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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disorder of the central
nervous system (CNS) that mainly affects the motor neurons. Substantial loss of
dopaminergic neurons in a brain region called Substantia Nigra Pars Compacta (SNpc)
and subsequent decrease of dopamine levels in the striatum- caudate putamen is the
signature neurochemical phenotype of this disease. Currently, most of the treatments
constitute symptomatic relief and there is no available treatment to prevent the loss of
dopamine neuronsin the brain. Aside from Parkinson's, the brain dopaminergic system
plays a significant role in addictive disorders. Dopamine release has been associated with
pleasurable experiences and reward which are also linked to memory and incentive
motivation. In drug addiction, repeated exposure to an addictive stimulus such as opioids
would increase dopamine release and activate the reward system but over time this
recurrentactivation can lead to depletion of dopamine stores similar to PD.

Employing glial cell derived neurotrophic factor (GDNF) therapy, which has been
shown to rescue dopaminergic neurons in SNpc and their axon terminals in the striatum
in vivo and in vitro can be a novel approach for potentiating dopamine release in PD or
maintaining the level of dopamine in the brain to prevent reward system deficiencies in
addictive disorders. However, GDNF's clinical potential can be limited by its inability to
cross the blood-brain barrier (BBB). For the present project, we are working on an
intranasal delivery of non-viral pPGDNF expression compacted into nanoparticles
developed by Copernicus Therapeutics, Inc as a novel treatment approach for PD and
addictive disorders. This delivery systemallows GDNF DNA to circumvent the BBB and

reach SNpc and dopamine terminal regions in the striatum and nucleus accumbens,



becoming a sustained source of centrally available GDNF. The objective of this project is
to identify changes in neurotransmitter kinetics in real time in the dorsal striatum and
other brain regions following this treatment and to eventually confirm its neuroprotective

effect.
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Chapter 1: Introduction
1.1. Parkinson’s Disease

Parkinson’s disease (PD), the second most common movement-related deficit
disorder of the nervous system, is diagnosed in greater than 1% of the worldwide
population [1], and in the US, approximately 60.000 patients are diagnosed with PD[2].
Although several factorssuch as genetics and environment are affected, the loss of
dopaminergic neurons in an area near the base of the brain, Substantia Nigra, is the main
cause that results in abnormality and symptoms such as postural instability, Tremor
(shaking), Rigidity (stiffness), Bradykinesia (slow in the movement) appears. [2] [3]
1.2. Dopamine synthesis and Signaling pathway

Dopamine is the neurotransmitter and chemical messenger responsible for conducting
signals from Substantia Nigra to the Corpus Striatum to control motor movements. Loss
of dopamine disrupts firing patterns and results in impaired movement. The symptoms
occur after a 60 to 80 percent or more loss of the dopamine-producing cells. Several
precursors contribute to the biosynthesis of dopamine. [2] [4] Tyrosine is hydroxylated
via tyrosine hydroxylase (TH)and converts to L3,4dihydroxyphenylalanine (L-DOPA).
Then L-Dopa converts to Dopamine in the presence of Dopa decarboxylase (DDS).
Dopamine is metabolized in presence of Monoamine Oxidase A (MAO-A)
intraneuronally and by either MAO-A or MAO-B in glial cells. Commonly used therapies
in PD, are symptomatic relief drugs such as Levodopa, MAOBIs, and catechol-O-
methyltransferase (COMT) inhibitors for elevating regional dopamine levels, dopamine
receptor agonists(DA agonists), anticholinergics as inhibitors of cholinergic afferents and
amantadine for inhibiting the glutaminergic NMDA receptors. [5] The above
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interventions can alleviate symptoms by stabilizing the effects of the surviving dopamine
neurons on their postsynaptic targets in the striatum, although they do not in principle
prevent neuronal cell death in this region. The treatment we propose in the present work
is thought to optimize the function of the surviving neurons in the long term by
upregulating dopamine release through overexpression of neurotrophic factors like

GDNF.

1.3. Gene therapy and glial cell derived neurotrophic factor (GDNF)

Gene therapy involves introducing a new piece of DNA into a cell for replacing,
silencing, or correcting the deficient genes. Hence, the cell can subsequently express a
protein which may not normally produce. In gene therapy, viruses are an efficient
biological delivery system. Novel models of PD have been introduced by using new
genes associated with dopamine biosynthesis and inserting them into a virus so that they
can be introduced into the brain and genetic materials pass into the cell and make the
desired protein. [6] Employing neurotrophic factors has demonstrated promising results
for neurodegenerative disease treatment. GDNF is a protein that is greatly expressed in
neurons and promotes motor neuron survival, recovery of the injured neurons, and axon
outgrowth. [6, 7] It first forms a lipid complex with Lipid raft anchor GFRal and then
RET is recruited to the lipid rafts. Activating RET by dimerization results in activation of
several downstream pathways such as Ras—ERK, PI3K—-Akt, Src, and PLc-g-Pkc which
affect neuronal growth and survival.[8]

1.4. GDNF in Parkinson’s disease and addictive disorders
GDNF has been considered for study in PD since 1993 when its ‘dopaminotrophic’

feature was discovered [9] GDNF can increase the excitability of dopamine neurons and



their firing rate [10] [11]. Others have demonstrated the symptomatic relief and survival
of nigral dopamine cells following GDNF treatment in 6-OHDA and MPTP lesioned
primates. [12] Early studies of GDNF efficacy were based on the effect of injection or
infusion of GDNF administered directly into the lateral ventricle or the brain
parenchyma. [13] The intrastriatal injection has demonstrated improvement of
dopaminergic neuronal survival, dopaminergic fiber outgrowth in redundant PD models
as well as similar positive effects to intraventricular GDNF administration in non-human
primates. [14] [15] Moreover, intrastriatal implantation of GDNF-delivering
microspheres has shown to prevent dopaminergic degeneration and improve behavior in
rodent models of PD. [16] Furthermore, clinical trials have been conducted to assess
GDNF therapy for Parkinson’s patients. A placebo-controlled, randomized, double-blind
three-part clinical trial was done to evaluate the safety and efficacy of intermittent
bilateral intraputamenal GDNF.[17] The evidence shows that GDNF triggers the growth,
survival, and differentiation of dopaminergic neurons. Half of the participants received a
monthly infusion of GDNF, and the other half received the placebo from a port placed
behind the ear. The results indicate that patients who received continuous putamen
GDNF infusion showed an increase in dopamine levels compared to the placebo group.
Furthermore, the authors measured the percentage change from trial week zero to week
80 in the “off™ state Unified Parkinson’s Disease Rating Scale (UPDRS) motor score. In
this stage, patients experienced symptoms such as headaches, back pain, and
uncontrollable dystonia. However, after 18 months both groups showed improvement of
motor functions, and GDNF did not induce adverse effects when administered over this

length of time. This trial showed that GDNF can be safely and repeatedly infused directly



into the patients’ brains over months or years. According to these trials, GDNF promoted
the restoration of motor functions and significantly slowed the progression of the motor
symptoms of PD. Gene therapy (invasive neurosurgery), small molecular GDNF receptor
agonists and GDNF derived peptides (delivered noninvasively) are three ongoing
approachesin preclinical and clinical studies. And if they prove safe and effective, it
would be a major step forward in PD and drug of abuse treatment. [18,19] In addition to
PD, GDNF can negatively regulate the action of drug of misuse such as morphine,
cocaine, and alcohol in addictive disorders. Dopaminergic neurons in the VTA play a
crucial role in the reward and movement modulation in the brain. Prior studies have noted
the importance of GDNF infusion in blocking the upregulation of TH in the ventral
tegmental area (VTA) and its capability to hinder behavioral responses to misusable
substances.[20, 21] According to other studies, GDNF could affect the survival and better
function of midbrain dopamine neurons as well as the inhibition of drug reward in the
VTA [22] GDNF can also produce long-lasting suppression of alcohol intake by
reinforcing and extending its signaling in the VTA. [23, 24]
1.5. Blood-brain barrier an obstacle for CNS drug delivery

While we have some knowledge about the beneficial role of GDNF gene therapy in
PD and the way that we can insert the gene, the issue has always been finding the most
effective delivery system. CNS disorders are in general poorly treated diseases and with a
low success rate of drug development partly due to this reason and the substantial
challenges to accessibility paused by the blood-brain barrier (BBB). Besides its important
protective role that prevents pathogenic and toxic substances from entering the brain,

BBB prevents the transfer of many potentially therapeutic compounds. Therefore, it



seems necessary to optimize the therapeutic ability of GDNF by addressing the lack of
crossing of the BBB to more effectively treat PD and other CNS disorders. [25, 26]
1.6. Intranasal administration

Intranasal administration is one of the routesfor drug delivery that is widely used for
the treatment of sinusitis, allergic and non-allergic rhinitis, and nasal polyposis.
The surface of the nasal mucosa is broad and well supported by blood vessels in the
perivascular channels. So, drugs can be potentially transported through the mucosato the
CNS. Moreover, there are several advantages of using this route of administration like the
rapid onset of action, ease of administration and being noninvasive so it increases patients
compliance and carries low potential for injury or disease transmission. Fentanyl for
inhibiting cancer breakthrough pain, triptans for migraine, and ondansetron for mitigating
nausea have been some indicative applications. [27] [28] Intranasal administration of
radiolabeled I- insulin-like growth factor-1 (IGF-1) has also achieved widespread
distribution in the rat brain in 30 minutes in response to intranasal administration. [29]
Given intranasal compounds must pass through lamina propria, olfactory cells froma
channel around the olfactory neurons, and reach the cerebrospinal fluid (CSF) after
crossing from the channel to get past the cribriform plate. there are two ways to access
CNS: first, substances can be distributed via bulk flow mechanism and integrate with
interstitial fluid. Second, getting into perivascular spaces after reaching the brain can lead
to rapid spread out throughout the CNS. As GDNF cannot be to be administered
intravenously, intranasal delivery could be a reliable approach. Also, to decrease
unwanted side effects. intranasal administration is one of the promising options to bypass

BBB to lower doses administered as only a small percentage of the total dose canreach



the brain during the intranasal delivery of neurotrophic factors. [30] For instance,
intranasal administration of NGF rescues the loss of memory in Alzheimer rodent
models[31], and in human clinical trials, intranasal administration of insulin improves
both memory and cognitive function.[32-35] If intranasal delivery of GDNF shows
promising results, it could be a breakthrough in the treatment of PD and CNS disorders.
[36] [37]
1.7. GDNF Intranasal administration in PD

Delivery of proteins like GDNF into the brain has always been challenging. Large
protein delivery to the brain is usually done through direct intracerebral infusion, which
requires invasive surgery ata significant risk to patients. Intranasal administration offers
noninvasive and rapid method for targeting the brain with limiting potential side effects
and can bypass the BBB while minimizing systemic absorption. Intranasal administration
of plasmid human DNA nanoparticles (NPs) induces transgene expression and results in
dopaminergic neuron protectionin PD rodent models in the long term. [38] [39]
However, there are still major hurdles to maintaining levels of dopamine and inhibiting
the progression of PD. [14] One of the main barriers in GDNF gene therapy is the need to
provide delivery for longer periods and repeated dosing. [40] [41] Also, we need a better
insight on the impact on central neurochemistry. Accordingly, the main objective of this
thesis is to identify changes in neurotransmitter kinetics in real-time in the region of the
rat brain called dorsal striatum following intranasal treatment with GDNF DNA
nanoparticles. The subsequent objective would be to look for the effects on neuronal
inflammation in the striatum and other brain regions receiving dopamine terminals to

clarify more of its neuroprotective function. In addition to examining basal effects of the



pGDNF treatment, we considered the response of brain dopamine systems to stimulation
with the synthetic opioid drug oxycodone in order to assess changes in the response to a
chronic dopaminergic challenge and to evaluate whether this treatment could be

applicable to a wider array of dopamine-related disorders.



Chapter 2: Methods and Materials
2.1. Animals

2—-3-month-old Sprague Dawley male rats were transferred from the laboratory of Dr.
Elizabeth Byrnes at Grafton as approved by Tufts IACUC protocols and housed at the
Boston’s Tufts animal facility in 14:10 light cycle in a 22% fat chow diet with water upon
completion of behavioral studies. The animals were trained to self-administer oxycodone
through bar pressing and where either treated with intranasal pPGDNF or vehicle as per
Table 3.1. for all intranasal pGDNF treatment, a dose of 90ug pGDNF DNA is
administered. All oxycodone self-administration work was done in the Byrnes lab
through the methods employed by the Waszczak laboratory at Northeastern University. In
the Pothos laboratory, animals were sequentially sacrificed (1 per day) following a
minimum of 4 days of acclimation to new housing and processed for brain slice carbon
fiber amperometry, RT-PCR and immunohistochemistry. All experiments in the Pothos
laboratory were conducted with experimenters being blind as to the behavioral and drug
treatment of each animal.
2.2. Brain Tissue Preparation

Petri dishes containing artificial cerebrospinal fluid (aCSF) (124mM NaCl, 2.0mM
KCl, 1.25mM KH2PO4, 2.mM MgS04(MW 120.4), 25mM NaHCO3, 1.0mM CacCl2,
11mM Glucose) and 10X Sucrose-Bicarbonate were placed on ice and oxygenated for the
acclimation of acute coronal brain slices. Rats were euthanized with ketamine and
xylazine (1:1 ratio) cocktail. The brain was extracted in a brain blocker with 1mm
subdivisions. The section containing the dorsal striatum and ventral striatum (nucleus

accumbens) was attached and glued flat to a specimen disc (Figure 2.1) while the



midbrain and prefrontal cortex were kept separately in either -80°C or 4% PFA for RT-

PCR and TH staining respectively.

*fé' -
Figufe 2.1: Brain tissue preparation — Left. Ratbrain placedin oxygenated sucrose-

bicarbonate media. Right. Placing a block of agar gel as a holder and gluing the
dorsal striatum section in oxygenated aCSF for cutting acute coronal brain slices.

2.3. Brain Slicing with Vibratome

We used a Leica VT1000S vibratome for brain slicing. Each brain was sliced with a
stainless still blade (Campden Instruments Ltd, Model 752-1-SS) at a speed of 2.5 mm/s
with 300 um thickness and 7 Hz frequency. Slices were allowed to recover for at least 1
hour and were maintained in oxygenated ice-cold aCSF before recording.
2.4. Amperometric electrodes

Carbon fibers (Amoco) were vacuum filled, to 1.0 MM * x0.58 MM glass capillary
filaments. We used flaming/brown micropipette puller (Model P-97 from Sutter
Instruments) to pull the electrodes and reach the desired tip shape. Electrodes were then
checked under a microscope to make sure that there is a carbon fiber inside, and the tips
were not broken. Next, the electrodes were glued with epoxy glue (EPO-TEK® MED-
301) with a 3:1 ratio for parts A and B respectively for 2 minutes and cured in an oven
for 90 °C overnight. Then beveled to a 45-degree angle with a BV-10 beveler (Sutter
Instruments). After filling the electrodes with 3M KCI by microfilm tip syringe, an

upright Olympus BX-40 microscope coupled with MP-285 electrode micromanipulators.



an Axopatch 200B amplifier set at positive 700 mV (Vs. and Ag-AgCl ground), a master
8 patch-clamp stimulator with an Isoflex stimulus isolator, and an Apple Macintosh tower
computer with Axograph software were used for carbon fiber amperometric recording.

(Figure 2.2)

Camera

Microscope

Computer with Software

Master 8 Pulse Stimulator

Axopatch 2008 integrating Patch-clamp

Anti-Vibration Table ISO-Flex is a flexible stimulus isolator

Figure 2.2: Electrophysiology Setup - the equipment shown: computer with data
acquisition software (Axograph) , Master-8 pulse stimulator, Axopatch 200B
integrating patch-clamp amplifier, Isoflexstimulus isolator, Anti-vibration air table,
Faraday cage, camera and microscope

Electrodes were pre-tested through their response to a 1 mg/ml dopamine solution (in
0.3 N perchloric acid) being added close to the electrode tip with a transfer Pasteur

pipette.
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2.5. Brain Slice Electrophysiology
2.5.1. Electrophysiology recording preparation

The recording electrode, set at a potential of 700 mV, oxidizes electrons donated by
released dopamine molecules and transmits current signals to the amplifier, which in turn
feeds to an analog-digital converter (Instrutech ITC-18) and finally to the computer. A
suction-based gentle flow of oxygenated aCSF ensures tissue viability.
2.5.2. Brain Electrophysiology recording

Coronal slices of dorsal and ventral striatum (the latter also known as the nucleus
accumbens) were used. These areas contain the bulk of dopamine terminals in the brain.
The brain slices were inserted flat in a chamber of oxygenated aCSF at 37 °C and secured

with a mesh cover to minimize the movement of the brain under the microscope.

Oxygenated aCSF Flow

Stimulator

Headstage and
Micromanipulator
Objective

Recording Chamber

Recording Electrode

Vacuume Hegter

Figure 2.3: Brain Electrophysiology set up.
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Recording and bipolar stimulating electrodes (Plastics One) were placed within 1 mm
of each other and at the same level as the brain slice. Data was acquired following a
current pulse of 5 mA for 2 milliseconds, 5 times per site with an inter-stimulus interval

of 5 min.

Grounding Electrode

Figure 2.4: Brain electrophysiology recording setup - the recording electrode is
placed in the middle of the stimulator groove, at the same level with and between
the two stimulating electrode poles to generate a consistent electrical artifact across
slices. Output was digitized to 50Hz, then filtered with an 1Hz digital filter cutoff
for analysis.

2.6. TH immunohistochemistry (IHC)

We plan to conduct TH immunostaining as a marker for dopamine neurons in the SN
and their terminals in the striatum. Midbrain sections from the same animals as above
were placed in 4% paraformaldehyde (methanol fee) for 3 days, and 30% sucrose for 4
days until the tissue sinks in solution. The brain sections were stored in cryoprotectant

solution. After PBS washes sections will be blocked in 5% NGS in PBS for 60 min at
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room temperature to reduce non-specific binding. Sections will then be transferred from
blocking solution to 2 ml siliconized tubes containing 1.6 ml of the anti-TH antibody
(rabbit anti-TH; Chemicon TH AB152), then incubated overnightat 4°C on a rotating
wheel. On day 2, the sections will be transferred from the primary antibody solution to
mesh well and washed 3 times for 10min in PBS with shaking at room temperature. After
the last wash, sections will be transferred to separate 2ml siliconized tubes containing 1.6
ml of the secondary antibody (biotinylated goat anti-rabbit 19gG, Vector BA-1000) at
1:200 dilution in PBS and incubated for 1 hour at room temperature. Following washes
with PBS, brain sections will be incubated in 1.6ml 3,3 diaminobenzadine DAB solution

until reaction is stopped, tissue is air dried and mounted before coverslipped.

2.7. Primers used for RT-PCR

Name Forward Primer Reverse Primer
D1 Receptor GCATGGCTTGGATTGCTACG CCAGTTGCTGCCTGGACTAA
D2 Receptor TGAAGACACCACTCAAGGGC TGGGAGGGATGGGGCTATAC
D3 Receptor CTACGTTCCCTTCGGGGTGA CCAGTTGCTGCCTGGACTAA
Tyrosine CTACTGTCCGCCCGTGATTT GGTCAGCCAACATGGGTACA
Hydroxylase
SLC6a3 TCTGGAGGTTTCCCTACCTGT ACAGTGAAGCCCACACCTTTC

Table 2.1: Primers used for RT-PCR to measure mRNA for different regulators of
dopamine exocytosis.

2.8. Rat issue storage to isolate RNA for RT-PCR

The rat tissue was flash-frozen in liquid nitrogen, labeled, and then stored at -80°C

until the day of the assay. It was retrieved later to isolate RNA.
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2.9. RT-PCR

For the RT-PCR, the isolated RNA is used to make a cDNA library. This is done
using the Bio-Rad cDNA synthesis Kit (Mixture of 4 microliters of iScript Reaction
mixture, 1 microliter of iScript Reverse Transcriptase, 2 microliters of isolated RNA
sample, Nuclease free water to make up the volume to 20 microliter - about 13 microlite).
The RT-PCR machine (iQ5 multicolor Real-Time PCR Detection System) is setto it) 5
min at 25 °C, ii) 30 min at42 °C, iii) 5 min at 85 °C, iv) Hold at 4 °C to be carried outin
asequence. The cDNA library is labeled and stored in -70 °C On the next day, the cDNA
library is amplified using reagents in the following amounts: 1 microliter of forward -
primer, 10 microliters of 2x Taq, 1 ul of cDNA, and nuclease-free water to make up the
volume up to 20 microliter - about 8 microliters for one reaction. The amplification
mixture is made for nine reactions. It is then transferred to RNA-free pipes in a way that
is bubble-free. The samples are then run through a gel.
2.10. Gel electrophoresis

For making a gel, agarose and TAE buffer are used. (1.5% agarose in 150ml of TAE
buffer). Ethidium Bromide is a red fluorescent dye that intercalates with the GC-AT base
pairs when it undergoes fluorescence; about 15 microliters of this dye are used to add into
the gel for the detection of proteins/DNA. This gel is added to a tray and then a comb is
inserted to create wells. Itis left to set for 20-30 mins. Once the gel becomes opaque,
samples are loaded into each of these wells. A molecular weight marker is also loaded
into the well for reference. The gel can run to % of its length. The gel is then seen through
a fluorescent light to detect the expression of proteins/DNA. Data acquisition and

analysis for IHC and RT-PCR have not been completed at the time of thesis submission

14



due to the lengthy and complex nature of the behavioral protocol of the self -
administration experiments by our collaborators and delays in animal processing due to
the COVID-19 pandemic restrictions.
2.11. Data analysis
2.11.1. Carbon fiber amperometry

All recording sites in slices were stimulated three to five times each at five-minute
intervals to ensure recovery of terminals. Each set of stimulations was then averaged per
recording site in all parameters measured. Kinetic properties included the amplitude
(height; in pA), width (the time length of each event in sec), the t 1/2 (width at half-
height) and area under the curve. By using the Faraday equation (N =Q / nF), the number
of dopamine molecules released per stimulation can be determined, where Q stands for
the charge of the spike, n is the number of the electron transferred, N is the number of
moles, and F is Faraday’s constant (96,485 C/mol). Statistical analysis is performed using
GraphPad Prism version 9. Data are presented as Mean + Standard Error of the Mean
(SEM) and will be analyzed with 1-way ANOVA once appropriate statistical power is
achieved. All results are currently preliminary.
2.12. Collaboration Statement

All the work in this chapter was done collaboratively with members of the Pothos

laboratory.
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Chapter 3: Results

3.1. GDNF enhances the amperometric release of dopamine from cultured midbrain
dopamine neurons.

Since PD and addictive disorders induce central dopamine deficiency, we focused
first on effects of GDNF treatment in upregulating dopamine kinetics in real-time. Figure
3.1 (from prior work in the Pothos lab) represents the amperometric events in the control
and GDNF treated midbrain dopamine cell cultures in vitro (10 ng added on the day of
cell culture plating) and the distribution of dopamine quanta. GDNF was shown to
enhance the amperometric release of dopamine which is more prominent due to the

morphological effect of GDNF on TH and increased number of synaptic varicosities.
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Figure 3.1: GDNF enhances the amperometric release of dopamine from cultured
midbrain dopamine neurons. (A) Sample amperometric events evoked from control
neurons. (B) Examples of events from GDNF (10 ng/ml)-treated preparations (C)
Distributions of the untransformed dopamine quantal sizes. Exposure to GDNF shifted
the population parameters to higher values. (D) Morphological effects of GDNF (10
ng/ml) on midbrain DA neurons. A tyrosine hydroxylase (TH) immunostaining indicates
a dense plexus of neurite outgrowth. Arrows indicate TH-unlabeled cell bodies. (B),
Cultures exposed to GDNF display two-fold more stained cell bodiesand maintain a
dense plexus of neurites. (C) Vesicular monoamine transporter VMAT2 immunolabel in
a control culture indicates sites containing dopaminergic synaptic vesicles. Arrowheads

indicate VMAT2-labeled varicosities. (D), VMAT?2 stain of neurons exposed to GDNF
shows an increased number of synaptic varicosities. Scale bar, 50 pum

control
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To illustrate the effect of pPGDNF nanoparticles on the real-time release of dopamine
we used carbon fiber amperometry in acute brainslices of the mesolimbic and
nigrostriatal pathways. For the following results, a total of 12 animals were sacrificed,
and for now, 2 rats represented each treatment group (Table 3.1). To assess the effects of
intranasal pPGDNF NPs on relapse vulnerability, the current study will examine both
contextand drug-primed reinstatement in oxycodone-dependent rats. We will use long
access self-administration to better model escalating use observed in human opioid use
disorder and progressive ratio schedule of drug delivery provides an index of drug or

dose effectiveness which commonly used as an analysis tool in drug self -administration.

Treatment groups Description
IV Self Administration (SA) of Oxy SA in 6 h sessions for 12 days followed
Oxycodone (Oxy) by Progressive Ratio (PR) session and then
forced abstinence beginning on Day 14
Saline Yoked Saline Yoked to oxy subjects (animals in this

group receive a saline injection when their
oxy partner presses for oxy)

Oxy + GDNF Oxy SA+GDNF — oxy SA in 6 h session for
12 days followed by PR and then
administered GDNF intranasally on Day 14

Oxy + Vehicle (Veh) Oxy SA+Veh —oxy SAin 6 h session for 12
days followed by PR and then administered
vehicle intranasally on Day 14

Table 3.1: Sprague Dawley rat treatment groups, all intranasal infusions conducted under
Ketamine/Dexmedetomidine anesthesia - The self-administration experiments were
conducted in the Byrneslab and all treatments with pGDNF were similar to those
employed by the Waszczak laboratory at Northeastern University. Briefly, oxycodone
was administered in rats through voluntary bar-pressing in 6 hour daily sessions. The
drugwas infused through an i.v. implanted catheter connected to a pump through a fixed
and then progressive-ratio schedule of reinforcement (escalating number of bar pressesto
receive one oxycodone injection). The saline-yoked group received an i.v. saline
injection passively each time its oxycodone partner bar pressed. Intranasal treatment with
PGDNF (90 ugrs) or vehicle occurred via Microfil tubes inserted through the nostrils.
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3.2. Amperometric dataanalysis
3.2.1. Striatum dopamine efflux

All data were digitized at 50 kHz and low pass filtered at 1IkHZ (Axograph X
v.1.1.6). All data analyzed through one-way ANOVA, average of 4 slices per group to

date.

3.2.2. Amperometric events and analysis for dorsal striatum

To measure electrically- evoked dopamine release of rats treated with intranasal
pGDNF nanoparticles in real time and control groups, we used carbon fiber amperometry
on acute coronal brain slices. Each data point in the analysis was the average of 1-5

stimulations on the same recording site with 5 min inter-stimulus interval.
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Figure 3.2: Representative trace of electrically evoked dopamine release signal from
the dorsal striatum of a Sprague Dawley rat.

We measured event amplitude (Figure 3.3 A). for oxy + vehicle, the mean amplitude for
the baseline peak was 233.9 + 37 pA (x SEM), and for the SA-Oxy only group, Saline
yoked, and Oxy + GDNF group the mean amplitude was 12.74 +2.909 pA, 22.9+4.600
PA, 23.72 £0.6299 pA, respectively. Data for width (DA uptake), t1/2 and area are

included in the appendix).The Width is indicative of dopamine uptake (Figure 3.3 B).
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T 1/2 is the width of each event at half-height (Figure 3.3 C) ; Area under the curve
(AUC) (Figure 3.3- D); and conversion to dopamine molecules (Figure 3.3 E). [42] it
should be noted that, at this point, these results do not present adequate statistical power
to run parametric tests due to low number of tested animals. Any current differences
between Oxy SA versus Oxy + Vehicle in eventamplitude are due to a single outlier

value in the Oxy SA + Vehicle group. (Figure 3.3 A)
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Figure 3.3: Amperometric detection and analysis of dopamine exocytosis in the dorsal
striatum of pGDNF-treated treated rats versus vehicle controls (A) Amplitude of
dopamine release in Oxy + Vehicle, SA-Oxy, Saline Yoked and Oxy+GDNF groups.
(B) Average width of dopaminerelease. (C, D) Average AUC and t % (in secs) across
treatments.

(E) Average number of dopamine molecules per release event. — All data are shown as
mean+SEM.

3.2.3. Amperometric events and analysis for NAc

The NAc is a site in the basal forebrain rostral part located below the corpus striatum.
NAC is a pleasure center, and it plays a role in cognitive processing, motivation and its
important in response to drugs of abuse. NAc has been implicated in numerous
neurological disorders such as PD and addictive disorders. NAc receives indirect input
via the mesolimbic dopaminergic projections as well as ventral tegmental area (VTA) and
substantia nigra [43, 44]. To get clear vision of the effect of GDNF on the dopamine
exocytosis in NAc we did amperometric detection with electrophysiology. The results

below show Amplitude, width, area, t1/2 and dopamine release in the NAc.
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All data were acquired following a current pulse of 5 mA for 2 milliseconds, 3-5 times
per site with an inter-stimulus interval of 5 min. however, data includes only the Oxy +

Vehicle group in Fig. 3.4 E (dopamine molecules released) as more results are pending.
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Figure 3.4: Amperometric detection and analysis of dopamine exocytosis in the nucleus
accumbens. pPGDNF- Oxy + Vehicle treated rat (A) Amplitude in Oxy + Vehicle (B)
Average width of dopamine release. (C, D) Average AUC and t % (in secs) across
treatments. (E) Average number of dopamine molecules per release event. — All data are
shown as mean+SEM.

3.3. Collaboration Statement

All the work in this chapter is being done collaboratively with members of the Pothos

lab.
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Chapter 4: Discussion

The glial cell line-derived neurotrophic factor is a protein that is best known for its
role in promoting growth, regeneration, differentiation, and survival of neurons. GDNF
gene therapy is a potential treatment for a variety of CNS disorders such as PD, which is
the world’s fastest-growing neurological disorder, as it has been estimated that PD
prevalence will accelerate over the next decade between 8.7 and 9.3 million by 2030 [45,
46]. However, the BBB has been a limiting factor in the development of new CNS
therapeutics as it restricts or excludes penetration of biomolecules into the brain through
tight junctions and metabolic barriers. In this study, our unique approach has been to
work on intranasal delivery of non-viral pGDNF expression plasmid compacted into
nanoparticles. This route of administration does not require direct intracerebral infusion
and prior research has been shown that GDNF can bypass BBB through the intranasal
route and reach the pharmaco-efficient levels in the targeted region as well as lower
uptake of the drug in blood and peripheral tissue. Also, by encapsulating the GDNF
protein in liposomal nanoparticles we can tried to optimize nasal delivery and extend
brain residence. [47] Based on promising studies in several PD animal models such as SN
injection of GDNF in 6-hydroxydopamine (6-OHDA) treated rats and mice as well as
non-human primates following MPTP lesions, GDNF showed DA increase in the VTA
and SN.[48-50] Several clinical trials have also been conducted testing the efficacy of
GDNF in treating PD. Some patients showed improvement in motor functions over time
in Amgen clinical trial, however, the drug therapy was discontinued due to safety
concerns and apparent low efficacy, while it was not clear whether they were successful

in getting GDNF into the targeted regions.[19, 51] Therefore, we employed a novel
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approach, intranasal delivery of GDNF DNA to introduction and induce GDNF
overexpression selectively in the brain. Beyond PD, due to the association of
dopaminergic and reward systems in addictive disorders, we have decided to “challenge”
the system further by examining whether intranasal GDNF gene therapy can reduce
relapse-like behavior in opioids self-administered by rodents. If GDNF upregulates and
maintains dopamine levels in the brain, it might inhibit craving and drug-taking behavior.
Although the current study has only examined a preliminary sample size (about 2 animals
per group), itindicates that GDNF can potentially amplify dopamine release. In addition
to increasing statistical power in experiments described above, further studies will be
done to assess the efficacy of the pGDNF treatment in increasing TH levels and mRNA
of crucial regulators of dopamine exocytosis. Overexpression of GDNF may be a
valuable strategy to address several CNS disorders. More preclinical and clinical research
on this topic needs to be undertaken to better define the efficacy, safety and illustrate the
PK/PD profile of the intranasal administration of pPGDNF for PD and addictive disorders.

4.1. Collaboration Statement

This chapter includes work done by me in collaboration with members of the Pothos

laboratory.
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Chapter 5: Appendix
5.1. Width (S) Mean £ SEM

Treatment group
Oxy + Vehicle
SA Oxy
Saline Yoked
Oxy + GDNF
Table 5.1: Width (DA uptake) analysis

5.2. Half Life Means + SEM

Treatment group
Oxy + Vehicle
SA Oxy
Saline Yoked
Oxy + GDNF
Table 5.2: Half Life analysis

5.3. Area = SEM

Treatment group

Oxy + Vehicle

SA Oxy

Saline Yoked

Oxy + GDNF
Table 5.3: Area analysis

5.4. Molecules + SEM

Treatment group
Oxy + Vehicle
SA Oxy
Saline Yoked
Oxy + GDNF
Table 5.4: Molecules Analysis

5.5. Testing electrode protocol

5.5.1. Testing the recording electrode

Mean + SEM

44.83 +3.303
16.36 +4.652
151.6 +13.81
248.3 £9.506

Mean + SEM

44,83 +3.303
16.36 £4.652
151.6 £13.81
248.3 +9.506

Mean + SEM

44.83 +3.303
16.36 £4.652
151.6 £13.81
248.3 +£9.506

Mean + SEM

44.83 +3.303
16.36 +4.652
151.6 +13.81
248.3 £9.506

A) With microfilm, tip syringe inserts KCl into the electrode

B) Fill the petri dish with nanopure water and place it under the microscope.
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C) Connectthe electrode to the electrode holder and then attach it to the MP-285
micromanipulator.

D) Gently bring down the electrode to nanopure water solution.

E) Monitor computer, Iso-flex and, Axopatch 200B integrating patch-clamp
amplifier. The desired background noise of the electrode should be 0.5-0.9.

F) After placingelectrode in solution, add 1 mg/ml dopamine close to the tip of the
electrode.

G) If Axograph records dopamine release as elevated baseline with slow (more than
5 sec) decay, the carbon fiber tip is confirmed as electroactive (Figure 5.1).
Dopamine can be further identified through its redox signature after running fast-

scan cyclic voltammetry with same electrode.

Current (nA)

T T T
4 5 6
Time (s)

Figure 5.1: Dopamine release recorded by Axograph.

5.5.2. Testing the bipolar stimulating electrode

A) Place recording bath chamber under the microscope
B) Set the oxygenated aCSF flow
C) Connect the stimulating electrode and check it under the microscope

D) Place both stimulating and recording electrode on same level
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E) Run arecording chart (Axograph) and stimulate through the Master 8
amplifier.

D) Move the position of the electrodes until acquiring the appropriate artifact.

40+

Current (nA)
[=]

-40+

T T T
200 400 600
Time (ms)

Figure 5.2: Appropriate stimulation artifact induced by bipolar stimulating electrode
and recorded by amperometric electrode. Positive phase should precede negative
phase and amplitude of either phase should be cut off at 20 and -20 nA.

5.6. Brain Dissection

1. After extraction, let flat the brain, ventral view, on brain blocker with Imm
subdivisions and place the brain blocker on ice for 1 min.

2. Cut with a new blade right on the Sulcus pontocruralis (the fissure in front of the
pons).

3. All tissue posterior to the first cut is the cerebellum.

4. Cutwith blade 2 mm anterior to the Sulcus pontocruralis (the fissure in front of the
pons). The tissue between this cut and the first cut contains the midbrain and is used for

RT-PCR and IHC. The surrounding cortical tissue is dissected away.
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5. Cut with blade 2 mm anterior to the optic chiasm (the bifurcated optic nerve). The
tissue between this cut and the previous cut should be flat on both sides and be used for
immediate processing on the vibratome for striatal/accumbens slices.

5.7. Reagents and solutions

5.7.1. Artificial Cerebral Spinal Fluid (ACSF) Solution

Reagents g/500mL g/L g/l2L
NaCl (mw 58.44) 3.623 7.247 14.494
KCI (mw 74.55 0.075 0.149 0.298
KH2PO4 (mw 0.085 0.170 0.340
136.1)
MgSO4 (mw 120.4) 0.120 or 0.241 or 0.482 or
or 0.247 0.493 0.986
MgSO4* 7H20 (mw
246.5
NaHCO3 (mw 84.1) 1.051 2.103 4.206
CaCl2 (mw 111.0) 0.111 0.222 0.444
Glucose (mw 180.2) 0.911 1.982 3.964

Table 5.5: Reagents for Artificial Spinal Fluid. *All reagents from Sigma-Aldrich, St.
Louis, MO.

5.7.2. Potassium Chloride Solution

Reagents g/L
NaCl (mw 58.44) 3.647
KCI (mw 74.55) 5.964
Hepes (mw 238.30) 2.384
CaClI2 (mw 111.0) 0.666
MgCI2 (mw 95.21) 0.204
NaH2PO4 * H20 (mw 138.0) 0.120
Glucose (mw 180.2) 4.506

Table 5.6: Potassium Chloride Solution. *All reagents from Sigma-Aldrich, St.
Louis,MO
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5.7.3. Sucrose-Bicarbonate Solution

5.7.3.1. Sucrose Solution

Reagents g/L 0/2L
Sucrose (mw 342) 574.56 1436.4

KCI (mw 74.6) 2.61 5.22
CaCl2 * 2H20 (mw 147) 1.47 2.94
MgCI2 * 6H20 (mw 203) 8.12 16.24

NaH2PO4 * H20 (mw 1.72 3.44

138)
Glucose (mw 180) 18 36

Table 5.7: Sucrose Solution. *All reagents from Sigma-Aldrich, St. Louis, MO.
5.7.3.2. Sodium Bicarbonate Solution

Reagents g/L
NaHCO3 (mw 84) 21.84
Table 5.8: Sucrose Solution. *All reagents from Sigma-Aldrich, St. Louis, MO.

5.7.4. Dopamine Solution

Reagents Amount
Perchloric Acid 70% (0.3N) 0.3ml
(mw 100.46)
Dopamine HCL (mw 189.64) Img/ml

Table 5.9: Dopamine Solution. *All reagents from Sigma-Aldrich, St. Louis, MO
5.7.5. Agar gel for slice electrophysiology

Fill designated agar solution-only beaker with 500 ml nanopure water. Add magnetic
stir bar and turn heat until the water starts boiling. weigh out 8 g agar (Type 1B-Low
EEO). Allow solution to reach boiling point, then add agar powder slowly and stir with
bar. When solution turns transparent, pour agar into petri dishes. Allow solution to

solidify at room temperature, cap dishes, stack, and wrap with parafilm, store at 8 °C.
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5.7.6. 4% PFA

16% free- methanol Paraformaldehyde has been purchased from MP-Biomedicals
(cat NO. 199983). For making the 4%, dilute the 16% PFA in 1% PBS. Remove brain
and post-fix in ice-cold 4% paraformaldehyde in PBS overnight. Place the brain in 30%
sucrose in PBS. Refrigerate until the brain sinks.
5.7.7. 30% sucrose for post perfusion of the brain

Dissolve 30 gsucrose in 100 mI 1X PBS (pH 7.4)
5.7.8. Cryoprotectant solution for freezer storage of the brain for IHC

300 g sucrose in 500 ml 1X PBS, 10 g Polyvinyl pyrrolidone (PVP), 300 g ethylene

glycol. Adjustto 1 liter with distilled water.
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