthermore, 

DA neurons of the periacqueductal grey are essentially unaffected by PD [21].  This 
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differential loss of dopaminergic neurons and their projections underlies the PD 

phenotype.   

 

The PD motor phenotype is a result of DA loss within specific subregions of the basal 

ganglia.  Loss of DA in the putamen is greatest within the dorsal and caudal portions, 

and loss of DA in the caudate is greatest within the dorsal and rostral portions [22, 24, 

25].  Of note, while there is a net loss of DA in these regions, the remaining DA 

projections compensate by increasing DA turnover, evidenced by the increased levels 

of the DA metabolite homovanilic acid (HVA) measured in PD patients [22, 26].  In a 

similar vein, the postsynaptic system also compensates for loss of DA through 

increased expression of the D1 and D2 DA receptors [27, 28] and supersensitization of 

these same receptors, partly through reorganization of intracellular signaling pathways 

[29-31].  One should note, though that beyond the hallmark DA loss found in PD, other 

losses of neurons occur as well in the locus coeruleus, the raphe nucleus, the nucleus 

basalis of Meynert, the dorsal vagal nucleus and the sympathetic ganglia, resulting in 

alterations in adrenergic, serotonergic and cholinergic systems [21].  Non-DA 

neurotransmitter involvement in PD is exhaustively reviewed in [32].   

 

Neuropathology of Parkinson’s Disease 

The Lewy Body – A Visual Hallmark 

The neuropathological hallmark of PD is the Lewy body.  The original histological 

description of the Lewy body was provided by Friedrich Heinrich Lewy in 1912 [33], and 

the name ‘Lewy body’ was given by Tretiakoff in his postmortem studies of PD patients 
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[34].  Gibb and Lees summarize Lewy’s description in the following: “The Lewy body is 

a neuronal inclusion which is always present in areas of neuronal degeneration in 

Parkinson’s disease.  In its classical form in the substantia nigra it consists of a central 

core staining deeply with haematoxylin and eosin, surrounded by a body which stains 

less intensely, and then a peripheral halo which stains lightly or not at all.  This 

appearance is relatively uncommon and more usually Lewy bodies have no core.  

Considerable variation in shape occurs, including elongated and serpiginous forms, and 

their appearance depends on some degree on their location within the nervous system.  

(The various forms were already described by Lewy in 1912)” ([35], quoted in [36]).  

Though classically haematoxylin and eosin histochemistry was used to reveal Lewy 

bodies, immunohistochemistry (IHC) for ubiquitin or α-synuclein is far more frequently 

employed today [33].  In fact, while immunohistochemical studies have revealed that 

Lewy bodies are primarily composed of these proteins, these studies have also shown 

that ubiquitin and α-synuclein are by no means a sufficient molecular description.  

Wakabayashi and colleagues [34] have compiled more than ninety molecules as 

constituents of Lewy bodies through IHC demonstrations, and they have organized 

these under thirteen groups; they also cite a proteomic study using laser capture 

microdissected tissue that included 300 proteins [37].  Using electron microscopy, Lewy 

bodies can be characterized into two types: a mixed granular-fibrillar type and a fibrillar 

type [33, 38].  The former, which is the more common type, has a primarily granular 

core with fibrils more dominant at the periphery and in a radial pattern, whereas the 

fibrillar type has curved fibrils in the shape of circles or ovals and is likely the 

homogeneous looking Lewy body “of uniform density with light microscopy” [33].   
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While Tretiakoff coined the term ‘Lewy body’ when examining the substantia nigra, 

Lewy originally observed the distribution of Lewy bodies throughout much of the 

neuraxis.  As has been previously reviewed, Lewy bodies are found in “the olfactory 

bulb, hypothalamus, posterior pituitary, nucleus basalis of Meynert, substantia nigra, 

locus ceruleus, dorsal raphe nucleus, dorsal vagal nucleus, cerebellum and spinal cord 

[as well as] in the neurons of the amygdaloid nucleus and cerebral cortex, particularly in 

deep layers (V and VI) of the limbic system” [34].  Heiko Braak and colleagues have 

further characterized Lewy body location to six different stages of the disease process, 

starting with the olfactory bulb and the dorsal vagal nucleus, progressing “through the 

pontine tegmentum (stage 2), into the midbrain and neostriatum (stage 3), and then the 

basal procencephalon and mesocortex (stage 4) and finally through the neocortex 

(stages 5 and 6)” ([34], see also [39, 40]).  The Braak staging has been highly influential 

in steering the PD research field to consider the hypothesis that pathologic α-synuclein 

spreads between cells [41], but its most important contribution is to provide a 

neuropathological explanation for the progressive nature of PD.   

 

Slow, Relentless Progression – A Temporal Hallmark 

A defining characteristic of PD is that it is progressive.  Indeed, a slow onset of 

symptoms that develops over several years is one of the diagnostic criteria [10].  When 

patients are tracked using the Unified Parkinson’s Disease Rating Scale (UPDRS), they 

can expect an average two point change in the UPDRS total score every year starting at 

diagnosis [42, 43].  The premotor symptoms of PD occur many years prior to diagnosis, 
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and the motor symptoms develop many years after diagnosis [11], much of which 

correlates with Braak’s staging hypothesis [40, 44].  PD, then, is a decades long 

process.   

 

For putative neuroprotective therapies that focus on modifying the progression of the 

motor symptoms of PD, the key time courses are that of loss of striatal DA and SNpc 

DA neurons [45].  In a landmark study, Kordower and colleagues [46] conducted 

postmortem examinations on PD subjects at varying times after diagnosis where the 

subjects had deceased for reasons unrelated to their medical state.  PD patients at 

diagnosis have lost 50-90% of their SNpc DA neurons and lose a marginal amount 

afterward, but they present at the clinic with modest losses of striatal DA that 

progresses to a near complete loss by four years post diagnosis [46].  This indicates 

that the window of opportunity for testing neurprotective therapies is within the first three 

to four years from diagnosis and that efforts should be made on pursuing therapies that 

protect nigrostriatal axons [45].    

 

Etiology of Parkinson’s Disease 

Genetic Causes 

With the advent and subsequent spread of sophisticated molecular/genetic laboratory 

techniques in the 1990s, the genetic basis for PD has developed considerably [47].  A 

common method for examining the genetic basis for a disease is through twin studies, 

i.e. the comparison of monozygotic twins versus dizygotic twins for a specified outcome, 

in this case, a diagnosis of PD.  Although several twin studies for PD have resulted in 
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conflicting conclusions that are modest at best, the latest study suggests that PD is 

“moderately heritable” ([47], citing [48]).  The gene that codes for α-synuclein, SNCA, 

was the first to be demonstrated as a single, definite genetic cause of PD when the 

A30P single nucleotide polymorphism is present [49].  Since then, other genetic 

mutations have been identified including duplications or triplications of SNCA, A53T and 

E46K single nucleotide mutations within SNCA, mutations in LRRK2, mutations in 

PARK2, which codes for parkin and mutations in PINK1 [50-62].  The molecular biology 

of these mutations is further reviewed in Chapter 2.  Other genetic mutations associated 

with PD that are not listed here are reviewed in [47].  In summary, the proportion of 

patients’ diagnoses that can be fully or mostly explained by genetic causes is 

approximately ten percent [63].   

 

Environmental Risk Factors 

Whereas genetic factors are the primary cause in ten percent of cases [63], it is 

estimated that twenty percent of patients report a family history of PD, implying a role 

for environmental factors in its etiology [64].  Several toxicants have been linked to PD 

outbreaks, including manganese, lead, paraquat (a pesticide) and carbon disulfide; 

additionally, several occupations that include use and exposure of these toxicants have 

been linked to PD, including farmers, pesticide applicators, steel industry workers and 

welders [64].  Synthetic heroin users are also at risk in the event that its synthesis 

yielded the toxic impurity 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP), the 

discovery of which by Dr. J. William Langston was a critical event in PD research [65].  

Overall, while these exposures explain specific ‘outbreaks’ of parkinsonisms [64], they 
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cannot account for the remaining cases after genetic causes; hence, the field is still 

searching for risk factors for PD and a complete explanation for why many individuals 

develop PD.   

 

Idiopathic Parkinson’s Disease 

According to William Haubrich, the term “idiopathic has come to be a word sometimes 

used to describe a condition of which one is uncertain or ignorant of the cause, yet to 

which one wishes to apply a high-sounding word intended to mask the fact.  In this 

sense, ‘idiopathic’ (idio- + Greek pathos, ‘disease’) is equivalent to ‘essential’ or 

‘cryptogenic.’  Originally, an idiopathic condition was thought to arise within the patient 

him[/her]self rather than occurring as a consequence of any recognized outside cause.  

Later, the sense shifted slightly to that of a condition peculiar to a given individual, in 

contrast to that being representative of a widely recognized disease” [66].  This 

description of the word ‘idiopathic’ is useful for the field of PD for two reasons: (a) in the 

former sense, it acknowledges that we cannot give a complete accounting for why most 

individuals develop PD and (b) in the latter sense, it underscores the tremendous 

heterogeneity of PD in that no two patients with PD have quite the same experience.   

 

Aging – A Partial Accounting 

Epidemiological studies have shown that of the many risk factors associated with 

development of PD, the greatest risk factor, from which no one is immune, is aging [67-

70].  In an excellent review, Collier and colleagues argue that the processes of aging 

and the mechanisms behind development of PD are highly related at the cellular level 
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[70].  Specifically, they propose a ‘stochastic acceleration hypothesis’ for the 

development of PD.  Multiple factors—genetic, environmental or otherwise—interact 

with aging to accelerate striatal dopamine loss to the degree that a threshold for 

development of PD is crossed during the individual’s life [70].   

 

Animal Models of Parkinson’s Disease 

There are three primary methods to generate animals models for PD: traditional 

transgenic approaches, neurotoxicant administration and the use of viral vectors.  

Genetic-based models and neurotoxicant-based models are covered below.  Viral 

vector-based models of PD are covered in Chapter 2.   

 

Genetic-based Models 

Since a portion of PD cases result from a strong genetic basis (see above), these genes 

have been studied for what role they may play in the pathophysiology and if they may 

be used to model the disease (or components of it) in a model organism through 

transgenic approaches (viral vector approaches are discussed in Chapter 2).  Several 

model organisms—Drosophila melanogaster [71], Caenorhabditis elegans [72], mice 

[73], rats [74]—have been employed to model SNCA mutations, but unlike the human 

condition, these classically-derived models do not lose DA neurons over a prolonged 

time course, do not form Lewy bodies and do not exhibit parkinsonian motor symptoms 

[75].  However, a recent study using a bacterial artificial chromosome (BAC)-transgenic 

rat expressing α-synuclein showed progressive nigral degeneration over time that 

reached significance at an aged time point [76].  D. melanogaster and C. elegans have 
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also been used to model LRRK2 mutations, but as these organisms do not 

endogenously express α-synuclein, they are unable to recapitulate one of the key 

features of LRRK2 mutations in patients, viz. α-synuclein aggregation [77, 78].  LRRK2 

mutations modeled in mice do not lead to the development of any SNpc degeneration, 

making this a poor model for testing neuroprotective therapies [79].  Using the parkin, 

PINK1 or DJ-1 mutations in D. melanogaster or mice offers little improvement – the 

mice do not even develop dysfunction of the nigrostriatal system, and the flies only 

develop DA neuron dysfunction and no other PD features [75].  However, recently 

developed PINK1 and DJ-1 models using these genes in rats have been able to 

generate a progressive, neurodegenerative process [80].   

 

Neurotoxicant-based Models 

The loss of SNpc DA neurons and development of a parkinsonian motor phenotype can 

be achieved through the administration of specific neurotoxicants, most commonly 6-

hydroxydopamine (6-OHDA) in rats or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP) in mice or non-human primates (or unethically in humans, considering its origin 

detailed in [65]).  In PD patients, STN glutamatergic activity is increased [81-85] leading 

to hyperactivity in the GPi and the SNpr and compensatory decreases in glutamate 

receptor [86-88]; 6-OHDA or MPTP administration results in similar results [82, 89-97].  

Of importance, these models can be used to reliably generate motor impairments that 

model motor symptoms routinely observed in PD patients.  Behavioral tests commonly 

employed in PD murine models are spontaneous or amphetamine-induced rotations 

and spontaneous forelimb use assessed in the cylinder task [98-101].  In addition, these 
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models can be used along with chronic administration of L-DOPA to generate the 

common side effect of L-DOPA-induced dyskinesias that are observed in PD patients 

after chronic L-DOPA use [102, 103].  The 6-OHDA rat model of PD is discussed more 

below.   

 

Two other neurotoxicants that have been used to model PD are rotenone and paraquat.  

These pesticides (introduced above as environmental risk factors) are not routinely 

used due to a lower threshold for widespread toxicity in the animals and in non-specific 

toxicity to other, non-dopaminergic systems in the brain that are not relevant to 

idiopathic PD [104].  However, some groups are still advancing rotenone as a useful 

neurotoxicant for studying PD [105, 106].   

 

Using 6-Hydroxydopamine to Model Parkinson’s Disease in the Rat 

Discovery 

As an interesting parallel, the original use of 6-hydroxydopamine (6-OHDA) by Porter 

and colleagues [107] was in the research and depletion of norepinephrine in peripheral 

neurons, much as Carlsson first investigated norepinephrine in the brain.  Ungerstedt 

then applied 6-OHDA to researching several monoaminergic areas of the brain 

including the caudate nucleus and SN, and he further noted that injections to the SN 

results in a loss of DA in the striatum, implying a process of anterograde degeneration 

[108].  Ungerstedt then joined by Arbuthnott demonstrated that animals unilaterally 

lesioned with 6-OHDA would rotate with the addition of amphetamine [109].  This 

unilateral model and amphetamine-induced rotations are still employed in PD research, 
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both for the power of an internal control of an intact side of the brain and because 

bilateral 6-OHDA lesions result in loss of eating and drinking and subsequent death 

[110, 111].   

 

Mechanism of Toxicity 

The primary mechanism of toxicity of 6-OHDA is induction of oxidative stress.  The 

structure of 6-OHDA is similar enough to other catecholamines such that it is readily 

transported by the dopamine transporter (DAT) [112].  Accumulation of 6-OHDA in the 

cytosol creates a pool of potential oxidative species, either through spontaneous 

oxidation [111, 112] or through oxidation by monoamine oxidase (MAO).  MAO 

processing of 6-OHDA generates hydrogen peroxide (H2O2), which is both a reactive 

oxygen species (ROS) itself and a precursor to other ROS [112].  There may be another 

role for 6-OHDA-mediated degeneration in the mitochondrion; specifically, 6-OHDA may 

enter this organelle and act as a complex I inhibitor, though this has only been 

demonstrated in vitro [112, 113].   

 

A secondary mechanism of toxicity is through the activation of inflammatory processes.  

Activated microglia have been identified in association with 6-OHDA-lesioned 

nigrostriatal systems [114-123], although controlling for the role of the trauma induced 

by the injection/surgical process is not often done.  The role of inflammation in the 

pathogenesis of PD has taken a leading role in the field within the last few years, 

bolstered by clinical data showing inflammation as a key mediator of the PD brain’s 
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milieu [124-131], and its role in 6-OHDA and in other PD models (inflammation in viral 

vector models is reviewed in Chapter 2) is becoming more appreciated and studied.   

 

Experimental Design Considerations 

Like other catecholamines, 6-OHDA does not cross the blood-brain barrier, so it must 

be injected directly into the brain.  Injections were first made into the SN directly or into 

the medial forebrain bundle (MFB), resulting in a rapid and nearly complete loss of 

SNpc DA neurons that is pathologically similar to late-stage PD [111, 132].  However, 

as the DAT is present in multiple locations on DA neurons and not exclusively on the 

soma, it is possible to induce degeneration via intrastriatal injections of 6-OHDA; this 

was first tried by Berger and colleagues in a demonstration of intrastriatal 6-OHDA 

being retrogradely transported to the SNpc and subsequent neuronal death [133].  

Through modifying the injection paradigm, it is possible to generate DA terminal loss 

that precedes SNpc cell death [134], or to generate DA terminal loss without 

subsequent overt cell loss.  Initiating the degenerative process with loss at the synapse 

and lengthening the timeline of degeneration (from days to weeks) are seen as superior 

features in using 6-OHDA to model the condition of the PD patient [134, 135].  Using 6-

OHDA in this way is also advantageous for vetting experimental, neuroprotective 

therapies in that interventions can be initiated at a midpoint in the timeline of soma 

degeneration that is analogous to the level of degeneration present in PD patients who 

are first presenting to the clinic with symptoms (i.e., the earliest time at which a therapy 

can be employed) [20, 45, 46, 134, 135].  Another methodological consideration is the 

importance of a behavioral phenotype.  Unilateral administration of 6-OHDA will trigger 
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a unilateral motor deficit on the contralateral side that is detectable by behavioral 

assays like the cylinder task when approximately 50% of SNpc neurons have 

degenerated [100, 134, 136].  Proprioceptive deficits can also be detected through a 

forelimb-placing task after vibrissae stimulation, and somatosensory deficits can be 

detected through ability and latency for removing adhesives placed on the rat’s 

forepaws [99, 100].  Two major limitations of the 6-OHDA model are (a) degeneration of 

non-DA neurons observed in PD patients cannot be modeled [137, 138] and (b) Lewy 

body pathology cannot be produced [139]; ergo, the investigator may need to employ a 

different approach if either of these features is necessary for his or her question.   

 

Current Dopamine-based Therapies for Parkinson’s Disease Motor Symptoms 

Pharmacotherapies 

Essentially all medications used today to treat the motor symptoms of PD are designed 

to enhance dopamine (DA) signaling, referred to as the “Dopamine Axis” of PD therapy 

[140].  DA, a catecholamine, does not cross the blood-brain barrier, so it cannot be 

practically administered.  There are several approaches to enhance DA signaling, the 

first of which is to increase its precursor, L-dihydroxyphenylalanine (L-DOPA, often 

referred to as levodopa), a compound that readily crosses the blood-brain barrier.  

Since L-DOPA is the product of the rate-limiting step in DA synthesis, i.e. the 

hydroxylation of tyrosine by tyrosine hydroxylase (TH), it is quickly converted to the end 

product.  Oral administration of L-DOPA alone results in rapid conversion of the 

compound outside of nervous tissue by DOPA decarboxylase (DDC), so L-DOPA is 

combined with carbidopa, a drug that blocks peripheral DDC, in an effort to maximize L-
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DOPA conversion by the DDC present in the brain [9].  L-DOPA is absorbed in the small 

intestine via amino acid transporters and crosses the blood-brain barrier similarly, so it 

should not be taken with a high protein meal in order to maximize absorption [141].  The 

plasma half life is one to three hours, but the effects are generally observed beyond this 

period, suggesting an ability to store/manage DA release [141].  A second approach to 

enhance DA signaling is to mimic DA via DA agonists, e.g. bromocriptine, pramipexole, 

ropinirole, apomorphine and cabergoline [9]; these have varying binding affinities for DA 

receptors and will not be contrasted here.  A third approach is through decreasing DA 

metabolism, thereby achieving an increased effective concentration of synaptic DA.  DA 

is metabolized via two enzymes, viz. catechol-O-methyltransferase (COMT) and 

monoamine oxidase (MAO), so inhibitors of these are used (in the latter case, specific 

MAO-B inhibitors are used since this is the primary isoenzyme found in the striatum) 

[141].  Two approaches that are not DA-centric are muscarinic receptor antagonists, 

which were used with modest success even before the discovery of L-DOPA, and 

amantadine, an antiviral drug that affects “DA release in the striatum, has 

anticholinergic properties and blocks [N-methyl-D-aspartate (NMDA)] glutamate 

receptors” and also has modest effects [141].  While the mainstay therapy for PD is L-

DOPA, its use per se—i.e., apart from the effect of disease progression—has been 

linked to L-DOPA-induced dyskinesias (LIDs) [142] (though this is still hotly debated, 

see the ‘Controversies in Movement Disorders’ session during the 18th International 

Congress of Parkinson’s Disease and Movement Disorders).  Therefore, it is a common 

practice to delay the use of L-DOPA and to first employ MAO-B inhibitors and DA 

agonists until symptoms can no longer be adequately managed [143].  However, this 
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concern for delaying L-DOPA to delay LIDs is a common misconception.  Age and 

disease duration more closely relate to development of LIDs, so the decision to choose 

L-DOPA or DA agonists for a patient’s initial treatment should focus on other factors, as 

previously reviewed [144].   

 

Surgical Therapies 

L-DOPA provides adequate management of symptoms usually for a decade, at which 

point dyskinesias may become intolerable [145, 146] and new therapeutic, surgical 

options are considered [147].  Two main surgical approaches have been used to treat 

PD: lesioning and electrical stimulation [148].  Lesioning was used first with either the 

ventral intermediate nucleus (VIM) of the thalamus or the globus pallidus interna (GPi) 

targeted (thalamotomy and pallidotomy, respectively) [148].  Unilateral tremor can be 

reduced using thalamotomy, but bilateral surgery is fraught with complications, most 

commonly the introduction of swallowing and speech difficulties [149]; as most PD 

patients have progressed to considerable bilateral disease by the time surgery is 

discussed, complications from bilateral thalamotomy has limited its use.  Pallidotomy, in 

contrast, can be used to reduce dyskinesias, tremor, rigidity and bradykinesia either 

unilaterally or bilaterally [148, 150, 151], leading to increased use through the 1990s.  

Pallidotomy then gave way in popularity to deep brain stimulation (DBS) at the 

beginning of the new millennium with United States Food and Drug Administration 

(FDA) approval of VIM DBS for essential tremor in 1997 and GPi or subthalamic 

nucleus (STN) DBS for PD in 2002 [152].  DBS for PD is discussed below.   
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Deep Brain Stimulation for Parkinson’s Disease 

A Brief History 

The use of deep brain stimulation (DBS) for Parkinson’s disease (PD) begins, like all 

matters academic, with the founder of the ‘modern’ philosophical era, René Descartes.  

His Cartesian coordinate system allowed for a precise, specific description of a point’s 

location in space that several hundred years later, allowed for the ability to accurately 

target areas of the brain through mapping neuroanatomical structures onto a three-

dimensional space.  Targeting structures in this manner is achieved through a 

stereotactic apparatus, a device described by Sir Victory Horsley and Robert Clarke in 

1908 [153] and subsequently used by Horsley in 1909 in an adolescent for treatment of 

hemiathetosis through removal of the portion of the precentral gyrus associated with the 

upperextremity [154], and the same procedure was used in two related cases in 1931 

and 1937 by Paul Bucy and Theodore Case [155, 156].  A stereotactic device that could 

be used to insert a probe into the brain was first used in 1947 by Ernest Spiegel, Henry 

Wycis and colleagues [157], and it was subsequently employed for psychiatric and 

movement disorders indications, e.g. thalamotomy and pallidotomy for PD [158-168].   

 

The birth of DBS came from the marriage of stereotactic neurosurgery with chronic, 

electrical stimulation.  This was first employed by Hassler with the experimental finding 

that high-frequency stimulation of the pallidum would ameliorate tremor [169, 170], and 

this was employed as a treatment in 1967 by Natalia Bekhtereva and colleagues [171].  

However, after the widespread and very successful treatment of PD with L-DOPA in the 

1960s, the use of surgery in general for movement disorders was primarily confined to 
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medically intractable tremor [172].  A resurgence in stereotactic neurosurgery for 

movement disorders in the 1990s occurred with the convergence of Louis Benabid’s 

use of chronic, bilateral DBS of the VIM of the thalamus for the treatment of tremor (and 

subsequent FDA approval in 1997) [172-174] and the revival in pallidotomy for PD as 

reinitiated by Lauri Laitinen [175].  Combining these movements, DBS of the globus 

pallidus interna (GPi) for treatment of PD was explored by Jean Siegfried and Bodo 

Lippitz and resulted in FDA approval in 2002 [176].  However, the use of DBS for PD 

took a turn with the hypothesis by Mahlon DeLong that the subthalamic nucleus (STN) 

could be targeted for the treatment of PD [172, 177].  Benabid and his team implanted a 

DBS electrode into a PD patient in 1994 [178], and subsequent studies showed that 

stimulation of the STN provided superior results than targeting the GPi [179, 180], 

resulting in FDA approval in 2002 [172] and the replacement of the GPi with the STN as 

the traditional and gold-standard surgical therapy for PD.  However, the tide has begun 

to turn with the demonstration of equal benefit for motor symptoms between the GPi 

and STN [181].  The current use of GPi and STN DBS is discussed more below.  (This 

section was drawn heavily from historical research presented in [182].)   

 

DBS Surgery 

As is the case with all non-emergent surgeries, the procedure begins with planning and 

any necessary preoperative imaging.  Targeting may be accomplished through indirect 

or direct methods.  Indirect targeting uses a reference standard/atlas for determining 

coordinates, whereas direct targeting uses a combination of imaging modalities of the 

individual patient.  Direct targeting usually requires magnetic resonance imaging (MRI) 
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for identifying the anterior and posterior commissures, which are commonly used 

neurosurgical landmarks, and the STN; their MRI images may then be overlaid on a 

computed tomography (CT) images acquired with discrete stereotactic references, 

allowing for precise coordinates to be used for the target structure.   

 

The surgical procedure is dependent on a stereotactic head frame that allows for 

precise movement within the coordinate system.  Setting the stereotactic coordinates 

allows for location of the point of entry, a bur hole is made and the dura mater is opened 

and the pia mater coagulated [182].  Once the electrode lead is inserted within the 

region of the target, microelectrode recording is used to confirm lead location.  Of note, 

sedation must be stopped prior to microelectrode recording since it may affect the 

electrophysiological measurements.  Upon confirmation of the target structure, the 

electrode lead is implanted and affixed to the skull via an anchoring device or 

sometimes with bone cement or plates [182].  The impulse generator, which resides 

beneath the ipsilateral clavicle, may be implanted at the same time or staged at a later 

date.  The wire is fed subcutaneously from the bur hole to the pulse generator.  The 

pulse generator then is programmed after recovery from the surgical procedure.   

 

Complications from DBS surgery are relatively minor compared to many other 

neurosurgical procedures.  Intracranial hemorrhage is the worst possible complication 

since it results in severe neurological deficits or death; however, it only occurs 0.2% to 

12.5% of the time—likely partially due to a reflection of a center’s experience with the 

operation—and is likely due to injury of an arterial blood vessel [170, 182, 183].  Of 
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note, the risk of hemorrhage may be related to the chosen target with the GPi being 

more likely associated with hemorrhage than the STN by an approximate threefold 

difference [184, 185].  Transient, postoperative confusion is possible in elderly patients, 

and it may be reduced with staging bilateral implantations across separate surgical 

sessions [182].  There is also the risk of hardware-associated infection, which is most 

common at the site of the pulse generator, and may be treated with antibiotics or 

sometimes requiring removal of the subcutaneous wire or in some cases, the electrode 

lead itself.  Hardware may also fail; leads may fracture, migrate or erode [170, 182].  

Lastly, complications from stimulation are often reported, though are most often 

transient and manageable through changes in programming parameters.  Such 

complications include dysarthria, weight gain, depression, eyelid-opening apraxia, 

stimulation-induced dyskinesias, muscle contractions, diplopia, worsening of postural 

instability or gait, hypersexuality, mood disorders, psychosis or hallucinations [186].  

The most common complications from electrode lead implantation, which may or may 

not be stimulation-dependent, is a loss in verbal fluency [187-191] and cognitive decline 

when already present before surgery [192, 193].  (This section was drawn heavily from 

research presented in [182].) 

 

Efficacy and Side Effects of DBS 

STN DBS 

Considered the gold-standard surgical therapy for PD, STN DBS has shown 

improvements in UPDRS motor scores of approximately 50% [181, 193-198].  STN DBS 

has also shown improvements on non-motor features, including quality-of-life measures 
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and reductions in L-DOPA dosages [181, 199].  STN DBS may also be superior to 

optimized medical therapy in reduction of PD motor symptoms [200].  Lastly, STN DBS 

has shown superiority in economic cost-benefit analyses [201, 202].  In contrast to 

these benefits, STN DBS may exacerbate preexisting depressive symptoms [181] or 

even increase impulsivity [203].   

 

GPi DBS 

Though fewer PD patients have received GPi DBS than STN DBS, its use is on the rise 

with the results from a rigorous study completed by Kenneth Follett and colleagues 

showing that GPi and STN DBS were equivalent insofar as relief of PD motor symptoms 

were concerned [181].  GPi DBS is less likely associated with a reduction in L-DOPA 

dosages, but it is less likely to exacerbate preexisting comorbidities such as cognitive 

dysfunction or depression [181, 204-206].   

 

Patient Selection for DBS 

When to consider? 

Since its inception in the clinic, DBS has been used as a treatment of last resort for PD.  

This practice was reasonable at the time because of the low familiarity/comfort of 

neurosurgeons with the procedure, less-refined practices in programming and the 

overall risks of functional neurosurgery, which are not trivial, and were relatively higher 

than they are today due to an increase in case volume at what are now experienced 

centers.  Compounded onto these is the fact that even neurologists specializing in 

movement disorders are unable to diagnose PD better than 26-53% of the time within 
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the first five years, depending on presentation [207], meaning DBS within that initial 

interval may be unreasonable.  These factors led to the original consideration of (and 

FDA approval for) candidates for DBS only when they were at least five years post 

diagnosis and a Hoehn-Yahr scale stage three or greater (i.e., mild-moderate disability, 

impaired righting reflexes but still physically capable of independence) [198, 208-210].  

Clinical practice under these guidelines resulted in patients receiving DBS surgery 

twelve to fourteen years post diagnosis (Volkmann 2004).   

 

Patients are considered optimal candidates for DBS if they follow additional, specific 

inclusion and exclusion criteria.  Patients are generally excellent responders to 

stimulation if they are also excellent responders to L-DOPA, usually measured by if they 

have a greater than 33% reduction in UPDRS motor score [182, 198, 209].  Patients are 

considered excellent DBS candidates, then, if their L-DOPA response is robust but short 

lived (i.e., low ‘on’ versus ‘off’ time) and their L-DOPA-induced dyskinesias are 

unmanageable, as L-DOPA dosage can be lowered with stimulation; however, tremor 

specifically does not have to respond as robustly to L-DOPA as other symptoms for 

consideration of DBS [182].  As a possible exclusion criterion, patients hoping to benefit 

specifically in regard to axial symptoms, like postural instability, speech issues and gait 

abnormalities, should not expect this from DBS, as it primarily affects symptoms that 

affect the limbs [170, 182].  Patients with atypical parkinsonism are not good candidates 

for DBS since their symptoms will not improve and may worsen [182, 211, 212].  

Patients without dedicated caregivers are also poor candidates for DBS [212].   
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Which to consider? 

In the last five years, the practice of DBS for PD has shifted from the question, “Which 

target is better?” to, “Which target is more appropriate for this patient?”  In this light, it is 

highly recommended that DBS only be practiced at experienced centers and under the 

evaluation of a multidisciplinary team [213, 214].  A thorough comparison between the 

GPi and the STN as targets has been completed by Nolan Williams, Kelly Foote and 

Michael Okun [214].  In brief, patients can expect an advantage for bilateral GPi 

stimulation for “L-DOPA-responsive gait and balance issues,” for “dyskinesia 

suppression,” preservation of cognition, “flexibility in long-term medication adjustments,” 

“ease of programming and east of long-term management,” for using a unilateral 

approach and (in unilateral cases) for overall quality of life [214].  In contrast, patients 

can expect an advantage for bilateral STN stimulation for bradykinesia and are likely to 

have a 50% reduction in L-DOPA dosage [179, 181, 182, 185, 214-217].  In addition, 

payers may expect an economic advantage from STN stimulation [202, 214].   

 

The Mechanism of STN DBS 

Since the advent of STN DBS, several hypotheses have been proposed for its 

mechanism.  As an extension of the origins of STN DBS from pallidotomy or 

subthalamotomy for PD, the first explanation was that of a ‘depolarization block.’  The 

argument was by analogy (notably, a weak form of logic): lesioning the STN and 

electrically stimulating it produced similar clinical effects, so they must work by a similar 

mechanism and STN DBS is a ‘functional ablation’ [218-221].  However, if this 

hypothesis were true, it would stand to reason that reduced STN activity would result in 
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reduced glutamate release and a subsequent reduction in measured glutamate at 

postsynaptic targets; however, this was not shown. DBS actually promotes STN activity 

[222, 223], and glutamate levels as measured by microdialysis are increased in the 

substantia nigra pars reticulata (SNpr) and GPi, two targets of the STN, in association 

with STN DBS [224, 225].  To add a nuance to this hypothesis, STN DBS has shown 

both excitatory and inhibitory effects that result in a replacement of pathologic, intrinsic 

STN activity with a new pattern, thereby allowing STN neurons to become stable 

oscillators, as first shown in vitro [226] and later in vivo [227].  In a groundbreaking 

study in parkinsonian rats, Viviana Gradinaru, Anatol Kreitzer and colleagues used 

optogenetic approaches to demonstrate the activation of STN afferents and the 

hyperdirect pathway from the primary motor (M1) cortex to the STN may explain the 

therapeutic effects of STN DBS [228]; this hypothesis was further tested in non-human 

primates and seems to hold true given that stimulation intensities are above a threshold 

[229].  In contrast, one study showed that STN DBS may isolate the STN from 

pathology in other regions by decoupling it from upstream and downstream areas 

through axonal failure, allowing the STN to resume normal firing patterns [230].  Using 

circuit activity/patterns as a way to explain STN DBS has garnered much attention.  

Many studies have shown that PD is associated with increased beta oscillations within 

the basal ganglia and that STN DBS decreases these by altering STN firing patterns 

[231-236].   

 

Is STN DBS Disease-Modifying? 
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Beyond therapeutic efficacy, several clinical studies have investigated if STN DBS may 

be used to slow or halt the progression of PD.  This proposition first came from 

anecdotal reports from neurologists who believed their PD patients receiving STN DBS 

did better than those who did not elect surgery.  This clinical observation resulted in 

retrospective analyses that showed STN DBS could maintain subjects’ off-medication 

motor symptoms several years after electrode implantation [193, 195, 215, 237].  In 

contrast, a prospective study showed equivalent disease progression as measured by 

striatal fluorodopa uptake in subjects either receiving STN DBS or not [238].  Of note, 

these studies examined disease modification in subjects who were in late-stage PD 

since the average age of patients at electrode implantation is about twelve to fourteen 

years post diagnosis [239].  Since the completion of these clinical studies, the PD field 

has advanced its knowledge of the state of striatal DA loss relative to the time of 

diagnosis.  Since the majority of terminal loss occurs by four years post diagnosis [45, 

46], it is unreasonable to assess the question of disease modification in the context of a 

PD subject who has already lost (and subsequently compensated for) the very thing the 

investigator is trying to save.  A more recent clinical trial has employed STN DBS at an 

earlier time in the disease course (i.e., about seven to eight years post diagnosis) [240], 

but not early enough to overcome this experimental design hurdle.  The only clinical 

cohort that may be able to address the question of disease modification is at Vanderbilt 

University, though current follow-up is too short and the cohort too small [241].  As such, 

from a clinical perspective, ‘the jury is still out’ on whether STN DBS is a disease-

modifying therapy for PD because an appropriately designed clinical trial has yet to be 

conducted.   
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Even though the definitive clinical trial has yet to establish if STN DBS is disease-

modifying, several groups in parallel with the clinical studies discussed above have 

shown a neuroprotective effect of STN DBS.  In rats, STN DBS used immediately after 

6-OHDA administration results in a doubling of the remaining tyrosine hydroxylase 

immunoreactive (THir) neurons in the SNpc compared to rats without activated 

electrodes [242], and when STN DBS is activated one week or two weeks after 6-

OHDA, the SNpc neurons that remain are protected [134, 243, 244].  Similar results 

have been found in non-human primate models of PD using MPTP with either 

pretreatment with STN DBS or waiting 6 days after MPTP [245].  STN DBS-mediated 

neuroprotection in a 6-OHDA rat model of PD showed a stimulation-specific increase in 

brain-derived neurotrophic factor (BDNF) in the SNpc in lesioned rats or the striatum in 

intact (i.e., no 6-OHDA) rats, providing a possible explanation for the observed 

neuroprotection [136].  Indeed, a role for BDNF in stimulation-mediated effects in other 

contexts has been shown by other laboratories [246-248].   

 

Neurotrophins 

Meet the Family 

Nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 

(NT-3) and neurotrophin-4 (NT-4) comprise the neurotrophin family.  NGF was 

discovered first through the work of Viktor Hamburger, Rita Levi-Montalcini and Stanley 

Cohen [249-254] for which the 1986 Nobel Prize in Medicine was awarded though not 

entirely shared.  The other neurotrophins are structurally similar to NGF, including by a 
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shared ‘cysteine knot’ tertiary structure, and are approximately 12 kD [255-258].  All 

neurotrophins are secreted proteins and bind tropomyosin-related kinase (trk) receptors, 

leading to dimerization and receptor activation [259, 260].  For the present work, BDNF 

plays a central role and is discussed in greater detail below.   

 

Brain-Derived Neurotrophic Factor 

Structure & Function 

Yves-Alain Barde, Hans Thoenen and colleagues observed that “glioma-conditioned 

medium […], the source of glial factor, can support both survival and fibre formation of 

isolated chick sensory neurons and that neither NGF nor glial factor are responsible for 

this effect” [261] and they were able to replicate these result using rat brain extracts 

[262].  Identification of the responsible, new factor was conducted by the same 

laboratory group [263] and later became known as brain-derived neurotrophic factor 

(BDNF).  BDNF shares 50% of its primary structure with NGF, including the key six 

cystine residues, and has similar secondary structure to NGF from its disulfide bridges, 

so BDNF was classified as the second neurotrophin after the category-defining NGF 

[264].   

 

Extending the work of Barde and colleagues, Johnson and colleagues showed that 

BDNF enhances survival of cultured fetal retinal ganglion cells [265].  One should note, 

though, that the role of BDNF is distinctly different than that of NGF.  NGF may be 

characterized as ‘anti-death’ since its presence appears necessary for developing 

sensory neurons [266, 267]; however, BDNF is ‘pro-growth/survival’ since the addition 
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will rescue motor neurons during a period of cell death during development, but genetic 

knockout of BDNF has no effect on the same population of neurons [268-270].  

 

The effects of BDNF are myriad and extend beyond just the presence or absence of 

perikarya during development.  BDNF has been found in the hippocampus, cortex, 

claustrum, cerebellum, olfactory bulb, thalamus, preoptic area, hypothalamus and 

pontine nuclei as well as in the heart, lungs, platelets and Schwann cells [271-274].  Of 

importance to the present work, BDNF mRNA was found in the entopeduncular nucleus 

(EP), the ventral tegmental area (VTA) and in dopaminergic (DA) neurons of the 

substantia nigra (SN) [275], and BDNF enhances the survival of cultured DA neurons 

[276].   

 

Synthesis, Release and Signaling 

Production of BDNF proceeds even in excess, but trafficking and degradation of BDNF 

is modulated in response to neuronal activity [277].  Glutamate as well as acetylcholine 

have been shown to increase BDNF production by postsynaptic targets [278, 279].  

Glutamate-mediated increases in BDNF require involvement of both NMDA and non-

NMDA postsynaptic receptors; cholinergic-mediated increases require muscarinic but 

not nicotinic acetylcholine receptors [280-286].  BDNF is first produced in a ‘pro’ form, 

proBDNF.  proBDNF contains an “amino-terminal pro-domain that assists in their proper 

folding and dimerization” [287].  proBDNF is constitutively released to interact with its 

low-affinity receptor p75 [287].  Ligand-bound p75 in association with the protein Sortilin 

acts through c-Jun N-terminal kinase (JNK) to ultimately result in apoptosis [287].  
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Activity-dependent release of BDNF opposes the constitutive-release pathway and 

offers the ability for the target neuron to be ‘fine-tuned’, called the “Yin-Yang 

Hypothesis” [287].  Upon the firing of an action potential, the presynaptic neuron 

releases neurotransmitter and co-releases vesicular proBDNF into the synaptic cleft 

[287, 288].  The pro-domain is proteolytically cleaved either intracellularly by 

endoproteases or proprotein convertases or extracellularly by tissue plasminogen 

activator (tPA), thereby converting the proBDNF form into the mature form that is 

referred to simply as BDNF [289, 290].  Then, the mature form of BDNF can act via two 

signaling pathways on the postsynaptic neuron: the canonical and the non-canonical 

pathways.   

 

In the canonical pathway, BDNF binds to its high-affinity receptor tropomyosin-related 

kinase type 2 (TrkB).  TrkB signaling activates PLC-γ, PI3K-Akt and Erk, resulting in 

neuronal survival, growth/arborization and regulation of synaptic plasticity through 

mediating long-term potentiation (LTP) [287, 291, 292].  Of note, the affinity of BDNF for 

TrkB actually is increased when TrkB is complexed with p75Ntr [293, 294].  While the 

time course for the signaling events is on the course of many minutes, the measureable 

effects take much longer on the order of hours, as they require alterations in 

transcription and translation of specific genes and the production of a complement of 

new proteins [287].   
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In the non-canonical pathway, the effects of BDNF are still mediated through TrkB, but 

the intracellular signaling takes a tangential path.  Through PI3K-Akt signaling, an 

intermediate called Girdin is phosphorylated and combines with Src to phosphorylate 

the NMDA receptor 2B subunit (NR2B) [295, 296].  NR2B phosphorylation results in a 

potentiated response by NMDA receptor-mediated currents [295, 297].  It is also 

important to note that the non-canonical pathway is much faster than the canonical one 

due to it only being a series of phosphorylation events.  Lastly, it should be noted that 

TrkB is also present in a truncated form that was once thought to serve as a ‘sink’ for 

extracellular BDNF, but an intracellular signaling pathway has recently been elucidated 

[287]; knowledge of the truncated form of TrkB is still sparse, though it may very well 

play a role in PD research with the recent finding that both full-length and truncated 

TrkB have differential distributions between the dendritic, somatic and axonal 

compartments of striatal and nigral neurons in postmortem PD tissue [298].  BDNF-trkB 

signaling also has effects on DA signaling.  In a BDNF heterozygous knockout mouse 

(i.e., decreased BDNF levels), there is decreased DA release and DA transporter (DAT) 

function, and these DA handling deficits were partially reversed with acute BDNF 

treatment [299].  In addition, selective removal of trkB signaling on striatal 

enkephalinergic neurons results in hyperlocomotion [300].   

 

Of great relevance to the present research, BDNF release can be driven through 

electrical stimulation.  In neuronal cultures, high-frequency stimulation leads to 

increased (mature) BDNF release and release of tPA, which converts proBDNF to the 

mature form, and low-frequency stimulation leads to increased proBDNF release [290].  
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In addition, long-term, high-frequency STN DBS increases BDNF levels in the 

nigrostriatal system [136].  Since high-frequency STN DBS is therapeutic for PD and 

low-frequency STN DBS worsens PD symptoms and promotes pathologic synchrony 

[236, 301-303], this offers a potential mechanism for this observed difference.   

 

BDNF for Parkinson’s Disease 

With the discovery that DA neurons of the SN would fare better with the addition of 

BDNF [276], the field of PD research extended that finding into a possible therapeutic 

avenue.  Of importance, there was a sound basis for this research: BDNF levels are 

reduced in the brains of PD subjects [304, 305].  In vitro studies led the way in showing 

a neuroprotective effect of BDNF application to mesencephalic DA neurons from N-

methyl-4-phenylpyridnium (MPP+)- or 6-OHDA-induced cell death [306].  In vivo studies 

then provided more of a conceptual basis for using BDNF in the basal ganglia by 

demonstrating BDNF application to the striatum or the SN would enhance DA turnover 

[307].  This was followed by BDNF being used as a neuroprotective agent against 

MPP+ in rodents, resulting in fewer SN neurons lost and a reduction in pathologic 

turning as assessed by amphetamine-induced rotations [308, 309], and the overall 

findings were replicated in non-human primates [310].  Given that BDNF is particularly 

trophic for primary mesencephalic cultures, Yurek and colleagues used it as a 

supportive therapy to transplanted fetal DA neurons and showed increased innervation 

of the striatum by the transplanted neurons in a 6-OHDA rodent model [311]; DA neuron 

grafts are still under investigation.  However, BDNF has not been tested in human 

subjects as a monotherapy for PD.   
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Chapter 2: Viral Vector-Based Modeling of Neurodegenerative Disorders: 

Parkinson’s Disease 

Abstract 

Gene therapy methods are increasingly used to model Parkinson’s disease (PD) in 

animals in an effort to test experimental therapeutics within a more relevant context to 

disease pathophysiology and neuropathology.  We have detailed several criteria that 

are critical or advantageous to accurately modeling PD in a murine model or in a non-

human primate.  Using these criteria, we then evaluate approaches made to model PD 

using viral vectors to date, including both adeno-associated viruses and lentiviruses.  

Lastly, we comment on the consideration of aging as a critical factor for modeling PD.   

 

Introduction to Parkinson’s Disease 

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder with 

approximately “100-300 per 100,000 persons” affected (see chapter 2 in [312]).  The 

primary risk factor for PD is aging with PD affecting one-percent of the population over 

sixty-five years of age [313].  Akinesia, bradykinesia, rigidity and resting tremor are the 

most common symptoms.  While motor dysfunction is the primary basis for diagnosis, 

patients may also experience depression, cognitive dysfunction, agnosia and other 

symptoms at clinical presentation [6].  The progressive degeneration of the 

dopaminergic cells of the substantia nigra pars compacta (SNpc) and their projections 

to the striatum results in the loss of dopamine to the caudate nucleus and the putamen 

and the motor symptoms at clinical presentation.  As a result, current 

pharmacotherapies (e.g., L-DOPA) attempt to bolster nigrostriatal dopaminergic 
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transmission.  However, as disease progression continues, these pharmacotherapies 

lose symptomatic efficacy and can yield troubling dyskinesias [314], making the 

development of neuroprotective therapies critical.   

 

While a clinical diagnosis of PD can be made based on symptoms and signs alone, the 

definitive diagnosis is made post mortem by a neuropathologist.  The pathological 

hallmark of PD is the Lewy body, a “proteinaceous neuronal cytoplasmic inclusion” that 

is often immunoreactive for ubiquitin and most specifically for α-synuclein (α-syn) (see 

chapter 12 of [312] as well as [33, 34, 315]).  α-syn is a natively unfolded protein of 140 

amino acids that binds and bends membranes, though its biological function is not 

completely understood [316].  (The relationship between α-syn and PD is discussed 

more below.) 

 

Criteria for Evaluating Animal Models of Parkinson’s Disease 

Our ability to study the mechanisms driving the pathophysiology in PD and to test 

experimental therapeutics is only as strong as our capacity to accurately model the 

human condition in a laboratory animal.  Neurotoxicant-based and transgenic models of 

PD have proven valuable in advancing our understanding of the consequences of 

dopamine denervation and the biological function of particular genes within the context 

of the whole brain environment; however, PD is still without a disease-modifying agent.  

Through targeted induction of oxidative stress, neurotoxicant-based models of PD can 

be used to produce progressive degeneration of the SNpc, but only of the perikarya 

since the terminals degenerate almost immediately (e.g., [134]).  Limitations of the 
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neurotoxicant-based PD models (e.g., 6-hydroxydopamine, 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine) include inadequate construct validity, as oxidative stress is only one 

of many contributors to the disease process, and an absence of the pathological 

hallmark of PD, Lewy bodies. The overwhelming majority of germ line transgenic 

models that overexpress normal or mutated forms of genes linked to PD have failed to 

recapitulate the magnitude of nigrostriatal degeneration observed in the parkinsonian 

brain. In this chapter, we review viral vector-based models of PD to determine whether 

this approach more appropriately recapitulates the human condition.  In the following 

sections, we will review the progress that has been made in several different viral 

vector-based models of PD and evaluate them based on the following criteria that we 

propose are critical or advantageous to studying the disease and exploring therapeutics. 

 

Does the model have construct validity?  

Construct validity requires that the causes and pathophysiological changes that occur in 

PD patients are comparable to what drives and occurs in the animal model.  The causes 

of PD are for the most part unknown because the majority of cases are idiopathic.  A 

combination of genetic and environmental factors has been posited to increase the risk 

of developing the disease.  Nonetheless, a small percentage of PD cases can be 

entirely explained by our current understanding of genetics (see chapter 15 of [312], cf. 

chapter 16, ib.).  With this in mind, viral vector-based animal models of PD have 

targeted overexpression of normal or mutated forms of some of the causative PD genes 

to the nigrostriatal system.  These include overexpression of normal or mutated forms of 

α-syn, leucine-rich repeat kinase 2 (LRRK-2) and parkin substrates as well as 
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knockdown of PTEN-induced putative kinase 1 (PINK1).  Further, with the concept in 

mind that PD motor symptoms are primarily driven by loss of nigrostriatal dopamine, 

some research has explored silencing tyrosine hydroxylase (TH) using shRNA to 

effectively deplete dopamine in the nigrostriatal system.   

 

Is the model consistently reproducible? 

An important criterion for any model is the level of variability and the ease of 

reproducibility.  We will examine the variability of each model and use the literature to 

confirm reproducibility both within the same laboratory and between laboratories 

employing the same model.  It should be noted that although viral vector constructs may 

express the same PD-related gene, these vector constructs may differ in other 

important aspects such as the promoter used, titer or injection parameters.  Therefore, 

results may vary between specific vector constructs, so some leniency must be afforded 

when comparing studies.  Of note, this lack of standardization has led to some 

confusion, and perhaps trepidation, by other groups in using certain models.  

Laboratories employing viral vector-based animal models of PD should take this into 

account when developing models, comparing their models to those from other groups  

and communicating their results.   

 

Is the model appropriately progressive? 

Nigrostriatal degeneration occurs over many years both before and after symptom onset 

and diagnosis.  Of great importance, this process proceeds in stages, the very first of 

which is dysfunction/loss of dopamine (DA) terminals in the caudate nucleus and the 
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putamen (collectively termed the striatum in rodent species).  A recent, detailed, post-

mortem analysis of PD brains confirms that loss of striatal DA innervation is a critical 

early event that precedes and exceeds loss of DA neuron cell bodies [46].  Therefore, 

an ideal model of PD should display substantial striatal terminal dysfunction/loss prior to 

overt nigral DA neuron loss.  In accordance with the progressive nature of PD, 

degeneration of DA neurons of the SNpc should occur over months; for the purposes of 

discussion, we set our minimum at eight weeks (i.e., degeneration should be complete 

no sooner than eight weeks post insult).  Finally, it is advantageous for the model to 

progress to at least 60% loss of nigral DA neurons in order to mimic late-stage PD, 

allow for functional evaluations of motor performance and to give the investigator a 

large window to observe a disease-modifying effect.   

 

Does the model recapitulate the neuropathological hallmarks of PD? 

Since the definitive diagnosis of PD is made post mortem upon confirmation of specific 

neuropathological hallmarks, a model of PD should also include the relevant 

neuropathology.  Nigral DA neurons should possess Lewy body-like inclusions that are 

immunoreactive for ubiquitin and α-syn as well as dystrophic (or Lewy) neurites in the 

striatum.  Further, as the nigrostriatal system in the PD brain is associated with 

neuroinflammation [124-131], markers indicative of reactive microgliosis should be 

observed.  In addition, overt pathology that is not commonly associated with PD should 

not be observed, thereby demonstrating the model is somewhat specific in its effects.   

 

Does the model result in quantifiable parkinsonian symptoms? 



43 

The most important outcome for PD patients is in a therapy’s amelioration of symptoms.  

In this light, PD models should result in quantifiable symptoms analogous to those that 

observed in PD patients to allow for the study of how therapeutic intervention can slow, 

halt or reverse functional deficits.  Therefore, motor symptoms, such as akinesia, 

bradykinesia, postural instability or tremor, are desirable qualities in a PD model, and 

their measurement must possess enough sensitivity to observe a therapeutic effect.  

Furthermore, motor symptoms should ideally present at a time when approximately 50% 

of dopaminergic input to the striatum has been lost, thereby mirroring clinical 

presentation [45, 46].   

 

Viral Vector-Based Models of Parkinson’s Disease 

Using genetic insights into PD pathology, several gene therapy-based models have 

been developed with varying degrees of success at recapitulating the human condition.  

These models include overexpression of α-syn, leucine-rich repeat kinase 2 (LRRK-2) 

and parkin substrates as well as knockdown of tyrosine hydroxylase (TH) and PTEN-

induced putative kinase 1 (PINK1).  Many of these models have been comprehensively 

reviewed before [317-323], but we will evaluate the currently employed models 

according to the above criteria in a more prescriptive fashion.  A summary is presented 

in Table 1.  Please note, while the following gene therapy-based models have their 

respective roles in modeling genetic forms of PD and in studying some important cell 

and molecular biology, we are limiting our discussion to how well they recapitulate the 

idiopathic form of PD in vivo in the mammalian brain.
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Table 1. Overview of Viral Vector-Based Models of Parkinson’s Disease. 
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α-Synuclein Overexpression 

Mutations in the gene encoding α-syn, SNCA, have been definitively linked to familial 

PD  [49].  Increases in overall α-syn expression by duplications or triplications of the α-

syn gene SNCA and single nucleotide mutations (viz., A30P, A53T and E46K) within 

SNCA are associated with development of PD and an earlier onset of disease 

symptoms [49-54].  In addition, the primary component of Lewy bodies is aggregated α-

syn [324]; hence, targeted overexpression of wildtype or mutated α-syn to the adult, 

non-human nigrostriatal system was the first viral vector-based approach to model PD 

[74, 325, 326].  Since that time, gene transfer of α-syn to the SN has been the most 

extensively studied with numerous reports in mice, rats and non-human primates and 

using both adeno-associated viruses (AAV) and lentiviral (LV) vector constructs [74, 

325-355].  Over time, as technological advances allow for higher vector titers to be 

achieved and the identification of more efficient promoters, viral vector-mediated 

overexpression of α-syn has become more consistent and yielded a greater magnitude 

of effects.  Present use of AAV or LV to overexpress α-syn recapitulates several 

components of PD neuropathology, including: a) early striatal terminal dysfunction [352, 

356], b) progressive loss of striatal, dopaminergic terminals, c) progressive loss of 

dopaminergic neurons of the SNpc following loss of terminals, d) Lewy body-like 

inclusions containing α-syn, e) dystrophic neurites resembling Lewy neurites [325, 331, 

336, 357] and f) neuroinflammation [123, 334, 341, 352].  In addition, viral vector-

mediated α-syn overexpression results in PD-like motor symptoms that correlate with an 

approximate 50% loss of striatal DA as observed in PD patients [337, 339].   
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In our own laboratory, we have characterized the degeneration, pathology and 

behavioral phenotype induced by intranigral injections of recombinant AAV serotype 2/5 

(AAV2/5) in which expression of the human wildtype α-syn transgene is driven by the 

chicken beta actin/cytomegalovirus (CβA/CMV) enhancer-promoter hybrid that results in 

efficient gene expression in neurons [339] (see Figure 1).  This model results in: a) 

transduction of the nigrostriatal system with human wildtype α-syn, b) 60% nigral DA 

neuron loss and 40% reduction in striatal TH immunoreactivity eight weeks post 

injection, c) marked microgliosis in the SN associated with α-syn overexpression and d) 

significant impairment in contralateral forelimb use eight weeks post injection.  Lastly, 

nigral neuron degeneration correlates with α-syn expression levels and can be adjusted 

by the investigator through altering the vector titer or construct [339], offering a 

methodological advantage.   
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Figure 1. Overexpression of α-Synuclein in the Rat Nigrostriatal System Via 

AAV2/5 Results in Nigral Degeneration, Contralateral Forelimb Impairment and 

Microgliosis.  Intranigral injections of AAV2/5 α-syn (2 x 2 μls of 1 x 1013 vg/ml, AP -

5.3, ML +2.0 mm, DV -7.2 mm; AP -6.0 mm, ML +2.0 mm, DV -7.2 mm) were made to 

young-adult, male, Sprague Dawley rats as described previously [339].   
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Figure 1 (continued) 

A-C. Coexpression of human, wildtype α-syn (green) in TH immunoreactive (THir, red) 

neurons within the SNpc at two weeks following injections, prior to degeneration.  D. 

Degeneration of THir neurons of the SNpc at eight weeks after AAV2/5 α-syn injections 

compared to the uninjected, contralateral SN (E).  F. Stereological assessment revealed 

that after four weeks post α-syn vector injections, there is an approximate 40% 

decrease in THir neurons in the SNpc that progresses to about 60% at eight weeks (*, p 

< 0.05 compared to green fluorescent protein (GFP) control).  G. Significant deficits in 

contralateral forelimb use are observed eight weeks after AAV2/5 α-syn injections (*, p 

< 0.05 compared to baseline).  H. Partial dopaminergic striatal denervation ipsilateral to 

α-syn overexpression at eight weeks visualized using near infrared immunofluorescence 

and quantified in I (*, p < 0.05 compared to baseline).  J. Microgliosis is associated with 

α-syn overexpression and nigral degeneration.  THir SNpc neurons (green) and ionized 

calcium binding adaptor molecule 1 (Iba-1, microglia-specific, red) immunofluorescence 

reveals marked microgliosis eight weeks after AAV2/5 α-syn injections.  Adapted from 

[339]. 

 

LRRK-2 Overexpression 

LRRK-2, a protein without a definitively known function or substrate, is 2527 amino 

acids long and located in the cytoplasm (reviewed in [358]).  Several different mutations 

in the LRKK2 gene have been linked to the development of PD in an autosomal 

dominant inheritance pattern [55-58].  These cases generally include the formation of α-

syn immunoreactive Lewy bodies [359].  They also result in the hallmark loss of striatal 
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DA and nigral neuron degeneration found in idiopathic PD.  Viral vector-mediated 

overexpression of LRRK-2 has been used far less extensively (i.e., in only two 

laboratories) than α-syn-based models [360, 361].  This is primarily due to the 

prohibitively large size of the LRRK-2 coding sequence, precluding its use in standard 

vectors such as AAV or lentivirus.  Loss of striatal fibers and nigral neurons is of too low 

a magnitude to model anything more than very early PD.  Furthermore, these models 

produce LRRK-2 complexes that are α-syn deficient and do not resemble Lewy bodies.  

On the other hand, dystrophic neurites are observed in the striatum with 

immunoreactivity for the pathological phospho-tau epitope (pSer202/pThr205), but α-

syn immunoreactivity is not reported.  No data exist on whether motor impairments are 

present; however, the low magnitude of striatal DA loss suggests motor deficits are 

unlikely to exist.   

 

Parkin Substrates 

Mutations in the gene for parkin have been linked to an autosomal recessive inheritance 

pattern of a very early-onset (i.e., juvenile) form of PD [59, 60].  These forms of PD may 

be better described as parkinsonisms in that they do not show the formation of Lewy 

bodies, but they do still exhibit loss of nigral DA neurons [362, 363].  Manipulating 

parkin for modeling PD has proven more difficult for gene therapy approaches since the 

development of the model requires a complete knockdown of the protein in order to 

mimic both copies of the gene being mutated in the human condition and to result in 

pathology.  However, since patients with parkin mutations have increased levels of 

parkin substrates (i.e., parkin is unable to process the increasing supply of substrate), 
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viral vector-mediated overexpression of parkin substrates instead has been used to 

create a ‘loss-of-function’ paradigm—rather, loss-of-function paradigms, as four parkin 

substrates have been used with variable results.   

 

In two models overexpressing parkin substrates, CDCrel-1 or Pael-R, a partial loss of 

striatal DA terminals and concomitant loss of DA is observed, and this loss is 

progressive on the order of weeks [364-366].  For models overexpressing other parkin 

subtrates, p38/JTV or synphilin, no data on terminal status are available [367, 368].  It is 

unfortunate that the magnitude of terminal loss matches the loss of nigral DA neurons, 

suggesting that overt terminal loss does not precede overt loss of perikarya, although 

this has not been directly examined.  Using CDCrel-1 or Pael-R has the advantage over 

p38/JTV or synphilin in that nigral neuron loss occurs over many weeks proceeding to 

an eventual loss that corresponds to late-stage disease.  Achieving half of the cell loss 

of these models over a similar timespan with p38/JTV or synphilin requires the addition 

of A30P α-syn expression to create a pro-pathology environment.  In these models, 

A30P α-syn expression lends the advantage of producing some neuropathology, 

including thioflavin-S positive inclusions.  Lastly, the data available do not include 

behavioral assays to assess motor symptoms, with one exception: Pael-R 

overexpression will result in contralateral forelimb akinesia in the stepping test, but 

deficits were not observed in amphetamine- or apomorphine-induced rotations nor in 

the cylinder task [366].   

 

TH Knockdown 
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The rate-limiting step in DA synthesis requires the enzyme TH.  Virally-delivered 

shRNA-mediated knockdown of TH has been used by two laboratories to deplete 

striatal DA [369, 370].  This approach results in a phenotype that neurochemically 

resembles PD but not morphologically, so long as the titer is low enough to avoid non-

specific degeneration.  While not directly examined, there is no reason to believe that 

striatal terminals underwent degeneration, nor is there loss of SNpc neurons.  Other 

aspects of neuropathology are also absent, and no data exist on the role of 

neuroinflammation.  Lastly, behavioral deficits do exist in this model.  It is unfortunate 

that the vector construct and injection parameters lead to transduced dopaminergic 

neurons outside the nigrostriatal system, namely those found in the adjacent ventral 

tegmental area (VTA).  As these neurons are actually found to be resilient to 

degeneration in PD, an impact on their function is not desirable for accurately modeling 

the disease.   

 

PINK1 Knockdown 

Autosomal recessive loss-of-function mutations in PINK1 have been identified in familial 

PD [61, 62].  PINK1 plays an important role in mitochondrial homeostasis and is critical 

for parkin recruitment into mitochondria; therefore, loss-of-function PINK1 mutations 

lead to deficient mitochondrial homeostasis [62].  Only one laboratory to date has used 

virally-delivered shRNA to knockdown PINK1 [371].  Direct injection of adeno-

associated virus expressing PINK1 shRNA into the striatum of mice did not affect nigral 

dopamine neuron survival during the short interval studied, but it did exacerbate the 
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degeneration induced by MPTP.  This study did not report effects of PINK1 knockdown 

on striatal dopamine levels, dopaminergic terminals or neuroinflammation.   

 

Consideration of Aging in Vector-Based Models of PD 

Aging is known to be the primary risk factor for PD since the vast majority of idiopathic 

cases occur in patients over the age of sixty-five [70].  All reports to date in which 

vector-based modeling of PD has occurred have used exclusively young-adult animals.  

In an effort to examine the impact of nigrostriatal α-syn overexpression in the aged brain 

environment, we conducted studies using AAV2/5 human wildtype α-syn vector injected 

into the SN of three month-old, young-adult rats and twenty month-old, aged rats 

(Figure 2).  We found that the transduction efficiency of AAV2/5 α-syn is significantly 

compromised in the aged brain, resulting in significantly fewer transduced cells in the 

mesencephalon and significantly less α-syn expression in the striatum, regardless of the 

titer used or duration of expression.  Of interest, despite decreased transduction and 

lower levels of α-syn expression, the aged brain displayed an equivalent magnitude of 

α-syn-mediated nigral degeneration (Figure 2).  We continued these experiments using 

various pseudotypes of AAV or LV expressing the reporter green fluorescent protein 

(GFP) in young adult and aged rats to determine whether age-related transduction 

deficiencies were specific to the AAV serotype or transgene expressed.  We found that 

AAV2/5, AAV2/2 and LV were all deficient in facilitating gene transfer to the aged 

nigrostriatal system, whereas AAV2/9 yielded equivalent levels of transduction between 

young-adult and aged rats [372] (unpublished data), confirming previous results [373, 

374].  Future studies using vector-based models of PD that include aging as a covariate 
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should consider aging-related deficits in viral vector transduction.  With careful control 

over this potential confound, studies using viral vector-based PD modeling in aged 

animals will be poised to yield important insights on the interaction of aging and 

causative PD genes.   
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Figure 2. AAV2/5-mediated α-Synuclein transduction is significantly reduced in 

the aged nigrostriatal system.  Intranigral injections of AAV2/5 α-syn/GFP were made 

to young-adult and aged (20-month), male, Sprague Dawley rats as described  
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Figure 2 (continued) 

previously [339].  A-B. Immunofluorescent and immunohistochemical labeling of 

transduction of the nigrostriatal system demonstrating GFP (green), TH (red) and 

human wildtype α-syn (brown) at one month following injections into young-adult (A) 

and aged (B) rats.  Despite the appearance of efficient transduction in both young-adult 

and aged rats, western blot revealed reduced human α-syn in striatal samples of aged 

rats compared to young-adult rats.  C. Representative western blot of α-syn 

immunodetection in striatal samples of young-adult and aged rats injected with two 

different AAV2/5 α-syn titers (2.2 x 1012 vg/ml three months after injection or 1.0 x 1013 

vg/ml one month after injection).  The striatum ipsilateral (Injected) and contralateral 

(Uninjected) to AAV2/5 α-syn injections is depicted.  D. Quantification of striatal human 

α-syn revealed significant deficits in human α-syn expression in aged rats for both 

vector titers examined (*, p < 0.05).  Values are expressed as the mean optical density 

scores, normalized to tubulin controls ± SEM for each group.  E. Stereological 

assessment of total α-syn immunoreactive cells in young-adult and aged rats twelve 

days following AAV2/5 α-syn injections (1.0 x 1013 vg/ml), prior to onset of degeneration.  

Significantly fewer transduced cells are evident in the aged brain (*, p < 0.05).  Values 

represent mean α-syn cell counts per injected mesencephalon ± SEM for each group.  

F. Despite transduction of significantly fewer cells and significantly less α-syn 

expression, aged rats demonstrate equivalent degeneration of the SNpc, suggesting 

that α-syn neurotoxicity is exacerbated in the aged nigrostriatal system.  Stereological 

assessment of THir neurons revealed that young-adult and aged rats injected with 2.2 x 

1012 vg/ml AAV2/5 α-syn displayed equivalent loss (≈20%) of THir SNpc neurons three 
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months after injections.  Young-adult and aged rats injected with 1.0 x 1013 vg/ml 

displayed equivalent loss (≈35%) of THir SNpc neurons one month after injections.  

Values are expressed as the percent remaining THir SNpc neurons as compared to the 

contralateral hemisphere ± SEM for each group.   

 

Conclusions 

Gene therapy approaches allow investigators to model PD through the overexpression 

or knockdown of genes of interest specifically in the nigrostriatal system.  Substantial 

improvements in the last decade have led to more consistent and relevant models of PD 

than their first generation predecessors.  We argue that the most important features of a 

model for testing experimental therapeutics are: a) to model progressive striatal terminal 

dysfunction and DA loss prior to overt nigral neuron degeneration and b) that this 

dysfunction and subsequent loss results in a demonstrable behavioral deficit.  Based on 

our criteria, the α-syn overexpression model most closely recapitulates a 

comprehensive model of idiopathic PD.  Even so, several models have come close on 

several measures.  Overexpression of LRRK-2 with the G2019S mutation shows 

promise on measures of progressive nigrostriatal degeneration and neuropathology, 

and overexpression of the parkin substrates CD-Crel1 and Pael-R also show potential, 

though these require further work to more closely mimic the development of 

neuropathology and emergence of motor symptoms seen in PD patients.  Since only the 

α-syn overexpression models have been validated in non-human primates, all of the 

other models discussed deserve consideration for further study in the non-human 

primate, as there may be significant interactions between the model organism and the 
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chosen gene or vector construct that may affect the translational value of the model.  

After all, the α-syn overexpression model is a result of several iterations by many 

laboratories around the globe using several model organisms over the last twelve or 

more years.  The other models reviewed in this chapter have received less attention.  

Lastly, incorporation of aging as a covariate will more closely recapitulate the 

parkinsonian brain.  The fields of PD research and experimental therapeutics stand 

much to gain in focusing our efforts to refine our use of all of the models reviewed here 

with respect to our proposed criteria for evaluating a comprehensive model of idiopathic 

PD.
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Chapter 3: TrkB Signaling Is Necessary for the Neuroprotection Provided by 

Subthalamic Nucleus Deep Brain Stimulation in the Rat 6-Hydroxydopamine 

Model of Parkinson’s Disease 

Abstract 

High-frequency deep brain stimulation (DBS) of the subthalamic nucleus (STN) is the 

most common neurosurgical treatment for the alleviation of Parkinson’s disease (PD) 

motor symptoms.  Beyond symptomatic efficacy, our laboratory and others have 

demonstrated that STN DBS provides neuroprotection for dopaminergic neurons of the 

substantia nigra pars compacta (SNpc) in preclinical models.  Further, we have 

previously demonstrated that STN DBS increases brain-derived neurotrophic factor 

(BDNF) in the nigrostriatal system and primary motor cortex.  However, whether BDNF 

signaling through its receptor, trkB, participates in the neuroprotective effects of DBS 

remains unknown.  In the present study we investigated the impact of N-[2-

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

carboxamide (ANA-12), a trkB antagonist, using our STN DBS rat model.  We 

conducted long-term, STN DBS in male, Sprague-Dawley rats that received unilateral, 

intrastriatal 6-OHDA.  Stimulation and ANA-12 treatment were initiated ten days 

following 6-OHDA.  Rats were randomly assigned to receive either continuous Active or 

Inactive stimulation during the ongoing nigrostriatal degeneration induced by 6-OHDA.  

Within each stimulation cadre, rats were randomized to receive ANA-12 (0.5 mg/kg) or 

vehicle twice per day.  Rats were sacrificed four weeks after 6-OHDA, an interval that is 

normally associated with 70-75% SNpc neuron loss.  Tyrosine hydroxylase 

immunoreactive neurons of the SNpc were quantified in rats with verified STN electrode 
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placement using unbiased stereology.  Our data show that chronic ANA-12 

administration abolishes the neuroprotective effect of long-term stimulation, highlighting 

the importance of BDNF-trkB signaling in the neuroprotective effects of STN DBS. 

 

Introduction 

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

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

targeted site as well as the best studied.  Since Food and Drug Administration (FDA) 

approval in 2002, over 100,000 patients have received STN DBS [375].  Since 

dopaminergic pharmacotherapy is effective for many years following diagnosis, DBS is 

only considered once medical management no longer provides adequate control of 

symptoms; hence, the average patient undergoing DBS surgery is 12-14 years post 

diagnosis [239].   

 

Apart from its symptomatic benefit, STN DBS has been investigated as a disease-

modifying therapy.  Conflicting clinical studies have been unable to definitively 

determine if STN DBS is disease-modifying ([193, 195, 215, 237], cf. [376]).  A skeptical 

interpretation of these studies’ conclusions is warranted, however, as they included 

patients with late-stage PD undergoing electrode implantation.  Since striatal terminal 

loss occurs by four years after diagnosis [45, 46], the window of opportunity for disease 

modification in PD is a decade earlier than the average time point used in these studies.   
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In parallel to the conflicting clinical work on the potential disease modification from STN 

DBS were a series of preclinical studies in parkinsonian animal models.  STN DBS was 

shown to be neuroprotective in the 6-OHDA rat model of PD and in a MPTP-based non-

human primate model of PD [134, 242-245].   

 

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

currently unknown, yet evidence suggests a role for brain-derived neurotrophic factor 

(BDNF).  Our laboratory was the first to show that STN DBS increases BDNF in the 

nigrostriatal system and the primary motor cortex in a stimulation-dependent manner 

[136, 377], and a role for BDNF in DBS has been the subject of other studies as well 

[246-248].  BDNF promotes survival, growth and synaptic plasticity via activation of its 

high-affinity receptor tropomyosin-related kinase type B (trkB) and resultant signaling 

through PLC-γ, PI3K-Akt and Erk [287, 291, 292].  However, the question remains: is 

BDNF necessary for STN DBS-mediated neuroprotection to occur, or is increased 

BDNF an epiphenomenon from stimulation?  We hypothesize that BDNF-trkB signaling 

is necessary for our observed, STN DBS-mediated neuroprotection in our progressive, 

6-OHDA, rat model of PD.   

 

Methods 

Animals 

A total of twenty-six, male, Sprague-Dawley rats (Harlan, ≈250 g) were used in this 

study.  Rats were only included in the final analysis if they successfully completed the 

study and electrode placement adequately targeted the STN as previously described 
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[135].  Animals were allowed food and water ad libitum and were housed in reverse 

dark-light cycle conditions in an AAALAC approved facility.  An Institutional Animal Care 

and Use Committee specifically approved this study.   

 

Intrastriatal 6-OHDA Injections 

Intrastriatal 6-OHDA injections were conducted as described previously [134].  Rats 

were anesthetized prior to surgery with Equithesin (0.3 ml / 100 g body weight i.p.; 

chloral hydrate 42.5 mg/ml + sodium pentobarbital 9.72 mg/ml).  They received two 

unilateral, intrastriatial injections (AP +1.6 mm, ML +2.4 mm, DV −4.2 mm and AP +0.2 

mm, ML +2.6 mm, DV −7.0 mm relative to bregma) of 6-OHDA (MP Biomedicals, Solon, 

OH; 5.0 μg/μl 6-OHDA in 0.02% ascorbic acid, 0.9% saline solution, injection rate 0.5 

μl/minute, 2.0 μl per site).  Drill holes were filled with gel foam or bone wax to prevent 

entry of cement from electrode placement.  These 6-OHDA lesion parameters result in 

≈50% loss of substantia nigra pars compacta (SNpc) tyrosine hydroxylase 

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

weeks and is stable at six weeks [134].   

 

Electrode Implantation 

Rats were implanted with electrodes immediately following intrastriatal 6-OHDA 

injections.  Rats were unilaterally implanted (ipsilateral to 6-OHDA injections) with a 

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

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

targeted to the dorsal border of the STN (AP −3.4 mm, ML +2.5 mm, relative to bregma 
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and DV −7.7 mm, relative to the dura mater).  Burr holes were drilled in the skull; the 

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

lowered to coordinates corresponding to the dorsal border of the STN in order to 

minimize damage to the nucleus.   

 

Long-Term, Continuous Stimulation Platform 

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

in the Active group, stimulation was continuously delivered in a freely moving setup as 

previously described [134].  Stimulation was generated by an Accupulser Signal 

Generator (World Precision Instruments, Sarasota, FL) via a battery-powered Constant 

Current Bipolar Stimulus Isolator (World Precision Instruments, Sarasota, FL).  

Stimulation parameters consisted of a frequency of 130 Hz, a pulse width of 60 μs and 

an intensity of 30-50 μA.  At the onset of stimulation, intensity settings were increased 

until orofacial or contralateral forepaw dyskinesias were observed in order to confirm 

stimulation delivery, and immediately following a positive dyskinetic response, the 

intensity was set below the lower limit of dyskinesias, such that no rat was functionally 

impaired by stimulation.  When rats were not being stimulated, they were still physically 

connected within their stimulator bowls to a commutator for the duration of the 

behavioral task.   

 

ANA-12 and Vehicle Manufacture and Injection Schedule 

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

carboxamide, or ANA-12 (Catalog #4781, Tocris Bioscience, Bristol, United Kingdom), 
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was dissolved in dimethyl sulfoxide (DMSO, Fisher Scientific BP231-1, Lot #072871) 

and added to a solution of polyethylene glycol 400 (PEG-400, Fluka 81172, Lot 

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

solution of 5% DMSO, 40% normal saline and 55% PEG 400.  For example, for a 10 mL 

final solution, 5 mg ANA-12 would be dissolved in 500 μL DMSO followed by 4.0 mL 

normal saline and 5.5 mL PEG 400 mixed by vortex.  For an injection of vehicle, all 

components remain except the ANA-12.  For each injection of ANA-12, the compound 

was dissolved and a new solution made.  Within the Active and Inactive arms, rats were 

randomly assigned to receive ANA-12 or vehicle twice per day, i.p., 0.5 mg/kg from day 

10 to day 28 post surgery, resulting in four groups total.   

 

Sacrifice 

At four weeks post surgery, rats were deeply anesthetized (60 mg/kg, pentobarbital, i.p.) 

and perfused intracardially with heparinized normal saline at 37°C followed by ice-cold 

normal saline.  Care was taken to minimize the tissue damage resulting from removing 

the skull with the electrode still intact.  All brains were placed in ice cold normal saline 

for one minute and then hemisected on the coronal plane at the optic chiasm.  The 

caudal half was fixed in 4% paraformaldehyde for one week and transferred to 30% 

sucrose in 0.1 M phosphate buffer.  The rostral half was immediately flash-frozen in 3-

methyl butane and stored at -80°C.   

 

Tyrosine Hydroxylase Immunohistochemistry for SNpc Neurons 
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Saline-perfused and paraformaldehyde-postfixed brains (caudal half after hemisection) 

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

six series.  One series (i.e., every sixth section) was stained with antisera for tyrosine 

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

incubated overnight in primary antisera directed against TH (Chemicon MAB318, mouse 

anti-TH 1:4000).  Cell membranes were permeabilized with the addition of Triton-X 

(0.3%) to the 0.1 M Tris buffer during incubations.  Sections were then incubated in 

biotinylated secondary antisera against mouse IgG (Chemicon AP124B, 1:400) and 

followed by the Vector ABC detection kit employing horseradish peroxidase (Vector 

Laboratories, Burlingame, CA).  TH immunoreactive (THir) neurons were visualized 

upon exposure to 0.5 mg/ml 3,3’-diaminobenzidine (DAB) and 0.03% H2O2 in Tris 

buffer.  Sections were mounted on subbed slides, dehydrated with ethanol and then 

xylenes and coverslipped with Cytoseal (Richard-Allan Scientific, Waltham, MA).   

 

Kluver-Barrera Histology 

Every sixth section of the subthalamic nucleus (STN) was stained using Kluver-Barrera 

histochemistry [378] to evaluate for appropriate targeting of the electrode to the STN.  

Only rats with correctly positioned electrodes were included in the data analysis.  

Electrode location was considered to be appropriate if the tip of the electrode was 

observed within 250 μm of the border of the STN within any of the sections based on 

previous studies in which current spread was determined [135].   

 

Unbiased Stereology of THir Neurons in the SNpc 
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The number of THir neurons in the SNpc ipsilateral and contralateral to 6-OHDA 

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

Using a Nikon Eclipse 80i microscope, Retiga 4000R (QImaging, Surrey, BC, Canada) 

and Microbrightfield StereoInvestigator software (Microbrightfield Bioscience, 

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

around the SNpc borders at 4X, and THir neurons were counted according to 

stereological principles at 60X (NA 1.4).  Percent remaining THir neurons of the 

ipsilateral, lesioned SNpc relative to the contralateral, intact SNpc were calculated.  The 

Schmitz-Hof Coefficients of Error were less than or equal to 0.15 for all analyses.   

 

Statistical Analysis 

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

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

t-test by comparing the intact hemisphere to the lesioned one.  The impact of chronic 

ANA-12 administration on the extent of the 6-OHDA lesion was determined by a two-

tailed Student’s t-test comparing the percent lesion between the two Inactive groups.  A 

one-way ANOVA followed by a least significant difference post hoc analysis was 

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

rats receiving stimulation or not.  Statistical significance was set at p < 0.05.   

 

Results 

Chronic ANA-12 Administration Does Not Exacerbate Nigral Degeneration 
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Rats receiving intrastriatal 6-OHDA and Inactive stimulation, regardless of Vehicle or 

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

injections/electrode compared to the contralateral SNpc (t(16.29) = 5.592, p < 0.001).  The 

intact SNpc in Inactive rats possessed 10,518 ± 1,162 THir neurons, whereas the 

lesioned SNpc contained 3,443 ± 500, or ≈67% fewer THir neurons than the unlesioned 

SNpc, as expected from this lesion paradigm [134, 379].  No significant difference was 

observed in the magnitude of degeneration measured in Inactive+Veh vs. 

Inactive+ANA-12 rats (t(11) = -1.086, p = 0.301).  These results are illustrated in Figure 

3.  Since there was no significant difference, these two groups were combined for the 

subsequent analysis.   
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Figure 3. Impact of ANA-12 on 6-OHDA-Induced Degeneration.  The percent 

remaining THir SNpc neurons as measured by unbiased stereology are shown for 6-

OHDA-injected rats with implanted but not activated electrodes receiving Vehicle or 

ANA-12 injections from day 10 to day 28.  There is no significant difference between the 

two groups (p = 0.307).   

 

ANA-12 Abolishes STN DBS-Mediated Neuroprotection 

A one-way ANOVA was used to compare three groups having received intrastriatal 6-

OHDA: Active stimulation with ANA-12, Active stimulation with Vehicle and Inactive 

stimulation (combined ANA-12 and Vehicle groups from the previous analysis).  

Specifically, the Active+ANA-12 group had 23.4 ± 5.1%, the Active+Veh group 43.4 ± 

6.0% and the Inactive group 32.2 ± 2.8% remaining THir SNpc neurons, comparing the 

lesioned side to the intact one.  A statistically significant difference was observed 
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between the groups (F(2,23) = 4.319, p < 0.05).  Post hoc comparisons showed a 

significant difference between the Active+Veh and Active+ANA-12 groups (p < 0.05) 

and a trend toward a difference between the Active+Veh and Inactive groups (p = 

0.066).   
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Figure 4. Impact of ANA-12 on STN DBS-Mediated Neuroprotection from 6-OHDA.  

The lesioned hemisphere for 6-OHDA-injected rats with activated electrodes receiving 

Vehicle or ANA-12 injections, respectively, from day 10 to day 28 at low magnification 

(A, D) and high magnification (B, E) as compared to the intact hemisphere shown at 

high magnification (C, F).  G. The percent remaining THir SNpc neurons as measured 

by unbiased stereology are shown for rats with Active electrodes (red bars) or Inactive 

electrodes (white bar).  Active groups received either Vehicle or ANA-12; Vehicle- or 

ANA-12-injected rats comprise the Inactive group, as per the previous analysis showing 

no significant difference due to treatment.  There is a significant difference between 

stimulated rats receiving ANA-12 vs. Vehicle (p < 0.05).   
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Discussion 

DBS-Mediated BDNF-trkB Signaling as Neurotrophic 

STN DBS likely increases BDNF release in an activity-dependent manner.  High-

frequency stimulation of hippocampal neurons in vitro results in release of BDNF [285, 

286].  STN DBS in vivo, as shown by our laboratory, results in increased measured 

BDNF in the nigrostriatal system—specifically in the SN of lesioned animals and the 

striatum of intact ones—and in the primary motor cortex (M1), regardless of lesion 

status [136].  In addition, we showed a stimulation-dependent increase in BDNF 

transcript in the SN [136].   

 

BDNF is produced in excess with a pro-domain at the amino terminus and sequestered 

in synaptic vesicles by sortilin [277].  Activity-dependent release of proBDNF is 

accompanied by a co-release of tissue plasminogen activator (tPA) that cleaves the pro-

domain, thereby producing the ‘mature’ form of the protein [287-290].  It is the mature 

form of BDNF that binds to its high-affinity receptor trkB and results in signaling through 

the PLC-γ, PI3K-Akt and Erk pathways [287, 291, 292].  In contrast, proBDNF released 

in a non-activity-dependent manner (i.e., constitutive release) is not accompanied by 

tPA, so it retains its pro-domain.  proBDNF instead binds the low-affinity receptor p75 

and initiates a different set of signaling pathways that are generally pro-apoptotic or 

facilitate long-term depression (LTD) [287].   

 

ANA-12 is a low-molecular weight ligand for trkB that readily crosses the blood-brain 

barrier.  When ANA-12 binds trkB, it blocks BDNF from binding with a high potency and 
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shows decreased downstream signaling for trkB but without changing trkA or trkC 

functions [380].  Intraperitoneal administration of ANA-12 results in peak plasma and 

brain levels within an hour, but attenuation of trkB phosphorylation is observed at least 

four hours post injection [380].  Since antagonism of trkB via ANA-12 in the present 

experiment results in a loss of neuroprotection, it stands to reason that STN DBS leads 

to the activity-dependent release of BDNF, which includes tPA for cleavage of the pro-

domain, the subsequent binding of trkB and the activation of its canonical signaling 

pathways that in the parkinsonian rat are neuroprotective.   

 

BDNF and trkB Are the Players, But On Which Playing Field? 

The use of ANA-12 for examining the role of BDNF in STN DBS-mediated 

neuroprotection was a double-edged sword.  Systemic administration of ANA-12 allows 

for targeting of all trkB-expressing cells, and as trkB is expressed ubiquitously [381-

386], essentially the entire brain is implicated.  If ANA-12 had no effect on STN DBS-

mediated neuroprotection, then acceptance of the null hypothesis would rule out any 

further investigation of trkB signaling pathways.  However, rejection of the null 

hypothesis leaves the issues of identifying within which system(s) trkB antagonism 

blocked the neuroprotective effects and the source(s) of BDNF.   

 

trkB signaling is firstly an intracellular process that exerts pro-survival effects on the 

same cell.  Disruption of trkB signaling on DA neurons of the SNpc is the most likely 

location for the disruption of the neuroprotective effects of STN DBS by ANA-12; 

however, trkB is present at both the soma and the synapse [387].  In our intrastriatal 6-
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OHDA model, a near complete loss of THir terminals in the striatum is observed within 

twenty-four hours of 6-OHDA administration [134], so it is likely that the neuroprotective 

trkB signaling occurs at the soma.  As decreased trkB expression is observed at the 

somata and dendrites of the DA SNpc neurons in postmortem PD patients [298], it may 

be that decreased somatic trkB expression and signaling is a component of PD 

pathophysiology.   

 

The source(s) of BDNF for STN DBS-mediated neuroprotection is/are also unknown, 

though our laboratory’s previous work provides clues.  In rats that received stimulation 

but were not injected with 6-OHDA, stimulation-dependent increases in BDNF were 

observed in the ipsilateral striatum; however, lesioned animals showed BDNF increases 

in the ipsilateral SN but not in the striatum [136].  BDNF transcript was increased in the 

SN regardless of lesion status [136].  Since increased glutamate, as is present in STN 

projections to the SN and is measurably increased in the SN with STN DBS (Windels 

2000; Boulet 2006), can increase postsynaptic BDNF production [278, 279], we 

hypothesize that STN DBS increases in glutamate lead to increases in SNpc BDNF 

production, and in the case of intact/unlesioned rats, is transported to the terminals for 

activity-dependent release.  BDNF release then acts in an autocrine/paracrine fashion 

to provide neuroprotection to the SNpc (Figure 5, panel A).  As an alternative, the 

neuroprotective BDNF may be released from subthalamic, glutamateric projections to 

the SN (Figure 5, panel B).   
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Figure 5. Proposed Mechanisms for BDNF-Mediated Neuroprotection.  A. STN 

stimulation (1) increases activity, (2) increases glutamate (Glu) release at the SNpc and 

(3) binding to NMDA receptors (NMDAR). SNpc activation results in production of BDNF 

transcript, translation and (4) activity-dependent release of BDNF that (5) binds to trkB 

for an autocrine/paracrine trophic effect.  B. STN stimulation (1) increases activity, (2) 

increases activity dependent release of BDNF at the SNpc and (3) binding to trkB for a 

trophic effect.   

 

Future Directions – Novel, Experimental Therapies? 
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With the added knowledge of trkB involvement in STN DBS-mediated neuroprotection, 

an avenue is opened for evaluating new experimental therapies.  STN DBS is the 

neurosurgical gold-standard for PD, but as an invasive procedure, it carries with it a set 

of risks that are inherent to functional neurosurgery.  As such, despite increasing 

demand and use by PD patients, the PD research community has been reluctant to 

expand its scope with only recent efforts at examining its use in early- to mid-stage 

disease states [240, 241], let alone the issue of examining its disease-modifying 

potential.  However, the hurdle for examining a new pharmacotherapy is lower.   

 

Further investigation into harnessing trkB signaling as a neuroprotective strategy is 

warranted.  At least two medications should be considered.  First, a selective trkB 

agonist that is orally bioavailable and crosses the blood-brain barrier called 7,8-

dihydroxyflavone should be further tested in preclinical model of PD [388, 389].  

Second, an FDA-approved drug for multiple sclerosis, fingolimod [390], should be vetted 

in PD animal models, as it has shown to increase the activity-dependent release of 

BDNF in a mouse model of Rett syndrome [391] and in other contexts [392, 393].  

Querying a compound library may also yield potential drug candidates.   

 

Pharmacotherapies, however, lack neuroanatomical specificity, resulting in off-target 

effects that may limit the clinician’s ability to titrate the dose to a high-enough level for 

the therapeutic effect.  Gene therapy approaches offer specificity in both phenotype and 

neuroanatomy.  BDNF-trkB signaling could be modulated via viral vectors through 

increasing either BDNF or trkB (or both).  DREADDs (Designer Receptors Exclusively 
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Activated by Designer Drugs) could also be used to harness specific downstream 

signaling pathways of trkB.  However, the source nor the target of STN DBS-mediated 

BDNF-trkB signaling is definitely known, so these therapeutic approaches require 

additional exploration of our phenomenon.  (Proposed experiments for continued 

investigation into this mechanism are discussed in Chapter 7.)   
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Chapter 4: TrkB Signaling Contributes to the Relief of Symptoms Provided by 

Subthalamic Nucleus Deep Brain Stimulation in the Rat 6-Hydroxydopamine 

Model of Parkinson’s Disease 

Abstract 

High-frequency deep brain stimulation (DBS) of the subthalamic nucleus (STN) is the 

most common neurosurgical treatment for the alleviation of Parkinson’s disease (PD) 

motor symptoms.  Beyond symptomatic efficacy, our laboratory and others have 

demonstrated that STN DBS provides neuroprotection for dopaminergic neurons of the 

substantia nigra pars compacta (SNpc) in preclinical models.  Further, we have 

previously demonstrated that STN DBS increases brain-derived neurotrophic factor 

(BDNF) in the nigrostriatal system and primary motor cortex.  However, whether BDNF 

signaling through its receptor, trkB, participates in the behavioral effects of DBS remains 

unknown.  In the present study we investigated the impact of ANA-12, a trkB antagonist, 

using our STN DBS rat model.  We conducted STN DBS in a cohort of rats with stable, 

near-complete unilateral nigrostriatal degeneration six weeks following intrastriatal 6-

OHDA.  Contralateral forelimb use was then assessed in rats receiving ANA-12 (0.5 

mg/kg) or vehicle during acute STN DBS.  Our results show that ANA-12 attenuates the 

behavioral effects of STN DBS, highlighting the importance of BDNF-trkB signaling in 

the alleviation of motor symptoms by STN DBS.   

 

Introduction 

High-frequency deep brain stimulation (DBS) is the gold-standard neurosurgical therapy 

for Parkinson’s disease (PD) with over 100,000 patients having undergone surgery 
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[375].  Whereas a recent study showed equal efficacy in alleviation of motor symptoms 

between the stimulation sites of the globus pallidus interna (GPi) and the subthalamic 

nucleus (STN) [181], the STN was the preferred target for years and has received far 

more attention in the clinic and the laboratory.  However, even with advances in patient 

selection for neurosurgery and the increasing experience of movement disorders clinics 

with targeting and programming, the therapeutic response to stimulation is still 

exceedingly wide – not all patients enjoy the same benefit for which DBS is known.  

Indeed, the heterogeneity in responses to anti-parkinsonian therapies is currently a 

common theme in the field.  The National Institute of Neurological Disorders and Stroke 

(NINDS) PD 2014 Recommendations stated: “Recent research has begun to reveal the 

molecular and clinical heterogeneity of PD, a complex neurodegenerative process that 

likely derives from multiple molecular drivers that vary among individuals, act over years 

prior to clinical expression, underlie an individual’s ensemble of motor and non-motor 

symptoms, and likely dictate response to treatment and its complications” [394].   

 

Preclinical studies have shown that the STN DBS clinical paradigm can be modeled in 

the rat and non-human primate [135, 136, 227, 242, 395-403].  Unilateral depletion of 

striatal dopamine (DA) via intrastriatal 6-hydroxydopamine (6-OHDA) injections results 

in motor impairments on the contralateral side, as measured by spontaneous forelimb 

akinesia in the cylinder task, amphetamine-induced rotations etc. [98-100, 134, 135].  

Alleviation of these motor symptoms can be achieved through STN DBS, even over a 

very short time period as is observed in the clinic [135, 136, 227, 242, 395-400].  As 
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such, questions regarding the therapeutic efficacy STN DBS for PD can be asked in the 

parkinsonian rat.   

 

In regard to the mechanism of DBS, the role of glutamate must be underscored.  STN 

DBS in vivo alters glutamate transmission by increasing STN activity [222, 223] and 

increasing glutamate release in the substantia nigra pars reticulata (SNpr) and GPi 

[224, 225].  In addition, activation of STN afferents and the hyperdirect pathway from 

the primary motor cortex to the STN may explain the therapeutic effects of STN DBS 

[228, 229].   

 

Several groups have investigated the neuroprotective potential of STN DBS in 

preclinical models [134, 242-245].  In these studies, a role for glutamate has emerged in 

its connection to activity-dependent release of brain-derived neurotrophic factor (BDNF).  

High-frequency stimulation of cultured hippocampal neurons results in released 

dendritic and later axonal BDNF [285, 286].  In addition, glutamate release in the basal 

ganglia increases BDNF transcript in the SN [136].  Our laboratory was the first to 

observe a stimulation-dependent increase in BDNF in the nigrostriatal system [136].  

The canonical signaling pathway for BDNF through its high-affinity receptor 

tropomyosin-related kinase type 2 (TrkB) results in activation of PLC-γ, PI3K-Akt and 

Erk.  These pathways instigate the production of proteins and a cellular response that 

ultimately promote survival and growth as well as remodeling at the synapse for long-

term potentiation (LTP) related changes [287, 291, 292].  Given these data, BDNF is an 

important player in the neurobiological response to stimulation; however, its role 
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heretofore has only related to the long-term, neuroprotective effects of STN DBS in PD 

models.   

 

BDNF may exert effects within the paradigm of STN DBS for PD beyond its canonical 

‘pro-growth’ role.  For instance, BDNF affects DA transmission.  In a heterozygous 

BDNF knockout mouse, which exhibits decreased BDNF levels, there is decreased DA 

release and DA transporter (DAT) function, and these effects are reversed with 

replacement of BDNF [299].  BDNF can also affect glutamatergic transmission in a 

more acute timescale.  TrkB signaling through the PI3K-Akt pathway phosphorylates the 

2B subunit of the NMDA receptor for glutamate well within an hour [295].  Since the 

symptomatic benefit of STN DBS is intimately connected to alterations in STN activity 

and glutamate transmission in the basal ganglia [222-225, 227-236], and long-term STN 

DBS results in increases in BDNF [136, 404], is there a role for BDNF-trkB signaling in 

the therapeutic effect of stimulation?  We sought to answer this question in the present 

work using our long-term stimulation platform and our well-characterized 6-OHDA rat 

model of PD.  We chose to use the compound N-[2-[[(Hexahydro-2-oxo-1H-azepin-3-

yl)amino]carbonyl]phenyl]benzo[b]thiophene-2-carboxamide (ANA-12) since it crosses 

the blood-brain barrier and specifically and potently blocks trkB signaling about four 

hours after intraperitoneal administration [380].  In this experiment, ANA-12 was given 

at least four hours before the animal was subjected to behavioral assessment in order 

to coordinate the timing of the drug’s effect and the primary outcome measure.   

 

Methods 
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Animals 

A total of ten, male, Sprague-Dawley rats (Harlan, ≈250 g) were used in this study.  

Rats were only included in the final analysis if they successfully completed the study 

and electrode placement adequately targeted the STN as previously described [135].  

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

cycle conditions in an AAALAC approved facility.  An Institutional Animal Care and Use 

Committee specifically approved this study.   

 

Intrastriatal 6-OHDA Injections 

Intrastriatal 6-OHDA injections were conducted as described previously [134].  Rats 

were anesthetized prior to surgery with Equithesin (0.3 ml / 100 g body weight i.p.; 

chloral hydrate 42.5 mg/ml + sodium pentobarbital 9.72 mg/ml).  They received two 

unilateral, intrastriatial injections (AP +1.6 mm, ML +2.4 mm, DV −4.2 mm and AP +0.2 

mm, ML +2.6 mm, DV −7.0 mm relative to bregma) of 6-OHDA (MP Biomedicals, Solon, 

OH; 5.0 μg/μl 6-OHDA in 0.02% ascorbic acid, 0.9% saline solution, injection rate 0.5 

μl/minute, 2.0 μl per site).  Drill holes were filled with gel foam or bone wax to prevent 

entry of cement from electrode placement.  These 6-OHDA lesion parameters result in 

≈50% loss of substantia nigra pars compacta (SNpc) tyrosine hydroxylase 

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

weeks and is stable at six weeks [134].   

 

Electrode Implantation 
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Rats were implanted with electrodes immediately following intrastriatal 6-OHDA 

injections.  Rats were unilaterally implanted (ipsilateral to 6-OHDA injections) with a 

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

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

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

and DV −7.7 mm, relative to the dura mater).  Burr holes were drilled in the skull; the 

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

lowered to coordinates corresponding to the dorsal border of the STN in order to 

minimize damage to the nucleus.   

 

ANA-12 and Vehicle Manufacture 

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

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

was dissolved in dimethyl sulfoxide (DMSO, Fisher Scientific, BP231-1, Lot #072871) 

and added to a solution of polyethylene glycol 400 (PEG-400, Fluka, Catalog #81172, 

Lot #BCBK4383V) and normal saline (Teknova, Catalog #S5812, Lot #S581204D1301) 

for a final solution of 5% DMSO, 40% normal saline and 55% PEG 400.  For example, 

for a 10 mL final solution, 5 mg ANA-12 would be dissolved in 500 μL DMSO followed 

by 4.0 mL normal saline and 5.5 mL PEG 400 mixed by vortex.  For an injection of 

vehicle, all components remain except the ANA-12.  For each injection of ANA-12, the 

compound was dissolved and a new solution made.   

 

Behavioral Testing 
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Spontaneous forelimb use was assessed using the cylinder task as previously 

described [99, 136, 405].  Other behavioral measures were not employed due to their 

incompatibility with the external hardware required for continuous stimulation in an 

awake animal.  Before each behavioral assay, rats received injections of either ANA-12 

or vehicle (0.5 mg/kg, i.p.) roughly within two hours of the start of the dark cycle, 

stimulation was turned on 3.5 to 4.0 hours after injection and behavior was assessed at 

least four hours post injection (i.e., rats were assayed having adapted to stimulation 

parameters at least 30 minutes).  The cylinder task was employed at the following 

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

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

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

injected.  For six of the ten rats, they were assayed as well at: (e) 9.5 weeks following 

surgery, on stimulation, vehicle injected and (f) 10 weeks following surgery, off 

stimulation, vehicle injected.   

 

During the dark cycle, rats were videotaped and placed in a clear plexiglass cylinder 

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

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

preference was present, the number of contralateral, ipsilateral, and simultaneous paw 

placements was quantified.  Data are reported as the percentage of contralateral (to 6-

OHDA and electrode) forelimb use: [(contralateral + ½ both)/(ipsilateral + contralateral + 

both)] x 100%.  Rats with a unilateral nigrostriatal lesion will show a bias toward using 

the ipsilateral limb.  A forelimb deficit was defined as possessing a minimum of a 20% 
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relative reduction in contralateral forepaw use compared to baseline; inclusion in this 

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

 

Continuous Stimulation Paradigm 

When rats were to receive stimulation at a given time, stimulation was continuously 

delivered in a freely moving setup as previously described [134].  Stimulation was 

generated by an Accupulser Signal Generator (World Precision Instruments, Sarasota, 

FL) via a battery-powered Constant Current Bipolar Stimulus Isolator (World Precision 

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

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

intensity settings were increased until orofacial or contralateral forepaw dyskinesias 

were observed in order to confirm stimulation delivery, and immediately following a 

positive dyskinetic response, the intensity was set below the lower limit of dyskinesias, 

such that no rat was functionally impaired by stimulation.  When rats were not being 

stimulated, they were still physically connected within their stimulator bowls to a 

commutator for the duration of the behavioral task.   

 

Sacrifice 

At eleven weeks post surgery, rats were deeply anesthetized (60 mg/kg, pentobarbital, 

i.p.) and perfused intracardially with heparinized normal saline at 37°C followed by ice-

cold normal saline.  Care was taken to minimize the tissue damage resulting from 

removing the skull with the electrode still intact.  All brains were placed in ice cold 

normal saline for one minute and then hemisected on the coronal plane at the optic 
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chiasm.  The caudal half was fixed in 4% paraformaldehyde for one week and 

transferred to 30% sucrose in 0.1 M phosphate buffer.  The rostral half was immediately 

flash-frozen in 3-methyl butane and stored at -80°C.   

 

Tyrosine Hydroxylase Immunohistochemistry for SNpc Neurons 

Saline-perfused and paraformaldehyde-postfixed brains (caudal half after hemisection) 

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

six series.  One series (i.e., every sixth section) was stained with antisera for tyrosine 

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

incubated overnight in primary antisera directed against TH (Chemicon MAB318, mouse 

anti-TH 1:4000).  Cell membranes were permeabilized with the addition of Triton-X 

(0.3%) to the 0.1 M Tris buffer during incubations.  Sections were then incubated in 

biotinylated secondary antisera against mouse IgG (Chemicon AP124B, 1:400) and 

followed by the Vector ABC detection kit employing horseradish peroxidase (Vector 

Laboratories, Burlingame, CA).  TH immunoreactive (THir) neurons were visualized 

upon exposure to 0.5 mg/ml 3,3’-diaminobenzidine (DAB) and 0.03% H2O2 in Tris 

buffer.  Sections were mounted on subbed slides, dehydrated with ethanol and then 

xylenes and coverslipped with Cytoseal (Richard-Allan Scientific, Waltham, MA).   

 

Kluver-Barrera Histology 

Every sixth section of the subthalamic nucleus (STN) was stained using Kluver-Barrera 

histochemistry [378] to evaluate for appropriate targeting of the electrode to the STN.  

Only rats with correctly positioned electrodes were included in the data analysis.  
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Electrode location was considered to be appropriate if the tip of the electrode was 

observed within 250 μm of the border of the STN within any of the sections based on 

previous studies in which current spread was determined [135].   

 

Unbiased Stereology of THir Neurons in the SNpc 

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

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

Using a Nikon Eclipse 80i microscope, Retiga 4000R (QImaging, Surrey, BC, Canada) 

and Microbrightfield StereoInvestigator software (Microbrightfield Bioscience, 

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

around the SNpc borders at 4X, and THir neurons were counted according to 

stereological principles at 60X (NA 1.4).  Percent remaining THir neurons of the 

ipsilateral, lesioned SNpc relative to the contralateral, intact SNpc were calculated.  The 

Schmitz-Hof Coefficients of Error were less than or equal to 0.15 for all analyses.   

 

Statistical Analysis 

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

A two-way RM-ANOVA followed by a least significant difference post hoc analysis was 

conducted to confirm the presence of functional deficits, the behavioral response to 

DBS and the effect of ANA-12 on spontaneous forelimb use.  Differences in THir neuron 

survival were determined by a two-tailed Student’s t-test and comparing the unlesioned 

hemisphere to the lesioned hemisphere.  Statistical significance was set at p < 0.05.    
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Results 

ANA-12 Attenuates Functional Efficacy of STN DBS 

A RM-ANOVA was used to compare spontaneous forelimb use across four time points 

at 0 (just before surgery), 6, 6.5 and 7.5 weeks post surgery.  Values for spontaneous 

forelimb use are expressed as a percent of contralateral (to the lesion) forepaw use of 

the total.  Averages for each time point are as follows: 52.0 ± 2.1% on week 0 

(“Baseline”); 24.5 ± 3.4% on week 6 (“Lesion”); 47.0 ± 3.7% on week 6.5 (“Stim-On”); 

and 33.8 ± 5.5% on week 7.5 (“ANA-12”).  A statistically significant difference was 

observed between the time points (F(3,27) = 13.465, p < 0.001).  A post hoc analysis 

showed a significant difference between: Baseline vs. Lesion (p < 0.001), Lesion vs. 

Stim-On (p < 0.001) and Stim-On vs. ANA-12 (p < 0.05).  There was a trend toward a 

significant difference for the Lesion vs. ANA-12 comparison (p = 0.108).  Results are 

depicted in Figure 6.   
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Figure 6. TrkB Signaling Contributes to Functional Efficacy of STN DBS.  Rats 

were assessed for forelimb asymmetry using the cylinder task before surgery with 

vehicle (“Baseline”), six weeks after intrastriatal 6-OHDA with vehicle (“Lesion”), 

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

ANA-12 (“ANA-12”).  Significant differences were observed for Baseline vs. Lesion (p < 

0.001), Lesion vs. STIM-ON (p < 0.001) and STIM-ON vs. ANA-12 (p < 0.05).   

 

A subset of rats were further assessed by the cylinder task, after the above data were 

collected, on two more occasions: 9.5 weeks following surgery, on stimulation, vehicle 

injected and 10 weeks following surgery, off stimulation, vehicle injected.  The former 

measurement showed an average contralateral forepaw use of 27.4 ± 9.2%, and for the 

latter measurement, 26.3 ± 9.1%.   
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Unilateral 6-OHDA Effectively Lesions the SNpc 

All rats included in this study had significantly fewer THir SNpc neurons on the side 

ipsilateral to the injections of 6-OHDA and the indwelling electrode lead compared to the 

contralateral SNpc (t(18) = 4.143, p < 0.001).  There was an approximate 42% loss with 

the intact and lesioned sides having 10370 ± 1137 and 4001 ± 1035 THir SNpc 

neurons, respectively.  These data are depicted in Figure 7.   
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Figure 7. 6-OHDA Effectively Lesioned the SNpc.  A. A low magnification view of a 

representative section showing the lesioned SNpc on the left side.  Higher magnification 

views of the lesioned and intact SNpc are shown in B and C, respectively.  D. The 

average number of THir SNpc neurons on the intact or lesioned sides is shown, and 

there was a statistically significant difference between the sides (p < 0.001).   

 

Discussion 
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Spontaneous forelimb use as assessed by the cylinder task was used to measure 

unilateral akinesia, as we have demonstrated in this model before [136].  In contrast to 

our previous work [136], we chose for the behavioral deficit, not the stereological counts 

of THir SNpc neurons, to serve as the primary criterion for whether an animal’s data 

were included for having a sufficient lesion.  This decision was based on the fact that 

our primary question relied on behavioral data, so a robust behavioral deficit from 6-

OHDA seemed the best choice.  After all, it is not the loss of SNpc neurons per se but 

the loss of striatal DA that results in parkinsonian motor symptoms [20-25, 45, 46].   

 

The timing of drug administration and stimulation relative to the behavioral assays is 

critically important for interpretation of this experiment’s data.  ANA-12 has a relatively 

short plasma half-life, but its antagonistic effects on trkB phosphorylation, which is the 

activated form, are significantly decreased four hours after a single, intraperitoneal dose 

[380].  In this experiment, the cylinder task was used at least four hours after vehicle or 

ANA-12 administration.  Electrode leads were activated to deliver stimulation at least 

thirty minutes prior to the cylinder task, thereby allowing the animals enough time to 

adjust to the stimulation.  The benefits of stimulation are in place almost immediately 

after it begins, both in the clinic and in our platform.  The cylinder task, then, is assaying 

the rat’s functional ability in the context of dampened trkB signaling and acute 

stimulation, where ‘acute’ stimulation is on the order of minutes, not hours.  Of note, 

ANA-12 had lingering effects on the system since stimulation even weeks after a single 

ANA-12 injection was unable to fully recover to provide the same, robust response to 

stimulation as before in the Stim-ON condition.   
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The canonical description for trkB signaling involves long-term changes.  Ligand binding 

followed by autophosphorylation leads to activation of PLC-γ, PI3K-Akt and Erk that in 

turn promote cell survival and growth through changes in gene transcription and 

production of a new cadre of proteins [287, 291, 292].  Effects of canonical trkB 

signaling, then, generally occur on the order of hours.  The phenomenon described in 

this experiment though seems to fit a different time course.  Antagonism of trkB in a 

single dose attenuates the robust, functional response to stimulation that our laboratory 

normally observes.  Ergo, another trkB-mediated effect must explain our data.   

 

In recent years, a non-canonical trkB signaling mechanism has emerged.  Through the 

canonical activation of PI3K-Akt, a tangential pathway leads to Girdin phosphorylation 

and subsequent combination and activation of Src [295, 296].  This activated unit then 

phosphorylates the neuron’s NMDA receptor 2B subunit (NR2B) [295, 296].  NR2B 

phosphorylation potentiates the response by NMDA receptor-mediated currents [295, 

297].  This non-canonical pathway, which takes place over a shorter time course than 

the canonical trkB signaling pathways, has been used to explain other phenomena with 

behavioral measures [296, 406].  Of importance for our experiment, decreased BDNF 

levels in a heterozygous knockout mouse result in a decreased release of DA as well as 

decreased DAT function that can be partially reversed through BDNF administration 

[299].   
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Using ANA-12, a systemic drug with no specificity in its neuroanatomical target, in this 

experiment allowed for all of the trkB receptors to be queried as to whether they are 

involved in STN DBS-mediated functional/behavioral effects.  Since ANA-12 did have 

an effect, then all of the trkB receptors are implicated.  Hence, as was discussed in the 

previous chapter, the source of BDNF and the location of the trkB receptors that 

specifically modulate this behavioral effect cannot be known from this experiment; 

however, there are some likely possibilities.   

 

In our previous work, our laboratory showed that STN DBS increases BDNF in the 

primary motor (M1) cortex.  Gradinaru et al. [228] demonstrated using optogenetics that 

the functional efficacy of STN DBS can be explained through activation of the 

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

to the STN.  As these projections are glutamatergic, they may also release BDNF to act 

on trkB receptors found on STN neurons.  As an alternative, the rat has a proportion of 

STN fibers, which are also glutamatergic, that innervate the M1 cortex [407].  BDNF 

may then be released by STN neurons at the M1 cortex and act on trkB receptors found 

there.  However, these reciprocal, subthalamocortical fibers are not present in primates 

[408], so it is unlikely that the clinical phenomenon can be explained by these fibers 

alone.   
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Figure 8. Proposed Mechanisms for BDNF-Modulated Functional Efficacy of STN 

DBS.  A. STN stimulation (1) results in (2) antidromic activation of glutamatergic M1 

fibers. Increased M1 activity leads to (3) activity-dependent release of BDNF and 

subsequent (4) activation of trkB and non-canonical signaling for NR2B 

phosphorylation, increased calcium influx and increased STN activity.  B. STN 

stimulation (1) results in (2) activity-dependent release of BDNF from 

subthalamocortical, glutamatergic projections that are found in the rat.  Activation of 

TrkB on M1 neurons results in non-canonical signaling, phosphorylation of NR2B and 

increased calcium influx.   
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The knowledge that trkB signaling contributes to the functional efficacy of STN DBS is 

the opening of a new avenue for anti-parkinsonian therapies.  Dopaminergic 

pharmacotherapies comprise the vast majority of PD therapies to date.  Harnessing the 

non-canonical pathway of trkB signaling is a potential option for new medications.  One 

such medication is 7,8-dihydroxyflavone, a selective trkB agonist that is orally 

bioavailable and readily crosses the blood-brain barrier [388, 389].  Encouraging the 

system to release more BDNF in order to increase trkB signaling is another option 

through the use of fingolimod, an FDA-approved drug for multiple sclerosis that has 

seen positive results in several disease states including PD [390-393].   

 

Should pharmacotherapies not prove successful in taking advantage of non-canonical 

trkB signaling, some neurosurgical approaches are available.  The issue in patients may 

be deficient trkB expression in the appropriate neuronal compartment, as in at least one 

study [298], so a viral vector-mediated overexpression approach could be employed.  

Another approach would be viral vector delivery of an engineered DREADD (Designer 

Receptor Exclusively Activated by Designer Drugs) in order to specifically activate the 

non-canonical trkB signaling pathway.  These approaches, though, would require 

additional characterization of our phenomenon, specifically in identifying the source of 

BDNF and the location of the trkB receptors that are mediating this effect.  
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Chapter 5: The Neuroprotective Potential of Subthalamic Nucleus Deep Brain 

Stimulation in a Viral Vector-Mediated Nigrostriatal α-Synuclein Overexpression 

Model of Parkinson’s Disease 

Abstract 

Deep brain stimulation (DBS) is the most common neurosurgical treatment for the 

alleviation of Parkinson’s disease (PD) motor symptoms.  However, the current practice 

of employing subthalamic nucleus (STN) DBS as a treatment of late-stage disease, 

after the majority of nigral dopamine (DA) neurons and DAergic innervation in the 

putamen has degenerated, has prevented our ability to evaluate its disease-modifying 

potential.  Our laboratory and others have demonstrated that STN DBS provides 

neuroprotection for DA neurons of the substantia nigra (SN) in neurotoxicant models of 

PD.  One major limitation of these previous studies is that the predictive validity of the 

PD neurotoxicant models is low.  In the present study, we sought to determine whether 

STN DBS applied in a model of alpha-synuclein (α-syn) nigrostriatal toxicity is 

neuroprotective.  A large body of evidence points to α-syn involvement in PD.  Further, 

α-syn overexpression targeted to the nigrostriatal system via direct, intranigral injections 

of viral vector overexpressing α-syn results in a neuropathological and behavioral 

phenotype that recapitulates key features of PD.  Young-adult, male rats received two, 

2.0 μl, unilateral, intranigral injections of recombinant adeno-associated virus 

pseudotype 2/5 (rAAV2/5) expressing human wildtype α-synuclein (α-syn, 1.2 x 1013 

genome copies per ml).  Rats were implanted ipsilaterally with a DBS electrode in the 

STN 18 days following vector injections and assigned to either Active stimulation (n = 6) 

or no stimulation (Inactive, n = 8) treatment groups.  An additional group of rats received 
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α-syn vector injections with no electrode implantation (n = 5).  Active rats received 

continuous STN stimulation for four weeks starting week five after vector surgery (130 

Hz, 60 μs, amperage adjusted below the level of dyskinesia).  Rats in the Inactive group 

received no stimulation during the same four-week interval and served as a critical 

control for the effects of electrode implantation.  Cylinder task was used to track 

functional effects over the lesion time course and verify electrode patency.  A significant 

forepaw use asymmetry developed over time in all groups, and acute stimulation 

exacerbated this effect.  Nigrostriatal α-syn transduction and STN electrode placement 

were verified using immunohistochemical and histochemical methods, respectively.  

Stereological quantification of tyrosine hydroxylase immunoreactive (THir) SN neurons 

and THir striatal terminal density showed little to no loss of nigral DA neurons with 

modest alterations in striatal terminal density across groups, though all groups showed 

equivalent striatal α-syn expression.  We conclude that STN DBS does not offer a 

disease modifying effect in the viral vector-mediated α-syn overexpression model of PD.   

 

Introduction 

The current gold-standard and de facto neurosurgical therapy for Parkinson’s disease 

(PD) is deep brain stimulation of the subthalamic nucleus (STN DBS) with over 100,000 

patients having received surgery since approval in the United States in 2002 [375]. 

Current practice is to consider DBS after adequate control of symptoms can no longer 

be achieved through medical management.  Since the available pharmacotherapies are 

quite effective in early to mid-stage PD, the average patient undergoing DBS surgery is 

12-14 years post diagnosis.   
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Only a minority of clinicians and researchers has supported the investigation of STN 

DBS as a disease-modifying therapy.  Early clinical studies yielded conflicting 

conclusions ([193, 195, 215], cf. [376]), though they all shared the same average 

disease duration at time of implantation, namely over ten years from diagnosis.  The 

window of opportunity for disease modification in PD, however, is within four years after 

diagnosis since striatal terminal loss is complete by that time [45, 46].   

 

As clinical research has yet to provide a definitive conclusion, preclinical studies in 

parkinsonian animal models have attempted to do so.  STN DBS was shown to be 

neuroprotective in the 6-OHDA rat model of PD and in a MPTP-based non-human 

primate model of PD [134, 242-245].  Despite these optimistic findings, the PD research 

community has been slow to commit to conducting a clinical trial of STN DBS in early-

stage PD (about 0 – 4 years post diagnosis)—only now is one in the planning stages by 

Dr. P. David Charles at Vanderbilt University, having completed a successful Phase I 

(pilot/safety) clinical trial [241, 409-412].  Part of this hesitation is due to criticisms of the 

6-OHDA and MPTP animal models of PD, as these models suffer from poor predictive 

validity.  Numerous antiparkinsonian therapies have been tested in these animal 

models, yet there is still no known disease-modifying therapy.   

 

Our laboratory (and others) employs a rat model of PD through viral vector-mediated 

overexpression of α-synuclein (α-syn) by dopaminergic (DA) neurons of the substantia 

nigra pars compacta (SNpc).  The protein α-syn has developed into a key player in PD 
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research over the last fifteen years [41, 49-54], and nigrostriatal overexpression via a 

viral vector has been characterized as a powerful model of progressive PD with good 

construct validity and is considered to have better predictive validity.  In the present 

experiment, we explored the neuroprotective potential of STN DBS in a viral vector-

mediated nigrostriatal α-syn overexpression model of PD.   

 

Methods 

Animals 

A total of 19, male, Sprague-Dawley rats (Harlan, ≈250 g) were used in this study.  Rats 

were only included in the final analysis if they successfully completed the full stimulation 

interval and electrode placement adequately targeted the STN as previously described 

[135].  Animals were allowed food and water ad libitum and were housed in reverse 

dark-light cycle conditions in an AAALAC approved facility.  An Institutional Animal Care 

and Use Committee specifically approved this study.   

 

Production of Recombinant Adeno-Associated Viral Vectors 

The production of the α-syn-expressing, recombinant adeno-associated viral vector 

pseudotype 2/5 (rAAV2/5-α-syn) was conducted as previously described [339, 413].  

Briefly, human cDNA was used to produce a clone of the wildtype SNCA gene that was 

then inserted into the AAV plasmid backbone.  The chicken beta actin/cytomegalovirus 

enhancer-promoter hybrid was used to drive the expression of the SNCA gene.  The 

vectors contained AAV2 inverted terminal repeats and co-transfection was 

accomplished through rAAV rep and cap genes and adenovirus helper functions, 
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thereby packaging the vector into AAV5 capsids.  Iodixanol gradients and q-sepharose 

chromatography were used to purify vector particles and dot blot to measure the vector 

titer [414].  The viral vectors were stored at 4° C, never frozen.  Surfaces that were in 

contact with virus were coated beforehand with Sigmacote (Sigma-Aldrich, St. Louis, 

MO).  The rAAV2/5-α-syn titer used in this study was 1.2 x 1013 genome copies per ml.   

 

Intranigral Vector Injections 

Intranigral vector injections were conducted as described previously [339].  Prior to 

surgery, anesthesia was induced with 5% isofluorane in O2, and rats were maintained 

under anesthesia with 2% isofluorane in O2.  Rats received two unilateral, intranigral 

injections (AP -5.3 mm, ML +2.0 mm, DV −7.2 mm and AP -6.0 mm, ML +2.0 mm, DV 

−7.2 mm relative to dura mater) of rAAV2/5-α-syn (injection rate 0.5 μl/minute, 2.0 μl per 

site).   

 

Electrode Implantation 

Rats assigned to the Inactive and Active groups were implanted with electrodes 

seventeen days following vector injections.  Rats were anesthetized prior to surgery with 

Equithesin (0.3 ml / 100 g body weight i.p.; chloral hydrate 42.5 mg/ml + sodium 

pentobarbital 9.72 mg/ml); they were subsequently, unilaterally implanted (ipsilateral to 

vector injections) with a bipolar, concentric microelectrode (inner electrode projection 

1.0 mm, inner insulated electrode diameter 0.15 mm, outer electrode gauge 26, Plastics 

One, Roanoke, VA) targeted to the dorsal border of the STN (AP −3.4 mm, ML +2.5 

mm, relative to bregma and DV −7.7 mm, relative to the dura mater).  Burr holes were 
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drilled in the skull; the electrode was fixed in place using bone screws and dental 

acrylic.  Electrodes were lowered to coordinates corresponding to the dorsal border of 

the STN in order to minimize damage to the nucleus.   

 

Behavioral Testing 

Spontaneous forelimb use was assessed using the cylinder task as previously 

described [99, 136, 405].  Other behavioral measures were not employed due to their 

incompatibility with the external hardware required for continuous stimulation in an 

awake animal.  The cylinder task was employed at the following times: (a) prior to vector 

surgery, (b) two weeks following vector surgery and before electrode implantation, (c) 

54 days following vector surgery, on stimulation and (d) 55 days following surgery, off 

stimulation.   

 

During the dark cycle, rats were videotaped and placed in a clear plexiglass cylinder 

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

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

preference was present, the number of contralateral, ipsilateral, and simultaneous paw 

placements was quantified.  Data are reported as the percentage of contralateral (to 

vector and electrode) forelimb use: [(contralateral + ½ both)/(ipsilateral + contralateral + 

both)] x 100%.  Rats with a unilateral, nigrostriatal lesion will show a bias toward using 

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

relative reduction in contralateral forepaw use compared to baseline; inclusion in this 

study required a forelimb deficit at the second behavioral task six weeks post surgery.   
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Continuous Stimulation Paradigm 

When rats were assigned to receive stimulation (viz., the ‘Active’ group), stimulation 

was continuously delivered in a freely moving setup as previously described [134].  

Stimulation was generated by an Accupulser Signal Generator (World Precision 

Instruments, Sarasota, FL) via a battery-powered Constant Current Bipolar Stimulus 

Isolator (World Precision Instruments, Sarasota, FL).  Stimulation parameters consisted 

of a frequency of 130 Hz, a pulse width of 60 μs and an intensity of 30-50 μA.  At the 

onset of stimulation, intensity settings were increased until orofacial or contralateral 

forepaw dyskinesias were observed in order to confirm stimulation delivery, and 

immediately following a positive dyskinetic response, the intensity was set below the 

lower limit of dyskinesias, such that no rat was functionally impaired by stimulation.  

When rats were not being stimulated, they were still physically connected within their 

stimulator bowls to a commutator for the duration of the behavioral task.   

 

Tissue Processing, Histology and Quantification 

Sacrifice and Sectioning 

At eight weeks (or 56 days) post vector surgery, rats were deeply anesthetized (60 

mg/kg, pentobarbital, i.p.) and perfused intracardially with heparinized normal saline at 

37°C followed by ice-cold paraformaldehyde (PFA).  Care was taken to minimize the 

tissue damage resulting from removing the electrode from the skull.  All brains were 

postfixed in 4% paraformaldehyde for twenty-four hours and transferred to 30% sucrose 
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in 0.1 M phosphate buffer.  PFA-perfused and postfixed brains were frozen on dry ice 

and sectioned at 40 μm thickness using a sliding microtome in six series.   

 

Tyrosine Hydroxylase Immunohistochemistry 

One series (i.e., every sixth section) was stained with antisera for tyrosine hydroxylase 

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

overnight in primary antisera directed against TH (Chemicon MAB318, mouse anti-TH, 

1:4000).  Cell membranes were permeabilized with the addition of Triton-X (0.3%) to the 

0.1 M Tris buffer during incubations.  Sections were then incubated in biotinylated 

secondary antisera against mouse IgG (Chemicon AP124B, 1:400) and followed by the 

Vector ABC detection kit employing horseradish peroxidase (Vector Laboratories, 

Burlingame, CA).  TH immunoreactive (THir) neurons were visualized upon exposure to 

0.5 mg/ml 3,3’-diaminobenzidine (DAB) and 0.03% H2O2 in Tris buffer.  Sections were 

mounted on subbed slides, dried flat overnight under standard temperature and 

pressure conditions, dehydrated with ethanol and then xylenes and finally coverslipped 

with Cytoseal (Richard-Allan Scientific, Waltham, MA).   

 

Kluver-Barrera Histology 

Every sixth section of the subthalamic nucleus (STN) was stained using Kluver-Barrera 

histochemistry [378] and coverslipped with Cytoseal (Richard-Allan Scientific, Waltham, 

MA) to evaluate for appropriate targeting of the electrode to the STN.  Only rats with 

correctly positioned electrodes were included in the data analysis.  Electrode location 

was considered to be appropriate if the tip of the electrode was observed within 250 μm 
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of the border of the STN within any of the sections based on previous studies in which 

current spread was determined [135].   

 

α-Synuclein Immunohistochemistry for Vector Transduction Verification 

One series (i.e., every sixth section) was stained with antisera for α-synuclein (α-syn) 

using the free-floating method, as previously described [339].  Tissue was blocked in 

serum and incubated overnight in primary antisera directed against wild-type human α-

syn (mouse monoclonal anti-human α-syn, Invitrogen AHB0261, 1:2000 dilution) in 

1.0% normal goat serum (Gibco, Catalog #16210-072).  Cell membranes were 

permeabilized with the addition of Triton-X (0.5%, Sigma X-100) to the 0.1 M Tris buffer 

during incubations.  Sections were then incubated in biotinylated secondary antisera 

against mouse IgG (Chemicon AP124B, 1:400 dilution) and followed by the Vector ABC 

detection kit employing horseradish peroxidase (Vector Laboratories, Burlingame, CA).  

α-Syn immunoreactive (α-syn-ir) neurons were visualized upon exposure to 0.5 mg/ml 

3,3’-diaminobenzidine (DAB) and 0.03% H2O2 in tris-buffered saline (TBS).  Sections 

were mounted on subbed slides, dried flat overnight under standard temperature and 

pressure conditions, dehydrated with ethanol and then xylenes and finally coverslipped 

with Cytoseal (Richard-Allan Scientific, Waltham, MA).   

 

Combined α-Synuclein and Tyrosine Hydroxylase Immunohistochemistry for Near-

Infrared Imaging and Optical Density Analysis 

One series (i.e., every sixth section) was stained with both antisera for α-syn and 

antisera for TH using the free-floating method, as previously described [339].  Tissue 
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was blocked in Odyssey blocking buffer (LI-COR Bioscience, Lincoln, NE, 927-40000) 

with 0.5% Triton-X 100 (Sigma, X-100) at room temperature for one hour followed by 

overnight incubation in primary antisera directed against TH (rabbit anti-TH antibody, 

Millipore, Catalog #AB152, 1:1000 dilution) at 4°C.  Tissue was then washed for one 

hour (6 x 10 min) in 0.1M tris-buffered saline (TBS) and incubated in secondary antisera 

(LiCOR donkey anti-rabbit 800 Catalog #926-32213, 1:500 dilution in blocking buffer) for 

one hour at room temperature; from this point forward, sections were covered or were 

kept in a dark room in order to minimize exposure to light.  Sections subsequently were 

rinsed in 0.1 M TBS for forty minutes (4 x 10 min) and blocked again in blocking buffer 

with 0.5% Triton X-100 (ib.) for one hour.  Sections were incubated overnight in primary 

antisera directed against wild-type human α-syn (mouse anti-human a-syn antibody, 

Invitrogen Catalog #AHB0261, 1:2000 dilution) at 4°C.  Tissue was then washed for one 

hour (6 x 10 min) in 0.1M TBS and incubated in secondary antisera (LiCOR donkey 

anti-mouse 680, Catalog #926-68022, 1:500 dilution) for one hour at room temperature.  

Lastly, sections were rinsed for forty minutes in 0.1M TBS.  Sections were mounted on 

subbed slides, dried flat overnight under standard temperature and pressure conditions, 

dehydrated with ethanol and then xylenes and finally coverslipped with Cytoseal 

(Richard-Allan Scientific, Waltham, MA).   

 

Unbiased Stereology of THir Neurons in the SNpc 

The number of THir neurons in the SNpc ipsilateral and contralateral to vector injections 

was quantified using unbiased stereology with the optical fractionator principle.  Using a 

Nikon Eclipse 80i microscope, Retiga 4000R (QImaging, Surrey, BC, Canada) and 
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Microbrightfield StereoInvestigator software (Microbrightfield Bioscience, Burlingame, 

VT), THir neuron quantification was completed by drawing a contour around the SNpc 

borders at 4X, and THir neurons were counted according to stereological principles at 

60X (NA 1.4); estimates of total counts per structure were extrapolated by the software.  

The Schmitz-Hof Coefficients of Error were less than or equal to 0.10 for all analyses.   

 

Densitometry 

A LI-COR Odyssey near-infrared scanner (LI-COR Biosciences) was used to scan 

every sixth section that was fluorescently labeled for both TH and α-syn using different 

wavelengths.  In order to determine if any unilateral changes in TH or α-syn expression 

occurred within our groups, the integrated signal intensities were measured for both the 

intact and lesioned striatal hemispheres on slides normalized to a background 

measurement taken of the dorsolateral cortex on the intact side.  The most rostral and 

caudal sections used were located AP +2.28 mm and AP -0.24 mm, respectively, as per 

[415].  For each striatal section analyzed, a dorsolateral, ‘pie-shaped’ region of interest 

was defined as previously described [339] due to involvement in forepaw motor function 

[416-418]; briefly, the striatum was bisected with a vertical line for the medial boundary, 

and a horizontal line extending from the base of the ipsilateral lateral ventricle for the 

ventral boundary.  The raw integrated intensity values (arbitrary units as defined by the 

software) from each sampled striatal section were averaged in order to mitigate any 

differences in the number of sampling sites per animal.   

 

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

Statistical significance for all cases was set at p < 0.05.    

 

Behavior 

A two-way, RM-ANOVA followed by a least significant difference post hoc analysis was 

conducted to assess the presence of functional deficits across the three groups—no 

electrode implanted (‘No Electrode’), DBS lead implanted (‘Inactive’) and chronic 

activation of an implanted electrode (‘Active’)—on spontaneous forelimb use at 

baseline, pre-lead implantation and at the conclusion of the study at eight weeks without 

stimulation; a one-way, RM-ANOVA was also used to compare behavioral task 

iterations within each group.  A one-way ANOVA with a least significant difference post 

hoc analysis was conducted to compare forepaw use asymmetry between the Inactive 

and No Electrode groups both “on” (Day 54, stimulators activated for the Active group 

on this day, but not for these two groups) and off (Day 55) stimulation; On and Off days 

were also compared using two-tailed Student’s T-Tests within the Inactive and No 

Electrode groups.  A one-way ANOVA with a least significant difference post hoc 

analysis was conducted to compare forepaw use asymmetry both on and off stimulation 

between the Active group and a combined control group that consisted of both the 

Inactive and No Electrode groups with cylinder task scores from both on and off 

stimulation days included.   

 

Histology 
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Differences in THir neuron survival were determined by a one-way ANOVA comparing 

the Active, Inactive and No Electrode groups.  Differences in striatal α-syn or TH 

immunoreactivity were determined by one-way ANOVAs comparing the Active, Inactive 

and No Electrode groups followed by least significant difference post hoc comparisons.  

 

Results 

Viral Vector Transduction Increases Nigral Human α-Synuclein Expression 

The parameters for our rAAV2/5-α-syn model typically result in very robust transduction 

of SN neurons and production of α-syn protein.  Inspection of the SN revealed excellent 

transduction and adequate visualization of α-syn expression using IHC and brightfield 

microscopy across all groups.  Transduction and α-syn protein expression is illustrated 

for each group in Figure 9.   
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Figure 9. Robust Transduction and α-Synuclein Expression by SNpc Neurons.  

Immunohistochemistry for α-syn was performed to verify robust transduction and 

transgene expression by the targeted SNpc neurons, as visualized at low magnification 

by the transduced, ipsilateral (left) side versus the contralateral, uninjected hemisphere 

for No Electrode (A), Inactive (C) and Active (E) groups.  High magnification images of 

transduced neurons are shown for No Electrode (B), Inactive (D) and Active (F) groups.  
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Functional Effects Measured by the Cylinder Task 

α-Synuclein Overexpression-Induced Forelimb Asymmetry 

Forepaw use asymmetry was measured by the cylinder task across three groups—viz., 

Active, Inactive and No electrode—at baseline, seventeen days post vector surgery 

(and before the electrode implantation surgery) and eight weeks (at the end of the 

study).  The group means and standard errors are listed in Table 2.  A two-way, RM-

ANOVA was conducted to examine if a functional lesion emerged.  A test of between-

subjects effects showed no significant difference between groups (F(2,17) = 1.376, p > 

0.05).  A test of within-subjects effects, however, showed a significant effect of time 

(F(2,34) = 14.795, p < 0.001), but no interaction of time and treatment (F(4,34) = 0.812, p > 

0.05).  Post hoc comparisons showed a significant difference from baseline at 

seventeen days (p < 0.05) and at eight weeks (p < 0.001), and the eight-week time also 

differed from the level of contralateral forelimb impairment at seventeen days (p < 0.01).   

 

Table 2: Percent Contralateral Forepaw Use by Treatment. 

Group Percent Contralateral Forepaw Use ± SEM 

Baseline 2.5 Weeks 8 Weeks 

Active 53.75 ± 3.75 51.67 ± 2.01 40.83 ± 4.41 
Inactive 54.56 ± 3.55 53.15 ± 5.39 40.56 ± 2.82 
No Electrode 55.50 ± 3.57 41.17 ± 3.75 34.00 ± 2.81 
Average 55.00 ± 2.05 49.71 ± 2.80 39.00 ± 1.97 

 

Examination of the group means suggested the effect of time may be driven by one 

group more than the others.  Three separate, one-way, RM-ANOVAs were conducted to 

examine the effect of time within groups.  For the No Electrode group, a test of within-
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subjects effects was significant (F(2,8) = 17.389, p < 0.01), and post hoc comparisons 

showed baseline differed from seventeen days (p < 0.01) and from eight weeks (p < 

0.01).  For the Inactive group, a test of within-subjects effects was significant (F(2,16) = 

5.451, p < 0.05), and post hoc comparisons showed baseline differed from eight weeks 

(p < 0.01) and that seventeen days differed from eight weeks (p < 0.05).  For the Active 

group, a test of within-subjects effects was not significant (F(2,10) = 2.879, p > 0.05).  

Therefore, results depict that a-syn overexpression resulted in significant deficits in 

contralateral forelimb use in No Electrode and Inactive rats with Active rats displaying 

an equivalent, yet non-significant, magnitude of impairment (Figure 10, panel A).  
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Figure 10. Functional Effects Measured by the Cylinder Task.  A. Forepaw asymmetry was used as a measure of 

functional deficits over the course of the study.  Under Off stimulation conditions, the No Electrode group was significantly 

impaired at 2.5 (p < 0.01) and 8 weeks (p < 0.01) vs. Baseline, and the Inactive group at eight weeks from baseline (p < 

0.01) and 2.5 weeks (p < 0.05).  B. The ON and OFF stimulation days for the Inactive and No Electrode groups were not 

significantly different.  C. Rats receiving stimulation experience a reduction in percentage of affected forepaw use over 

total forepaw use when compared to the OFF stimulation day or to the ON and OFF stimulation days for the Combined 

Control group.  
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The Functional Effect of STN DBS 

On the two days preceding sacrifice, the cylinder task was used to assess forelimb 

asymmetry when rats were on or off stimulation, days 54 and 55, respectively.  As rats 

in the Inactive and No Electrode groups were effectively measured under similar 

conditions with no stimulation being delivered on either day, data were compared to 

determine if Inactive and No Electrode forelimb asymmetry scores could be combined.  

A one-way ANOVA of Inactive and No Electrode groups’ data from ‘ON Day’ (Day 54) 

and ‘Off Day’ (Day 55) was conducted and yielded no significant differences between 

groups (F(3,27) = 0.565, p > 0.05).  Two-tailed Student’s T-Tests comparing groups within 

the same day (e.g., Off Day Inactive vs. Off Day No Electrode) also yielded no 

significant differences.  These results are depicted in Figure 10, panel B.    As such, the 

On Day and Off Day data from each rat in the Inactive and No Electrode groups were 

combined into a “Combined Control” group for further analysis of behavioral data.   

 

In order to assess the functional effect of stimulation, the forelimb use asymmetry of the 

Active group was measured by the cylinder task on On Day after which stimulation was 

ceased for twenty-four hours followed by the Off Day cylinder task.  (After the rat was 

assayed by the Off Day cylinder task, stimulation was started again until the time of 

sacrifice.)  A one-way ANOVA was conducted to compare On Day and Off Day cylinder 

task measurements from the Active group versus the Combined Control On and Off 

days: no significant difference was observed (F(3,39) = 2.234, p = 0.101).  However, since 

there was no expected difference between the Off and On days for the Combined 

Control, we conducted post hoc comparisons in order to examine if there were a 
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significant effect of stimulation (namely, by the Active group on On day) that was 

statistically masked by group means that are expected to be equivalent.  From this post 

hoc analysis, there was a statistically significant difference between the On Day Active 

group and the other three groups (p < 0.05 in all three cases).  These data are depicted 

in Figure 10, panel C.   

 

Lesion Status of the Substantia Nigra 

Unbiased stereological quantification of the ipsilateral and contralateral (to the vector 

injections) THir SNpc neurons was used to estimate neuronal number for each 

structure. In this experiment, the Active group had 11324 ± 903 and 10310 ± 570, the 

Inactive group 12119 ± 552 and 11271 ± 609 and the No Electrode group 12626 ± 411 

and 11401 ± 561 remaining THir neurons on the intact and injected sides, respectively.  

A one-way ANOVA was conducted to assess if the groups significantly differed from 

one another, and they did not (F(5,37) = 1.453, p > 0.05).  In sum, the Active, Inactive and 

No Electrode groups all demonstrated the same 5-10% lesion, as depicted in Figure 11.   
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Figure 11. Stereological Counts of SNpc Neurons.  Unbiased stereological counts of 

SNpc neurons on the lesioned side (L) ipsilateral to injections and the intact (I), 

contralateral side of Active (red), Inactive (black) and No Electrode (white) groups.  

There was no significant difference between groups or hemispheres (p > 0.05).   

 

Viral Vector-Induced Changes in Striatal Proteins 

Changes in Striatal α-Synuclein Levels 

Densitometric analysis at near infrared wavelengths was used to quantify striatal 

expression of α-syn and to compare the intact versus the lesioned hemispheres.  The 

raw integrated intensities (arbitrary units) of α-syn and TH expression for the Active, 

Inactive and No Electrode groups from both hemispheres are listed in Table 3.  In order 

to compare α-syn expression levels between groups and hemispheres, a one-way 

ANOVA was conducted on the six sets of data (i.e., two hemispheres from each of the 

three groups), and a significant effect between groups was found (F(5,37) = 44.021, p < 
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0.001).  Post hoc comparisons showed a significant effect of side: each intact 

hemisphere expressed significantly less α-syn than the lesioned side, regardless of the 

group assignment (p < 0.001 in all cases).  Striatal α-syn expression showed robust, 

equivalent expression across all three groups, as depicted in Figure 12.   

 

Table 3: α-Synuclein or Tyrosine Hydroxylase Striatal Immunoreactivity.  

Group 

Integrated Intensity (arbitrary units) 

Α-syn 
 

TH 

Lesion Intact   Lesion Intact 

Active 
Average 11782370 40368   1957993 2515524 

SEM 1683189 180446   304058 454847 

 
      

Inactive 
Average 11080115 319662 

 
2146371 2212872 

SEM 1102163 220626 
 

95383 130899 

 
      No 

Electrode 
Average 12574044 302475   2411676 3324100 

SEM 1135197 100259   265421 267617 

              

 

Changes in Striatal Tyrosine Hydroxylase Levels 

Densitometric analysis also was used to quantify striatal expression of TH across the 

intact and lesioned hemispheres.  The raw integrated intensities (arbitrary units) of α- 

TH expression for the Active, Inactive and No Electrode groups from both hemispheres 

are listed in Table 3.  In order to compare TH expression levels between groups and 

hemispheres, a one-way ANOVA was conducted on the six sets of data (i.e., two 

hemispheres from each of the three groups), and a significant effect between groups 

was found (F(5,37) = 3.034, p < 0.05).  Post hoc comparisons showed a significant effect 

between the No Electrode-Intact Hemisphere and all other groups: vs. the lesioned 

sides of the No Electrode (p < 0.05), Inactive (p < 0.01) and Active (p < 0.01) groups 
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and vs. the intact sides of the Inactive (p < 0.01) and Active (p < 0.05) groups.  

Therefore, a-syn overexpression produced a non-significant reduction in TH 

immunoreactivity of 2-28% across all treatment groups, as shown in Figure 12.   
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Figure 12. Efficient Striatal Transgene Expression and Altered TH Levels.  A. 

Representative striatal sections expressing TH (green) and α-syn (red) shown 

individually and as merged images.  B. Quantification of α-syn transgene expression in 

the uninjected/intact (I) hemisphere and the injected/lesioned hemisphere (L) of Active, 

Inactive and No Electrode groups, where there was a significant effect of side in all 

three groups (p < 0.001).  C. Quantification of striatal TH levels in the intact (I) and 

lesioned (L) sides across groups, where the uninjected hemisphere of the No Electrode 

group was significantly different than all other groups (p ≪ 0.05).   
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Discussion 

We found that human α-syn overexpression targeted to the nigrostriatal system resulted 

in significant contralateral forelimb deficits and modest, nonsignificant decreases in 

SNpc THir neurons and TH immunoreactivity in the striatum.  Active STN DBS did not 

provide neuroprotection for any of these metrics.  These results suggest that the 

mechanism(s) whereby STN DBS is neuroprotective against 6-OHDA and MPTP is 

ineffective in protecting against α-syn-mediated toxicity.  As discussed in Chapter 3, 

STN DBS provided neuroprotection against 6-OHDA via BDNF-trkB signaling.  Since 

STN DBS is neuroprotective against both 6-OHDA and MPTP [134, 242-245] this 

suggests that enhanced BDNF-trkB signaling is sufficient to attenuate degeneration 

resulting from these particular oxidative stress insults.  As an alternative, while we have 

verified that STN DBS significantly increases nigral BDNF following 6-OHDA, we have 

not examined whether nigral or striatal BDNF is similarly increased following STN DBS 

in the α-syn-overexpressing nigrostriatal system.  Of note, viral vector-mediated α-syn 

overexpression in the nigrstriatal system results in a decreased transcription of a 

tremendous number of critical genes for DA neuron survival and functioning including 

Nurr1, Pitx3, TH, vesicular monoamine transporter 2 (VMAT-2), DAT, aromatic-L-amino 

acid decarboxylase (AADC), GDNF and BDNF [419]; effects on trkB were not reported. 

This widespread and dramatic effect on gene expression was cited as an indomitable 

barrier for why GDNF gene therapy failed in this model [335].  Since BDNF is decreased 

by α-syn overexpression, the mechanism by which STN DBS affords neuroprotection—

viz., BDNF-trkB signaling—may not be viable in this model.   
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In this particular experiment, despite using an identical rAAV2/5 human WT α-syn vector 

of a titer previously demonstrated to produce a more severe lesion [339], the lesion 

generated was far less severe than what was expected.  A similar titer under an 

identical surgical protocol in our laboratory has repeatedly resulted in an approximate 

60% loss of THir SNpc neurons on the ipsilateral side at two months [339], whereas this 

experiment showed a far more modest effect of approximately 7-10% loss of nigral 

neurons.  In addition, we had previously observed an approximate 40% loss of THir 

striatal innervation on the ipsilateral side at two months [339], whereas here we 

observed half as much loss, around 20% in the No Electrode group.  It is unclear why 

seemingly identical titers and surgical parameters resulted in more modest toxicity in the 

present case.  One possibility is that subtle reductions in titer resulted in differences in 

vector toxicity between experiments.  We have previously observed that rAAV2/5-α-syn-

mediated nigrostriatal toxicity is titer dependent [339], and that the threshold at which 

significant nigral DA neuron toxicity can be observed at two months after injection is 

between 2.2 x 1012 – 1.0 x 1013 vg/ml.  A decrease in vector titer of 10-20% could have 

resulted in the more modest level of toxicity we observe.  

 

The level of α-syn-mediated nigrostriatal toxicity we observed at eight weeks post vector 

injections closely resembles the ten day time point described by Decressac et al. [336] 

using a rAAV2/6 to overexpress human WT α-syn.  Specifically, they showed a 10% 

loss of THir nigral neurons and an approximate 20% loss of striatal THir fibers, a 

magnitude of loss that was mirrored by loss of striatal DATir fibers and VMAT-2-ir fibers, 
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as compared to the contralateral side [336]; furthermore, an approximate 10% reduction 

in contralateral forelimb use was observed at the ten day time point [336].  In addition, 

TH enzymatic activity and striatal DA turnover was reduced at ten days.  In the same 

laboratory (using the same animals), Lundblad et al. [356] used in vivo amperometry to 

examine if/when changes in DA transmission occur with the rAAV2/6-α-syn model; not 

too surprisingly, significant reductions in DA neurotransmission were first observed at 

the ten-day time point.  In this experiment, our behavioral deficit is likely a result of 

decreased DA transmission, as observed by Lundblad et al. [356].  

 

Indeed, this explanation appears supported by the On Day versus Off Day stimulation 

data.  Active rats when receiving stimulation used their contralateral forepaws less than 

when off stimulation (and less than the Inactive and No Electrode groups), as expressed 

as a percentage of overall forepaw use.  The vector-injected hemisphere experiences 

deficient expression of DA synthesis enzymes [419] and DA transmission [356], so even 

though stimulation may improve DA transmission on the affected side, it also does so 

on the intact hemisphere and disproportionately favors use of the ‘unaffected’ (ipsilateral 

to the injected side) forepaw—i.e., overall paw use is increased bilaterally but is 

increased more on the intact hemisphere, thereby driving the percent of affected 

forepaw use down.  Indeed, a previous study in rats with a partially denervated striatum 

(by a small dose of intranigral 6-OHDA) using microdialysis measured bilateral 

increases in release of DA from unilateral STN DBS [420].  In addition, clinical data 

support the behavioral effect of STN DBS in our model.  The rAAV2/5-α-syn model of 

PD we employed is most analogous to patients with duplicatons or triplications in the 
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gene that codes for α-syn, Snca, and these patients have been treated with STN DBS 

and enjoyed good outcomes [421, 422].  For our purposes in the laboratory, though, a 

measure of DA release that can be used to compare one hemisphere to itself under 

different conditions, like in vivo amperometry for striatal DA release, is necessary to test 

this hypothesis.   

 

Conclusions 

Basic and translational research has searched for therapies for PD for decades without 

any successful disease-modifying therapies to date.  The researcher’s ability to explore 

novel therapies is constrained by the methods used to model the human condition.  The 

putative mechanism by which a therapy provides a benefit must answer the chosen 

model’s insult, and the insult must be amenable to therapy in a way that is 

commensurate with the PD pathophysiology observed in patients.  The PD research 

field has embraced viral vector-mediated α-syn overexpression as a model with good 

predictive validity because of the central role of α-syn in both the genetic and idiopathic 

forms of PD.  In our hands, STN DBS does not afford neuroprotection against α-syn-

mediated toxicity.  Whether our findings in this model predict that STN DBS will not be 

neuroprotective in PD patients can only truly be evaluated in a clinical trial in which STN 

DBS is started early enough to modify the disease process and maintain striatal DA.    
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Chapter 6: High-frequency Stimulation of the Rat Entopeduncular Nucleus Does 

Not Provide Functional or Morphological Neuroprotection from 6-

Hydroxydopamine 

Abstract 

Deep brain stimulation (DBS) is the most common neurosurgical treatment for 

Parkinson’s disease (PD).  Whereas the globus pallidus interna (GPi) has been less 

commonly targeted than the subthalamic nucleus (STN), a recent clinical trial suggests 

that GPi DBS may provide better outcomes for patients with psychiatric comorbidities.  

Several laboratories have demonstrated that DBS of the STN provides neuroprotection 

of substantia nigra pars compacta (SNpc) dopamine neurons in preclinical 

neurotoxicant models of PD and increases brain-derived neurotrophic factor (BDNF).  

However, whether DBS of the entopeduncular nucleus (EP), the homologous structure 

to the GPi in the rat, has similar neuroprotective potential has not been investigated.  

We investigated the impact of EP DBS on forelimb use asymmetry and SNpc 

degeneration induced by 6-hydroxydopamine (6-OHDA) and on BDNF levels.  EP DBS 

in male rats received unilateral, intrastriatal 6-OHDA and ACTIVE or INACTIVE 

stimulation continuously for two weeks.  Outcome measures included quantification of 

contralateral forelimb use, stereological assessment of SNpc neurons and BDNF levels.  

EP DBS 1) did not ameliorate forelimb impairments induced by 6-OHDA, 2) did not 

provide neuroprotection for SNpc neurons and 3) did not significantly increase BDNF 

levels in any of the structures examined.  These results are in sharp contrast to the 

functional improvement, neuroprotection and BDNF-enhancing effects of STN DBS 

under identical experimental parameters in the rat.  The lack of functional response to 
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EP DBS suggests that stimulation of the rat EP may not represent an accurate model of 

clinical GPi stimulation. 

 

Introduction 

Parkinson’s disease (PD) affects nearly one percent of the population over the age of 

sixty-five [313].  The most common symptoms are bradykinesia, postural instability, 

rigidity and resting tremor with motor dysfunction being the primary cause for diagnosis, 

even though a patient may also have depression, cognitive dysfunction, anosmia or 

other symptoms at clinical presentation [6].  These motor symptoms primarily are a 

result of degeneration of the dopaminergic cells of the substantia nigra pars compacta 

(SNpc) and their projections to the striatum.  As a result, the current mainstay 

pharmacotherapy of levodopa (L-DOPA) attempts to bolster nigrostriatal dopaminergic 

transmission.  However, as disease progression continues, dopaminergic 

pharmacotherapy has decreased symptomatic efficacy and can yield troubling, 

involuntary movement known as dyskinesia [314], making the identification of 

neuroprotective therapies critical.  Beyond pharmacotherapy, the surgical approach of 

deep brain stimulation (DBS) of the subthalamic nucleus (STN) is used with increasing 

frequency as a way to manage many PD motor symptoms with more than 100,000 

patients having received DBS [375].   

 

Since the advent of DBS, neurosurgeons have overwhelmingly chosen to target the 

STN for both surgical and symptomatic goals. STN DBS also results in a reduction of 

the needed L-DOPA dosage, thereby lessening the severity of drug-induced dyskinesia 
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[181, 204, 213].  Whereas traditionally the STN has been the preferred implantation site, 

similar success in treating the motor symptoms of PD with DBS targeting the globus 

pallidus interna (GPi) has been reported ([181], see also [204-206]).  In some instances 

STN DBS has been associated with depressive symptoms or executive dysfunction 

post-surgery [423].  The potential for DBS targeted to the STN to exacerbate the 

existing comorbidities of depression or cognitive dysfunction has led to new 

consideration of DBS targets based on patient-specific motor and non-motor symptoms 

[213].  

 

Despite the symptomatic efficacy of DBS, our understanding of its impact on ongoing 

nigral degeneration remains limited.  This is in part due to the practice of using DBS as 

a last-resort treatment in late-stage PD.  Patients who elect surgery receive DBS on 

average fourteen years after diagnosis [204].  In 2013 the results from a randomized 

clinical trial in PD patients with mid-stage PD (7.5 years) favored STN DBS over 

optimized medical therapy [240].  This study will likely shift clinical practice to offer DBS 

to mid-stage PD patients.  Yet 50-60% of nigral dopamine (DA) neurons have 

degenerated seven years post PD diagnosis [46].  Studies in which STN DBS is applied 

in early-stage PD will be required to investigate its neuroprotective potential. Whether 

STN DBS is efficacious and safe in early-stage PD is currently the focus of an ongoing 

clinical trial [409, 411, 412, 424]. The increased focus on early DBS and its possible 

disease-modifying effects illustrates the significance of preclinical studies aimed at 

investigating these phenomena.  Further, given the difficulties with assessing 
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neuroprotection in the clinic, preclinical studies can lead the way in the development 

and assessment of potentially disease-modifying therapies [425, 426].  

  

Previous work in a rat model of long-term STN DBS [135] has yielded three distinct 

findings.  First, STN DBS is associated with significant improvements in contralateral 

forelimb deficits induced by intrastriatal 6-hydroxydopamine (6-OHDA) injections, an 

animal model of PD in which DA neurodegeneration is induced by oxidative stress 

[134].  Second, STN DBS halts ongoing nigral DA neuron degeneration induced by 

intrastriatal 6-OHDA. Of importance, the degeneration is halted at the stimulation start 

time (two weeks post lesion) and midway through the course of expected degeneration.  

Third, STN DBS significantly increased brain-derived neurotrophic factor (BDNF) in the 

nigrostriatal system, the primary motor cortex (M1) and the entopeduncular nucleus 

(EP), suggesting its involvement in symptom amelioration and neuroprotection [136].  

These preclinical results demonstrate that long-term STN DBS has the potential to 

impact plasticity within basal ganglia circuitry and may provide neuroprotection against 

further nigral loss.  However, whether DBS targeted to the EP (the homologous 

structure to the primate GPi in the rat) will similarly provide functional improvements in 

forelimb use, alter BDNF levels or facilitate nigral DA neuroprotection is unknown.  In 

the present study we examined the impact of long-term EP DBS on the progression of 

6-OHDA-induced nigral degeneration and deficits in contralateral forelimb use. 

 

Methods 

Animals 
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A total of thirty-two, male, Sprague-Dawley rats (Harlan, 200-250 g) were used in these 

studies.  Rats were only included in the final analysis if they successfully completed the 

two-week stimulation interval and exhibited proper electrode placement in the EP.  

Thirteen rats received intrastriatal 6-hydroxydopamine (6-OHDA) and EP stimulators; 

nineteen rats were unlesioned with EP stimulators.  Animals were allowed food and 

water ad libitum and housed in reverse dark-light cycle conditions in an AAALAC 

approved facility.  This study was specifically approved by the Institutional Animal Care 

and Use Committee of Michigan State University.   

 

Experimental overview 

The following experiments sought to replicate previously published work [134, 136] 

except that the EP was targeted rather than the STN.  Care was taken to conduct the 

experiments as closely as possible to the original work to allow for comparisons.  The 

overall experimental design is depicted in Figure 13.   

 

Figure 13. Experimental overview for EP DBS.  Experiment 1.  On Day 1, rats 

received an electrode implanted in the EP.  After three weeks of recovery, rats were  



127 

Figure 13 (continued) 

randomly assigned to ACTIVE or INACTIVE stimulation for a two-week interval.  Rats 

tolerated stimulation of the EP for two weeks as they otherwise would for STN DBS for 

the same duration.  Rats were sacrificed and perfused on Day 36.  Experiment 2. On 

Day 0, rats were assessed for baseline forelimb asymmetry using the cylinder task.  On 

Day 1, rats received unilateral, intrastriatal 6-OHDA and an electrode was implanted 

during the same surgical session in the EP ipsilateral to the lesion.  After two weeks of 

nigrostriatal degeneration (≈50% loss of SNpc neurons, as determined in [134]), rats 

were reassessed for forelimb asymmetry, and rats with sufficient deficits in contralateral 

paw use were randomly assigned to receive ACTIVE or INACTIVE stimulation for a two-

week interval.  On Day 28, rats were reassessed using the cylinder task (“Stim On” 

condition), and after a twenty-four-hour washout after the cessation of stimulation, the 

rats were again assessed using the cylinder task (“Stim Off” condition).  Rats were 

sacrificed and perfused on Day 30. 

 

Experiment 1: stimulation of the EP in unlesioned rats 

All rats were implanted unilaterally with electrodes to the EP and allowed a recovery 

period of three weeks.  Rats were then randomly divided into ACTIVE and INACTIVE 

stimulation groups.  Rats assigned to the ACTIVE group were connected to an external 

stimulation source and received continuous stimulation to the EP for two weeks; the 

INACTIVE group did not receive stimulation during the same interval.  After the two-

week period of stimulation, rats were sacrificed within six hours of cessation of 

stimulation.  Brain structures including the M1 cortex (8 ACTIVES vs. 10 INACTIVES), 
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striatum (8 ACTIVES vs. 9 INACTIVES), hippocampus (3 ACTIVES vs. 7 INACTIVES), 

thalamus (4 ACTIVES vs. 7 INACTIVES) and substantia nigra (8 ACTIVES vs. 10 

INACTIVES) were microdissected and processed for enzyme-linked immunosorbent 

assay (ELISA) for BDNF.   

 

Experiment 2: stimulation of the EP following intrastriatal 6-OHDA 

At least twenty-four hours prior to surgery, forelimb use in the cylinder task was 

assessed.  Rats then received unilateral, intrastriatal injections of 6-OHDA and 

ipsilateral implantation of an electrode to the EP during the same surgical session.  After 

a two-week recovery period, all rats were reassessed in the cylinder task to determine 

lesion status, and those that were functionally lesioned (i.e., a minimum 20% reduction 

in contralateral forelimb use compared to baseline) were randomly divided into ACTIVE 

and INACTIVE stimulation groups.  Rats assigned to the ACTIVE group were connected 

to an external stimulation source and received continuous stimulation to the EP for two 

weeks; the INACTIVE group did not receive stimulation during the same interval.  At the 

end of the two-week period of stimulation, rats were assessed using the cylinder task 

with stimulation and twenty-four hours after cessation of stimulation (3 ACTIVES vs. 7 

INACTIVES).  All rats were sacrificed within forty-eight hours after cessation of 

stimulation (4 ACTIVES vs. 7 INACTIVES for morphological analysis).   

 

Intrastriatal 6-OHDA injections 

Intrastriatal 6-OHDA injections were conducted as described previously [134].  

Specifically, rats were anesthetized prior to surgery with Equithesin (0.3 ml / 100 g body 
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weight i.p.; chloral hydrate 42.5 mg/ml + sodium pentobarbital 9.72 mg/ml), and then 

they received two unilateral, intrastriatial injections (AP +1.6 mm, ML +2.4 mm, DV −4.2 

mm and AP +0.2 mm, ML +2.6 mm, DV −7.0 mm relative to bregma) of 6-OHDA (MP 

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

solution, injection rate 0.5 μl/minute, 2.0 μl per site).  Drill holes were filled with gel foam 

or bone wax to prevent entry of cement from electrode placement.  These 6-OHDA 

lesion parameters result in ≈50% loss of substantia nigra pars compacta (SNpc) 

tyrosine hydroxylase immunoreactive (THir) neurons after two weeks that progresses to 

≈75% loss after four weeks [134].   

 

Electrode implantation 

In ‘Experiment 1’ naïve rats were implanted with electrodes, whereas in ‘Experiment 2’ 

rats were implanted with electrodes immediately following intrastriatal 6-OHDA 

injections.  Specifically, rats were unilaterally implanted (ipsilateral to 6-OHDA 

injections) with a bipolar, concentric microelectrode (inner electrode projection 1.0 mm, 

inner insulated electrode diameter 0.15 mm, outer electrode gauge 26, Plastics One, 

Roanoke, VA) targeted to the dorsal border of the EP (AP −2.4 mm, ML +3.0 mm, 

relative to bregma and DV −6.6 mm, relative to the dura mater).  Burr holes were drilled 

in the skull, and the electrode was fixed in place using bone screws and dental acrylic.  

Electrodes were lowered to coordinates corresponding to the dorsal border of the EP in 

order to minimize damage to the nucleus.   

 

Behavioral testing 
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Spontaneous forelimb use was assessed using the cylinder task as previously 

described [99, 136, 405] prior to surgery, two weeks following surgery and four weeks 

following surgery both on and off stimulation.  Other behavioral measures were not 

employed due to their incompatibility with the external hardware required for continuous, 

long-term stimulation.  Briefly, during the dark cycle rats were videotaped and placed in 

a clear plexiglass cylinder until twenty, weight-bearing forelimb placements on the side 

of the cylinder occurred, or until a maximum trial time of five minutes had elapsed.  To 

determine if forelimb preference was present, the number of contralateral, ipsilateral, 

and simultaneous paw placements was quantified.  Data are reported as the percentage 

of contralateral (to 6-OHDA and electrode) forelimb use: [(contralateral + ½ 

both)/(ipsilateral + contralateral + both)] x 100%.  Rats with a unilateral nigrostriatal 

lesion will show a bias toward using the ipsilateral limb.  Extent of lesion was evaluated 

two weeks post surgery, and a forelimb deficit was defined as possessing a minimum of 

a 20% reduction in contralateral forepaw use compared to baseline.   

 

Long-term stimulation 

Rats in the ACTIVE group received continuously delivered stimulation in a freely moving 

setup as previously described [134].  Stimulation was generated by an Accupulser 

Signal Generator (World Precision Instruments, Sarasota, FL) via a battery-powered 

Constant Current Bipolar Stimulus Isolator (World Precision Instruments, Sarasota, FL).  

Stimulation parameters consisted of a frequency of 130 Hz, a pulse width of 60 μs and 

an intensity of 30-50 μA.  At the onset of stimulation, intensity settings were increased 

until orofacial or contralateral forepaw dyskinesias were observed in order to confirm 
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stimulation delivery, and immediately following a positive dyskinetic response, the 

intensity was set below the lower limit of dyskinesias, such that no rat was functionally 

impaired by stimulation.  Rats assigned to INACTIVE stimulation did not receive 

stimulation at any time but were physically connected within their stimulator bowls to a 

commutator.   

 

Sacrifice 

After the stimulation interval, rats were deeply anesthetized (60 mg/kg, pentobarbital, 

i.p.) and perfused intracardially with heparinized saline at 37°C followed by ice-cold, 4% 

paraformaldehyde or ice-cold saline for lesioned and intact brains, respectively.  Care 

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

electrode still intact.  Lesioned brains were post-fixed in 4% paraformaldehyde for 24 

hours and transferred to 30% sucrose in 0.1 M phosphate buffer.  Unlesioned, saline-

perfused brains were immediately flash-frozen in 3-methyl butane and stored at -80°C.   

 

Microdissections 

Brains acclimated to -20°C for at least one hour and then sectioned into 1-2 mm slabs 

using chilled, single-edge razor blades and a chilled, aluminum brain block.  The 

hippocampus, M1 cortex, SN, striatum and the ventrolateral/ventroanterior thalamus 

were dissected on a cold plate set at −12°C (ThermoElectric Cooling America Corp, 

Chicago, IL) using a chilled, small tissue punch.  Slabs containing the EP were 

examined for visual verification of electrode placement prior to dissection of this 



132 

nucleus.  Each structure was placed in a pre-chilled microcentrifuge tube and stored at -

80°C.   

 

Protein assay 

Total protein levels were quantified by comparison to a bicinchoninic acid (BCA) 

standard curve.  Tissue was first homogenized in T-PER (Pierce, Rockford, IL) using a 

300 V/T Ultrasonic Homogenizer (BioLogics, Manassas, VA).  From each sample, 20 μl 

was removed, added to 20 μl of 2% SDS solution and then added to a BD Falcon 96-

well Microtest plate (Fisher, Morris Plains, NJ) along with a BSA standard curve (Pierce, 

Rockford, IL). CuSO4 (4%) was added to each well, and the plate was incubated at 

37°C for twenty minutes.  Each plate was read at 590 nm on a spectrophotometer 

(Thermo Scientific).   

 

BDNF ELISA 

An ELISA for BDNF was performed in triplicate in Nunc microwell 96-well microplates 

(Thermo Scientific) as per the manufacturer’s instructions (BDNF Emax ImmunoAssay 

Systems Kit, Promega, Madison, WI).  Each plate was read at 450 nm on a 

spectrophotometer (Thermo Scientific), and unknown values were calculated via 

interpolation against a BDNF standard curve.  Each structure was analyzed individually 

with ACTIVE and INACTIVE groups present on each plate.  Results were calculated as 

BDNF pg/mg of total protein.  The data were normalized relative to the average value of 

the structure on the intact side (i.e., contralateral to the electrode) of the INACTIVE 

group.   
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Tyrosine hydroxylase immunohistochemistry for SNpc neurons 

Paraformaldehyde-perfused and postfixed brains were frozen on dry ice and sectioned 

at 40 μm thickness using a sliding microtome in six series.  One series (i.e., every sixth 

section) was stained with antisera for tyrosine hydroxylase (TH) using the free-floating 

method.  Tissue was blocked in serum and incubated overnight in primary antisera 

directed against TH (Chemicon MAB318, mouse anti-TH 1:4000).  Cell membranes 

were permeabilized with the addition of Triton-X (0.3%) to the 0.1 M Tris buffer during 

incubations.  Sections were then incubated in biotinylated secondary antisera against 

mouse IgG (Chemicon AP124B, 1:400) and followed by the Vector ABC detection kit 

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

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

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

subbed slides, dehydrated with ethanol and then xylenes and coverslipped with 

Cytoseal (Richard-Allan Scientific, Waltham, MA).   

 

Kluver-Barrera histology 

Every sixth section of the entopeduncular nucleus (EP) was stained using Kluver-

Barrera histochemistry [378] to evaluate for appropriate targeting of the electrode to the 

EP.  Only rats with correctly positioned electrodes were included in the data analysis for 

Experiment 2.  Electrode location was considered to be appropriate if the tip of the 

electrode was observed within 250 μm of the border of the EP within any of the sections 
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based on previous studies in which current spread was determined [135].  A 

representative histological section is shown in Figure 14.   

 

Figure 14. Electrodes implanted in the EP remain in position over the two-week 

stimulation interval.  Representative photomicrographs illustrate unilateral electrode 

placement in the EP following Kluver-Barrera staining.  (A) Low magnification image 

shows the approximate placement of the stimulating electrode prior to its removal post 

mortem and the tissue damage related to the removal process.  The active electrode tip 

diameter is 150 μm whereas the shaft of the electrode is 400 μm in diameter.  (B) High 

magnification of the electrode tip’s position in the EP.  (C) EP neurons are visible in a 

nearby coronal section (≈160 μm caudal), indicating that a significant portion of the EP  
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Figure 14 (continued) 

remained intact.  Rats in which electrodes were found to be positioned more than 250 

μm away from the EP were excluded from analysis based on previous estimates of 

current spread [134].  Scale bar in A = 1000 μm, C = 500 μm. 

 

Unbiased Stereology of THir Neurons in the SNpc 

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

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

Using a Nikon Eclipse 80i microscope, Retiga 4000R (QImaging, Surrey, BC, Canada) 

and Microbrightfield StereoInvestigator software (Microbrightfield Bioscience, 

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

around the SNpc borders at 4X, and THir neurons were counted according to 

stereological principles at 60X (NA 1.4).  Percent remaining THir neurons of the 

ipsilateral, lesioned SNpc relative to the contralateral, intact SNpc were calculated.  The 

Schmitz-Hof Coefficients of Error were less than or equal to 0.15 for all analyses.   

 

Selective Total Enumeration of THir Neurons in the SNpc 

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

injection was also quantified using selective total enumeration, a modified stereological 

method previously established to accurately quantify nigral THir neurons following 

intrastriatal 6-OHDA injected using identical parameters [379].  SNpc THir neurons from 

three sections, easily identified by the presence of the medial terminal nucleus of the 

accessory optic tract (AP -5.04 mm, ML -5.28 mm, DV -5.52 mm relative to bregma 
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[415]) were quantified.  Using a Nikon Eclipse 80i microscope, Retiga 4000R 

(QImaging, Surrey, BC, Canada) and Microbrightfield StereoInvestigator software 

(Microbrightfield Bioscience, Burlingame, VT), selective total enumeration THir neuron 

quantification was completed by drawing a contour around the SNpc borders at 4X.  

Virtual markers were then placed on THir neurons at 20X and quantified.  Total THir 

neuron numbers in the intact or lesioned SNpc were summed for the three MTN 

sections counted.  Percent remaining THir neurons of the ipsilateral, lesioned SNpc 

relative to the contralateral, intact SNpc were calculated.   

 

Statistical Analysis 

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

BDNF expression levels in ‘Experiment 1’ were confirmed by a repeated-measure (RM)-

ANOVA.  Values presented are normalized to expression levels on the side 

contralateral to the electrode ± SEM.  In ‘Experiment 2’, a two-way RM-ANOVA followed 

by a least significant difference post hoc analysis was conducted to confirm the 

presence of functional deficits and the behavioral response to DBS.  Differences in THir 

neuron survival were determined by a two-tailed Student’s t-test, either comparing the 

unlesioned hemisphere to the lesioned hemisphere or comparing lesioned hemispheres 

between ACTIVE and INACTIVE groups.  Statistical significance was set at p < 0.05.  

Statistical analyses are summarized in Table 4.   
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Table 4: Statistical Table. 

  Data Structure Type of Test Power 

a 
Normal 
Distribution RM-ANOVA, pairwise comparison 0.68 

b 
Normal 
Distribution RM-ANOVA, pairwise comparison 0.998 

c 
Normal 
Distribution 

RM-ANOVA, between subjects 
comparison 0.063 

d 
Normal 
Distribution RM-ANOVA, within subjects comparison 0.574 

e 
Normal 
Distribution RM-ANOVA, pairwise comparison N/A 

f 
Normal 
Distribution RM-ANOVA, pairwise comparison N/A 

g 
Normal 
Distribution RM-ANOVA, pairwise comparison N/A 

h 
Normal 
Distribution RM-ANOVA, pairwise comparison N/A 

i 
Normal 
Distribution Student's T-Test 1.0 

j 
Normal 
Distribution Student's T-Test 0.57 

k 
Normal 
Distribution Split-Plot ANOVA 0.507 

l 
Normal 
Distribution Split-Plot ANOVA 0.05 

m 
Normal 
Distribution Split-Plot ANOVA 0.095 

n 
Normal 
Distribution Split-Plot ANOVA 0.053 

o 
Normal 
Distribution Split-Plot ANOVA 0.06 

 

Results 

Short-Term Behavioral Response to DBS of the EP 

Rats receiving ACTIVE stimulation were evaluated for behavioral responses to EP 

stimulation for a thirty-minute interval upon initiation of stimulation.  Stimulation was 

slowly increased until the onset of dyskinesias or rotations.  Contralateral orofacial 
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dyskinesias often appeared first with stimulation amplitudes between 30-90 μA, though 

most appeared under 50 μA.  By increasing current amplitude, rotations to the ipsilateral 

side and dyskinesias of the contralateral forepaw were elicited, usually within 20 μA of 

the amplitude of orofacial dyskinesias, the vast majority observed below 60 μA.  These 

dyskinesias persisted over the initial thirty-minute interval; hence, current intensity was 

lowered to below the threshold of dyskinesias for long-term stimulation.  A similar 

profiling of behaviors elicited by stimulation has been reported previously [134, 136, 

242]. 

 

EP stimulation does not improve forelimb asymmetry 

Two weeks following intrastriatal 6-OHDA, a significant decrease in contralateral 

forelimb use was observed in both ACTIVE and INACTIVE groups (F(3,6) = 5.403, p = 

0.038a and F(1.718,18) = 21.137, p < 0.001b, respectively).  Specifically, rats lesioned with 

6-OHDA displayed ≈60% reduction in contralateral forelimb use compared to baseline.  

A two-way RM-ANOVA revealed no significant difference between treatment groups 

(F(1,8) = 0.147, p = 0.712c) but did reveal a significant main effect within subjects (F(3,24) = 

20.335, p < 0.001d); therefore, the ACTIVE and INACTIVE treatment groups were 

combined for pairwise comparisons within subjects.  Intrastriatal 6-OHDA resulted in 

deficits in contralateral forelimb use compared to baseline (p < 0.001e) that persisted for 

the duration of the study (p = 0.007f).  However, contralateral forelimb use was 

significantly improved (compared to the two-week post lesion time point) at both four-

week time points regardless of whether stimulation was ‘on’ or ‘off’ (p = 0.001g and p = 

0.015h, respectively).  These results demonstrate no functional impact of ACTIVE 
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stimulation on contralateral forelimb use but a significant improvement over time in both 

treatment groups. These results are depicted in Figure 15A.   
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Figure 15. EP DBS does not correct forelimb asymmetry or provide neuroprotection from 6-OHDA.  (A) Rats 

receiving intrastriatal 6-OHDA followed by either ACTIVE or INACTIVE EP DBS were analyzed for forelimb use 

asymmetry in the cylinder.  6-OHDA led to a significant decrease in contralateral forelimb use.  However, ACTIVE EP 

DBS showed no difference compared to INACTIVE DBS at any time point.  Of note, two weeks following electrode 

implantation in the EP, an improvement in contralateral forepaw use was observed.  (B-E) EP DBS does not provide 

neuroprotection from 6-OHDA.  Neither ACTIVE nor INACTIVE EP DBS halted ongoing nigral DA neuron loss normally 

observed between two and four weeks after intrastriatal 6-OHDA.  (B-C) Representative nigral sections from both 

INACTIVE (B) and ACTIVE (C) EP DBS rats labeled with TH antisera reveal significant depletion of nigral DA neurons in 

the lesioned hemisphere.  (D-E) At higher magnification, DA neuron loss appears equivalent between the INACTIVE (D) 

and ACTIVE (E) treatment groups.  (F) Stereological assessment of THir neurons revealed no significant difference 

between ACTIVE and INACTIVE EP DBS groups.  
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EP Stimulation Does Not Provide Neuroprotection for SNpc Neurons  

Rats in the intrastriatal 6-OHDA, INACTIVE treatment group possessed significantly 

fewer SNpc THir neurons ipsilateral to the injection compared to the contralateral SNpc 

(t(20) = -12.117, p < 0.001i).  Specifically, the unlesioned SNpc in INACTIVE rats 

possessed 12255 ± 1099 THir neurons whereas the lesioned SNpc contained 2482 ± 

619, or ≈83% fewer THir neurons than the unlesioned SNpc, as expected from this 

lesion paradigm [134, 379].  Similarly, rats that received two weeks of continuous EP 

stimulation also displayed a significant depletion of ≈90% THir neurons ipsilateral to 6-

OHDA (ACTIVE unlesioned = 13029 ± 897; ACTIVE lesioned = 1379 ± 268).  No 

significant difference was observed in the magnitude of degeneration measured in 

ACTIVE vs. INACTIVE rats (t(7.193) = 2.136, p = 0.069j).  These results are illustrated in 

Figure 15, B-F.   

 

Selective total enumeration of THir SNpc neurons [379] was also used to assess lesion 

status and to compare its utility versus unbiased stereology for our laboratory’s future 

use.  As previously reported, direct comparisons of estimates of lesion severity (and 

SEM) determined using selective total enumeration closely approximated those 

determined using unbiased stereology: ≈75% (±5.2) and ≈85% (±1.2) fewer THir 

neurons than the unlesioned SNpc in INACTIVE and ACTIVE rats, respectively.   

 

Impact of EP DBS on BDNF Protein Levels 

Five structures—namely, the SN, striatum, M1 cortex, thalamus and hippocampus—

were examined bilaterally for levels of BDNF protein expression in unlesioned rats that 
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received unilateral EP stimulation for two weeks (ACTIVE) or INACTIVE electrode-

implanted controls.  ACTIVE stimulation of the rat EP was not associated with a 

significant increase in BDNF protein levels in any of the structures examined (viz., SN, 

thalamus, hippocampus, striatum and M1; p > 0.05k-o, respectively), although BDNF levels in 

the SN of ACTIVE rats displayed a trend toward increased BDNF (F(1,16) = 4.426, p = 

0.052k).  BDNF protein levels were not measured for the EP since they are below the 

detection threshold for an ELISA [136].  The comprehensive results are summarized in 

Table 5 and Figure 16.   

 

Table 5: Measured BDNF Levels by Structure. 

Structure BDNF (pg/mg) ± SEM 

 

ACTIVE 
 

INACTIVE 

  Left Right 
 

Left Right 

Substantia Nigra 32.86 ± 5.71 33.53 ± 7.70 
 

18.70 ± 2.05 17.45 ± 2.47 

Striatum 7.41 ± 1.50 8.13 ± 2.20 
 

6.67 ± 2.73 5.37 ± 1.79 

M1 Cortex 11.49 ± 1.83 12.79 ± 1.66 
 

9.48 ± 1.40 10.04 ± 1.14 

Thalamus 5.23 ± 0.65 4.30 ± 1.21 
 

4.12 ± 0.47 5.49 ± 1.16 

Hippocampus 24.03 ± 10.38 25.68 ± 9.55 
 

21.09 ± 4.68 17.58 ± 2.86 
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Figure 16. EP DBS does not increase BDNF.  BDNF protein levels were normalized 

to total protein in key basal ganglia structures of intact rats after a two-week stimulation 

interval.  Data from each structure were normalized to the corresponding structure from 

the INACTIVE right hemisphere to control for the potential effect of dopamine 

denervation or electrode implantation on BDNF levels.  Samples were obtained for the 

left (L) and right (R) substantia nigra (SN), striatum (STR) and primary motor cortex  
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Figure 16 (continued) 

(M1).  No significant difference was observed between ACTIVE and INACTIVE 

stimulation groups nor within animals between sides, though there was a trend toward 

significance between the left and right SN.   

 

Discussion 

In the present study, we investigated whether long-term EP DBS provides 

neuroprotection similar to the neuroprotection observed following long-term STN DBS 

employed in the same lesion paradigm [134].  EP DBS was not associated with 

stimulation-dependent, functional improvements in contralateral forelimb use.  Further, 

long-term EP DBS during the degenerative process initiated by 6-OHDA did not provide 

neuroprotection of nigral DA neurons or significant changes in BDNF levels within the 

brain.  These results are in stark contrast with the effects of STN DBS in rodent and 

non-human primate models.  As previously reported by several laboratories [136, 227, 

242, 395-403], STN DBS in rats is associated with functional improvement in 

amphetamine-induced contralateral rotations, treadmill locomotion, walking speed, 

forelimb akinesia, rearing activity and reaction time following intrastriatal 6-OHDA.  In 

contrast, our present study fails to demonstrate stimulation elicited functional 

improvement in the cylinder task.  The improvement we observed in forelimb use was 

independent of stimulation status and only observed four weeks post surgery, 

suggesting that plasticity following the partial lesion of the EP may be responsible for 

the observed motor improvements, as has been reported previously for lesions of the 

EP [427] and for microlesions of the thalamus [428, 429].  Of note, under identical 6-
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OHDA lesion parameters, functional improvement in contralateral forelimb use does not 

occur spontaneously or in association with implantation of INACTIVE electrodes in the 

STN [136, 379].  Therefore, it appears that the functional improvement we observe in 

the present study is specific to implantation of an electrode in the EP.   

 

Whereas there have been numerous reports of STN DBS-mediated functional 

improvements in rats [136, 227, 242, 395-403], only two reports by Summerson and 

colleagues demonstrate motor effects following EP DBS [430, 431].  Specifically, 

amphetamine-induced rotations were acutely attenuated by stimulation amplitudes 

higher than used in the present study (viz., 65-100 μA [430]).  Curiously, although 

forelimb akinesia was used in the first Summerson report to screen for 6-OHDA-induced 

dopamine depletion, the cylinder task was not used to assess the functional impact of 

EP DBS [430].  In their second report, Summerson and colleagues show behavioral 

improvement in the cylinder task, but again, under conditions of high current amplitudes 

[431].  In our present study, as reported previously [134, 242], amplitudes above 50 μA 

elicited contralateral dyskinetic movements, beginning with the orofacial area and 

forepaw.  With even higher stimulation intensity levels, we also observed the tendency 

to rotate in the contralateral direction.  Given that increases in current lead to an 

expanding volume of tissue activation (termed in [432]), we would expect that at higher 

amplitudes neurons/circuits outside of the EP would be recruited, as has been 

previously determined with rat STN stimulation [135].  Modulation of circuitry outside the 

EP may be responsible for the limited, observed functional effects reported with EP 

stimulation at higher stimulation amplitudes [404, 430, 431]; indeed, rotational 
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responses have been associated with direct SN stimulation [433, 434].  Although it is 

possible that we did not use the precise stimulation intensity required to elicit functional 

improvements, we can confirm that the current of 65-100 μA reported by Summerson 

and colleagues would have been incompatible with both long-term stimulation as well as 

accurate forelimb usage.  We speculate that non-specific stimulation outside of the EP 

may be involved in these previously observed functional effects.   
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Table 6: Comparison of Primate GPi, Rat EP and Rat SNpr.  

 

In the present study we chose to target the rat EP due to its perceived homology to the 

primate GPi.  Whereas remarkable similarities exist between the rat EP and the primate 

GPi in both the γ-aminobutyric acid (GABA) phenotype and afferent/efferent  

connectivity, an important difference in their firing properties remains (Table 6).  The 

primate GPi is composed of fast-spiking, pacemaking neurons, whereas the rat EP is 

not [458-460].  In this regard the rat SN pars reticulata (SNpr) is more similar to the 

primate GPi (Table 6); indeed, stimulation of the SNpr in rats has been shown to 

improvement forelimb akinesia [457].  The disparity in firing properties between the rat 

EP and primate GPi may underlie the inability of focused EP DBS to ameliorate 

functional deficits induced by dopamine denervation.  Our results suggest that 

stimulation of the rat EP may not serve as an appropriate model for GPi DBS for PD.   

Feature Primate 
GPi 

Rat 
EP 

Rat 
SNpr 

References 

GABAergic Yes Yes Yes [435-437] 
Major Basal 
Ganglia 
Output 

Yes Yes Yes [438, 439] 

Afferents 
from STN, 
Striatum & 
GPe 

Yes Yes Yes [437, 440-449] 

Efferents to 
Thalamus & 
PPN 

Yes Yes Yes [439, 450-454] 
 

Efferents to 
Lateral 
Habenula 

Yes Yes No [438, 439, 455, 456] 

Fast-Spiking 
Pacemaker 

Yes No Yes [244, 437, 457, 458] 

GPi = globus pallidus interna, EP = entopeduncular nucleus, SNpr = substantia nigra 
pars reticulata, GABA = γ-aminobutyric acid, STN = subthalamic nucleus, GPe = 
globus pallidus externa, PPN = pedunculopontine tegmental nucleus 
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Several laboratories have shown that long-term STN DBS in rats and non-human 

primates is associated with neuroprotection of nigral DA neurons from 6-OHDA- or 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced degeneration, respectively 

[134, 242-245].  It also has been demonstrated that high-frequency stimulation of the 

STN provides a significant level of neuroprotection and essentially halts the nigral 

degeneration that normally manifests during that period [134].  In contrast, continuous 

EP stimulation over the identical post-6-OHDA interval does not protect SNpc DA 

neurons from the continuing nigral degeneration induced by 6-OHDA.  Both ACTIVE 

and INACTIVE EP DBS treatment groups displayed equal levels of nigral neuron loss 

commensurate with the normal lesion magnitude over this time course [134].   

 

The disparity in neuroprotection results between STN and EP DBS may involve BDNF.  

In unlesioned rats STN DBS is associated with a significant, threefold increase in BDNF 

in the striatum and a non-significant increase in the SN [136].  Whereas a similar 

nonsignificant increase in BDNF in the SN is observed with EP DBS, striatal BDNF 

levels were not affected.  We hypothesize that these contrasting results are due to 

differences in the phenotype and neural circuitry associated with the stimulation sites.  

The STN sends glutamatergic projections to the SNpc, the SNpr and the striatum [440, 

441, 461, 462].  Stimulation of glutamatergic, hippocampal neurons in vitro results in 

activity-dependent BDNF release [285, 286].  Ergo, high-frequency stimulation of the 

glutamatergic neurons of the STN, known to contain BDNF [463, 464], may similarly 

mediate an increase in BDNF in STN target sites and provide trophic support for nigral 
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neurons [465].  The EP sends GABAergic projections to the pedunculopontine nucleus 

(PPN), the lateral habenula, the centromedian nucleus and the ventral anterior and the 

anterior part of the ventral lateral thalamic nuclei [438, 439, 452] (Table 6).  Although we 

did not measure BDNF levels in the PPN in the present study, we show that EP DBS 

does not significantly increase BDNF in either the striatum or the SN.  Further, while it is 

well established that glutamatergic neurons secrete BDNF [288], it is unclear whether 

GABAergic EP neurons possess or release BDNF.  Analysis of BDNF expression levels 

in an online atlas [464] indicates expression of BDNF in the STN but levels 

indistinguishable from background in the EP.  Other studies have demonstrated a 

differential effect on BDNF signaling within the hippocampus following STN or EP 

stimulation [136, 404].  Further studies are required to elucidate the source of elevated 

nigrostriatal BDNF following STN DBS and whether this phenomenon contributes to the 

neuroprotection observed.   

 

Conclusions 

In summary, EP DBS in our rat model of PD does not result in functional improvements 

nor morphological neuroprotection.  Further, EP DBS in the rodent does not result in 

significant increases in BDNF protein levels in the nigrostriatal system or M1 cortex.  

Studies directly comparing STN vs. GPi stimulation in the non-human primate are 

warranted to ascertain whether our rat findings are due to the neuroanatomical 

differences between the rodent EP and the primate GPi.  STN DBS has been shown to 

be neuroprotective in the non-human primate [245].  If GPi stimulation fails to provide 
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neuroprotection in the non-human primate, this would suggest that stimulation of the 

STN but not the GPi may offer a disease-modifying effect in PD patients. 



151 

Chapter 7: Conclusions and Future Directions 

Conclusions, In Brief 

The present work has accomplished several tasks.  First, an overview of the literature 

on PD, DBS and BDNF was presented.  Second, the use of gene therapy methods for 

modeling PD was critically evaluated.  Lastly, this work has shed light on several 

aspects of DBS for PD.  In this last regard, we have shown using the 6-OHDA rat model 

of PD that BDNF is increased and that STN DBS-mediated neuroprotection requires 

signaling through trkB, likely through canonical pathways, and trkB signaling mediates a 

component of the therapeutic effects from stimulation, likely through a non-canonical 

signaling pathway.  We have also demonstrated that STN DBS is not neuroprotective in 

a viral vector-mediated nigrostriatal α-syn overexpression model, albeit effects on BDNF 

in this model remain unclear.  Finally, we have demonstrated that while EP DBS does 

not provide a functional benefit, neuroprotection or an increase in BDNF, the paradigm 

is not analogous to the clinical scenario and thus deserves repeating in a non-human 

primate model.  These studies have advanced our prior work and will inform future work 

in our laboratory as well as have implications for clinical practice.   

 

Implications for Future Research and Clinical Practice 

The Roles of BDNF in STN DBS – But Where? 

As discussed in earlier chapters, the use of ANA-12 was a double-edged sword.  

Systemic administration of ANA-12 targets all trkB receptors, thereby implicating most 

neurons in the brain.  For the results found using ANA-12—viz., abolishment of 

neuroprotection and attenuation of functional recovery—two main questions remain for 
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both cases: (1) where is the source of BDNF and (2) where are the trkB receptors that 

matter?   

 

Testing Where BDNF-trkB Signaling is Needed for Neuroprotection 

Since a near complete loss of THir terminals in the striatum is observed within twenty-

four hours of 6-OHDA administration [134], it is likely that the neuroprotective trkB 

signaling occurs at the soma of SNpc neurons.  As for the source of the BDNF, its 

transcript was increased in the SN regardless of 6-OHDA lesion status in our previous 

work [136].  STN DBS likely increases glutamate release at the SNpc, resulting in BDNF 

production and release to act in an autocrine/paracrine manner.  However, it may be 

that the putative BDNF is released from subthalamic projections to the SNpc.   

 

One of Nature’s Tools: BDNF rs6265 Single Nucleotide Polymorphism (SNP) 

These hypotheses could be tested using a gene therapy approach.  A relatively 

common SNP in the BDNF gene is present in the human population (rs6265, 5’ 

proregion at nucleotide 196, hereafter referred to as “BDNF SNP”) [466, 467].  The 

BDNF SNP has a prevalence of 40.6% in the human population (codon 66: val66met 

35.4%, met66met 5.2%, allelic frequency assuming Hardy-Weinberg) [468].  Both the 

heterozygous major allele and homozygous minor allele of the BDNF SNP results in a 

disruption of packaging and release of activity-dependent BDNF, whereas constitutive 

release of BDNF is unaffected [469].  The majority of BDNF in the brain is released from 

neurons via this regulated secretory pathway; hence, the BDNF SNP leads to a 

significant decrease in available BDNF [469].  BDNF is a critical modulator of gamma 
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aminobutyric acid (GABA)-ergic and glutamatergic synapses.  BDNF facilitates long-

term potentiation (LTP) and mediates use-dependent plasticity [288, 470, 471].  Within 

the nigrostriatal system, BDNF has the potential to exert a multitude of effects.  BDNF 

plays an essential role in the maintenance of postsynaptic spine density of the striatal 

medium spiny neurons (MSNs) that are the targets of dopaminergic innervation [472].  

Loss of MSN spines has been demonstrated in both preclinical models of DA depletion 

and postmortem PD patients [473, 474].  Striatal MSN spines are the site of interaction 

for nigral DA and glutamatergic cortical and thalamic neurons, and this interaction is 

necessary for normal basal ganglia functioning.  BDNF is known to increase DA 

turnover and/or release in the nigrostriatal system [475].  Therefore, a decrease in 

activity-dependent release of BDNF as a result of the BDNF SNP has significant 

potential to affect basal ganglia functioning.   

 

In our STN DBS platform and 6-OHDA model, pre-treatment with a viral vector 

expressing the BDNF variant could be used in lieu of ANA-12.  This approach would be 

advantageous in that through stereotactic injection and viral vector construction, a 

specific cell population can be targeted.  Injection into the SNpc or STN would test 

either one is the source of BDNF; if both structures are sources, then targeting both 

sites would test that possibility.   

 

Testing Where BDNF-trkB Signaling is Needed for Behavioral Effects 

Our laboratory previously showed that STN DBS increases BDNF in the primary motor 

(M1) cortex.  Optogenetic approaches have demonstrated that the functional efficacy of 
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STN DBS can be explained through activation of the hyperdirect pathway that extends 

from the M1 cortex to the STN [228].  These M1 fibers are glutamatergic and may 

release BDNF to act on trkB receptors on STN neurons.  However, glutamatergic STN 

projections to the M1 cortex unique to the rat ([407], cf. [408]) may release BDNF to act 

on M1 cortex, trkB-expressing neurons.   

 

Discovering the source of BDNF mediating this effect could be done through the same 

overall approach discussed above.  A BDNF SNP expressing viral vector could be 

injected into the STN or the layer V pyramidal neurons of the M1 cortex or both in order 

to examine if decreased activity-dependent release in any of these cases significantly 

attenuates the functional efficacy of STN DBS.  Given that these effects are measured 

acutely by the cylinder task, an additional feature to the viral vector would make for a 

more elegant experiment: constructing the vector to conditionally express the variant 

gene with the addition of tetracycline would allow for a similar experimental paradigm as 

used in the present work with ANA-12 (i.e., tetracycline administration would parallel 

ANA-12 administration and an injected vehicle would result in no attenuation of the 

behavioral response to stimulation).   

 

Is DBS Disease-Modifying? 

The present work sought to evaluate the neuroprotective potential of DBS of the STN 

and the GPi using rat models of PD.  Whether STN DBS is neuroprotective has been 

examined before in animal models [134, 242-245], but it has not been vetted in the 

rAAV2/5-α-syn rat model of PD.  This model has greater construct validity and therefore 
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is considered to have greater predictive validity as well, although the complete absence 

of neuroprotective therepies in the PD patient population ultimately limits this 

contention.  On one hand, we have observed that in one model (viz., intrastriatal 6-

OHDA) STN DBS is neuroprotective in association with increased nigrostriatal BDNF, 

and this neuroprotection is abrogated by blockade of trkB.  In another model (viz., 

nigrostriatal α-syn overexpression) STN DBS is not neuroprotective, and the effects of 

stimulation on BDNF are unknown.  Conclusions drawn regarding neuroprotective 

strategies in preclinical models are only as generalizable to the patient population as the 

model is predictive, and it remains unclear which of these two models more accurately 

represents the disease-modifying potential of STN DBS in the clinic.   

 

In examining if GPi DBS results in similar effects as STN DBS, we investigated the 

potential for the rodent EP to serve as a homologous structure to the primate GPi.  EP 

DBS in our 6-OHDA model of PD did not afford any neuroprotection nor did it increase 

BDNF levels in any of the basal ganglia structures examined; however, as we were 

unable to replicate the clinical scenario of a symptomatic benefit of GPi DBS in our 

rodent DBS platform, we are unable to inform the PD field as to whether there is 

preclinical support for a disease-modifying effect of GPi DBS.  In order to answer this 

question and other questions regarding GPi DBS for PD, researchers should abandon 

their work in rodents in favor of non-human primate models or conduct clinical research 

if warranted.   

 

Impact of BDNF rs6265 SNP on Patient Response to Dopaminergic Pharmacotherapy  
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Heterogeneity in the Clinical Response to Antiparkinsonian Therapies 

Levodopa (L-DOPA) and STN DBS have become the mainstay pharmacological and 

surgical therapies for PD, respectively.  Although generally effective in treating the 

motor symptoms of PD, the clinical response range to both of these therapies is 

exceedingly wide.  For example, early-stage PD subjects receiving equivalent L-DOPA 

dosages experienced a magnitude of response ranging from a 100% improvement to a 

242% worsening as assessed using the United Parkinson’s Disease Rating Scale part 

III (UPDRS motor, [476]).  In one of the largest clinical trials of bilateral STN DBS, late-

stage PD subjects experienced improvements in UPDRS part III that ranged from 3% to 

63% improvement [477].  In a recent clinical trial in mid-stage PD subjects comparing 

STN DBS to medical therapy, UPDRS-III scores in the STN DBS treatment group 

ranged from a worsening of 7% to an improvement of 83%, whereas in the medication 

arm, UPDRS-III scores ranged from a worsening of 42% to an improvement of 50% 

[240].  These examples underscore the incredible heterogeneity in the clinical response 

to standard of care antiparkinsonian therapies even when disease severity is taken into 

account.  Indeed, as pointed out in the Parkinson’s Disease 2014: Conference and 

Recommendations Report to the National Advisory Neurological Disorders and Stroke 

Council, “Recent research has begun to reveal the molecular and clinical heterogeneity 

of PD, a complex neurodegenerative process that likely derives from multiple molecular 

drivers that vary among individuals, act over years prior to clinical expression, underlie 

an individual’s ensemble of motor and non-motor symptoms, and likely dictate response 

to treatment and its complications” [394].  From this fact, an overall goal of the PD2014 

report is to “deliver the right treatment to the right person at the right time[, and] to 
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implement safe, effective, and precise interventions with minimal complications” [394].  

Given the data in the present work on the importance of BDNF-trkB signaling in the 

therapeutic response to STN DBS, it is plausible that gauging BDNF-trkB signaling 

within a specific patient could predict his or her clinical outcome; a specific genetic 

variation in BDNF may be one way to accomplish this.   

 

BDNF SNP: Brain Structure, Function and PD 

To investigate whether BDNF plays a role in the therapeutic efficacy of STN DBS in PD 

subjects, our laboratory is exploring the BDNF SNP.  Individuals with the BDNF SNP 

have significantly reduced grey matter volumes in a number of structures [478] and 

decreased performance and hippocampal engagement during memory tasks [467, 479].  

A similar BDNF SNP-associated difference is observed in age-related hippocampal and 

whole brain atrophy, although the BDNF SNP is not associated with a diagnosis of AD 

[480, 481].  BDNF SNP mice recapitulate this phenotype in that they exhibit decreased 

hippocampal dendritic complexity, decreased hippocampal volume and deficits in 

hippocampal-dependent learning [469].  A meta-analysis of several case-control studies 

concluded that no association exists between the BDNF SNP and the risk of developing 

PD [482].  However, in PD subjects treated with L-DOPA, the BDNF SNP has been 

associated with earlier development of L-DOPA-induced dyskinesias (LIDs) [483]; 

although, this does not hold true in all patient populations [484].  Experience-dependent 

plasticity in the motor cortex as well as volume of the caudate nucleus and motor cortex 

is reduced in subjects with the BDNF SNP [478, 485, 486].  The motor cortex processes 

information for planning and controlling voluntary movement.  Reductions in motor 
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cortex excitability and output have been observed in PD and are thought to underlie 

bradykinesia [17, 487].   

 

BDNF SNP Brain Environment: Compensatory Changes In Response to Less BDNF 

The decrease in activity-dependent BDNF release in BDNF SNP mice results in a 

multitude of downstream, perhaps compensatory, alterations in the brain environment.  

These alterations include changes in the expression of numerous genes involved in 

glutamate signaling, ubiquitin-mediated proteolysis, SNARE interactions in vesicular 

transport, p53 and ribosomal signaling pathways and cell adhesion [488, 489].  Of 

particular interest, mice with the BDNF SNP have increased BDNF and trkB mRNA 

expression [490].  In this regard, the BDNF SNP brain appears to compensate for 

decreased BDNF release by becoming “hyperresponsive” to BDNF in an attempt to 

normalize BDNF signaling.  This compensatory response falls short, however, as 

impaired synaptic plasticity is still evident under baseline conditions in the BDNF SNP 

cortex and hippocampus [491, 492].  Under pathological conditions a different picture 

has emerged.  Evidence supports the concept that the BDNF SNP, perhaps due to a 

BDNF hyper-responsive environment, may confer an advantage to brain repair and 

remodeling.  Superior recovery from traumatic brain injury has been reported in BDNF 

SNP subjects [493], and enhanced plasticity and recovery of function has been 

observed in BDNF SNP mice following middle cerebral artery occlusion [488].   

 

Rationale for Investigating the Role of the BDNF SNP in Response to Anti-parkinsonian 

Therapies 
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Previous findings in the literature collectively demonstrate that the BDNF SNP brain 

environment is markedly different from the more frequent (val66val) BDNF genotype.  

Under conditions in which BDNF participates, as we have observed in our STN DBS rat 

model, the response of the BDNF SNP brain may deviate significantly.  Examples of this 

include that BDNF SNP individuals are more likely to be nonresponsive to 

antidepressant or antipsychotic treatments [494, 495], pharmacotherapies that can be 

influenced by BDNF signaling.  In addition, the findings that the BDNF SNP: a) may 

predispose for developing LIDs, b) drives PD-relevant striatal and motor cortex plasticity 

and c) negatively interacts with the aged brain environment, are relevant.  Taken 

together, it is plausible that the BDNF SNP confers a differential treatment response to 

pharmacotherapy in PD subjects and represents an importance future direction for this 

line of research, as it could inform optimal patient care for the one in three PD patients 

possessing the BDNF SNP.  Our laboratory has begun to explore whether this is true 

through a collaborative clinical project.    

 

Impact of the BDNF SNP on Response to Optimized Drug Therapy (ODT) 

To examine whether the BDNF SNP confers a differential treatment response to 

dopaminergic pharmacotherapy, our laboratory collaborated with Dr. P. David Charles 

to genotype early-stage PD subjects enrolled in the Vanderbilt DBS for Early Stage PD 

clinical trial (Clinical Trials.gov identifier NCT00282152) [410, 411, 496].  Our 

collaboration has been presented as a meeting abstract [497], but as it is not yet 

published, the methods and results will be described herein.   
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The study population consisted of thirty, early-stage PD subjects treated for two years 

with bilateral STN DBS plus medication (DBS+ODT) or optimized drug therapy (ODT).  

Subjects were age 50-75 years with idiopathic PD, Hoehn and Yahr Stage II when OFF 

medication, treated with antiparkinsonian medications for greater than six months but 

less than or equal to four years and with no current or prior history of motor fluctuations.  

Additional subject characteristic details are currently published [496].   

 

Subjects from both the STN DBS and ODT treatment arms of the Vanderbilt DBS for 

Early Stage PD clinical trial were genotyped.  BDNF SNP genotyping was performed 

using the 59 exonuclease allelic discrimination Taqman assay.  Comparisons were 

made between ON baseline and ON two-year scores in total UPDRS, individual UPDRS 

subscores and PDQ-39.  Five of fifteen subjects (33%) in the DBS treatment arm and 

six of thirteen subjects (46%) in the ODT treatment arm possessed the BDNF SNP.  At 

baseline no significant differences were observed in any metric. However, at two years 

after the initiation of either treatment, PD subjects with the BDNF SNP in the ODT 

treatment arm exhibited significantly worse scores (twenty points higher on Total 

UPDRS) compared to BDNF Val/Val ODT patients (p < 0.05).  In contrast, DBS BDNF 

SNP subjects exhibited lower total UPDRS scores compared to ODT BDNF SNP 

subjects, though this effect did not achieve significance (p = 0.06).  No significant 

differences were observed between BDNF genotypes in the DBS treatment arm and the 

ODT Val/Val subjects.  Our results suggest that PD patients possessing the BDNF SNP 

(i.e., one in three PD patients) will experience superior therapeutic benefit from STN 

DBS than from ODT.  If findings from our small, early-stage PD cohort hold true in larger 



161 

and more diverse patient populations, this would provide compelling support for using 

the BDNF rs6265 SNP as a screen to inform optimal personalized patient care for the 

medical vs. surgical management of PD.  (This paragraph was submitted by the author 

as part of an abstract for the NINDS Udall Centers Directors’ Meeting in 2014.)   

 

Final Remarks 

PD is a relentlessly progressive disease for which there are no known disease-

modifying therapies.  The work described herein has sought to characterize the effects 

of STN DBS, a therapy currently used with much acclaim.  The dramatic results from 

DBS that are so often observed have captivated the PD patient community, PD 

researchers and the general public.  Exploring the mechanism(s) of DBS is of critical 

importance if they are to be harnessed through development of less invasive therapies 

(e.g., trkB agonists) or optimized through refined criteria for patient selection, like 

genetic testing for BDNF variants.  Beyond its use for symptom alleviation, STN DBS 

may offer a disease-modifying effect, but inappropriately designed clinical trials have 

been unable to offer a definitive conclusion.  The data presented in this work show that 

the neuroprotective potential of STN DBS is specific to the model.  To put an end to this 

debate, the time for a well-designed clinical trial could not come sooner.  The PD 

research field owes such an effort to the many patients and their families who still fight 

for their personal victories with each passing day.   
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