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ABSTRACT 
 

Huntington’s disease is an inherited autosomal dominant neurodegenerative disease due 

to a CAG trinucleotide repeat expansion in the huntingtin gene which leads to excessive 

polyglutamine sequence stretch, resulting in behavioral and motor deficits from the decrease in 

striatal GABAergic neurons. The human brain is incapable of sufficient self-repair in either 

removing the toxic gain of function or regenerating GABAergic neurons. Thus, a possible 

therapeutic solution to address this deficit would be to replace the neuronal death and 

dysfunction with new neurons. In this lab, I have analyzed the in vivo conversion technology for 

AAV-mediated ectopic expression of Neuronal Differentiation 1 (ND1) and Distal-Less 

Homeobox 2 (Dlx2) transcription factors to convert striatal astrocytes to GABAergic neurons in 

the R6/2 HD mouse model. Under the transgenic mice model, the R6/2 mouse line’s expression 

of a 1.9-kb fragment from the 5’ UTR sequence and exon 1 could accurately reproduce the 

severe anatomical and behavioral symptoms present in Huntington’s disease such as motor 

abnormalities along with the reduction in neuron concentration in the striatum. Through 

intracranial and retroorbital injections with the ND1 and Dlx2 treatment, there was evidence of 

striatal astrocyte conversion into GABAergic neurons. Furthermore, behavioral tests indicated 

that motor function, spatial learning, and weight loss improved for R6/2 mice treated with ND1 

and Dlx2. Given these preliminary results, the astrocyte-to-neuron conversion technology with 

ND1+Dlx2 transcription factors could potentially be a gene therapy to treat Huntington’s disease 

along with other neurodegenerative diseases; however, further experiments and studies of the 

treatment outcomes and mechanism need to be conducted in order to better understand its 

potential and limitations.  
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Chapter 1  
 

Introduction 

Huntington’s Disease 

Within the central nervous system, the brain coordinates bodily functions, playing a 

pivotal role in posture, balance, movement, action, feeling, and memories. Any mutations within 

DNA sequences or protein structures within neurons can lead to serious cognitive, motor, and 

behavioral changes. Specifically, Huntington’s disease (HD) is an autosomal dominant illness 

that causes a progressive degeneration of striatal neurons in the brain, leading to a broad 

spectrum of psychiatric, cognitive, and motor disorders. Those with this disease can experience 

many symptoms including dementia, personality changes, progressive weight loss, uncontrolled 

choreatic movements, and unsteady gait. These symptoms stem from over 39 CAG trinucleotide 

repeat sequence in the coding region of the IT15 gene, which codes for the huntingtin protein1-3. 

The Huntingtin gene (HTT) expansion generates long polyglutamine sequence in the NH2 

terminus of the mutant huntingtin protein which exhibits aggregation of mutant HTT (mHTT)4,5. 

This protein aggregation is induced by the mHTT protein which is more susceptible to cleavages 

in forming shorter protein fragments that misfold to form inclusion bodies that impede neuronal 

function. GABAergic medium spiny neurons, a type of inhibitory neuron, are especially 

vulnerable to HTT accumulation, leading to GABAergic neuron degeneration in the striatum of 

the basal ganglia (Figure 1). Neuron loss can then further spread across the basal ganglia, a 

region that plays a key role in movement and behavioral control, and overall cerebral cortex6. 
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Figure 1: Basic Brain Structure and HTT Protein Affected by Huntington’s Disease 
(a) The regional areas of the brain damaged initially by mHTT accumulation include the 
dorsal striatum which consists of the putamen and caudate nucleus. Neurodegeneration can 
then spread to other areas such as the basal ganglia which includes the substantia nigra as 
well as the globus pallidus where striatal medium spiny neurons are especially vulnerable. 
(b) A healthy HTT gene contains less than 39 CAG trinucleotide repeats, resulting in less 
than 39 repeat glutamines in the polyQ region for the cytoplasmic huntingtin protein. 
However, mutant HTT contain more than 39 CAG trinucleotide repeats which leads to 
expression of a longer polyglutamine tract in the NH2 terminus of the mutant huntingtin 
protein. 
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Patients with Huntington’s disease indicate progressive cognitive, psychiatric, and motor 

symptoms associated with striatum atrophy. These symptoms typically become evident between 

the ages of 30 to 50 years7-9. Less than 10% of patients develop more severe and rapid symptoms 

of juvenile HD before 20 years of age which usually stem from paternal transmission10,11. The 

earliest symptoms are associated with gradual psychiatric, emotional, and cognitive challenges. 

These earlier symptoms often lead to changes in sexual behavior, gradual weight loss, and 

alterations in the circadian rhythm which may be rooted in changes to the hypothalamus12,13. As 

the disease progresses towards the later stages, motor dysfunction and progressive dementia 

begin to appear with gradual impairment in executive functions such as impaired judgement, 

comprehension, abstract thinking, and memory12,14. The gradual increase in severity of these 

later stage symptoms can reach a point where HD patients would directly require long term 

institutional care due to the inability to walk and talk. With the progressive life-threatening 

dysfunction in motor skills, over 33% of HD patients end up having trouble swallowing which 

can lead to aspiration pneumonia15. Heart disease, the second greatest risk, leads to nearly 25% 

of deaths for HD patients. Thus, death often takes place within 15 to 20 years after diagnosis of 

the disease16-18. 

Within the developed world, Huntington’s disease is the most pervasive monogenic 

neurodegenerative disease19,20. Overall, there is an estimated five to ten cases of HD per 100,000 

people worldwide with the prevalence being close for both men and women. HD is most 

prevalent in those with a Western European background since it typically affects ten to fifteen 

individuals within every 100,000 people21-23. These new cases are usually inherited from a parent 

carrying a mutated HTT gene, yet nearly 10% of cases stem from new mutations24. The disease 

appears less frequently in those of African or Asian descent given its prevalence of 0.4 for every 
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100,000 cases25. However, higher incidence of HD can occur in certain isolated populations due 

to local founder effect26. 

Currently, there are no treatments available that can effectively slow the onset or effects 

of Huntington’s disease. Thus, clinical care for patients stems from a multifaceted approach to 

managing and assessing the symptoms to maximize the patient’s quality of life27. These 

therapeutic strategies currently are designed to only lessen the primary symptoms evident in HD 

such as motor sedatives and psychiatric compounds to manage behavioral deficits; however, 

these treatments are limited in that they do not directly inhibit or slow the disease progression28. 

Thus, research is currently being conducted to combat the disease through novel means such as 

gene silencing to lower mutant HTT production in various animal models29. Tetrabenazine was a 

drug approved in 2000 to treat the effects of chorea and other movement disorders in HD patients 

despite the significant side effects. Tetrabenazine inhibits the synaptic vesicular monoamine 

transporter 2 which decreases monoamine uptake into synaptic vesicles, countering some of the 

effects of chorea30-32. In 2017, deutetrabenazine, a heavier form of tetrabenazine, was approved 

by the FDA as the first small molecule drug to also treat chorea in HD patients33. With the 

limited number of drugs approved to merely address the symptoms of HD, more effective 

treatments are needed to directly tackle the root of the inexorable disease progression itself.  

Astrocyte-to-Neuron Conversion Mechanism  

The discovery of the existence of induced pluripotent stem cells that can differentiate and 

redevelop into specific cell types in 1961 has opened the doors in the field of neuroscience for 

potential stem cell therapy especially with limitations of the central nervous system in generating 
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new neurons34. Adding a set of four transcription factors into the nucleus of fibroblasts allowed 

for reversion back into pluripotent stem cells which can then redevelop into nearly any type of 

cell in the body35,36. With the limited capability for the central nervous system to regenerate 

neurons in the case of neurodegenerative diseases, the ability for pluripotent stem cells to 

redevelop into neurons is a technique potentially worth considering. For instance, gamma-

Aminobutyric acid producing neurons have been transplanted into various mouse models as 

possible therapeutic solutions for cases such as Alzheimer’s Disease. However, there are several 

constraints for induced pluripotent stem cells37-39. With transplantation of pluripotent cells, there 

is a possibility that there is immune incompatibility with the host and transplanted cells, which 

then leads to transplanted cell rejection. Inflammation can also occur through vector toxicity of 

retrovirus induced pluripotent stem cells, which may be further exacerbated by possible 

insertional mutagenesis, leading to tumor formation40,41. To avoid these potential drawbacks, 

engineered adeno-associated viral vectors that lack immunogenicity and pathogenicity can be 

used in vivo to infect certain cell types for the ectopic expression of specific neural transcription 

factors that align with those of another cell type. This process can allow for the direct conversion 

of a specific mature cell type to another cell type42-44.  

Since neurodegeneration is a pathological hallmark for injury in the central nervous 

system, restoring neurons after brain injury is pivotal for brain repair. Through the research 

conducted in our lab, direct cellular reprogramming in converting local glial cells to neurons in 

vivo can occur through the expression of specific neural transcription factors in certain 

differentiated cell types to conform to those of other cell types, which can be performed through 

the use of a viral vector that directly transfers a certain gene sequence from one cell to another45-

47. With an ability to proliferate for regenerative purposes, glial cells constitute over 50% of the 
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overall brain cells48. Our lab had successfully demonstrated direct conversion of mature 

astrocytes into functional neurons in vivo in the mouse brain. Since they make up around 30% of 

the cells in the central nervous system and surround every neuron, astrocytes can be an effective 

internal reservoir for cellular reprogramming49,50. Specifically, the coexpression of both ND1 and 

Dlx2 neural transcription factors can directly convert the striatal astrocytes into medium spiny 

neurons in R6/2 mouse model, a transgenic mouse model that expresses a section of the human 

HD gene under human promoter elements51. Neuronal differentiation 1 (ND1) is a member of a 

basic helix-loop-helix transcription factor family and is present in neurons for neuronal 

differentiation and generation52. Dlx2, containing a homeobox, acts as a transcriptional activator 

in interneuron differentiation and is pivotal for generating GABAergic neurons53. The 

combination of both ND1 and Dlx2 transcription factors can then drive the conversion of striatal 

astrocytes into GABAergic neurons in HD mouse models51.  

Given the preliminary in vivo cellular conversion results thus far, this technology opens 

the door for future possibilities in systematically addressing various neurodegenerative diseases. 

Since supporting glial cells surround every neuron in mammalian brains, direct glia-to-neuron 

reprogramming can avoid potential concerns with immunorejection while offering higher 

neuroregeneration efficiency. Generating new sources of neurons in vivo directly from an 

individual’s glial cells to compensate for cell death or damage can overcome the limited 

regenerative capabilities intrinsic to the mammalian central nervous system. Thus, our lab has 

been incorporating such ND1-based gene therapy into various brain disorders such as ALS, 

stroke, Alzheimer’s disease, and spinal cord injury.  

Through AAV-based gene therapy, I hypothesize that the use of ND1 plus Dlx2 

transcription factors can convert striatal astrocytes to GABAergic neurons which can serve as an 
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alternative disease-modifying therapy to delay the onset or slow the progression of Huntington’s 

disease. The first section of this thesis details the ability for the combination of ND1 and Dlx2 

via intracranial injection to convert astrocytes into neurons in the striatum which was 

demonstrated at various time points in comparison to the R6/2 mCherry-transduced control 

group. Another approach to labeling astrocytes with the virus system involving retro-orbital 

injection was investigated to observe the global infection pattern as well as astrocyte to neuron 

conversion in the brain and spinal cord of R6/2 mice. The second portion of this thesis examined 

the phenotypic abnormalities through the use of various behavioral tests to confirm the 

behavioral deficits in R6/2 mice while also demonstrating statistically significant improvements 

in motor function, spatial learning, and weight loss reduction for R6/2 ND1+Dlx2 transduced 

mice.   

For the work done in my honors thesis, Ms. Yuting Bai and Dr. Zheng Wu were involved 

in the breeding and genotyping of the R6/2 mice. Ms. Donna Sosnoski was responsible for 

protocol approvals, and Dr. Zifei Pei was responsible for AAV5 generation and productions for 

the experiments. Stereotaxic intracranial surgeries and retro-orbital injections were performed by 

Dr. Zheng Wu, Mrs. Xiaoyi Hou, and Mr. Zhuofan Lei. I am responsible for all work involving 

transcardial perfusions, coronal and sagittal tissue sectioning, immunostaining, imaging using the 

Olympus confocal microscope, behavioral tests, and statistical analysis.  
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Chapter 2  

Materials and Methods 

Huntington’s Disease Mouse Model 

Serving as the Huntington’s disease mouse model, the R6/2 transgenic mouse line 

(B6CBA-Tg(HDexon1)62Gpb/3J, JAX Stock #006494) was developed through B6CBAF1/J 

males mating with ovarian transplant hemizygous females which were both purchased from 

Jackson Laboratory. Some four- to six-week-old R6/2 transgenic mice were also purchased from 

Jackson Laboratory directly. These mice were weaned and then genotyped via PCR using skin 

samples at three to four weeks of age to determine the existence of the mutation. Both two- to 

five-month-old male and female littermates with the mutated gene present were used for AAV5 

injection. These hemizygous mice were kept in 12:12 hour light and dark cycles with continuous 

access to water and chow ad libitum. The R6/2 mouse line modeled the pathology of 

Huntington’s Disease in humans through the expression of a 1.9-kb fragment from the 5’ UTR 

sequence and exon 1 with over 120 CAG trinucleotide repeats of human HTT gene, resulting in 

the polyglutamine expansion in huntingtin protein. These neuroanatomical abnormalities worked 

as an effective mammalian Huntington’s disease model where the onset of severe anatomical and 

behavioral symptoms typically occurred after five to six weeks with the presence of resting 

tremors, progressive weight loss, and potential cardiac dysfunction and seizures23. All 

experimental protocols and animal experiments were approved by Pennsylvania State University 

Institutional Animal Care and Use Committees (IACUC) in accordance with guidelines of the 

National Institutes of Health for the Care and Use of Laboratory Animals.    
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Viral Vector Delivery Reprogramming Astrocytes to Neurons 

Chosen for its preferential astrocyte infection, adeno associated virus 5 (AAV5), 

packaged with the Cre recombinase enzyme, was used in order to deliver ND1 and Dlx2 

transcription factors. The Cre flip-excision (FLEx) system was developed to track the neurons 

converted from astrocytes in the central nervous system through the Human Glial Fibrillary 

Acidic Protein (GFAP) promoter that is usually expressed in astrocytes. The system also 

included a Cre recombinase vector that is only expressed in virus infected astrocytes under the 

GFAP promoter, stimulating ND1 and GFP or Dlx2 expression. The FLEx vectors contained a 

coding sequence of either ND1, Dlx2, or mCherry-P2A-mCherry that had its sequence inverted 

in between double loxP sites. The ND1 and Dlx2 (FLEx-ND1-P2A-mCherry and FLEx-Dlx2-

P2A-mCherry) combination worked as the experimental treatment while the FLEx-

CAG::mCherry-P2A-mCherry worked as the R6/2 mCherry-transduced control group. Separated 

by P2A self-cleavage sites, these two genes were packaged with the CAG promotor that was 

active in all cell types. The Cre recombinase enzyme inverted the coding sequence to its correct 

orientation for expression to occur (Figure 2). ND1, a transcription factor mostly responsible for 

glutamatergic neuron generation, and Dlx2, a transcription factor crucial for GABAergic neuron 

generation, were utilized together to determine whether coexpression could effectively convert 

specifically striatal astrocytes into GABAergic neurons.  

Zifei Pei produced the recombinant AAV used in the lab through the introduction of 

human embryonic kidney 293T cells. Polyethylenimine transfected pAAV5-RC, pAAV 

expression vector, and the pHelper for three days in which the cells were then isolated by 

centrifugation.  
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Figure 2: Schematic Depiction of AAV5 Framework 
GFAP promotor carrying Cre recombinase (GFAP::Cre) inverted the coding sequence to its 
correct orientation to activate FLEx-CAG::mCherry-P2A-mCherry for mCherry expression 
in targeting astrocytes.  

Brain and Spinal Cord Preparation 

A 5 µL Hamilton Syringe containing 2 µL of AAV5 with a 34G needle was used for 

bilateral intracranial injections. These AAV5 injections were conducted on two to three-month-

old R6/2 and wild type mice that were first intraperitoneally injected with 16 mg/kg of xylazine 

and 120 mg/kg of ketamine to anesthetize them. The mice fur on the head were trimmed, and 

artificial eye ointment was added to the eyes along with supplemental oxygen to protect the mice 

over the course of the operation. Incision occurred at the midline scalp with a scalpel to expose 

portions of the skull for a 1 mm hole to then be drilled into the skull itself for intracranial 

injection at the striatum region of the brain. Some mice also received CTB injections of 0.5 μg 

per site in the substantia nigra pars reticulata and globus pallidus which were also areas of striatal 

medium spiny neuron projections. Once the injection needle was slowly lowered into the 1 mm 

hole, the injection itself had a constant flow rate of 0.2 μL per minute for a total volume of 2 μL 

over the course of ten minutes. Following the viral injection, the needle remained in place for 

over ten minutes before being withdrawn to allow the injected virus to diffuse properly. After 

stereotaxic viral injection, the midline scalp incision was stitched closed through the use of 

polyglycocidic acid absorbable sutures. The treated mice were then placed in clean cages with 

heating pads to recover post-surgery.  
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Beyond multi-site intracranial injection of AAV5 to achieve global cell targeting, another 

approach to reach global astrocyte targeting for conversion involved the retro-orbital route. 

Retro-orbital injection in the medial canthus was one type of intravenous delivery route for 

global astrocyte targeting for conversion. The mice were first placed in a Plexiglas chamber for 

isoflurane to anesthetize the mice. The anesthetized mice were then placed in a left lateral 

recumbency position on a nose cone attached to a non-rebreathing apparatus while on top of a 

heating pad. Gentle pressure was applied to the skin that was ventral and dorsal to the eye for the 

mouse’s right eye to slightly protrude. Ophthalmic anesthetics were also applied to the right eye 

before a 27.5G needle was inserted bevel down at 30o into the medial canthus to reach the retro-

orbital sinus which was a pool of several vessels. The injection was completed for the needle to 

then be withdrawn smoothly and slowly to give the virus time to disseminate through the 

circulatory system so that it would not follow the needle path out. Once the procedure was 

completed, the mouse was placed back into a clean cage with heating pads until the mouse 

regained consciousness.  

For tissue preparation, the mice were administered 2.5% Avertin (1 g of 2-2-2-

tribromoethanol and 1 mL of 2-methyl-2-butanol in 39 mL of 1xPhosphate Buffer Solution) 

through intraperitoneal injection to first deeply anesthetize the mice (0.5 mL for males, 0.4 mL 

for females). To perform transcardial perfusion, the deeply anesthetized mice were then securely 

attached to a cork board ventral side up and cut through the sternum area to access the ribcage 

and diaphragm which were then moved aside to access the heart. The left ventricle of the heart 

was penetrated with a 28-gauge needle to pump cold artificial cerebrospinal fluid (aCSF) in order 

to drain away the blood. The right atrium of the heart was also immediately cut to drain blood 

from the circulatory system to allow aCSF to flow through the body. Once the liver and tongue 
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turned sufficiently pale after enough blood was drained, the aCSF pump was turned off to then 

remove the brain. The spinal cord was also removed for retro-orbital injected mice since the 

retro-orbital route globally targeted astrocytes in the central nervous system for conversion. 

Following perfusion, the brains were kept in 4% paraformaldehyde at 4oC in darkness overnight. 

The spinal cord samples also followed this preparation but then had to be dehydrated in 30% 

sucrose over the course of three days. The brain samples were then coronally cut via a vibratome 

into 30 μm slices. For the spinal cord, the samples were frozen in a cryomatrix block that were 

then sagittally or coronally sectioned into 30 μm slices with a Leica Cyrostat through manually 

running a blade across a positively charged glass slide. Sliced samples were then kept in -30oC 

cold rooms for longer term storage.         

Immunofluorescent Staining and Microscope Imaging 

Immunostaining is a method used to be able to visualize certain cell markers in a 

sectioned tissue sample. The brain slices were first washed with phosphate buffer solution (PBS, 

OSM: 302, pH 7.28) three times for a total of 30 minutes. 150 µL of blocking buffer which 

contained 5% normal donkey serum (NDS) and 0.3% triton PBS was washed with the samples to 

inhibit non-specific binding sites for two hours. After removal of blocking buffer, primary 

antibody solutions were diluted in accordance with their appropriate ratios in 5% NDS and 

0.05% triton PBS and then added to the samples to be incubated at 4oC for 48 hours. After 

incubation for two nights, the samples were washed three times in PBS for the samples to then be 

incubated for two hours at room temperature with the appropriate secondary antibody solution 

conjugated with Alexa 405, 488, 647 and diluted to a 1:500 concentration in 5% NDS and 0.05% 
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triton PBS. The samples were then washed three times with PBS after secondary antibody 

incubation to then be mounted in antifading mounting solution on glass slides with coverslips 

sealed with nail polish. The slides were left to dry for one day in the dark at room temperature 

before storing them in the cold room. All fluorescent images were taken using the Olympus 

Confocal Laser Scanning microscope for 20x magnification and 40x magnification using an oil 

lens.   

Behavioral Tests 

In preparation for the behavioral test, all mice were individually housed in separate cages 

and acclimated to the animal room for over an hour to lessen potential stresses present in the 

mice due to cage movement. For the behavioral tests, there were four experimental groups 

consisting of wild type, R6/2, mCherry transduced R6/2 mice acting as control, and ND1 plus 

Dlx2 treated R6/2 mice. Within each group, five mice were used consistently across all 

behavioral tests performed and included both male and female mice. Specifically, both the wild 

type and the R6/2 ND1 plus Dlx2 transduced group consisted of three male and two female mice, 

the R6/2 group consisted of four males and one female, and the R6/2 mCherry-transduced 

control group consisted of two males and three females. The mice were injected at six weeks so 

behavioral tests were conducted four weeks post injection when the mice were ten weeks of age 

which allows sufficient time for the symptoms of Huntington’s disease related to 

neurodegeneration as well as the potential effects of the ND1 plus Dlx2 treatment for in-vivo cell 

conversion to appear. All behavioral tests were conducted in the dark phase under red light at 8 

PM due to evidence indicating that the light phase induced greater cognitive and behavioral 
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disruptions in mice undergoing behavioral experiments54. The open field test was conducted first 

at the start of when the mice were 10 weeks of age all in the same day. The Y-maze behavioral 

test was conducted five days after the open field test to provide time for the mice to rest and 

recover.  

The open field test consisted of an open-top white box of 50 x 50 x 30 cm in dimension 

where the mouse was carefully placed in the center of the box at the start of the five-minute 

recording. Thus, the mouse freely moved within the enclosure of the box during that time frame 

to then be analyzed for locomotor levels. Each five-minute trial was recorded to then be analyzed 

for total distance traveled between the various experimental groups through a computer program 

called EthoVision XT, Noldus which was calibrated to the open-top white box in order to track, 

analyze, and record the movement of the mice. Between each animal test, the white box was 

thoroughly cleaned with 70% ethanol to remove potential scent cues from the previous test. 

Y-maze consisted of three radial arms joined at 120-degree angles at the center in the 

shape of the letter ‘Y’. Each arm was 10 cm high, 5 cm wide, and 35 cm long. Each mouse was 

placed in the center of the Y-shaped apparatus between the arms for it to be able to explore the 

maze for five minutes. The pattern and number of entries in the three arms were recorded for all 

experimental groups to determine the memory deficits for each mouse. Thus, repeated entries 

into the same few arms indicated poorer memory performance while more consistent alternations 

between all three arms indicated memory of the previous arm visited. Like the open field test, the 

y-maze apparatus was thoroughly cleaned with 70% ethanol after each five-minute trial to 

remove any scent cues from the prior mouse.  

Mouse weight specifically for the R6/2 mice provided in either the R6/2 mCherry 

transduced control or ND1 plus Dlx2 treatment was measured at two time points of one week 
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before surgery and six weeks post-surgery. This measurement was conducted since the R6/2 

mouse model has shown to display progressive weight loss of up to a 20% decrease in weight 

after 12 weeks23. Each mouse was weighed individually under an approved vent hood in the 

animal room on Friday’s at 8:00 PM.   

The statistical analysis to quantify the results of the various behavioral tests performed 

along with the graphical depiction of the data either in the form of mean ± standard error of the 

mean (SEM) or a box and whisker plot was done using a software called GraphPad Prism 9.0. 

The statistical significance and p-value were analyzed through the use of one-way ANOVA test 

followed by a post-hoc Dunnett test for comparisons between the three different types of R6/2 

mice with the R6/2 mice as the reference group. Unpaired two-tailed Student’s t-tests were also 

performed to analyze the statistical significance within two-group comparisons between wild 

type and R6/2 mice.  
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Chapter 3  

 
Results 

Striatal Astrocyte to GABAergic Neuron Conversion via ND1 and Dlx2 

Since astrocytes surround nearly every neuron in the brain, they were seen as a 

potentially viable natural source for cell conversion. Thus, two time points of 11 and 17 weeks 

were taken to evaluate the basic characterization of the R6/2 mouse model specifically in the 

striatum which has shown to be especially vulnerable to neuron loss due to mHTT accumulation. 

Even at 11 weeks, neurodegeneration at the striatum was evident for the R6/2 mice when 

compared to the wild type mice at that same time point which aligned with features of the R6/2 

mouse model that had over 40% reduction in brain and striatal volume by 12 weeks23. By 17 

weeks, neurodegeneration had advanced to a more severe stage in which greater neuron loss in 

terms of quantity and concentration occurred in the striatum for the R6/2 mouse (Figure 3a). 

Higher concentrations of S100β+ astrocytes were also observed surrounding neurons in the 

striatum for both wild type and R6/2 mice, confirming its presence surrounding neurons as a 

potential reservoir for conversion. In the ND1 plus Dlx2 transduced R6/2 mice (AAV5 GFAP-

Cre+CF/ND1 Dlx2 mCh), stereotaxic intracranial injections occurred at 6 weeks so two time 

points were taken at 5- and 11-weeks post injection (wpi) in order to be able to compare the 

markers with the wild type and R6/2 group. After 5 wpi, neuron concentration appeared to have 

increased in the striatum when compared to the R6/2 11-week time point. By 11 wpi, even higher 

neuron concentration was observed along with a further reduction in intensity for the GFAP 

marker for astrocytes, indicating that astrocyte to neuron conversion likely occurred in the 

process of neuron regeneration in the striatum (Figure 3b). 
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Figure 3: Characterization of R6/2 model for Neuron Concentration in Striatum 
(a) Overview of neuron concentration in the striatum for wild type and R6/2 mice after 11 and 17 weeks. With the 
decrease in the presence of NueN, a neuronal nucleus marker, at 11 weeks and especially at 17 weeks, severe 
neurodegeneration occurred in the striatum which matched the characterization of the R6/2 mouse model. High 
concentration of S100β+ astrocytes were observed surrounding NeuN in both groups, confirming its potential as a 
natural reservoir. Scale bar is 20 µm. (b) R6/2 mice treated with ND1+Dlx2 (AAV5 GFAP-Cre+CF/ND1 Dlx2 
mCh) at 6 weeks showed greater concentrations of NeuN when compared to the R6/2 mice at the same time points. 
NeuN concentration increased further at 11 wpi along with a decrease in GFAP astrocyte intensity, indicating a shift 
from a more astrocytic population to a mixed population of neurons and astrocytes. Scale bar is 20 µm. 

 

 
 

To further test the effects of ND1 plus Dlx2 in the R6/2 mouse model, AAV5 C-F-mCh-

P2A-mCh+GFAP-Cre1/3 for the control group and AAV5 C-F-ND1/Dlx2-P2A-mCh+GFAP-

Cre1/3 for the experimental group were intracranially injected in the striatum of R6/2 mice. R6/2 

mice were injected at eight weeks of age and sacrificed two weeks post injection (wpi) to analyze 

the infection patterns. Two weeks after the ND1 plus Dlx2 treatment, the GFP+ cells in the ND1 

group were morphologically neuron-like with those cells also colocalizing with ND1, GFP, and 

NueN as denoted by the white arrows. However, in the R6/2 mCherry-transduced control, the 

GFP+ cells remained astrocytic in nature and did not colocalize with the other markers (Figure 

4a). Thus, the AAV5 GFAP::cre system was able to target astrocytes such that apparent astrocyte 

to neuron conversion could be observed two weeks after the ND1 plus Dlx2 treatment when 

compared to the R6/2 mCherry-transduced control group.  

In a separate experiment, the AAV Cre-FLEx system was tested over various time points 

to better understand and observe the changes in the conversion from astrocyte to neurons in the 

striatum. AAV5 GFAP::cre was added with CAG::ND1-P2A-mCherry and AAV5-CAG::Dlx2-

P2A-mCherry that was then intracranially injected into the striatum of adult wild type mice at 

three months old. Four time points of 7-, 14-, 21-, and 35-days post injection (dpi) were 

analyzed, and it was found that there were little mCherry+ cells showing NeuN+ signal after 
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ND1 plus Dlx2 coexpression in the earlier time points in the 7 and 14 dpi since at that time point, 

most of the viral infected mCherry+ cells were GFAP+ astrocytes in the striatum. As the time 

point increased towards 35 dpi, there appeared to be a trend in which less mCherry+ cells were 

colocalizing with GFAP+ astrocytes since more mCherry+ cells were colocalizing with NeuN 

instead as depicted with the white arrows. This trend suggests that ND1 and Dlx2 coexpression 

can convert striatal astrocytes into GABAergic neurons (Figure 4b).  

With the successful conversion of striatal astrocytes into GABAergic neurons in wild 

type mice, further experiments using this approach were conducted on the R6/2 transgenic mouse 

model in order to better understand the regeneration of GABAergic neurons in the case of 

Huntington’s disease. This time, AAV5 ND1 plus Dlx2 for the R6/2 treatment group and the 

AAV5 mCherry as the control group were injected into the striatum of R6/2 mice after 9 weeks 

such that the neurological phenotypes underlying Huntington’s disease would be present at the 

time of the intracranial surgery. Both the mCherry transduced control and ND1 plus Dlx2 

transduced R6/2 mice were sacrificed at 4 weeks post injection (wpi). In the R6/2 mCherry 

transduced control group, the infected mCherry+ cells appeared morphologically astrocytic in 

nature as evidenced by the immunopositivity for S100β as marked by the white arrows. On the 

other hand, the ND1 plus Dlx2 transduced R6/2 mice had mCherry+ infected cells that were 

more co-labeled with NeuN instead of S100β as marked with the white arrows. This contrast 

between the R6/2 mCherry-transduced control and R6/2 ND1+Dlx2 transduced mice suggested 

that striatal astrocytes can be efficiently converted into GABAergic neurons even in the R6/2 

mouse model (Figure 4c).   
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Figure 4: Characterization of In Vivo Striatal Astrocyte to GABAergic Neuron Conversion  
(a) R6/2 mice were intracranially injected at the striatum as either control (AAV5 C-F-mCh-P2A-mCh+GFAP-
Cre1/3) or experimental (AAV5 C-F-ND1/Dlx2-P2A-mCh+GFAP-Cre1/3) group at 6 weeks. At 2 wpi, the GFP+ 
cells in the R6/2 mCherry-transduced control group remained morphologically astrocytic while the R6/2 ND1+Dlx2 
transduced group had GFP+ cells that were morphologically neurons with colocalization of GFP, NeuN, and ND1 
based on the 2 white arrows shown. Scale bar is 10 µm. (b) 4 images of the 4 different time points over the course of 
5 weeks that depict the gradual morphological shift from striatal astrocytes to GABAergic neurons in the striatum 
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for wild type mice. In the early time points post injection, more of the mCherry+ cells were co-localized with GFAP 
astrocytes in green while the later time points indicate greater colocalization with NeuN in blue instead of GFAP as 
marked with the white arrows.  Scale bar is 40 µm. (c) Depiction of striatum of R6/2 mice injected with either AAV 
mCherry control or AAV ND1+Dlx2 treatment at 9 weeks and then sacrificed 4 wpi. In the R6/2 mCherry-
transduced control group, it appeared that mCherry+ cells co-labeled with S100β in green as marked by the white 
arrows. However, in the R6/2 ND1+Dlx2 transduced group, mCherry+ cells co-labeled with NeuN in blue instead as 
marked by the white arrows. Scale bar is 80 µm. 

 

 

 

 
 

Beyond labeling astrocytes with a virus system through intracranial injection, another 

approach to reach global astrocyte targeting for conversion involved the retro-orbital route which 

was viewed as a less invasive method. Retro-orbital (RO) injection belonged to intravenous 

delivery routes in which the needle was inserted at the medial canthus to reach the retro-orbital 

sinus for the injectate to circulate in the blood circulation system of the mouse. Thus, retro-

orbital injection was used to deliver AAV transcription factor-based therapy to convert astrocytes 

into neurons. Specifically, AAV PHPeb serotype was chosen because it was reported to have 

higher efficiency in crossing the blood-brain barrier (AAV PHP.eb GFAP::Cre + AAV PHP.eb 

CAG::FLEX virus).  

In this new set of experiments, a new virus construct was also used with the EF1α 

promoter directly driving ND1-GFP. The EF1α, Elongation Factor 1α, gene is expressed in both 

astrocytes and neurons. R6/2 mice underwent retro-orbital injection at 7 weeks of age and were 

then sacrificed at 3 weeks post injection (wpi). Samples were either treated with AAVeB Ef1α -

ND1-GFP or AAVeB GC+CF-ND1+Dlx2 – GFP in order to compare the global infection 

conditions with some basic markers across the central nervous system from the retro-orbital 

route. When checking the infection condition in the cervical region of the spinal cord, it was 

clear that different virus systems targeted different regions. For samples treated with Ef1α-
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promoter driven-ND1-GFP, the dorsal region appeared to be more infected in comparison to the 

ventral portion of the spinal cord. In contrast, for the cre-FLEx system, it appeared to be the 

reverse in which the ventral portion appeared to be more infected in comparison to the dorsal 

section of the spinal cord (Figure 5a).  

Global infection in the brain was then examined from a sagittal view. In the AAV PHP.eb 

FLEx-GFP sample 3 wpi, the cre-FLEx system reached a wide range for virus infection in 

multiple brain regions with some preferential labeling in the cerebral cortex, pons and medulla, 

and hippocampus regions with less infection in the caudoputamen and striatum which indicated 

that the retro-orbital route could be an effective means for global astrocyte targeting (Figure 5b).  

To examine these regions in more detail, stained cortical markers in the lateral portion of 

the motor cortex were analyzed in three sets of conditions with wild type, control group in 

AAVeB GC+CF-ND1-GFP treated R6/2 mice, and treatment group in AAVeB GC+CF-

ND1+Dlx2-GFP treated R6/2 mice. When examining NeuN across the seven layers in a column 

view from the corpus callosum to the top of the cortex, it appeared that the R6/2 mice had 

thinner layers in the motor cortex compared to those of wild type, indicating potential cortical 

atrophy from neurodegeneration in the R6/2 mouse brain. Remarkably, the R6/2 ND1 plus Dlx2 

transduced group visibly showed higher NeuN density in the layers of the motor cortex which 

suggests that in-vivo astrocyte-to-neuron conversion therapy can reduce cortical atrophy in R6/2 

mice. When examining the GFP marker, it appeared that the R6/2 ND1 plus Dlx2 transduced 

mice showed the highest infection rate with the highest rate of converted neurons while also 

showing some astrocytes, suggesting that the RO route can effectively target astrocytes in the 

cortical region for conversion. For the Cux1 marker, a cortical layer neuron marker specifically 

for the superficial layer in layers 1 and 2, the control R6/2 mice showed the Cux1 marker in 



23 
much weaker intensity which may be due to cortical degeneration from neuron loss when 

compared to the superficial layers in wild type. However, the Cux1 marker appeared slightly 

more intense in the R6/2 ND1 plus Dlx2 transduced group, indicating that the in-vivo cell 

conversion may have restored some neurons in the superficial layer of the motor cortex (Figure 

5c).  

Lastly, the striatum was also examined to check the infection status for RO injection. In 

this case, the ChAT marker was used since it is not a cortical layer marker. Instead, it involves 

choline acetyltransferase, the enzyme that is responsible for biosynthesis of the neurotransmitter 

acetylcholine. Thus, the majority of acetylcholine is synthesized locally at nerve terminals where 

ChAT catalyzes the transfer of an acetyl group from acetyl coenzyme A to choline. ChAT is 

expressed by cholinergic neurons mainly in the striatum and basal ganglia. For the ND1 plus 

Dlx2 treated R6/2 mice, there were GFP and ChAT double positive cells co-labeled with NeuN 

as marked by the white arrows, indicating that there were converted cholinergic neurons present 

in the striatum (Figure 5d). This demonstrates how the ND1 plus Dlx2 treatment via retro-orbital 

injection could also regenerate cholinergic neurons in the striatum.  
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Figure 5: Analyzing Infection Condition in the Spinal Cord and Stained Cortical Markers for Retro-orbital 
Injection 
(a) Infection condition in the cervical section of the spinal cord from RO injection in R6/2 mice. For the R6/2 mice 
treated with Ef1α-promoter driven-ND1-GFP, the dorsal appeared to be more infected in comparison to the ventral 
portion of the spinal cord while for the cre-FLEx system, it appeared to be the reverse. Thus, different virus systems 
targeted different regions in global infection. Scale bar is 200 µm. (b) Sagittal section of an R6/2 mouse brain 
treated through RO injection with AAVeB GC+CF-ND1-GFP. White boxes marked indicated areas focused on with 
higher magnification. Cre-FLEx system reached wide range virus infection in multiple brain regions with 
preferential labeling in the cortical, hippocampus, pons and medulla regions. (c) Higher magnification of stained 
cortical markers in the motor cortex. Motor cortex in R6/2 mice appeared to be slightly thinner across the 7 layers in 
comparison to wild type. Slight recovery in NeuN density with the R6/2 ND1+Dlx2 transduced group. R6/2 
ND1+Dlx2 transduced group showed the highest infection and converted neuron rate in the GFP marker. The 
control group had low Cux1 signal due to neurodegeneration in the superficial layer in comparison to wild type 
which was slightly recovered in the R6/2 ND1+Dlx2 transduced group. Scale bar is 150 µm. (d) Stained cortical 
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markers in the striatum for ND1+Dlx2 treated R6/2 mice showed GFP and ChAT double positive cells that co-
labeled with NeuN as marked by the white arrows which indicated the presence of converted cholinergic neurons 
from the RO injection. Scale bar is 50 µm. 

 

 

 

Behavioral Performance Analysis for Neuron Conversion in R6/2 Mouse Model 

Given how the transgenic mouse model expressed exon 1 of the human mHTT with over 

120 CAG trinucleotide repeats, the R6/2 mice demonstrated progressive behavioral and 

neurological phenotypes that effectively matched many of the macroscopic symptoms seen in 

patients with Huntington’s Disease. Thus, a series of behavioral tests were conducted to be able 

to better quantify and visualize the phenotypic differences between wild type and R6/2 as well as 

determine if R6/2 mice treated with ND1 plus Dlx2 transcription factors for in-vivo cell 

conversion demonstrated any statistically significant improvement in performance over the R6/2 

mCherry-transduced control.  

The first behavioral test conducted involved the open field test which assessed 

locomotive ability. A clinical presentation feature of Huntington’s disease involved the atrophy 

of skeletal muscle due to mHTT proteins forming inclusion bodies in myocytes of R6/2 mice48. 

To quantify the severity of the skeletal muscle wasting and effects of the ND1 plus Dlx2 

treatment, the open field test quantified the total distance traveled by the different experimental 

groups over the course of five-minute trials. In comparison with the wild type group which had 

an average total distance traveled of 1,702 ± 46 cm, R6/2 mice showed a sharp decrease in total 

travel distance with an average total travel distance of only 449.5 ± 28 cm (p < 0.001; unpaired 

Student’s t-test; Figure 6a). There also appeared to be a pattern in which R6/2 mice spent much 
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more of the trial at the edge of the box in comparison to the wild type and R6/2 ND1 plus Dlx2 

transduced group. This indicated higher anxiety levels for R6/2 mice since the outer walls were 

considered safe while the center quadrant of the box was considered unsafe for mice. There was 

no statistically significant difference between the R6/2 group and the R6/2 mCherry-transduced 

control which had a similar average total distance of 465.25 ± 47 cm. The ND1 plus Dlx2 treated 

R6/2 mice exhibited a notable increase in distance traveled with an average total travel distance 

of 1067 ± 270 cm especially when compared to the R6/2 group’s travel distance of 449.5 ± 28 

cm (p < 0.001; one-way ANOVA with post-hoc Dunnett test; Figure 6a). By having over double 

the average total travel distance in comparison to the R6/2 or R6/2 mCherry-transduced control 

group, the R6/2 ND1 plus Dlx2 treatment for in vivo cell conversion in R6/2 mice showed 

notable improvements in locomotive function as suggested by the five-minute trial data.  

Beyond motor functions, the short-term memory, spatial learning, and spontaneous 

alternations of mice were also measured through the use of the Y Maze Spontaneous Alternation 

test. This behavioral test measured the willingness of mice to explore new settings since healthy 

wild type mice usually prefer to enter a different arm of the maze instead of repeatedly entering 

the same arm. Thus, the test involved the septum, prefrontal cortex, basal forebrain, and 

hippocampus in mice. The test was quantified through a methodology involving manually 

comparing the third entry to the previous two entries. The three arms in the Y maze were each 

labeled either Lane A, B, or C. If the third entry was different from the previous two entries, then 

that particular entry was marked as correct. However, if the third entry involved going back to 

one of the previous two entries, then that particular entry was marked as an error. Entry into a 

particular arm was determined based upon the requirement that all four limbs of the mouse must 

be inside the area of that arm in order to be marked as a legitimate entry. The alternation 
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percentage was calculated through the formula of 1 - sum of error value

total entry count  for each of the five-minute 

trials. Thus, the higher the alternation percentage then the lower the error rate, indicating better 

spatial working memory55. The wild type group had the highest average alternation percentage of 

74 ± 9.6% especially when compared to the R6/2 group which had drastically lower alternation 

percentage of 32 ± 7% (p < 0.001; unpaired Student’s t-test; Figure 6b). There was no 

statistically significant difference between the R6/2 group and the R6/2 mCherry-transduced 

control which had a similar alternation percentage of 34.3 ± 6.7%. These data indicated that the 

error rates were much higher in the R6/2 and R6/2 mCherry-transduced control group which 

suggested that the frequencies of repeated entries into the same arm were much higher, implying 

that there was greater impairment in spatial working memory for the R6/2 and R6/2 mCherry-

transduced control group. It was also noted during the five-minute trials that the R6/2 mice were 

observed to have stayed in the center of the Y maze apparatus in between all three arms for a 

much greater period of time proportionally so fewer total entries were observed which may be 

tied to symptoms of impaired motor function and skeletal muscular atrophy. Interestingly, the 

ND1 plus Dlx2 treated R6/2 mice showed significant improvement when compared to the R6/2 

group with an average alternation percentage value of 53.3 ± 8.8% (p < 0.01; one-way ANOVA 

with post-hoc Dunnett test; Figure 6b). This increase in alternation percentage suggested that the 

in vivo astrocyte-to-neuron conversion treatment may have improved the short-term memory and 

spatial learning for the R6/2 mice.  

Finally, the body weight for the various treatment groups were also examined since 

weight loss was one of the most common peripheral symptoms shown in individuals with 

Huntington’s disease48. However, the underlying mechanism in terms of how the mHTT protein 

exactly affected peripheral tissues to cause progressive weight loss has not been conclusively 
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determined thus far. With the R6/2 mouse model, these transgenic mice were reported to begin 

progressive weight loss at eight weeks of age. Thus, for this examination, the body weights for 

R6/2 mice in either the mCherry transduced control group or ND1 plus Dlx2 transduced group 

were first measured one week prior to surgery when the mice were at five weeks of age and then 

measured again six weeks post-surgery when the mice were twelve weeks of age. This particular 

setup was done before the onset of the weight loss symptoms of HD to determine if there were 

any major differences in terms of body weight between the R6/2 ND1 plus Dlx2 transduced mice 

and R6/2 mCherry-transduced control group prior to surgery. The second weight measurement 

was taken six weeks after surgery in order to be able to provide sufficient time for the effects of 

the different treatments and HD symptoms to appear. Based on the box and whisker plot, there 

was no statistically significant difference between the R6/2 mice one week prior to surgery since 

the average weights for the R6/2 mCherry-transduced control and R6/2 ND1 plus Dlx2 

transduced mice were 23.8g and 24.0g respectively (p = 0.392; Figure 6c). After six weeks post-

surgery, the ND1 plus Dlx2 treated R6/2 mice showed less weight loss when compared to the 

R6/2 mice treated with mCherry control. The R6/2 mCherry-transduced control group had an 

average body weight of only 17.6g after six weeks while the R6/2 ND1 plus Dlx2 transduced 

mice had an average body weight of 20.6g (unpaired Student’s t-test; p = 0.029; Figure 6c). 

Thus, through the results from the three behavioral tests, the data may indicate that the ND1 plus 

Dlx2 treatment in R6/2 mice for in vivo conversion of striatal astrocytes to GABAergic neurons 

showed potential in improving the neurological and behavioral deficits and slowing the onset and 

severity of the HD symptoms.  
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Figure 6: Graphical Comparison Indicating Behavioral Improvements in R6/2 ND1+Dlx2 Transduced Mice 
(a) Graphical depiction of the open field behavioral test data indicated the total average travel distance 
measured in cm in five-minute trials for each of the four experimental groups. Total average travel distance 
was much lower for R6/2 in comparison to the wild type (***p < 0.001; unpaired Student’s t-test for WT 
and R6/2 comparison). Fortunately, total average distance traveled notably increased for R6/2 mice treated 
with ND1+Dlx2. The graph provides the data in the format of mean ± SEM (one-way ANOVA with post-
hoc Dunnett test for R6/2 mice comparison; ***p < 0.001). (b) Quantified data of the Y Maze Spontaneous 
Alternation test measured the alternation percentage based on the formula of 1 - (sum of error value)/(total 
entry count) in each five-minute trial for all four experimental groups. Alternation percentage was much 
lower for R6/2 group in comparison to the wild type, indicating a higher error rate (***p < 0.001; unpaired 
Student’s t-test for WT and R6/2 comparison). Remarkably, the ND1+Dlx2 treated R6/2 mice showed a 
notable increase in alternation percentage. The graph provides the data in the format of mean ± SEM (one-
way ANOVA with post-hoc Dunnett test for R6/2 mice comparison; **p < 0.01). (c) Box and whisker plot 
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compared the average body weight for R6/2 mice over two time points with 7 days before viral injection 
surgery and 42 days after surgery. ND1+Dlx2 treated R6/2 mice lost less body weight when compared to 
the mCherry treated control R6/2 mice after 42 days post-surgery (*p < 0.05; unpaired Student’s t-test). 
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Chapter 4  

 
Discussion 

Converting Striatal Astrocyte to GABAergic Neuron  

In this paper, it was demonstrated that striatal astrocytes in R6/2 transgenic mice can be 

converted into GABAergic neurons in vivo to improve neurological and behavior phenotypes. 

The ND1 plus Dlx2 based gene therapy via intracranial injection in the striatum has been shown 

to notably alleviate motor deficits, improve short-term memory, and reduce the rate of weight 

loss. Utilizing the AAV5 GFAP::Cre system to limit viral expression to only astrocytes, nearly 

all of the ND1+Dlx2 infected cells were GFAP+ astrocytes in the early time points with little, if 

any, NeuN+ neurons. However, towards the later time points, ND1+Dlx2 infected cells were 

seen to no longer be GFAP+ astrocytes and instead found in NeuN+ neurons. Furthermore, 

neither the R6/2 AAV mCherry control nor the wild type group showed a transition from 

astrocyte to neuron in a time dependent manner with the lack of co-labeling in the NeuN and 

GFAP marker. All of this evidence suggests that direct in vivo conversion for the transition from 

astrocytes to neurons based on time is the most probable explanation for this phenomenon.  

However, regardless of the evidence indicating in vivo cell conversion, there is still a 

concern with the possibility of the AAV5 vector being expressed through immunofluorescent 

markers in endogenous neurons instead of neurons converted from astrocytes. This issue would 

be a greater problem in the case if mCherry+ neurons colocalized with NeuN for the R6/2 

mCherry control samples in the GFAP::cre system since they should not be able to convert 

astrocytes. These endogenous neurons could express the reporter protein through direct contact 

or even exosomes if the AAV5 system could express the Cre recombinase vector in these 
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endogenous neurons in order to invert the ND1 or Dlx2 coding sequence into its correct 

orientation. Thus, further research on the underlying mechanisms behind viral leakage into 

endogenous neurons is necessary to provide even stronger evidence for in vivo cell conversion in 

the central nervous system. A way to combat this concern would be to conduct more side-by-side 

control experiments with mCherry and ND1+Dlx2 at various time windows to better quantify 

any viral leakage. More interestingly, if a promotor was discovered to provide even higher 

specificity for astrocytes than the GFAP promoter currently used for the expression of cre, then 

the use of that different promoter for astrocyte to neuron conversion could more effectively 

resolve the concern with the possibility of viral leakage into endogenous neurons.  

Despite the concern with the possibility of AAV5 vector expression in endogenous 

neurons, there was still greater concentration of neurons found in the striatum of R6/2 mice that 

received the ND1+Dlx2 treatment in comparison to the R6/2 mice that had the mCherry control 

treatment. This neurological phenotype was also expressed through behavioral differences 

between the R6/2 ND1 plus Dlx2 transduced mice and R6/2 mCherry-transduced control group. 

The ND1+Dlx2 treated R6/2 mice demonstrated significant increases in the distance traveled and 

alternation percentages when compared to the R6/2 mCherry-transduced control group which 

indicate that there were physically observable improvements in motor function and spatial 

learning. Furthermore, the lower rate of weight loss observed in the ND1+Dlx2 treated R6/2 

mice compared to the R6/2 mCherry-transduced control group highlighted the possibility that the 

ND1+Dlx2 gene therapy treatment could slow the progression of Huntington’s disease.  

 In addition to the approach used with stereotaxic intracranial injection in the striatum, 

another virus labeling system in the form of the retro-orbital route has also shown some promise 

in reaching global astrocytes-specific targeting for conversion. The Cre-FLEx system via retro-
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orbital injection was demonstrated to have a wide reach in virus infection across multiple brain 

regions and the spinal cord. For the ND1+Dlx2 treatment through retro-orbital injection, there 

was evidence of neuron regeneration with the greater density of NeuN and more intense Cux1 

signal compared to the control group, indicating that some restoration of neurons occurred in the 

superficial layer of the cerebral cortex. Furthermore, the R6/2 ND1 plus Dlx2 transduced mice 

also showed the presence of GFP and ChAT double positive cells co-labeled with NeuN which 

provided evidence indicating that the ND1+Dlx2 treatment through retro-orbital injection led to 

the presence of converted cholinergic neurons in the striatum. 

Conclusion, Considerations, and Implications 

Even with the increase in neuron concentration along with improvements in behavioral 

and neurological phenotypes, there is still much more research that needs to be conducted in 

order to provide further evidence for the beneficial effects of the potentially disease-modifying 

therapy. For the in vivo converted neurons, more research needs to be done on whether these 

converted neurons demonstrate the same electrophysiological properties to the preexisting 

neurons. If so, there is also a question of whether the proper neurons are generated in the correct 

region that can then project to the right targets in forming proper circuits during the process of 

repair in the central nervous system. Furthermore, in converting from astrocytes to neurons, more 

work needs to be done to better understand the effects this process has on the concentration of 

astrocytes surrounding neurons in the local environment. In addition to regenerating GABAergic 

neurons, the possibility of generating a greater variety of neuronal subtypes with varying 

transcription factor combination should also be further researched. In addition to examining the 
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underlying disease markers, a larger sample size and greater variety in behavioral tests should be 

conducted to better quantify the specific phenotypic improvements observed from the R6/2 ND1 

plus Dlx2 transduced mice.  

Another source of limitation for the in vivo cell conversion technology involves the 

underlying gene mutation pervasive in Huntington’s disease since even the converted 

GABAergic neurons may still eventually exhibit aggregation of mutant HTT that can then lead to 

neurodegeneration since astrocyte conversion to neurons does not directly resolve the systemic 

issue regarding the length of the CAG trinucleotide repeat sequence. Thus, further work into a 

more holistic solution can involve the combination in the use of the in vivo cell conversion 

technology to alleviate the symptoms or slow the disease progression and CRISPR gene editing 

to fix the huntingtin gene expansion. That way, both the gene mutation and the 

neurodegeneration issue can be properly addressed in providing an effective therapeutic 

treatment solution to Huntington’s disease.  

Without a doubt, the data provided in this paper demonstrate not only the conversion of 

striatal astrocytes into GABAergic neurons at a cellular level but also the neurological and 

behavioral improvements in motor skills, spatial learning, and weight loss. However, more data 

sets and experimental trials must be conducted to more conclusively prove and further these 

conclusions. The ND1 plus Dlx2 gene therapy technology preliminarily demonstrates great 

potential in treating Huntington’s disease and various other neurodegenerative disorders. Since 

the current available treatments for Huntington’s disease merely reduces the severity for only 

certain symptoms, the in vivo cell conversion technology provides the possibility for 

regenerating neurons to more effectively address or slow the progression of the 

neurodegenerative disease. 
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