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For Parkinson disease, Glial cell line-derived neurotrophic factor (GDNF) expression has 

been shown to be neuroprotective and neurorestorative in dopaminergic neurons.  However it has 

been proven that high levels of GDNF expression results in decreased expression of tyrosine 

hydroxylase (TH).  This will then induce a negative feedback loop that will diminish the rate of 

tyrosine to L-dopa conversion.  Thus, tight control of GDNF expression is crucial.  Three 

experiments were performed in an attempt to develop a tight doxycycline modulated transgene 

system.  The most successful attempt (pTight-hGDNF/pTRUF20-tTA2) utilized the tet-off 

transactivator (tTA) in recombinant adeno-associated viral vector to express GDNF. 

In vivo, the level of GDNF expression in the doxycycline-treated versus untreated animals 

was significantly different.  Also, the level of GDNF expression in the uninjected side was 

significantly different than the injected side of the brain. 

In conclusion, the pTight-hGDNF and pTRUF20-tTA2 vectors, express successfully a 

basal level of GDNF undistinguishable from the endogenous striatal level when induced and 
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biologically relevant levels when uninduced, as measured by quantitative ELISA assay.  Those 

vectors may be useful for gene therapy applications where tight transgene expression is required. 
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CHAPTER 1 
INTRODUCTION 

 Parkinson disease (PD) is a neurodegenerative movement disorder that mainly affects  the 

elderly.  The hallmark characteristic of PD is the degeneration of dopamine-producing nerve 

cells in the brain, specifically in the substantia nigra (SN) [1].  Dopamine (DA) is the chemical 

messenger responsible for transmitting signals between the substantia nigra and corpus striatum 

to produce normal, balanced movements [1, 2]. Loss of dopamine results in abnormal nerve 

firing patterns in the brain, causing impaired movement [3]. The cardinal symptoms of PD 

include, but not limited to: tremor, rigidity, bradykinesia, and akinesia. Symptoms of PD may 

appear at any age, but the average age of onset is 60 years old [4, 5].  Unfortunately, onset of 

symptoms appears when 70 to 80% of dopaminergic neurons are lost [2].  With the loss of the 

majoring of the dopaminergic neurons, the symptoms usually worsen after onset and eventually 

lead to severe immobility if not treated.  The current conventional therapies aim at replacing the 

dopamine in the striatum in order to provide a symptomatic treatment. However, since it is a 

neurodegenerative disease, these current treatments, such as oral L-dopa, looses efficacy after an 

average of 6 years [6, 7].  Complications of efficacy begin with a “wearing-off” phenomenon in 

which the duration of the beneficial effect from each L-dopa treatment begins to shorten [7].  As 

a result, patients have to take L-dopa more frequently in order to accommodate the effect.  Thus, 

prevention of degeneration of further dopamine neurons is essential.   

Glial cell line-derived neurotrophic factor (GDNF) is the most promising of neurotrophic 

factors.  GDNF have shown to have neuroprotective and neurorestorative effects in a variety of 

animal models of PD [8-13].  The purpose of this study is to propose a novel, tight regulated 

gene therapy system.   This mixed vector expression system that utilizes the tet-off transactivator 

shows high promises due to the minimal basal expression expressed when uninduced.  This 
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novel system delivers GDNF expression and is precisely controlled through the presence or 

absence of inducing agents. 
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CHAPTER 2 
BACKGROUND 

Parkinson Disease 

 Parkinson disease (PD) is the second most common neurodegenerative disorder in the 

United States.  It has a prevalence of 0.2 to 0.3% in the population of Europe and North America 

[14, 15].  PD is progressive and involves the degeneration of dopamine producing neurons in the 

substantia nigra (SN); eventually becoming a severe, end-stage disease.  There are two types of 

PD: familial and sporadic.  Familial cases are due to inherited mutations of the parkin gene [16].  

These familial cases are exceedingly rare as most incidents of PD are sporadic.   Past research 

has suggested that the pathogenesis of the disease may be related to excessive oxidative stress, 

lack of free radical scavenging products, or abnormalities of mitochondrial energy production 

[17, 18].    For both types of PD, the current therapy is to utilize L-dopa to enhance striatal 

dopamine levels. 

Dopamine 

 L-Dopa is the precursor of dopamine.  L-dopa is synthesized from the dietary amino acid 

tyrosine in dopaminergic neurons (Figure 2-1).  This step involves the actions of the enzyme 

tyrosine hydroxylase (TH).  TH requires the pterin cofactor, tetrahydrobiopterin (BH4).  TH is 

the rate limiting enzyme in the conversion of tyrosine to L-dopa.  L-dopa readily crosses the 

blood-brain barrier and is, presumably, taken up by all cells that express L-aromatic amino acid 

decarboxylase (L-AADC).  L-AADC then converts L-dopa to DA [19].  Oral L-dopa is currently 

the most commonly prescribed treatment for PD in humans [20]. 

Other non-oral L-dopa pretreatments have been shown to reduce behavior symptoms in 

animal models of PD. However, even though daily L-dopa administration has been shown to 

rescue DA deficient mice in feeding behavior.  It is effective for approximately 6 hours but then 
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the DA concentration declines and the mice stop drinking and eating [21].  Thus, daily 

administrations are essential to keeping the mice alive.  In humans, similar conditions occur 

within 4 years, as more dopaminergic neurons degenerate, increased concentrations and 

frequency of administration of L-dopa must occur to control the disease [22].  Unfortunately, 

L-dopa treatments do not stop the natural progression of PD.  Ultimately, there is a necessity for 

treatment that affects the progression of the disease rather than just the symptoms. 

Glial Cell Line-derived Neurotrophic Factor (GDNF) 

GDNF is a disulfide-linked homodimeric neurotrophic factor that is a member of the 

transforming growth factor-β superfamily of proteins [23].  GDNF signals through a 

multicomponent receptor system, composed of a member receptor RET and 

glycosylphophatidyl-inositol-linked protein (GFR-α) receptor.  The complex then induces 

receptor tyrosine autophosphorylation [24] and activation of a signaling cascade which finally 

leads to inhibition of apoptosis [25].  Using the animal model of PD, GDNF has been shown to 

improve conditions such as bradykinesia, rigidity, and postural instability [8, 26-29]. 

GDNF and Neuroprotection: In 1993, Lin et al. [23] first purified and cloned GDNF and 

noted its ability in midbrain culture to enhance the survival and morphological differentiation of 

dopaminergic neurons.  This began a series of experiments that utilized GDNF in various 

delivery systems to explore its ability to neuroprotect and neurorestore dopaminergic neurons. 

Those experiments can be categorized by the choice of protein delivery system for GDNF.  The 

earliest experiments utilized intracerebral GDNF protein injections.  In 1995, Tomac et al. [30] 

injected GDNF into either the substantia nigra (SN) or into the striatum 24 hours before 1-methyl 

4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) injection.  MPTP is a characterized neurotoxin that 

leads to long-term loss of dopamine depletion in striatum [31].  Tomac et al. [32-35] showed that 

GDNF administrations can protect effectively against damages induced by neurotoxin if injected 
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at the site of damage.  In 1996, Gash et al. [28] studied the effects of infused GDNF for two 

months via programmable subcutaneous pumps. Dopamine levels were observed to be twice as 

high in infused GDNF model versus the vehicle treated control.  In 1997, to examine the 

protective nature of GDNF in other mammals, Clarkson et al. [36] expanded the examination of 

GDNF protein administration into primary ventral mesencephalic cultures from human embryo 

to bonnet monkey embryos.  This study concluded that GDNF promotes the in vitro survival of 

embryonic dopamine neuron across three species: rats, humans, and monkeys.  After GDNF 

protein injections, alternative delivery systems emerged due to the problems associated with 

programmable infusion devices [37].  This guided the researchers to seek long-term delivery 

methods for GDNF such as adenovirus [9, 10], lentivirus [38, 39], and adeno-associated (rAAV) 

[41, 42] delivery systems.  

In 1997, Choi-Lundberg et al. [9] used an adenoviral delivery system to demonstrate that 

biosynthesized GDNF protects the majority of DA neurons from degeneration after exposure to 

6-OHDA. Similarly, Bilang-Bleuel et al. [10] found that the pretreatment of GDNF to both 

dopamine cell bodies and dopamine nerve terminals prevented dopamine cell death and striatal 

denervation.  Additionally, the authors reported an improvement in behavior deficits.  

The lentiviral GDNF delivery system was used by Kordower et al. [38] in the striatum and 

SN of aged monkeys and monkeys subjected to an MPTP lesion 1 week before GDNF vector 

injection.  They found that overexpression of GDNF induced an increase in TH positive fiber 

density and overall up-regulation in dopamine levels in the striatum.  All MPTP lesioned 

monkeys that were subjected to lentiviral GDNF vector injection eventually recovered over the 

three month observation period.  In contrast, a later study by Georgievska et al. [39], who also 

used lentiviral GDNF vectors to overexpress GDNF in 6-OHDA lesioned rats, the animals in this 
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study remained functionally impaired throughout the observational period.  One must point out 

that in the Georgievska et al. [39] study there was extensive sprouting of the TH positive fibers 

in the SN accompanied by depletion of TH from the striatal terminals.  The level of GDNF 

expression was five to ten times higher in the Georgievska et al. [39] study than those seen in 

Kordower et al. [38] study. This suggest that aberrant TH fiber sprouting in the downstream 

striatal targets (SN  as compared to striatum) and depletion of TH induced by high levels local 

GDNF is unfavorable toward functional recovery in lesioned models [40].   

In the rAAV-GDNF studies, Mandel et al. [41, 42] demonstrated that rAAV can deliver 

functional levels of GDNF expression in lesioned animals.  Eslamboli et al. [11] proceeded to 

inject GDNF into marmoset monkeys as a pretreatment of neurotoxin.  Again the authors 

concluded that GDNF was able to protect SN cells.  Wang et al. [13] and Kozlowski et al. [43] 

examined similar issues of GDNF neuroprotection under extend period of time and found similar 

results.  In conclusion, these investigations have observed that GDNF can protect neurons from 

different neurotoxins and in multiple species. 

GDNF, in all three different delivery systems, has shown to be neuroprotective, and able to 

induce an up-regulation of dopamine in intact and lesioned dopaminergic neurons.  In the GDNF 

protein administration experiments, GDNF needed to be delivered continuously over long-term 

to sustain therapeutic effects.  However, as demonstrated by Georgivska et al. [39, 44], 

regulation of the GDNF delivery system is necessary to avoid overexpression of GDNF that 

would result in decrease expression of TH as well as aberrant fiber sprouting in the SN. 

Adeno-Associated Vectors for Transgene Delivery 

 Wild type adeno-associated vector (AAV) is a nonpathogenic parvovirus whose genome 

is encapsulated as a single-stranded DNA molecule [45].  AAV is not capable of autonomous 

replication and spread.  For a successful replication, a helper virus, such as adenovirus, that 
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provides the proteins necessary for AAV replication must be transduced alongside AAV [46, 

47].  Without helper virus, AAV can establish a latent infection in which its chromosome is 

integrated into the cellular genome [48].  In order to utilize AAV as the vehicle for gene transfer, 

96% of the parental genome is deleted such that only the terminal repeats remain.  Terminal 

repeats are necessary for recognition signals for DNA replication and packaging.  The helper 

virus with deleted replication and packaging signals provides the AAV structural proteins and 

foreign genes in a plasmid in trans by coinfection [45, 49, 50].  The construction of this unique 

AAV vector eliminates any possible viral pathogenicity. 

 Long-term expression of a therapeutic gene can be safely and stably transduced by AAV 

in adult rat brain [51].  Expression of therapeutic genes have been shown to exist for time periods 

of up to the lifetime of animal observed by different researchers [47, 52-54].  However, a 

disadvantage of AAV is the cassette limit of 4.7 kb that can be packaged [47]. 

 Recently, AAV serotypes have been studied to maximize the ability to control and widely 

distribute transgene expression.  There are dramatic differences in the transduction efficiency 

and cell specificity of AAV of different serotypes.  AAV2 serotype has been the most commonly 

used in the past, but currently, since the development of pseudotyping AAV vectors have been 

developed, AAV1 and AAV5 are now a part of the investigation of gene transfer vehicles [55].  

Pseudotyped vectors are vectors that are derived from the inverted terminal repeats and Rep 

proteins of AAV2 serotype virus and the capsid protein of another [56]. 

 Burger et al. [57, 58] characterized the serotypes of AAV1, AAV2, and AAV5 

quantitatively for transgene expression in the nervous system.  They found that AAV1 and 

AAV5 distribute transgene expression over longer distances and transduce more viral genomes 

than with AAV2.  In the striatum, AAV1 and AAV5 transduced approximately 8- to 10- fold 
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more neurons than AAV2.  Also, it was found that AAV2 was limited by cell tropism, with 

regards to transduction, while AAV1 and AAV5 had a much more diverse span.  To eliminate 

any outside factors that might influence transduction properties between the serotypes, identical 

transgene cassettes with AAV2 terminal repeats was packaged in different capsids [57].  This 

assures any differences observed in transduction efficiency or tropism are as a result of different 

viral capsid protein, their receptor tropism, and their intracellular trafficking following cell entry 

[57, 59-61].   

 The intention of this study is to develop and characterize a novel, tight doxycycline 

modulated AAV2/5 vector for controlled GDNF expression.  This study will illustrate a 

controllable system without residual activity over different periods of time.  In the future, we 

anticipate examination of this system over extended periods of time and its potential use in future 

human Parkinson Disease clinical trials. 

Tetracycline Regulation System 

 Gossen and Bujard [62] first described the tetracycline regulation system for gene 

expression in 1992.  The system is a modification of the Tn10-specified tetracycline-resistance 

operon of E. Coli.  In the Tet-OFF version, when tetracycline or its derivative, doxycycline (dox) 

is present; the interaction between tetracycline repressor (tetR) and tetracycline operator (tetO) is 

prevented.  Dox causes a conformational change in the tetR moiety and tetR loses affinity for 

tetO.  Without tetR bound to tetO, gene transcription does not occur.  Normally, the target gene 

is under transcriptional control of a tetracycline-responsive promoter element (TRE), a seven 

tetO moiety placed upstream of the human cytomegalovirus (hCMV) promoter.  However, by 

fusing tetR with the C-terminal domain of VP16 from herpes simplex virus (HSV), a hybrid 

transactivator (tTA) was formed (Figure 2-2).  In comparison to the original repressor, the tTA is 

a superior stimulator for minimal promoters that are fused to the tetracycline operator (tetO) 
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sequences.  Expression of the transgene can be regulated both reversibly, expression is turned 

back on again when tetracycline has cleared out of the system, and quantitatively by exposing the 

system to varying concentrations of tetracycline or dox [62].   

Four amino acids substitution in the tetR led to reverse tetR.  Reverse tetR was found to 

have a mutuated phenotype and only binds to tetO in the presence of tetracycline.  This version 

of tetracycline regulation is known as Tet-ON.  A reverse transactivator (rtTA) is completed 

when the reverse tetR is fused with the C-terminal domain of VP16.  Transcription of transgene 

expression is now regulated by rtTA and only available when tetracycline is administered 

(Figure 2-2) [63, 64]. 

Novel Tetracycline Regulation Systems: As is the case with any transgene, minimal 

basal activity is desirable when uninduced because of the possibility of unexamined long-term 

side effects.  However, when induced, the optimal situation is to have the regulation system be as 

sensitive as possible to the substrate and to have high levels of transgene expression.   

Since the tet transactivators have been engineered, novel modifications of the 

transactivators have been manufactured to strive for minimal basal activity and increased 

sensitivity to the inducer, tetracycline or dox.  In 2000, Urlinger et al. [65] engineered a mutated 

rtTA called rtTA2s-M2 by five amino acid exchanges in the tetR.  The advantages to rtTAs-M2 

were that it had a lower background expression and ten-fold higher sensitivity to dox induction.  

According to Urlinger et al. [65] full activation was achieved with 0.1 µg/ml of dox in rtTAs-M2 

in comparison with the 1µg/ml of dox needed with rtTA in HeLa cells.  Lamartina et al. [66] 

tested the rtTA2s-M2 in vivo in mice and found similar results when testing dox sensitivity.  

Lamartina et al. [66] also tested dox modulation for an extended time, 10 months, and found 

tight control.  However, when examining basal activity, the rtTA2s-M2 displayed a basal activity 
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2- to 3-fold higher than the other mutant, rtTA2s-S2.  Again, high basal level is undesirable 

because of possible unknown side effects of the transgene. 

In 2003, Koponen et al. [67] used lentiviral vector system consisting of two HIV-1-based 

self-inactivating viruses and examined rtTA2s-M2 in combination with rtTA responsible 

promoter.  The vectors were first transduced in vitro and then tested in vivo in rat brain.  

Koponen et al. [67] concluded rtTA2s-M2 eliminated background expression since expression 

was at or under detection levels.  Chtarto et al. [68] demonstrated similar tight regulation  and 

higher transgene product results but using adeno-associated virus.  Chtarto et al. [69] examined 

rtTA2s-M2 along with introducing a woodchuck hepatitis virus posttranscriptional regulatory 

element (WPRE) downstream to the rtTA2s-M2 coding sequence (rtTA2s-M2-WPRE) using 

AAV.  The rtTA2s-M2 vector packaged in AAV provided a similar induced but a lower 

uninduced level of transgene expression in comparison to rtTA.  In comparison, the rtTA2s-M2-

WPRE significantly increased the induced level of transgene expression, but when uninduced, 

there was also a significant increase in level of transgene expression.  Chtarto et al. [69] 

suggested that this phenomenon was due to the addition of the WPRE sequence, since WPRE 

increased rtTA2s-M2 intracellular concentration, this resulted in increased non-specific binding 

to the tetO sites.  Moreover, the enhancer sequences present in the WPRE sequence transactivate 

the tetracycline-responsive promoter at distance, independently of doxycyline-mediated 

activation.  

All the modifications to date have shown a higher sensitivity to doxycycline, and a 

significant increase in level of transgene expression.  However, all modifications are also 

exemplifying the undesirable higher basal activity in the uninduced state.  The ideal regulation 
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system must meet all three characteristic in order to prevent any future excess transgene 

problems. 
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Figure 2-1.  Biosynthetic pathway of Dopamine from Tyrosine.  Tyrosine hydroxylase is the 

necessary enzyme to convert tyrosine to L-Dopa and then L-aromatic amino acid 
decarboxylase converts L-dopa to dopamine 
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Figure 2-2.  Tetracycline regulated system.  A) In the tet-off system, in the absence of dox 
(yellow stars), the transactivator (tTS, green oval) binds to tet operator (tetO) of the 
tetracycline responsive promoter and induces transcription of the downstream 
transgene.  B) In the tet-off system, in the presence of dox, tTS is unable to bind to 
tetO due to conformational change caused by dox and no transcription occurs.  C) In 
the tet-on system, in the tet-ON system, in the absence of dox, reverse transactivator 
(rtTA, orange oval) is unable to bind to tetO and transcription does not occur.  D) In 
the tet-on system, in the presence of dox, rtTA can now bind to tetO and induce 
transcription. 
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CHAPTER 3 
MATERIAL AND METHODS 

Vector and Virus Preparation 

Four AAV vectors total were constructed to regulate GDNF transgene expression (Figure 

3-1).  For Experiment 1, two vectors were constructed.  Vector one was pTight-hGDNF.  The 

coding sequence for GDNF was obtained with XhoI ends, and then recut with 3’ NotI site from 

pTRE-Tight: hGDNF (Corinna Burger, University of Florida).  The backbone, pTight (BD 

Bioscience, San Jose, CA), was taken from pTR5:tetM2-GDNF+polyA (Corinna Burger, 

University of Florida) by SphI and NotI site.  The backbone and the GDNF fragment were both 

gel purified and the backbone were blunted and then Klenow filled to accommodate GDNF 

fragment XhoI site.  The backbone and GDNF fragment was ligated.  The resulting plasmid 

contained the GDNF fragments, the TR5, the SV40 polyadenylation sequence, and the 

tetracycline-response element all under a minimal cytomegalovirus (CMV) promoter.  The 

second vector, pTR-rtTA/tTS (UF vector core), contains a chicken β-actin promoter (CBA) with 

the CMV promoter driving expression of tetracycline-trans-suppressor (tTS) (Clontech, Palo 

Alto, CA) and reverse tetracycline transactivator (rtTA) (Clontech).  The tTS and the rtTA are 

separated by an internal ribosome entry site (IRES).  This allows GDNF expression to be 

actively regulated in the presence or absence of doxycycline. 

 For Experiment 2, pTR2: M2rTA/tTS was constructed.  This regulatory vector contains 

the mutated reverse transactivator (M2rTA) and the suppressor (tTS). 

 For Experiment 3, pTight-hGDNF and pTRUF20-tTA2 were used.  The GDNF 

containing vector is identical to the vector used in experiment 1.  To generate pTRUF20-tTA2, 

pTRUF20-TH (UF Vector Core) was digested with ClaI and HindIII to form the backbone.  The 

pTRUF20-TH backbone contains ITRs, SV40 polyadenylation sequences, TRE, and a CBA with 
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CMV enhancer.  For the transactivator, the forward PCR primer contains a HindIII restriction 

site followed by a Kozak sequence.    The reverse primer contains the stop codon followed by a 

ClaI restriction site.  Oligonucleotides for PCR were 

CGATGAAGCTTCCACCATGTCTAGATTAGATAAAAGTAAAGTGATTAACAG and 

GATCCATCGATTTATCATGTCTGGATCCTTACTTAGTTACC. The PCR product was then 

digested with HindIII and ClaI.  The fragment and the backbone were then ligated to form the 

6153 bp vector. 

For all the vectors, the rAAV2/5 viruses were produced by protocols previously described 

[55, 70]. Vector titers were determined by dot blot assay [71] and was 1.73 x 1013 genome 

copies/ml (gc/ml) for pTight-hGDNF; 2.86 x 1012 gc/ml for pTR-rtTA/tTS; 3.97 x 1012 gc/ml 

for pTR2: M2rtTA/TS; 1.57 x 1013 gc/ml for pTRUF20-tTA2. 

Intracerebral Injection of AAV Vectors 

All stereotaxic surgeries were performed in UF Brain Animal Facility and in accordance 

with the university and federal guidelines for the care and use of animals.  Female Sprague 

Dawley rats obtained from Harlan Sprague Dawley (Indianapolis, IN), approximately 200-220g, 

were subjected to standard aseptic techniques under isofluorane inhalational anesthesia.  Animals 

then received marcaine at the incision site and were placed in a stereotaxic frame (Kopf 

Instrument, Tunjunga, CA, USA).  Throughout surgery isofluorane inhalational anesthesia was 

given continuously.  A 10 µl Hamilton syringe fitted with a glass micropipette needle was used 

for injections.  Injection flow rate was controlled via a syringe pump (Razel Scientific Instrument 

Inc., Stamford, CT).  The coordinates for injection were anterior/posterior 0.0mm, lateral -

3.0mm, dorsal/ventral -4.0mm for both experiments.  Two µl of vector was injected at a rate of 

0.5µl per minute.  The micropipette was paused for one minute following injection, and then the 
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needle was raised 1mm and followed by an additional 4 minute pause.  The incision was closed 

by using 7.5mm wound clips (Michel, Germany). 

Experimental Design 

Three separate experiments were performed with different regulatory delivery systems.  In 

Experiment 1, 20 female rats were injected with 1:1 mix ratio of pTight-hGDNF and 

pTR-rtTA/tTS.  Six animals were injected with pTight-hGDNF alone to serve as positive control.  

Five weeks after surgery, 10 random animals from the mix and 3 random animals from the 

positive controls groups were switched to doxycycline pellets diet (3 g/kg) (Bioserv Corporation, 

San Diego, CA).  All were euthanized at six weeks following the start of doxycycline diet (Six 

animals were perfused). 

In Experiment 2, 5 female rats were injected unilaterally with pTR2: M2rtTA/tTS to test 

the leakiness of the vector.  Two weeks later, all five animals were perfused. 

Experiment 3 consisted of a total of 40 female rats with two different time ranges (Figure 

3-2).  All animals receive the same 1:1 ratio of mix vectors, pTight-hGDNF and pTRUF20-

tTA2.  Ten out of 20 total short-term random animals were switched onto the doxycycline diet 

one week after injection.  The doxycycline diet was fed continuously for two weeks.  After this 

period, all animals were euthanized (4 animals were perfused).  The design for the long-term 

animals was identical except for an extended time frame.  The ten random animals were put on 

doxycycline diet two weeks after injection for three weeks.  Five weeks after vector injection, all 

20 long-term animals were euthanized (Four animals were perfused). 

Perfusion and Tissue Processing 

 After the experiment, six animals from Experiment 1; 5 animals from Experiment 2; and 

eight animals from Experiment 3 were anesthetized with pentobarbital.  They were transcardially 

perfused with sterile Tyrode’s solution followed by 350 ml of cold 4% paraformaldehyde (PFA) 
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in 0.01 M phosphate buffered saline (PBS).  The brains were rapidly removed, placed in PFA for 

3 to 12 hours, and then placed into 30% sucrose solution in 0.01 M PBS.  Brains were frozen 

using dry ice and sliced into 40 µm intervals using a sliding microtome. 

Recovery of Fresh Tissue for ELISA 

 After the period of feeding, the animals were lethally anesthetized using pentobarbital 

and decapitated.  The brains were removed from the skull and immediately placed on a cold 

block.  The brains were then sectioned coronally at the level of the cerebral peduncles.  The 

region that was not sectioned, containing the midbrain, was quickly placed into a solution of cold 

4% PFA in PBS and post-fixed for 24 hours.  After post-fixation, the samples were transferred 

into a 30% sucrose solution (w/v 0.01 M PBS).  The tissue was sectioned using a freezing stage 

sliding microtome at 40 µm intervals.  Additionally, the left and right striata were dissected from 

the hemispheres and homogenized individually [34].  Each striatum was placed into previously 

weighed tubes and reweighed.  Tissue sample weight, as a difference in the two weights, was 

recorded.  The tissue was dropped into liquid nitrogen and stored at -80 °C for future use. 

Immunohistochemistry 

 Immunohistochemistry was performed after the general procedure described previously 

[72].  All steps were performed at room temperature.  Brain sections were first washed 3 times 

with 0.01 M PBS and then incubated for 15 minutes in 0.5% H2O2 + 10% methanol in 0.01 M 

PBS.  To stain the sections with GDNF, the sections were washed 3 times in 0.01 M PBS and 

incubated in 3% normal donkey serum (NDS) + 0.1% Triton X-100 in 0.01 M PBS for one hour.  

Brain sections were then transferred into primary Anti-GDNF affinity purified goat IgG antibody 

(R&D Systems, Minneapolis, MN) in 1% NDS + 0.1% Trition X-100 in 0.01 M PBS for 

overnight incubation.  After primary antibody incubation, the sections were washed 3 times in 

0.01M PBS and transferred into secondary biotin-conjugated anti-goat IgG antibody (Santa Cruz 



 

26 

Biotechniology, Santa Cruz, CA) in 1% NDS + 0.1% Triton X-100 in 0.01 M PBS.  Secondary 

antibody incubation was for two hours.  For visualization, the tissue was incubated using an 

avidin-biotin peroxidase complex (Vector Laboratories, Burlingame, CA) and NovaRED 

substrate (Vector Laboratories, Burlingame, CA).  Similarly, VP16 staining consists of tissues 

incubated in 5% normal goat serum (NGS) + 0.1% Triton X-100 in 0.01 M PBS for one hour and 

followed by similar procedure except it was performed with VP16 primary polyclonal antibody 

raised in rabbit (Abcam, Cambridge, MA) and secondary biotinylated anti-rabbit IgG (Vector 

Laboratories, Burlingame, CA) antibody in 1% NGS + 0.1% Triton X-100 in 0.01 M PBS.  

Sections were mounted on slides, and prepared for photography.  Photographs were taken using 

Olympus BX60 microscope and Olympus DPII digital camera (Olympus Optical Co., Japan). 

Enzyme-Linked ImmunoSorbent Assay 

Enzyme-Linked ImmunoSorbent Assay (ELISA) of striatal tissues was performed using 

GDNF EmaxTM ImmunoAssay System (Promega, Madison, WI) as per manufacturer’s 

instructions.  Striatal lysates were measured at an absorbance of 450 nm using a Benchmark 

Microplate Reader (Bio-Rad Laboratories, Hercules, CA).  Lysates from Experiment 1 were 

sampled at 1:10 and 1:100 dilutions.  Lysates from Experiment 3 were sampled at 1:8000 

dilutions.  Benchmark Microplate Manager 4.0 Software (Bio-Rad Laboratories, Hercules, CA) 

was used to analyze the absorbance data.  The resulting concentration of GDNF protein was 

adjusted for dilution factor and replicates were averaged to obtain the final concentration of 

GDNF protein per mg of striatal tissue sample. 

Statistical Analysis 

To determine significance between the control and the experimental animals, one-way 

repeated measure analysis of variance (ANOVA) was used. 
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Figure 3-1.  Vector constructs for tetracycline regulated GDNF expression.  In Experiment 1, a 

two-vector system was used.  In one vector, the GDNF transgene is downstream from 
the tight tetracycline-inducible promoter (pTight).  In the second vector, the reverse 
transactivator (rtTA) and suppressor (tTS) is driven by a chicken β-actin 
promoter/CMV and separated by internal ribosome entry site (IRES).  In Experiment 
2, the vector was identical to the regulatory vector in Experiment 1 except for the 
replacement of the mutated transactivator transgene.  Experiment 2 was a one vector 
experiment.  In Experiment 3, the GDNF vector remained identical to the one in 
Experiment one.  However, a new regulatory vector containing the tet-off 
transactivator (tTA), is a new addition to tight regulation of GDNF.  Each construct 
have SV40 polyadenylation signals (SV40 poly A) and was flanked by inverted 
terminal repeats (TRs) for AAV packaging and replication. 
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Figure 3-2.  Overview of Experiment 3 
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CHAPTER 4 
RESULTS 

Experiment 1 

 The design of Experiment one consisted of using a two-vector system pTight-hGDNF 

and pTR-rtTA/tTS to deliver GDNF into the striatum the rats.   A two-vector system is necessary 

for Experiment one because one vector (pTight-hGDNF) contained the GDNF transgene 

necessary for therapeutic uses and the other (pTR-rtTA/tTS) provided the Tet-ON regulatory 

reverse transactivator. Twenty animals received bilateral intracerebral injections of the mix 

vector at 1:1 ratio.  Six animals received bilateral intracerebral injections of the pTight-hGDNF 

vector alone to serve as control. Half of each group of animals received dox for six weeks after 

the vector injection and all animals were euthanized after 6 weeks. 

 Immunostaining of fixed brain slices revealed expression of secreted GDNF protein in the 

striatia for induced pTight-hGDNF/ pTR-rtTA/tTS mixed injections (Fig. 4-1).  In comparison, 

uninjected control striata showed no GDNF staining (Fig. 4.-).  Moreover, the positive control, 

pTight-hGDNF, injected alone into the striata showed GDNF expression (Fig. 4-1).  Results seen 

in the immunostaining of Experiment one was expected because it demonstrated the efficacy of 

the Tet-ON regulatory system when dox treated animals injected with 1:1 mix vector 

pTight-hGDNF/pTR-rtTA/tTs showed GDNF expression.  To further determine the efficacy of 

the two-vector system in Experiment one, one must quantitatively determine the protein levels in 

the animal tissue. 

To determine protein levels, uninjected striata served as negative control.    According to 

the levels of GDNF by ELISA, in the 1:1 mix vector pTight-hGDNF/pTR-rtTA/tTs injected 

animals showed no significant difference in the striatal GDNF protein levels with or without dox 

(Fig 4-2).  Furthermore, there was no significant difference in the levels of GDNF expression in 
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the uninduced pTight-hGDNF alone and the mixed vectors.  The lack of difference in protein 

levels between the induced and uninduced animals injected with the mixed vector demonstrated 

leakiness and lack of ability to regulate GDNF expression via this system with dox in this 

experiment. 

Experiment 2 

 In Experiment 2, a mutant version of the Tet-ON transactivator pTR2: M2rTA/tTS was 

constructed.  This regulatory vector contains the mutated reverse transactivator (M2rTA) and the 

suppressor (tTS).  Ideally, this version is supposed to have higher sensitivity to the inducer and 

lower basal activity when uninduced. The purpose of this experiment was to confirm the 

leakiness in Experiment one due to the lack of function of the transactivator by examining 

whether the transactivator was properly constructed.    The transactivator in Experiment one and 

the mutated transactivator is composed similarly of the tet repressor being fused to the VP16 

domain of the Herpes Simplex Virus.  Therefore, a simple immunostaing for VP16 should 

confirm the proper construction of the vector.  Five animals received bilateral injections of 

pTR2: M2rTA/tTS into the striatum.  Two weeks after injection, all animals were euthanized.  

The VP16 antibody was used to detect the VP16 activation domain of the intraceullar rtTA.  The 

VP16 immunostaining showed expression in striata injected with pTR2: M2rtTA/tTS alone and 

the uninjected control striata (Fig. 4-3).  This result was confirmed that the transactivator was 

properly constructed and the regulatory vector was indeed not functional.  Unfortunately, the 

Tet-On regulatory vector in Experiment one was leaky and had high basal activity. 

Experiment 3 

 Design of Experiment 3 consisted of utilizing a two-vector system under Tet-OFF 

regulation to deliver GDNF into the striatum.  As in Experiment 1, a two-vector system is 

necessary because one vector contained the GDNF transgene and the other vector contained the 
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regulatory transactivator.  All 40 animals receive the same 1:1 ratio of mix vectors, 

pTight-hGDNF and pTRUF20-tTA2 bilaterally.  Twenty animals were placed into the short-term 

group and the other twenty into the long-term.  Ten out of 20 total short-term random animals 

were switched onto the doxycycline diet one week after injection.  The doxycycline diet was fed 

continuously for two weeks.  After this period, all animals were euthanized.  For the long-term 

group, ten random animals were put on doxycycline diet two weeks after injection for three 

weeks.  Five weeks after vector injection, all 20 long-term animals were euthanized (Fig. 4-4). 

Immunostaining of fixed brain tissue revealed positive GDNF expression for the 

uninduced unilaterally injected pTight-hGDNF and pTRUF20-tTA2 mix 1:1 vector in the striata 

(Fig. 4-4).  This was evident for both the short-term and long-term animals.  In comparison, no 

GDNF staining was seen in the induced unilaterally injected pTight-hGDNF and 

pTRUF20-tTA2 mix 1:1 vector striata as well as the uninjected control (Fig. 4-4).  This lack of 

expression for the induced mixed vector is true for both short- and long-time periods.  This result 

is encouraging because it showed tight regulation of the tet-off mix vector system that produced 

relative biological GDNF activity when uninduced. 

To further demonstrate the ability of regulation, protein levels were examined.  Uninjected 

striata served as negative control.  In this case, the injected control was found to be significantly 

different than uninjected (p= 0.0015).  Unfortunately, there was no significant different of 

expression levels between the short- and long-term animals (Fig. 4-4).  For the tet-off regulation 

vectors, the average GDNF protein levels determined by ELISA for the uninduced animals 

injected with pTight-hGDNF and pTRUF20-tTA2 mix 1:1 vector was significantly different 

from the induced animals injected with the mixed vector (Fig. 4-4).  In the presence of dox, the 

level of GDNF expression was significantly (p<0.0001) reduced compared to in the absence of 



 

32 

dox.  The minimal basal activity expressed in the induced in comparison to the uninduced mixed 

vector injected animals shows the successful regulation of the tet-off vector system.
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Figure 4-1.  The GDNF immunostaining for Experiment 1.  From the left: pTight-hGDNF 

control; Induced pTight-hGDNF/pTR-rtTA/tTS mix vector; and Uninjected control.  
Scale bars correspond to 500 µm. 

 
Figure 4-2.  Average protein level by ELISA for Experiment 1.  The pTight-hGDNF/pTR-

rtTA/tTS mix 1:1 injected vector treated animals on the left and the pTight-hGDNF 
alone animals on the right.  Doxycycline treated animals are represented by black bars 
and untreated are white bars. 
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Figure 4-3.  The VP16 immunostaining.for Experiment 2.  VP16 immunostaining on uninjected 

control striata on the left and pTR2: M2rtTA/tTS vector injected on the right.  
Enlargement of striatal area designated by rectangular box.  Scale bars correspond to 
500 µm. 
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Figure 4-4.  Timeline and results of Experiment 3.  A. Timeline of the short and long-term 

animals. B. Immunostaining of unilaterally injected pTight-hGDNF/pTRUF20-tTA2 
1:1 mix vector in the nigra.  Negative GDNF expression was predicted and seen in 
doxycycline induced vectors in both short and long time periods.  Similarly, positive 
GDNF expression was also predicted and seen uninduced vectors in both short and 
long time periods.  Scale bars correspond to 500 µm.  C. Average protein levels by 
ELISA for Experiment 3. All animals are injected with pTight-hGDNF/pTRUF20-
tTA2 mix vector on the right striata.  There is no significance in the expression 
between the short- and long- term animals.  † represent the significance of expression 
found in the dox+ and dox- animals. * represent the significance of expression found 
between the left and right striata of the animals. 
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CHAPTER 5 
DISCUSSION 

 A major limitation of the tetracycline-regulated system has been the high basal activity of 

transgene expression in the uninduced state.  For GDNF, it has been demonstrated that 

uncontrolled GDNF levels result in down-regulation of TH expression.  Since TH is the rate 

limiting enzyme of dopamine biosynthesis, down-regulation of TH would result in a negative 

feedback loop and result in less conversion of tyrosine to L-dopa [39, 40].  With this in mind, the 

present study describes a novel, tight doxycycline modulated transgene GDNF system with 

minimal basal activity.  In these experiments, this was accomplished with a two-vector construct 

containing GDNF cDNA under control of a tet-off regulatory system.  However, the generation 

of this construct was not trivial.  Various tests on the tet-on regulation system and the tet-off 

regulation system demonstrate that the tet-off system is more tightly regulated. 

In Experiment 1, using a tet-on regulation system, pTight-hGDNF and pTR-rtTA/tTS 1:1 

mix vector was injected into the striatum.  This resulted in no significant difference of GDNF 

protein expression in the induced or uninduced state.  The high levels of GDNF expression in 

both the induced and uninduced state may be attributed to the leakiness of the transactivator.  

This may originate from rtTA’s residual affinity towards tetO [65, 73].  This experiment also 

showed no significant difference in GDNF expression between uninduced pTight-hGDNF alone 

and pTight-hGDNF/pTR-rtTA/tTS mix vectors.  This result, is again, attributed to the leakiness 

of the transactivator.  In this experiment, the leakiness of the transactivator displayed a GDNF 

basal activity that was not significantly different than those animals injected with pTight-hGDNF 

vector alone.  Therefore, an attempt was made to address this issue in Experiment 2.   Through 

examining the construction of the mutated transactivator, a novel version of rtTA, M2rtTA, one 
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can confirm the properly construction of the transactivator used and verify that the leakiness in 

Experiment one was indeed due to the Tet-on regulatory vector. 

In Experiment 2, stereotaxic injections of pTR2: M2rtTA/tTS vector into the striatum was 

used for immunostaining of VP16 antibody.  Even though this novel transactivator carries 

different mutations as compared with rtTA, it was supposed to retain the dox dependency and 

display a considerably lower basal level of activity when uninduced [65].  Based on the 

similarity of the construction of the mutated transactivator and the transactivator in Experiment 

one, one can utilized the mutated transactivator for determining whether the vector is properly 

constructed in Experiment one.  The VP16 immunostaining seen in the mutated transactivator 

confirms the proper construction of the transactivator and validates the leakiness of the tet-on 

regulatory vector in Experiment one.  I believe the high level of basal expression that was 

observed in immunostaining of Experiment one might originate from one or more of three 

sources: transcription initiated in the ITRs [74, 75], basal transcription of the transgene from the 

minimal CMV promoter [76], and/or unspecific binding of M2rtTA to tetracycline operator sites 

[65].  These three possibilities are in agreement with previous work reported by Charto et al [69].  

In an attempt to minimalize basal GDNF expression, it was decided to utilize the tet-off 

regulation system, in Experiment three. 

In Experiment 3, the tet-off regulation system was used.  The tet-off as compared to tet-on 

regulation system has a distinct disadvantage: induction is dependent on the elimination of dox 

and, thus, induction tends to be slower [63, 64].  However, the tet-on system exhibits a much 

lower level of regulation of transgene expression than tet-off system.  Additionally, the tet-on 

systems usually produce a higher basal expression in the absence of an inducer than the tet-off 

systems [77].  Utilizing tTA, we demonstrated the efficacy of the pTight-hGDNF and 
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pTRUF20-tTA2 vector regulation system to control the expression of GDNF in the presence of 

dox.  Based on immunostaining, the GDNF expression found in treated animals injected with 

mixed pTight-hGDNF/pTRUF20-tTA2 was no different than endogenous GDNF expression.  

This is an exciting observation because high basal activity when uninduced has been a lasting 

problem for tetracycline regulated system in the past.  By observing minimal basal GDNF 

activity, this showed that the tet-off vector system can be efficiently modulated by doxycycline. 

Utilizing uninjected striata as negative control, we determined injected striata had 

significantly different level of GDNF protein expression (p=0.0015).  This demonstrated the 

principle of the vectors.  Then, to confirm the ability to efficiently modulate the vector, our 

results showed a significance between the induced and uninduced animals (p<0.0001). To ensure 

that the level of GDNF protein expression is at biological relevant levels throughout extended 

periods, we observed the level of GDNF protein expression for both untreated short-term (three 

weeks) and untreated long-term (5 weeks).  However, there was no significant difference in 

expression at this point.  The lack of protein difference in time periods may be attributed to an 

earlier transgene expression mediated by AAV as characterized recently by Reimsnider et al. 

[50].  This recent paper documented that two to four weeks post transduction is the time period 

for AAV mediated transgene expression to reach asymptotic levels. This time period, 

unfortunately, was the only time period studied by us.  However, the authors also report that 

there was a small but significant increase at 9 months post-treatment as compared to those of 28 

days post-treatment.  An extended study up to 9 months post-treatment would be an interesting 

comparison to those studies of 2 to 4 weeks post-treatment.  By extending the post-treatment 

time scale one would be able to determine the time course of transgene expression and extended 

period of gene system regulation. 
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In those experiments, the tetracycline regulation system is modulated by doxycycline, an 

analog of tetracycline.  Doxycycline has been used for many medical conditions but most 

currently is being used to treat periodontal diseases [78-80], rosacea [81, 82], and acne [82, 83].  

While the effects of doxycycline improve those conditions, the long-term result of applying 

doxycycline is doxycyline resistant bacteria.  Doxycycline is effective initially towards bacteria 

by prohibiting bacterial protein synthesis [84], however, bacterial resistance may arise through 

efflux pump [85, 86], ribosome protection mechanism [87-89] and transposons [90]. 

In 1987, Chemically modified tetracyclines (CMT) were synthesized [91].  Their non-

antibiotic properties have been used to study the ability to inhibit various matrix 

metalloproteinase (MMP) [92, 93].  MMPs are essential in the invasion and prevention of tumor 

cells [94, 95].  In 2001, Tolomeo et al. [96] studied the cytotoxic effects of the six CMTs against 

sensitive and multidrug resistant leukaemia cell lines.  They concluded that CMT-1, CMT-3, and 

CMT-8 were more active than doxycycline and one of them (CMT-8) was able to induce 

programmed cell death (PCD), or apoptosis, also in multidrug resistant and apoptosis resistant 

cell lines.  More recently, CMT’s ability to inhibit cytokines [97], periodontal bone loss [98], and 

breast cancer cells [99], are all being validated.  CMTs’ ability to inhibit MMPs, especially in 

multidrug resistance cell lines, without any antibiotic effects is exciting.  The possibility of 

utilizing CMTs for modulation of the tetracycline regulation system without the possibility of 

developing bacterial resistance lines would be an exciting advancement for the long-term 

treatment of Parkinsons Disease. 

It has been shown that AAV vector constitutively delivering GDNF in the striatum can 

provide neuroprotection and neurorestoration of the dopaminergic neurons and behavioral 

symptoms [14-29].  However, GDNF overexpression or long-term unregulated GDNF 
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expression have been shown to cause downregulation of TH [40].  Therefore, it is of the utmost 

importance to develop regulatable viral vectors that can modulate GDNF levels.  The previously 

discussed experiments document the development of a novel, tight doxycycline modulated rAAV 

delivery system that can effectively regulate GDNF expression.  Once the appropriate level of 

GDNF concentration that induces a biological response is determined, this will constitute a 

valuable tool for gene therapy of Parkinson Disease in the future.  
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