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ABSTRACT IN ENGLISH

This study investigates the potential therapeutic effects of overexpression of striatal brain-
derived neurotrophic factor (BDNF) delivered via Adeno-associated viral (AAV) vectors in
the parafascicular thalamic nucleus (PF) in the context of Huntington’s disease (HD),
using the R6/2 mouse model. We initially visualized the thalamostriatal system in
C57BL/6J mice using biotin dextran amine (BDA) anterograde tracer, followed by
evaluating AAV5-GFP gene expression and axonal transport from the PF to the striatum.
Subsequently, we examined the impact of the AAV5-BDNF-GFP vector on motor
behavior in R6/2 mice. Behavioral assessments included clasping, open field, and
elevated plus maze tests, coupled with histological analysis through
immunohistochemistry and stereology to evaluate morphological changes. Our research
highlights that the AAV5-GFP vector exhibits effective GFP expression in the PF and
anterograde transport to the striatum, but results indicated that our initial AAV5-BDNF-
GFP construct does not significantly alter BDNF levels in the PF or TrkB receptor

activation in the striatum.

Further evaluations in collaboration with the National Research Council Canada focused
on the comparison between plasmid candidates pCMV-hBDNF-IRES2-hrGFP and
pCMV-hBDNF-2A-eGFP, with findings suggesting that pCMV-hBDNF-2A-eGFP
enhances BDNF expression and secretion in vitro. Additionally, we explored AAV9
vectors in C57BL/6J mice, demonstrating improved stability, BDNF overexpression and

anterograde transport of AAV9-BDNF-GFP compared to AAVS5 vectors. Delivery of AAV9-



BDNF-GFP vector at high titers in R6/2 mice revealed an increased incidence of sudden
death. However, survival analysis showed that the diluted AAV9-BDNF-GFP vector
resulted in a significant increase in median survival time compared with the non-diluted

vector.

Our results suggest that the AAV9-BDNF-GFP viral construct effectively overexpresses
BDNF in the PF and increases striatal BDNF levels. Utilizing PF axonal transport of the
viral vector enables the dissemination of therapeutic BDNF throughout brain circuitry, thus
requiring a lower viral load and providing the physiological support mechanism for
thalamostriatal neurotrophic support. This approach holds promise as a therapeutic

strategy for developing effective treatments for neurodegenerative diseases.



RESUME EN FRANCAIS

Cette étude explore les effets thérapeutiques potentiels de la surexpression du facteur
neurotrophique dérivé du cerveau (BDNF, pour ses sigles en anglais) strié, délivré via
des vecteurs viraux associés a l'adénovirus (AAV, pour ses sigles en anglais), dans le
noyau thalamique parafasciculaire (PF) dans le contexte de la maladie de Huntington, en
utilisant le modele murin R6/2. Nous avons d'abord visualisé le systeme thalamostriatal
chez les souris C57BL/6J en utilisant le traceur anterograde biotine dextran amine (BDA,
pour ses sigles en anglais), suivi de I'évaluation de I'expression génique AAV5-GFP et
du transport axonal du PF au striatum. Par la suite, nous avons examiné l'impact du
vecteur AAV5-BDNF-GFP sur le comportement moteur chez les souris R6/2. Les
évaluations comportementales comprenaient des tests de clasping, open field et elevated
plus maze, accompagnés d'une analyse histologique par immunohistochimie et
stéréologie pour évaluer les changements morphologiques. Nos recherches soulignent
gue le vecteur AAV5-GFP montre une expression efficace de la GFP dans le PF et un
transport anterograde vers le striatum, mais les résultats ont indiqué que notre premier
construct AAV5-BDNF-GFP n'altere pas significativement les niveaux de BDNF dans le

PF ni l'activation du récepteur TrkB dans le striatum.

Des évaluations supplémentaires en collaboration avec le Conseil National de
Recherches du Canada ont porté sur la comparaison entre les candidats plasmidiques
pCMV-hBDNF-IRES2-hrGFP et pPCMV-hBDNF-2A-eGFP, avec des résultats suggérant

gue pCMV-hBDNF-2A-eGFP améliore I'expression et la sécrétion de BDNF in vitro. De



plus, nous avons exploré les vecteurs AAV9 chez les souris C57BL/6J, montrant une
stabilité améliorée, une surexpression du BDNF et un transport anterograde de I'AAV9-
BDNF-GFP comparé aux vecteurs AAV5. La délivrance du vecteur AAV9-BDNF-GFP a
des titres élevés chez les souris R6/2 a révélé une incidence accrue de déces soudains.
Cependant, I'analyse de survie a montré que le vecteur AAV9-BDNF-GFP dilué entrainait
une augmentation significative du temps de survie médian par rapport au vecteur non

dilue.

Nos résultats suggerent que le construct viral AAV9-BDNF-GFP surexprime efficacement
le BDNF dans le PF et augmente les niveaux de BDNF striataux. L'utilisation du transport
axonal du vecteur viral dans le PF permet la diffusion du BDNF thérapeutique a travers
le circuit cérébral, nécessitant ainsi une charge virale plus faible et fournissant le
mécanisme de soutien physiologique pour le soutien neurotrophique thalamostriatal.
Cette approche semble prometteuse en tant que stratégie thérapeutique pour développer

des traitements efficaces pour les maladies neurodégénératives.
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However, this novel delivery method poses challenges. While BDNF overexpression is
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it is essential to acknowledge the limitations inherent to animal models, which may not
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Chapter 1: INTRODUCTION

Clinical aspects of Huntington’s disease

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder that
primarily affects the basal ganglia. It is characterized by progressive motor abnormalities,
neuropsychiatric symptoms, cognitive decline, and eventual death (Ghosh & Tabrizi,
2015; Landles & Bates, 2004). Motor alterations are marked by involuntary hyperkinetic
movements including chorea and sustained muscle contraction which evolve to rigidity
and bradykinesia in the later stages of the disease (Ghosh & Tabrizi, 2015). Cognitive
deficits may include changes in personality, disinhibition and reduced mental capability,
potentially advancing to subcortical dementia. Additionally, psychiatric alterations such
as anxiety and depression are common (De Souza & Leavitt, 2015). HD is caused by an
expansion of CAG repeats in the exon 1 of the gene encoding the huntingtin protein (htt)
located in the short arm of chromosome 4. This expansion leads to the production of long
polyglutamine stretches, resulting in mutant huntingtin (mhtt) (Bates, 2005). The wild-type
gene contains fewer than 36 CAG repeats whereas individuals with more than 40 repeats
develop HD (Ghosh & Tabrizi, 2015). The prevalence of HD varies globally, but there is
evidence that it is increasing by 15 to 20% per decade in North America, Western Europe,
and Australia (Rawlins et al., 2016), particularly among the Caucasian population (E. R.

Fisher & Hayden, 2014).

The most notorious neuropathological features of HD are the drastic loss of the
GABAergic medium-sized spiny neurons (MSNSs) in the striatum and severe atrophy of

the neocortex (Alberch, Pérez-Navarro, & Canals, 2004). MSNs are projection neurons
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that constitute 95% of all neurons in the striatum. They are divided into two groups: the
direct pathway neurons, which project to the substantia nigra pars reticulata (SNpr) and
the internal segment of the globus pallidus; and the indirect pathway neurons, which
project to the globus pallidus external segment (Alberch et al., 2004). In HD, neurons of
the indirect pathway begin to degenerate in the early to middle stages, while at the most
advanced stages, all striatal projections are affected (Reiner et al., 1988). Recent
evidence suggests that striatal interneurons co-expressing somatostatin  and
neuropeptide-Y are spared, whereas cholinergic and parvalbumin striatal interneurons
degenerate (Reiner etal., 2013; R. Smith et al., 2006). In advanced stages of the disease,
there is a reduction in the number of pyramidal neurons of layers lI-lll, V and VI of the
association and motor cortices, suggesting a significant role for the corticostriatal pathway

in striatal impairment (Alberch et al., 2004).

HTT protein

The wild-type htt protein is expressed ubiquitously throughout the body, with the highest
levels observed in the brain, including in both neurons and glial cells (Schulte & Littleton,
2011). htt is predominantly a cytoplasmic protein that functions as a molecular center,
either facilitating the formation of proteins complexes or promoting their dissociation,
depending on a fine coordination of cellular processes (lllarioshkin, Klyushnikov, Vigont,
Seliverstov, & Kaznacheyeva, 2018). This protein is crucial during development for
gastrulation and neurogenesis; homozygous knockout mice do not survive beyond
embryonic day 8.5 (Nasir et al., 1995). In the adult brain, htt is important for neuronal
survival (Chiara Zuccato, Ciammola, Rigamonti, Leavitt, & et al., 2001). It associates with

cell membranes, vesicles, and the cytoskeleton, and it is involved in various processes
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such as endocytosis, intracellular trafficking, synaptic transmission, regulation of
autophagy, transcriptional regulation and dynamics of vesicular transport. These
functions impact directly the neuronal fate and general signal transduction (lllarioshkin et
al., 2018). The CAG expansion in the htt gene causes conformational changes in the
protein, altering its interactions with other proteins and its degradation, which results in
the formation of intracellular aggregates (lllarioshkin et al., 2018). Given the critical role
of wild type htt, any modifications to this protein significantly disrupt cellular functions.

Evidence from both in vitro and in vivo studies indicate that mhtt is associated with
abnormalities in glutamatergic and dopaminergic transmission in the forebrain, altered
striatal enriched proteins, microglial activation, neuroinflammation, mitochondrial
dysfunction, impaired protein clearance and abnormal axoplasmic transport (Landles &
Bates, 2004). Additionally, small mhtt fragments translocate to the nucleus and form
intranuclear aggregates, which interfere with the proper regulation of gene expression
(lllarioshkin et al., 2018). One of the genes negatively affected by mhtt is the brain-derived
neurotrophic factor (BDNF) gene (Chiara Zuccato et al., 2001), a member of the

neurotrophin family.

Neurotrophic support

Neurotrophins are secreted proteins that promote neuronal development, plasticity and
survival. Four neurotrophins have been abundantly described: nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3) and neurotrophin-4/5
(NT-4/5) (Barde, Edgar, & Thoenen, 1982; Cohen, 1960; Hohn, Leibrock, Bailey, & Barde,
1990; Ip et al., 1992; Levi-Montalcini & Hamburger, 1951). These proteins bind to two

types of receptors: Tropomyosin receptor kinases (Trks) and the 75 kDa pan-neurotrophin
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receptor (p75NTR). Trk receptors are involved in pro-survival signaling, while p75NTR
mediates degenerative signaling pathways (C. Ceni et al., 2010; Claire Ceni, Unsain,
Zeinieh, & Barker, 2014; Gibon & Barker, 2017; Illarioshkin et al., 2018; Matusica et al.,
2013; P. P. Roux, Colicos, Barker, & Kennedy, 1999; Savolainen, Emerich, & Kordower,
2018; Simmons, 2017; Skaper, 2008). The neurotrophic hypothesis, based on NGF
function, posits that neurons responsive to a trophic factor project axons to specific
targets that produce the factor to ensure their survival. Upon binding to specific
membrane receptors on the neuronal projections’ terminals, the factor/receptor complex
is internalized. The complex is then retrogradely transported from the terminal to the cell
body, where it exerts effects on survival and differentiation. In contrast, neurotrophins like
BDNF, are synthetized as pro-neurotrophins, in this case pro-BDNF. Depending on
specific regulatory mechanisms, pro-BDNF can be cleaved into mature BDNF or remain
as pro-BDNF to then be sorted into large dense core vesicles that follow the regulatory
secretory pathway. These vesicles are anterogradely trafficked from the cell body along
axonal processes and stored within pre-synaptic terminals. BDNF is released from axon
terminals via calcium-dependent exocytosis upon depolarization. Once secreted, mature
BDNF binds to its specific membrane receptor, TrkB, on the target neuron. The
BDNF/TrkB complex is then internalized and is retrogradely transported to the cell body
of the target neuron, where it promotes survival, plasticity and differentiation (Conner,
Lauterborn, & Gall, 1998; Gibon & Barker, 2017; Von Bartheld, Byers, Williams, &

Bothwell, 1996).
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Striatal afferent systems

The striatum receives neurotrophic support from three main afferent systems: the
corticostriatal and thalamostriatal glutamatergic pathways and the nigrostriatal
dopaminergic pathway. Approximately 90% of corticostriatal synapses are formed with
dendritic spines, while the remaining synapses are with dendritic shafts and cell bodies
of striatal neurons. Within the thalamus, the parafascicular thalamic nucleus (PF)
extensively innervates the matrix compartment of the striatum, with some sparse
projections to the subthalamic nucleus (STN) and the cerebral cortex. The majority of PF
terminals form synapses on dendritic shafts of striatal neurons (Mandelbaum et al., 2019;
Y. Smith, Raju, Pare, & Sidibe, 2004). Conversely, nigrostriatal afferents from the
substantia nigra pars compacta (SNpc) primarily form synapses on the neck of dendritic
spines, close to cortical inputs, rather than to PF inputs. Based on anatomical structures,
it is suggested that dopaminergic afferents modulate glutamatergic inputs, particularly
cortical inputs (Y. Smith et al., 2014; Y. Smith et al., 2004). Notably, around 70-90% of
projections from the PF reach and cover the striatum from the anterior to the posterior
portion, making this nucleus a promising target for delivering therapeutic agents
(Gonzalo-Martin, Alonso-Martinez, Sepulveda, & Clasca, 2024; Mandelbaum et al., 2019;

Y. Smith et al., 2014).

BDNF-mediated anterograde neurotrophic support

Striatal neurons express TrkB receptors but do not contain BDNF mRNA. Instead, BDNF
protein is synthesized by corticostriatal, thalamostriatal and nigrostriatal afferents. BDNF
is then transported anterogradely along these axonal projections to the striatal neurons.

Once in the striatum, the BDNF/TrkB complex activates signaling cascades that promote
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the survival and maintenance of the neurochemical and morphological properties of these
neurons (Altar et al., 1997; Fawcett et al., 2000; Kirschenbaum & Goldman, 1995;
Nguyen, Rymar, & Sadikot, 2016; Samadi et al., 2013). The neurotrophic hypothesis of
HD suggests that decreased BDNF synthesis, transport and delivery to the striatum

contribute to striatal neuronal degeneration (C. Zuccato, Valenza, & Cattaneo, 2010).

BDNF synthesis and transport in HD

In HD patients and animal models, evidence shows that neurotrophin levels and Trk
receptors decrease, while p75NTR protein levels and its activation increase. This shift
results in a loss of survival signaling and an increase in degenerative pathways (Ferrer,
Goutan, Marin, Rey, & Ribalta, 2000; Simmons, 2017; C. Zuccato et al., 2008). Prior to
striatal degeneration, there are deficits in TrkB activation and the regulation of
downstream molecules in the striatum (Nguyen et al., 2016). Additionally, progressive
reduction in BDNF mRNA in the motor cortex and thalamic striatal afferents coincides
with motor dysfunction and striatal neuronal loss (Samadi et al., 2013). Consequently,
several studies suggest that BDNF acts as a neuroprotective agent in HD models
(Benraiss & Goldman, 2011; Kirschenbaum & Goldman, 1995; Nguyen et al., 2016;
Samadi et al., 2013).

Reports indicate that BDNF protein production is partially regulated by the action of wild-
type httin the BDNF promoter Il. When htt is mutated (HD), it acquires toxic functions that
inhibit BDNF transcription and disrupt the motor complex responsible for transporting
vesicles along microtubules in both anterograde and retrograde directions (Chiara

Zuccato et al., 2001). Congruently, this regulation is lost in the early stages of HD, leading
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to reduced BDNF transport to the striatum and resulting in neuronal damage due to

insufficient neurotrophic support.

R6/2 mouse model

The R6/2 mouse model is one of the most commonly used for studying HD (Gil & Rego,
2009). This transgenic mouse line carries a 1.9 kb human genomic fragment containing
promoter sequences and the exon 1 of the htt gene, which includes approximately 130-
140 CAG repeats (Mangiarini et al., 1996). The R6/2 mouse exhibits a progressive
neurological phenotype; with early onset of symptoms around 8 weeks of age and rapid
progression leading to death generally by 13 weeks. This model effectively replicates
many characteristics of juvenile human HD, including choreiform-like movements,
epileptic seizures, resting tremor, limb clasping, involuntary stereotypic movements (such
as repetitive stroking of the nose and face or hind limb kicking or scratching), and non-
movement disorder components like anxiety and depression-like behaviors (LUesse et
al., 2001; Mangiarini et al., 1996). One of the earliest noticeable motor symptoms in R6/2
mice is dyskinesia of the limbs when suspended by the tail; affected mice clasp their limbs
together and are unable to change their posture. Additionally, these mice begin to lose
weight and muscle bulk around the same time motor symptoms emerge (Mangiarini et
al., 1996; Samadi et al., 2013).

R6/2 mice are also characterized by decreased striatal and cortical volume, altered
neurotransmitter levels and receptor expression, and a progressive decrease in BDNF
MRNA detected in striatal afferents between 6-13 weeks of age, which is associated with
impaired motor coordination (Gil & Rego, 2009; Mangiarini et al., 1996; Samadi et al.,

2013). At 6 weeks of age, a reduction in neostriatal volume is observed, with neuronal
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atrophy beginning by 9 weeks and preceding neuronal loss. Striatal neuronal

degeneration progresses rapidly between 6 and 13 weeks of age (Samadi et al., 2013).

Gene therapy

All the evidence above suggests that one of the primary processes affected in HD is the
striatal BDNF neurotrophic support (Simmons, 2017). Currently, there are no treatments
available that can prevent or slow the disease progression. However, BDNF
administration as a therapeutic strategy is supported by solid preclinical data from various
animal models. Despite reduced TrkB levels and activity, administering BDNF can
improve the neuropathological phenotype (C. Zuccato & Cattaneo, 2009). The challenge
with exogenous neurotrophins includes their low stability, short serum half-lives, poor
availability through oral routes, and restricted blood-brain barrier (BBB) permeability.
Even invasive delivery methods may result in limited neurotrophin diffusion and require
repeated administration due to the progressive nature of the disease (Simmons, 2017).
A promising alternative involves using viral vectors engineered to encode the BDNF
protein. Although this method is invasive because it requires injection into the subcortical
target area, it typically requires only a single injection. The viral vector enables continuous
production of the neurotrophin by the neuron (Simmons, 2017). Extensive research has
been done trying to deliver neurotrophic factors to striatal neurons through gene therapy,
taking as an advantage that its production would be constant and local. Furthermore,
BDNF long-term expression from adeno-associated viral (AAV) vectors has been
successfully developed and has produced encouraging results (C. Zuccato & Cattaneo,

2009).
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Adeno-associated viral vectors

AAVs are small (25nm), icosahedral, non-enveloped viruses with single-strand DNA
genome of 4.7kb. They require a helper virus, either adenovirus or herpesvirus, for
replication (Daya & Berns, 2008). The AAV genome includes 145-bp inverted terminal
repeats (ITRs) that flank two open reading frames (ORFs), coding for proteins necessary
for the viral life cycle (Daya & Berns, 2008). AAVs bind to specific cell surface receptors
and enter the cell via endocytosis. The viral genome is then released from the capsid and
transported to the nucleus for transcription (Savolainen et al., 2018). After infection, the
virus undergoes a lytic stage followed by a lysogenic stage. Helper viruses regulate
cellular gene expression, providing a favorable environment for AAV to function. In the
absence of a helper virus, AAV replication is limited, viral gene expression is inhibited,
and the AAV genome can integrate into a specific region on chromosome 9 for latent
infection (Daya & Berns, 2008). Current AAV vectors are engineered to avoid site-specific
integration, although ITRs are retained for genome packaging. These recombinant AAV
vectors (rAAVs) persist as extrachromosomal elements (Daya & Berns, 2008; Issa,
Shaimardanova, Solovyeva, & Rizvanov, 2023).

rAAVs are widely used in gene therapy for the Central Nervous System (CNS) due to
their remarkable efficacy, safety, non-pathogenic nature, and ability to infect both dividing
and non-dividing cells, especially neurons (Issa et al., 2023; Michaél, Laura, Mickael,
Samantha, & Nathalie, 2016; Savolainen et al., 2018). While AAV2 is the most studied
serotype, it has been found less effective than other to other serotypes in transducing
neurons and producing a smaller radius of transgene expression (Aschauer, Kreuz, &

Rumpel, 2013; Burger et al., 2004; Cearley & Wolfe, 2006). New rAAV types have been
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developed by inserting the AAV2 genome into the capsids of other AAV serotypes,
resulting in different capsid/cell interactions. In the nomenclature, when a rAAV
possesses the AAV5 capsid but the AAV2 genome for example, the abbreviation can be
written as follows: rAAV2/5, rAAV5/2 or AAV5. Each AAV serotype has a distinct affinity
for specific cell surface receptors, establishing cell tropism (Bell, Gurda, Van Vliet,
Agbandje-McKenna, & Wilson, 2012; Hordeaux et al., 2018; Shen, Bryant, Brown,
Randell, & Asokan, 2011). Upon binding to its receptor, additional cell surface coreceptors

facilitate entry into the cell (Akache et al., 2006; Bell et al., 2012; Issa et al., 2023).

AAVs are abundantly used in gene therapy research. Common serotypes include AAV9,
AAV5 and AAV1, with different promoters depending on the targeted cell type. Studies
have been conducted in various CNS regions, including the striatum, cerebral cortex,
ventral tegmental area (VTA), substantia nigra, thalamus and cerebellum in mice, rats,
nonhuman primates (NHP) and humans (Burger et al., 2004; Cearley & Wolfe, 2007;
Connor et al., 2016; Davidson et al., 2000; Eslamboli et al., 2005; Kells et al., 2004, Kells,
Forsayeth, & Bankiewicz, 2012; Kells et al., 2009; Kells, Henry, & Connor, 2008; S. F. Li
et al., 2006; McBride et al., 2003; Pearson et al., 2021; S. Ramaswamy et al., 2009;

Watakabe et al., 2015).

AAV vectors offer a significant potential for developing treatment strategies for HD. For
example, McBride et al. (McBride et al., 2003) reported histological and behavioral
protection in rats treated with 3 nitropropionic acid (3NP) following bilateral striatal

injections of AAV-GDNF (glial-derived neurotrophic factor). Connor et al., (Connor et al.,
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2016), found that bilateral striatal injections of AAV1-BDNF in homozygous HD rats
attenuated impairments in motor and cognitive function. Kells et al. (Kells et al., 2004;
Kells et al., 2008) observed increased survival of striatal MSN and interneurons after
unilateral injection of AAV1-BDNF in quinolic acid (QA) treated rats. In these studies, AAV
effectively transduced small sections of the striatum, resulting in a limited radius of BDNF
expression.

This study introduces a novel approach aiming to enhance BDNF distribution throughout
the striatal structure. By targeting the PF for AAV-BDNF vector transduction instead of
direct striatal injection, our research takes advantage of the natural pathway for BDNF

synthesis, anterograde transport, and release to striatal neurons.

Anterograde transport of transgenes

Previous studies have demonstrated the feasibility of delivering an AAV vector into an
afferent pathway of a targeted structure. This method allows the vector to express the
intended protein, which is then transported to the targeted structure to exert its effects.
Cearley and Wolfe (Cearley & Wolfe, 2007) compared the axonal transport of a rAAV9
after delivery to the striatum versus the VTA. They found that the VTA spread the
transgene more widely throughout the brain parenchyma due to its extensive efferent and
afferent projections. AAV1 and AAV10 were also transported anterogradely from the VTA,
though at lower expression levels than AAV9. Bankiewicz and colleagues reported
widespread expression of GDNF in targeted cortical regions following a single AAV2-
GDNF injection in the primate thalamus (Kells et al., 2009). In another study, GDNF was

transported anterogradely to the SNpr and STN following AAV2-GDNF injection into the
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striatum of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treated primates,
resulting in recovery of dopamine activity and motor function (Kells et al., 2012). The
same group administered AAV2-AADC (aromatic L-amino acid decarboxylase) into the
SN and VTA of children with AADC deficiency, leading to clinical improvement through
increased dopamine metabolism in the midbrain and striatum (Pearson et al., 2021).
Eslamboli et al. (Eslamboli et al., 2005) observed anterograde transport of GDNF to the
globus pallidus and recovery of dopamine metabolism following AAV2-GDNF injection
into the 6-hydroxydopamine (6-OHDA) treated primate striatum. Ramaswamy et al. (S.
Ramaswamy et al., 2009) reported anterograde transport of NTN (neurturin) to the SNpr
and globus pallidus, along with amelioration of HD symptoms, after AAV2-NTN injection
into N171-82Q mice.

To date, no studies have explored this anterograde approach using AAV-mediated BDNF

overexpression in gene therapy interventions for Huntington's disease.

RESEARCH GOALS

HYPOTHESIS

BDNF overexpression in striatal afferents may lead to increased neuronal survival and
maintenance of phenotype in the striatum of R6/2 mice.
Bilateral overexpression of BDNF in the Parafascicular thalamic nuclei could potentially

improve the behavioral and general locomotor alterations present in R6/2 mice.
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GENERAL AIMS

Determine if BDNF can be overexpressed in C57bl/6J mice using AAV-BDNF-GFP
constructs in the thalamostriatal system including neurons at the injection site and
functional release at the striatum.

Determine if BDNF can be overexpressed in R6/2 mice using AAV-BDNF-GFP
constructs in the thalamostriatal system including neurons at the injection site and
functional release at the striatum.

Determine whether AAV-BDNF-GFP constructs can protect striatal neurons.
Determine whether the effect is functionally relevant using behavioral and
locomotor activity assays, such as Open Field, Elevated Plus Maze and Clasping

test.

SPECIFIC AIMS

Visualize the thalamostriatal system in C57BL/6J mice using the anterograde
neuronal tracer biotin dextran amine (BDA)

Determine AAV5-GFP expression and axonal transport timeline

Build a baseline of R6/2 model behavior and locomotor activity

Evaluate changes in behavior and locomotor activity in AAV5-BDNF-GFP treated
R6/2 mice

Analyze AAV-induced changes in striatal neuronal number using Stereology
Evaluate gene expression after bilateral injection in the PF with AAV5-BDNF-GFP
in the striatum and at the injection site of C57BL/6J mice

Select a preclinical overexpression plasmid candidate
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e Select a preclinical AAV viral vector candidate
e Evaluate gene expression after bilateral injection in the PF with AAV9-BDNF-GFP

in the striatum and at the injection site of C57BL/6J mice

RELEVANCE STATEMENT

Huntington’s disease is a hereditary neurodegenerative disorder primarily affecting the
basal ganglia, leading to progressive motor abnormalities, neuropsychiatric symptoms,
cognitive decline, and ultimately death. Currently, there are no treatments capable of
halting its progression, and its prevalence in North America is rising by 15 to 20% per
decade. Extensive research has focused on the neuroprotective effects of BDNF in
striatal neurons. With advancements like rAAV-mediated gene therapy, there is now
potential to administer neurotrophins directly to striatal afferents, facilitating their
anterograde transport to the striatum in a physiological manner. If administered early in
the disease course, this approach may aim to slow symptom progression and potentially
improve the quality of life for affected individuals. Moreover, success in the R6/2 mouse
model of HD suggests this therapeutic strategy might hold promise for treating other

currently untreatable neurodegenerative diseases as well.
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Chapter 2: COMPREHENSIVE REVIEW OF THE RELEVANT

LITERATURE

Neurotrophins and Gene Therapy in Huntington's Disease:

A Comprehensive Review

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder that
predominantly affects the basal ganglia leading to significant neuronal death and
dysfunction in the brain. HD is characterized by progressive motor abnormalities including
chorea, dystonia and incoordination; mood disturbances such as increased anxiety and
depression; cognitive decline accompanied by personality changes and dementia; and
eventually, death. It is caused by a repeat expansion mutation in the gene IT15, which
codes for the huntingtin protein (htt) resulting in abnormally long polyglutamine tracks of
more than 36 CAG repeats and the formation of cytoplasmatic and intranuclear
inclusions. The length of the expansion is correlated with the onset and severity of the
disease; expansions of approximately 70 glutamines or more are observed in juvenile HD
cases. Symptoms typically begin in middle age, but the disease can develop at any time
between infancy to senescence (Landles & Bates, 2004; Rangone, Humbert, & Saudou,
2004; Walker, 2007). Moreover, the onset of the disease tends to occur earlier in
successive generations due to the instability of the CAG repeats during germline
transmission, a phenomenon known as genetic anticipation (Rangone et al., 2004).

The precise pathological mechanisms are not fully understood. However, one of the most

significant neurodegenerative changes in HD is the selective loss of GABAergic medium
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spiny neurons (MSN) in the striatum (Landles & Bates, 2004; Rangone et al., 2004; C.
Zuccato & Cattaneo, 2009). Some of the pathogenic mechanisms involved include 1)
altered vesicular transport, 2) neuronal intranuclear inclusions, 3) excitotoxicity due to
increased input from glutamatergic afferents, 4) transcriptional dysregulation with
disrupted metabolic processes, and 5) impaired neurotrophic support from striatal
afferents (DiFiglia et al., 1995; Landles & Bates, 2004; Reiner, Dragatsis, & Dietrich,
2011; C. Zuccato & Cattaneo, 2009). Despite the known genetic mutation, there is

currently no effective therapy for this neurodegenerative disease.

Huntingtin vs mutated huntingtin

Htt protein is expressed at high levels throughout the brain, in both the nucleus and
cytoplasm of cells. During embryonic development, neurogenesis, and in adult life, htt is
essential as an antiapoptotic protein. This is likely related to its role in regulating the
transcription of brain-derived neurotrophic factor (BDNF), a neurotrophin critical for the
differentiation and maintenance of neurons in the brain (Rangone et al., 2004; Chiara
Zuccato et al., 2001). Additionally, the association of htt with factors like huntingtin
interacting protein 1 (HIP-1) forms a complex involved in endocytosis. However, when
HIP-1 is not associated with the complex due to structural changes in mhtt, HIP-1 induces
caspase-8 activation through its death effector domain (Gervais et al., 2002; Metzler et

al., 2001).
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Impaired vesicular transport by mhtt

Within the cytoplasm, htt is present in neuronal cell bodies, dendrites and axons and is
associated with vesicular structures such as clathrin-coated vesicles, caveolae,
endosomes and microtubules. This suggests its significant role in the secretory pathway,
exo- and endocytosis, intracellular transport, microtubule-dependent transport of
organelles, and membrane cycling throughout the neuron (DiFiglia, 2002; DiFiglia et al.,
1995; Velier et al.,, 1998). Vesicular transport in both anterograde and retrograde
directions along microtubules is htt-dependent and requires the involvement of molecular
motors with dynactin and dynein, respectively. The different structure of mhtt results in a
loss of interaction with the motor complex, microtubules, and vesicles (Gauthier et al.,

2004; Liot et al., 2013).

Neuronal intranuclear inclusions

The mutation in htt alters protein structure, causing a loss of normal functions and
acquisition of toxic functions. mhtt can be proteolytically cleaved and translocated to the
nucleus. Within the nucleus, htt plays an active role in regulating transcription factors by
transporting them between the nucleus and cytoplasm or directly affecting transcription
(Rangone et al., 2004; Chiara Zuccato et al., 2001). Although neuronal intranuclear
inclusions (NIIs) are a pathological hallmark of HD, NlIs may reflect a cellular mechanism
to protect against soluble mhtt-induced cell death. Studies of striatal neurons transfected
with mhtt showed induction of apoptotic mechanisms; however, the presence of Nllis did
not correlate with mhtt-induced death. Inhibition of ubiquitin-mediated proteolysis blocked

the formation of Nlls and an increased mhtt-induced death. Nonetheless, Nlls disrupt
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intracellular homeostasis by inhibiting the proteasome, dysregulating synaptic activity and
transport, and inducing neurite degeneration (Rangone et al., 2004; Saudou, Finkbeiner,
Devys, & Greenberg, 1998). mhtt aggregates also disrupt mitochondrial homeostasis
early in the disease progression, leading to the release of cytochrome C, which promots
energy metabolism dysfunction, activation of caspases, and disruption of calcium flux,
thereby increasing oxidative stress, contributing to excitotoxic processes, and activating
proteases such as calpain. Calpain and caspases are among the proteases that cleave
mhtt in smaller fragments facilitating translocation to the nucleus (DiFiglia, 2002; Rangone

et al., 2004).

Excitotoxicity related to glutamatergic afferents

Alterations are present in synaptic transmission, particularly in the cortical-basal ganglia-
thalamic circuits. One of the early features of HD is increased cortical excitability,
accompanied by alterations in neurotransmission in the thalamostriatal projections and
reduced modulation of excitatory input by dopaminergic projections (Holley et al., 2022;
Kolodziejczyk & Raymond, 2016). In two mouse models of HD, R6/2 and YAC128 mice,
age-dependent changes in neurotransmission occur. Before the appearance of
behavioral symptoms, synaptic currents and glutamate release are elevated with a higher
intracellular Ca?* flux (P. R. Joshi et al., 2009). During the early symptomatic stage,
transient and highly synchronized cortical synaptic events of large amplitude converge on
striatal neurons, exerting excessive spontaneous excitatory neurotransmitter release,
possibly due to a lack of dopaminergic regulation. Large events of enhanced and

synchronized cortical activity produce cortical epileptogenicity in R6/2 animals (Cepeda
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et al., 2003; P. R. Joshi et al., 2009). Additionally, increased glutamate exposure could
trigger alterations in postsynaptic neurons. Compensation mechanisms include
downregulating AMPA—kainate receptors and decreasing the numbers of dendritic
spines, which results in progressive deafferentation associated with a loss of presynaptic
and postsynaptic marker proteins. Consistent with this, during the late symptomatic stage,
evoked synaptic currents and glutamate release are drastically reduced (Cepeda et al.,
2003). Similarly, the YAC128 striatal MSN with mhtt are more sensitive to NMDA-induced
toxicity, possibly because these neurons express a higher proportion of NMDA receptors
at extrasynaptic sites, which trigger cell death signaling. Activation of NMDA receptors at
the synaptic site promotes neuroprotective gene transcription (Kolodziejczyk & Raymond,
2016; Milnerwood et al., 2010). Therefore, it is not only the reduced expression of

receptors in HD, but also changes in the receptor localization.

Transcriptional dysregulation by mhtt

Microarray studies in the late symptomatic stage of two mouse models of HD, the R6/2
and N171-82Q mice, revealed that mhtt disrupts the transcriptional machinery. Some of
the downregulated mRNAs are involved in signal transduction, such as dopamine,
glutamate, cannabinoid, and adenosine receptors, the GABA-synthesizing enzyme
glutamic acid decarboxylase (GAD), and the neuropeptide precursors for enkephalin and
somatostatin. A decrease in mRNAs of many intracellular downstream signaling
components was also observed. Calcium-related mRNAs, nuclear hormone receptors,
and mRNA of genes related to transcription, metabolism and cell structure, like a-actinin-

2, showed decreased expression (Luthi-Carter et al., 2000). Similar results were obtained
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from studies using agonist-receptor binding autoradiography in R6/1, R6/2 and R6/5
brains, which showed a severe decrease in receptor expression by the end of their lives,
including AMPA, kainate and group Il mGIuR (but not NMDAR) in the striatum and
cerebral cortex, and acetylcholine and dopamine receptors (D1 and D2) in the striatum
(Cha et al., 1999). Specifically, in R6/2 mice, mMRNA of A2a adenosine receptors and
metabotropic glutamate receptors are reduced in the pre-symptomatic stage at 4 weeks
of age, while a reduction in dopamine receptors occurs during the symptomatic stage at
8 weeks, resulting in reduced modulation of the presynaptic terminal (P. R. Joshi et al.,
2009). Another gene that is highly influenced by httis the BDNF-coding gene; the resulting
BDNF protein is a member of the neurotrophin family (Gauthier et al., 2004; Liot et al.,

2013; Samadi et al., 2013; C. Zuccato & Cattaneo, 2009; Chiara Zuccato et al., 2001).

Neurotrophins, synthesis and signaling cascades

The groundbreaking research of Rita Levi-Montalcini and Victor Hamburger in 1951 (Levi-
Montalcini & Hamburger, 1951) led to the discovery of a growth factor secreted by mouse
sarcomas. When this factor was implanted into chick embryos, it promoted the
differentiation and growth of sympathetic and sensory neurons from the spinal ganglia.
Stanley Cohen further purified this growth factor from the mouse submaxillary gland in
1960 (Cohen, 1960), which was later named nerve growth factor (NGF) and earned them
the Nobel Prize in Physiology or Medicine in 1986.

Following the discovery of NGF, Barde and colleagues isolated BDNF from pig brains in
1982 (Barde et al., 1982). BDNF was found to support the survival and fiber outgrowth of
embryonic chick sensory neurons, which sparked interest in exploring other members of

the neurotrophin family based on protein structural similarities and DNA sequences. In
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1990, Hohn and colleagues identified Neurotrophin-3 (NT-3) in mice (Hohn et al., 1990),
which was subsequently identified in humans by Jones and Reichardt (Jones & Reichardt,
1990). Neurotrophin-4 (NT-4) was discovered and isolated from Xenopus and vipers by
Hallbook et al. in 1991 (Hallbook, Ibanez, & Persson, 1991), while Berkemeier et al.
identified Neurotrophin-5 (NT-5) in rats (Berkemeier et al., 1991). Nearly simultaneously,
Ip and colleagues discovered a neurotrophin they termed Neurotrophin-4 (NT-4) in rats
and humans (Ip et al., 1992). The nomenclature for NT-4/5 arose due to overlapping

discoveries by Berkemeier and Ip (Berkemeier et al., 1991; Ip et al., 1992).

The neurotrophin family

Neurotrophins constitute a family of secreted growth factors crucial for the development
and maintenance of the nervous system. They are categorized into a single family based
on their homologous genes, amino acid sequence, and protein structure. Neurotrophins
exert their effects through interaction with specific receptors, primarily the tropomyosin
receptor kinases (Trks) and p75 neurotrophin receptor (p75NTR), which influence diverse
cellular processes including survival, differentiation, growth, and apoptosis (Conner et al.,

1998).

Initially synthesized as proneurotrophins of ~30 kDa -pro-NGF, proBDNF, proNT-3, and
proNT-4/5- these precursors undergo proteolytic cleavage in the Golgi apparatus to
generate mature neurotrophins (~13 kDa). Mature neurotrophins bind to both Trk
receptors and p75NTR, whereas proneurotrophins preferentially bind to a receptor

complex comprising sortilin or SorCS2 along with p75NTR (Gonzalo-Martin et al., 2024).
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Structurally, neurotrophins share similarities in their peptide signal sequences, pro-
peptide regions which are involved in correct protein folding and disulfide bond formation,
the cleavage site and six conserved cysteine residues. Comparative amino acid
sequence analysis reveals significant homology among NGF, BDNF, NT-3, and NT-4/5,
highlighting their evolutionary conservation across species, from fish to humans (Hallbook

et al., 1991; Hohn et al., 1990; Jones & Reichardt, 1990).

Neurotrophin synthesis and secretion involve intricate intracellular trafficking
mechanisms. They are synthesized as preproneurotrophins in the endoplasmic reticulum
(ER) and then cleaved to proneurotrophins in the ER lumen. Proneurotrophins are further
processed by enzymes like furin and convertases in the Golgi apparatus. Next, they are
sorted into the trans-Golgi network and packaged into vesicles to enter either the
constitutive secretory pathway or regulated secretory pathways. In the constitutive
pathway, vesicles release their cargo by default when they reach the plasma membrane,
whereas in the regulated secretory pathway, vesicles are released from axon terminals
in response to depolarization.

Neurotrophin release is further regulated by intracellular signaling that modulates vesicle
translocation via microtubules to the active zone at the synaptic cleft. Release occurs by
exocytosis of presumptive large dense-core vesicles and requires synaptobrevin-like
molecules to fuse with the membrane. BDNF predominantly traffics through the regulated
secretory pathway, while NGF and NT-3 can utilize both pathways (Costa, Perestrelo, &

Almeida, 2018).
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Proneurotrophins can be cleaved intracellularly and then secreted as mature
neurotrophins; secreted as proneurotrophins with extracellular cleavage by plasmin; or
secreted as proneurotrophins without subsequent cleavage. The expression, processing
and secretion of proneurotrophins is highly regulated. The ratio between the pro and
mature forms of neurotrophins can influence cellular responses, ranging from neuronal

survival to cell death (Costa et al., 2018).

Trk receptors

p75NTR was initially identified as the sole receptor for NGF (Johnson et al., 1986).
However, it was later found that TrkA, previously known as the trk oncogene, also binds
and responds to NGF (D. R. Kaplan, Hempstead, Martin-Zanca, Chao, & Parada, 1991;
David R. Kaplan, Martin-Zanca, & Parada, 1991). TrkB, discovered shortly thereafter and
sharing structural homology with TrkA, is activated by BDNF and NT-4/5 (Berkemeier et
al., 1991; R. Klein, Parada, Coulier, & Barbacid, 1989). TrkC, identified by Lamballe et al.
in 1991 (Lamballe, Klein, & Barbacid, 1991), was confirmed as the functional receptor for
NT-3 through screening of a porcine brain cDNA library. Trk receptors are glycoproteins
belonging to a family of cell surface transmembrane tyrosine kinase receptors (Martin-
Zanca, Hughes, & Barbacid, 1986). Their general structure includes an extracellular
domain (ECD), a transmembrane domain and an intracellular domain (ICD). The ICD of
Trk receptors comprises a tyrosine kinase catalytic domain and a short carboxy-terminal
tail of approximately 15 amino acids (Barbacid, 1994).

The mouse trkB gene locus codes for two receptor isoforms: the full-length receptor

gp145TB (TrkB.tk*) and the truncated isoform gp95'™® (TrkB.t1). TrkB.tk+ is a 145 kDa
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protein consisting of 821 amino acids, whereas TrkB.t1 is 95 kDa and encodes 476 amino
acids. Both isoforms share identical signal peptides, extracellular domains, and
transmembrane domains. However, only TrkB.tk+ contains a catalytic tyrosine-protein
kinase domain in its ICD (Rudiger Klein, Conway, Parada, & Barbacid, 1990). This
indicates that both TrkB isoforms can bind BDNF and NT-4/5 as ligands (Berkemeier et
al., 1991; Ip et al., 1993), but TrkB.t1 lacks catalytic kinase activity. NT-4 shares a close
structural resemblance and biological activity with BDNF. Despite their similarities, a
distinction arises in the interaction with the TrkBS3*® mutant receptor variant, which
features a cysteine3*® residue instead of the usual serine3#® at its extracellular domain.
TrkBS34> remains responsive to BDNF but not to NT-4/5, suggesting that although
mammalian NT-4/5 interacts specifically with TrkB, this interaction is structurally

distinguishable from TrkB-BDNF (Ip et al., 1993).

Trk receptors signaling

Activation of Trk receptors by neurotrophins initiates a series of signaling events crucial
for neuronal differentiation, mitogenic stimuli, or survival. This activation begins with
ligand binding, which induces receptor dimerization at the cell surface. The kinase
domains of Trk receptors are then brought into proximity, facilitating auto- and
transphosphorylation of tyrosine residues within the kinase domain and other regions of
the ICD (Barbacid, 1994; Claire Ceni et al., 2014). Phosphorylated tyrosine residues act
as docking sites for downstream signaling enzymes and adaptor proteins. Enzymes are

activated via tyrosine phosphorylation, while adaptors facilitate interaction with other
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downstream signaling molecules. Subsequently, activated receptors are internalized and
transported towards the cell body (Barbacid, 1994; Meldolesi, 2017).

Key tyrosine residues within the Trk intracellular region, such as Y490 and Y785, function
as docking sites for adaptor proteins like Shc and FRS2 (Claire Ceni et al., 2014; Meakin,
Macdonald, Gryz, Kubu, & Verdi, 1999). When Y490 is phosphorylated, it recruits Shc,
which then undergoes phosphorylation and facilitates the recruitment of signaling
molecules that activate phosphatidylinositol-3-kinase (P13K). PI3K, in turn, activates Akt,
a central regulator of neuronal survival, which inhibits pro-apoptotic factors such as BAD,
caspase 9, and the FKHRL1 transcription factor (Brunet et al., 1999; Claire Ceni et al.,
2014; Datta et al., 1997). Activation of Shc can also initiate another pathway by transiently
activating MAPK, which is associated with mitogenic and proliferative cell signaling
(Meakin et al., 1999). Conversely, activation of FRS-2 at phosphorylated Y490 promotes
downstream signaling that induces sustained Erk activity driven by b-Raf kinase.
Prolonged MAPK activation stimulates the expression of cell cycle inhibitors, promoting
cell cycle arrest and neuronal differentiation. The competition between signaling proteins
to bind the Y490 residue regulates the balance between differentiation and proliferation
(Meakin et al., 1999).

Additionally, Trk residue Y785 serves as a docking site for phospholipase C-y (PLC-y),
leading to its activation. PLC-y hydrolyzes phosphatidylinositol to generate IP3 and DAG,
triggering calcium release from intracellular stores and activating PKC. While crucial for
neuronal function, this pathway is not essential for neurotrophin-induced survival (Skaper,

2008).
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In the context of target-derived neurotrophic factors like NGF, signaling pathways in
axons must be transported in signaling endosomes to the cell body through retrograde
transport of the NGF-TrkA receptor complex. The Trk receptor embedded in the
membrane of the endosome is associated with clathrin and dynein motor machinery that
moves along microtubules (Howe, Valletta, Rusnhak, & Mobley, 2001; Yano et al., 2001).
These endosomes, containing the ligand-Trk receptor complex and associated
downstream proteins from PI3K, MAPK, and PLC-y pathways, act as active signhaling
platforms during neuronal survival responses (Grimes, Beattie, & Mobley, 1997; Howe et

al., 2001; Watson et al., 2001).

p75NTR

p75NTR is a 75 kDa transmembrane protein belonging to the tumor necrosis factor (TNF)
receptor superfamily. Its structure includes an ECD characterized by four cysteine-rich
domains, a transmembrane domain, and an ICD containing a death domain that lacks
catalytic activity (Johnson et al., 1986; Vilar, 2017). All four mature neurotrophins can bind
to p75NTR (Hallbook et al., 1991), although this binding occurs with lower affinity
compared to proneurotrophins (Meldolesi, 2017). Activation of p75NTR occurs through
dimeric neurotrophins, whether in their pro-form or mature form. Binding happens via
interactions with the cysteine-rich domains in the ECD, stabilized by hydrophobic
interactions, salt bridges, and hydrogen bonds within the ligand-receptor complex (Vilar,

2017).
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p75NTR signaling

Upon ligand binding, p75NTR undergoes oligomerization with other p75NTR or
homologous receptors, recruiting adaptor proteins such as c-Jun N-terminal kinase (JNK),
small GTPases, and the transcription factor NF-kB. This receptor's role is multifaceted
and context-dependent. p75NTR signaling is highly regulated by the formation of
complexes with various coreceptors and ligands. When p75NTR is associated with the
coreceptor sortilin and proneurotrophins, it can trigger apoptotic signaling cascades,
including caspase activation, members of the Bcl-2 family, and the JNK pathway (P. P.
Roux et al., 1999). This process leads to mitochondrial membrane permeabilization,
cytochrome C release, and activation of initiator caspase 9 and executioner caspases 3,
6, and 7 (Claire Ceni et al., 2014). Conversely, binding of NGF to p75NTR leads to
interaction with RIP2, influencing NGF's ability to promote cell survival by regulating NF-
KB and activating Akt through a PI3K-dependent pathway (Khursigara et al., 2001;
Meldolesi, 2017; Philippe P. Roux, Bhakar, Kennedy, & Barker, 2001; Vilar, 2017).

The ICD of p75NTR contains two distinct regions: the Juxta membrane domain (JTM) and
the Death domain (DD), each interacting with different proteins involved in various cellular
responses, such as caspase and NF-kB activation. TRAF6, a TNF receptor-associated
factor, plays a crucial role in activating the survival pathway by binding to a specific region
within the JTM of p75NTR (Vilar, 2017). Conversely, another region in the JTM, known
as Chopper, induces cell death activity when associated with the plasma membrane
(Underwood, Reid, May, Bartlett, & Coulson, 2008). The activation of these pathways is
regulated by competitive protein-protein interactions, as downstream signaling molecules

bind to overlapping regions in p75NTR (Lin et al., 2015).
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Interaction Trk receptors with p75NTR

p75NTR also plays a role in promoting survival through the enhancement of Trk signaling.
In vitro studies using PC12 cells have demonstrated that co-expression of both receptors
increases the rate at which NGF can bind to TrkA by approximately 25-fold, generating
high-affinity binding sites that do not require neurotrophin binding to p75NTR.
Nevertheless, TrkA binding to p75NTR is necessary to induce enhanced TrkA activation
by p75NTR (Mahadeo, Kaplan, Chao, & Hempstead, 1994; Matusica et al., 2013;
Underwood et al., 2008; Vilar, 2017). Together, TrkA and p75NTR collaborate in
transducing NGF signals, particularly in contexts such as the dorsal root ganglion (DRG),
where TrkA is predominantly expressed alongside p75NTR to enhance survival

responses to NGF (Vilar, 2017).

Retrograde and anterograde transport of neurotrophins

The neurotrophic hypothesis, primarily based on the function of NGF, proposes that
neurotrophins are essential for the survival, growth, and differentiation of neurons, and
are expressed in specific target tissues in limited quantities. Responsive neurons extend
their axons toward these target tissues where neurotrophins are expressed. Once the
axon terminals reach the target tissue, the neurotrophin binds to its Trk receptor,
triggering internalization of the neurotrophin-receptor complex into the axon terminals.
This complex is then transported retrogradely along the axon toward the neuronal cell

body while exerting its signaling effects (Conner et al., 1998).
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However, BDNF, NT-3 and NT-4/5 are transported anterogradely along axonal processes
and stored within pre-synaptic terminals. von Bartheld et al. (1996) (Von Bartheld et al.,
1996) provided the first evidence of exogenous BDNF and NT-3 being transported
anterogradely in the developing chick brain from retinal ganglion cells through the
developing retinotectal projection, demonstrating neuronal survival in the optic tectum.
Zhou and Rush (1996) (Zhou & Rush, 1996) confirmed that endogenous BDNF is
transported anterogradely from the dorsal root ganglia towards the dorsal horn of the
spinal cord. Neurotrophins also influence synaptic transmission. A study by Torres-Cruz
and collaborators (Torres-Cruz et al., 2019) investigated how BDNF and NT-4/5 affect
glutamatergic transmission in corticostriatal slices by pharmacologically inhibiting TrkB
receptors and downstream signaling pathways. They observed that inhibition of PI3K and
MAPK hindered the modulatory effects of both BDNF and NT-4/5 on corticostriatal
synapses, indicating that these signaling pathways are directly involved in mediating the

effects of neurotrophins on glutamatergic transmission in the corticostriatal circuit.

Neurotrophic support from striatal afferents in HD

Interaction between htt / mhtt and BDNF

Cultured CNS cells overexpressing full-length htt exhibited a 94.6% increase in BDNF
MRNA and protein expression as well as subsequent release, compared to parental cells.
In contrast, CNS cells overexpressing mhtt, showed a 52.5% decrease in BDNF mRNA
and protein expression and release relative to parental cells. Additionally, there is a
dosage-dependent reduction in BDNF levels with mhtt (Chiara Zuccato et al., 2001).

Reverse transcriptase—polymerase chain reaction (RT-PCR) and RNase protection
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experiments revealed that full-length htt positively modulates BDNF gene transcription,
while mhtt exerts a negative effect. Both proteins influence the activity of the BDNF gene
promoters differently. This pattern was also observed in vivo in other HD mouse models,
such as the YAC18 and YAC72 mice (Chiara Zuccato et al., 2001). Brain tissue from HD
patients showed a 45% decrease in BDNF protein and a 65% reduction in BDNF mRNA
levels in the fronto-parietal cortex. These findings suggest that full-length htt enhances
BDNF transcription, thereby modulating the production and delivery of cortically derived
BDNF to striatal targets and that a cortical dysfunction occurs in HD involving the drastic
reduction of huntingtin-mediated BDNF production (Chiara Zuccato et al., 2001).

One mechanism by which htt regulates BDNF transcription involves the transcriptional
repressor RE1-silencing transcription factor (REST). REST controls the activity of the
silencer, repressor element 1 (RE1), within BDNF promoter Il. Full-length htt recruits
REST into the cytoplasm, preventing it from binding to and activating the silencing
function of RE1. However, in the presence of mutated htt (HD), REST is not retained in
the cytoplasm and accumulates in the nucleus, where it binds to REL1 sites in the BDNF
gene and reduces BDNF transcription (C. Zuccato & Cattaneo, 2009).

Additionally, mhtt affects the anterograde transport of BDNF vesicles along striatal
afferents. BDNF vesicular transport mediated by htt involves huntingtin-associated
protein-1 (HAP1) which is transported along axons and acts as a subunit in dynactin
protein, an essential component of dynein/dynactin microtubule-based molecular motors.
When htt content is reduced or when mhtt interacts with the motor complex instead of htt,
HAP1 disrupts the motor machinery, correlating with decreased association with

microtubules and impaired BDNF vesicular transport (Gauthier et al., 2004). Upon
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BDNF/TrkB complex formation in striatal neurons, retrograde vesicular transport of the
complex in striatal dendrites depends on htt and dynein. In mutated conditions, the CAG
expansion of mhtt alters the binding of BDNF vesicles to microtubules, impairing their

transport (Liot et al., 2013).

BDNF in striatal afferents

Three main striatal afferent systems provide input and neurotrophic support to striatal
neurons: the corticostriatal and thalamostriatal glutamatergic pathways, and the
nigrostriatal dopaminergic pathway (Mandelbaum et al., 2019). Unilateral ablation studies
(Altar et al., 1997) indicate that the frontoparietal cortex contributes 66% of the BDNF
protein present in the ipsilateral striatum and 22% in the contralateral striatum. The
substantia nigra pars compacta contributes 14% of the BDNF protein in the ipsilateral
striatum. Thalamic nuclei, including the PF, are rich in cells containing BDNF mRNA and
cells and fibers immunoreactive to BDNF protein (Conner, Lauterborn, Yan, Gall, &
Varon, 1997). According to Conner et al., the PF contains a moderate number of cells
with BDNF mRNA and a high density of cells with BDNF protein (Conner et al., 1997),
suggesting it plays a crucial role in the anterograde transport of BDNF to the striatum.
Additionally, excitatory striatal input is approximately 60% from the cerebral cortex and
40% from the thalamus (Kolodziejczyk & Raymond, 2016). Mapping and quantifying
cortical and subcortical PF afferents, as well as examining the terminal arborization of PF
axons, suggest that the primate Centromedian/Parafascicular (CM-PF) complex is
equivalent to the PF nucleus in rodents (Gonzalo-Martin et al., 2024). Axonal mapping

revealed that the PF has the highest density of striatum-projecting neurons in the
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subcortex (Mandelbaum et al., 2019). About 70-90% of PF projections reach the striatum,
covering it from the anterior to the posterior portions, while the remainder project to the
STN and cerebral cortex. Despite its small size, the PF contains distinct domains
organized into associative, limbic and somatosensory circuits, which are topographically
connected to functionally distinct cortical and striatal regions (Gonzalo-Martin et al., 2024;
Y. Smith et al., 2014). Lateral PF axons project to the laterodorsal somatosensory circuit
of the striatum, the mediodorsal PF projects to the mediodorsal striatal associative circuit,
and the medial PF projects to the limbic circuit of the striatum (Gonzalo-Martin et al.,
2024; Mandelbaum et al., 2019; Sadikot, Parent, & Francois, 1992; Sadikot, Parent,

Smith, & Bolam, 1992).

Retrograde tracers used to map projections showed that the most predominant PF
afferent is the cerebral cortex (> 75%), providing excitatory input, especially from
sensorimotor cortical areas (M2, M1, S1), followed by projections from the insular, frontal
association, and cingulate cortices (Cornwall & Phillipson, 1988; Gonzalo-Martin et al.,
2024; Pare, Smith, Parent, & Steriade, 1988). Each cortical area projects to
interconnected PF domains, which are related to specific sensorimotor or cognitive
subsystems. Most corticothalamic projections originate from layers 5b and 6b, with the
majority being ipsilateral and a small number contralateral. Interestingly, thalamocortical
projections from a particular PF domain terminate in the same cortical domains that
originate the corticothalamic projections reaching that initial PF domain. These cortical
domains also innervate through corticostriatal axons in the same striatal sector where

thalamostriatal axons from that PF domain terminate (Gonzalo-Martin et al., 2024).
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Approximately 22% of PF input comes from subcortical regions such as the
entopeduncular nucleus (known as internal Globus pallidus in primates), SNpr, superior
colliculus, the thalamic reticular nucleus, pedunculopontine nucleus, pontine reticular
formation, contralateral deep cerebellar lateral nuclei, raphe, locus coeruleus,
parabrachial nuclei and periaqueductal gray (Cornwall & Phillipson, 1988; Gonzalo-

Martin et al., 2024).

HD rodent models

Animal models are vital for studying HD as they offer a unique opportunity to investigate
disease mechanisms and potential treatments on early pathological, cellular and
molecular alterations that cannot be measured in human patients in vivo. No animal
model perfectly replicates human HD, and each model has its own strengths and
weaknesses that may influence their performance in trials (Hockly, Woodman, Mahal,
Lewis, & Bates, 2003). Key factors to consider include the length of htt transgene (whether
full-length, exon 1 or a portion of exon 1), the length of polyglutamine repeats (with CAG
repeats greater than 40 typically developing HD, though some models have CAG
extensions of up to 180 repeats), the origin of the mutated htt (human or mouse gene),
and the levels of mhtt expression compared to the wild-type htt. Additionally, some
phenotype may be chemically induced by toxins, and understanding these differences is
crucial as they can affect experimental outcomes (Kuhn et al., 2007; L. B. Menalled &
Chesselet, 2002; Patrick Pla, Orvoen, Saudou, David, & Humbert, 2014). The genetic
background of the model is also significant, as dominant and recessive genetic modifiers
can greatly influence the penetrance and progression of the disease (L. Menalled et al.,

2009).
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Chemically induced HD models

The first chemically induced animal model of Huntington’s disease was established in
1976 using kainic acid (KA), based on the vulnerability of striatal neurons to excitotoxicity
from excitatory amino acid receptor stimulation (Walker, 2007). Since then, various

animal models have been developed to meet specific research objectives.

The QA model generated by intrastriatal infusions of QA induces over-activation of the
NMDA receptor exerting excitotoxic, pro-inflammatory and oxidative mechanisms. QA,
KA, ibotenic acid (IA) and NMDA are glutamate analogues. Rats treated with QA infused
directly into the striatum presented hyperactivity after the lesion, learning deficiency, and
significant striatal atrophy and loss of NADPH-diaphorase neurons in regions peripheral
to the injection site (Shear, Dong, Gundy, Haik-Creguer, & Dunbar, 1998). BDNF is still
present although reduced, whereas very little htt content remains in the ipsilateral cortical
layers 5 and 6, which are the layers that project to the striatum. The surviving choline
acetyltransferase (ChAT) -expressing neurons contained a moderate amount of BDNF
(Fusco et al., 2003). Systemic delivery of QA decreases GABA and substance P levels
but spares neuropeptide Y and somatostatin neurons (Shear et al., 1998; Tunez, Tasset,
Pérez-De La Cruz, & Santamaria, 2010). Similarly, systemic delivery of KA and IA
revealed degeneration of intrinsic striatal neurons along with irreversible reduction of
glutamic acid decarboxylase (GAD) and ChAT, enzymes deficient in HD (Borlongan,

Koutouzis, Freeman, Cahill, & Sanberg, 1995).
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The 3-NP model is created by administering the mitochondrial toxin 3-NP, either directly
into the striatum or systemically, as it crosses the blood-brain barrier. 3-NP irreversibly
inhibits the enzyme succinate dehydrogenase of the electron transport chain and
tricarboxylic acid in the mitochondrial membrane. 3-NP inhibition leads to decreased ATP
levels, increased lactate concentrations, and subsequent striatal neuronal death. Rats
treated with 3-NP exhibit alterations in grip-strength and learning impairments, as well as
deficiencies in the balance beam task. This model creates necrotic cavities in the striatum,
accompanied by significant striatal atrophy and neuronal loss, and may more closely
resemble the histological dorsal striatal lesions seen in human HD compared to the QA

model (Borlongan et al., 1995; Shear et al., 1998; Tunez et al., 2010).

Systemic injections of IA, KA and QA in rats typically result in hyperactivity, whereas
administration of 3-NP first induces hyperactivity followed by significant hypoactivity. The
IA, KA and QA HD models might better represent the hyperkinetic stages of HD, exhibiting
milder behavioral and neuroanatomical effects, while the 3-NP model produces more
severe effects, mimicking both later symptoms and the juvenile onset of HD (Borlongan
etal., 1995). Notably, microarray studies comparing the 3-NP rat model to a mouse model
with conditional BDNF depletion (BDNF +/- and BDNF -/-) specific to the forebrain
neurons revealed that the BDNF knock-out model develops striatal transcription profiles
more similar to those observed in patients with HD (Strand et al., 2007). It is also important
to note that chemically induced HD models may not necessarily reproduce progressive

changes in behavior (Carter et al., 1999).
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Transgenic HD models expressing mhitt

Transgenic HD models can be categorized based on the type of mhtt expression into
three main types: those expressing truncated htt, those expressing full-length htt, and
knock-in (KI) models (Carter et al., 1999).

Transgenic models are created by inserting the mutant gene or a portion of it randomly
into the mouse genome, resulting in the expression of the mutant protein alongside the
endogenous wild-type htt. In contrast, knock-in models involve inserting the mutation
directly into the mouse Hdh gene (which encodes the mouse htt protein), where it is
expressed under its natural promoter and within the appropriate genomic context of the
mouse Hdh gene (L. B. Menalled & Chesselet, 2002). Models expressing full-length
mutant htt such as the YAC mouse lines, typically develop motor deficits later than those
expressing truncated htt such as the R6 mouse lines. This allows more time for studying

non-motor behaviors (Patrick Pla et al., 2014).

The R6/2 hemizygous mouse model is one of the most studied and widely used models,
replicating juvenile HD. It is particularly valuable for evaluating therapeutic strategies
aimed at reducing the severity of motor symptoms or slowing disease progression (Cano
et al., 2021; Carter et al., 1999). The R6 mouse line with background CBA/J mixed with
C57BL/6J was developed by Mangiarini et al., (Mangiarini et al., 1996) by introducing
exon 1 of the human HD gene, containing highly expanded CAG repeats into embryos.
Htt gene spans a region of 170 kb with 67 exons however the CAG repeat occurs in exon

1. The inserted DNA included a 1.9 kb genomic fragment with approximately 1 kb of
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promoter sequences, all of exon 1 and 262 bp of intron 1. This fragment is sufficient to

generate a progressive neurological phenotype of HD (Mangiarini et al., 1996).

With the R6/2 mouse line, three more HD mouse lines were created:

1) R6/0: Contains 142 CAG repeats but does not exhibit transgene expression or an HD
phenotype due to transgene silencing by the integration site.

2) R6/1: Has 116 CAG repeats with 30% of the transgene expression level compared to
wild-type htt and develops a progressive HD phenotype.

3) R6/2: Exhibits 144 CAG repeats with 75% of the transgene expression level, leading
to a progressive HD phenotype.

4) R6/5: Contains 128 — 156 CAG repeats with 77% of transgene expression level and
develops a progressive HD phenotype, though it requires homozygosity for phenotypic
expression.

CAG repeats are unstable upon transmission and therefore it is not appropriate to
associate a definitive CAG number to each line, tests should be done each time to confirm
(Mangiarini et al., 1996).

The R6/2 model presents a progressive neurological phenotype with motor and
behavioral symptoms that start subtly and worsen until death. At 5 — 6 weeks, mice
already show difficulty in locomotion. In presymptomatic mice, Nlls are immunoreactive
for htt and ubiquitin. Mhtt aggregates are also present in neurites. In vitro these are formed
through self-aggregation via the polyglutamine repeat into amyloid-like fibrils. By 8 weeks,
the locomotor symptomatic stage begins with dyskinesia of the limbs when suspended by

the tail, called limb clasping, they also exhibit irregular gait, shudders, stereotypic

59



excessive grooming, resting tremor and myoclonic jerks. They present vocalizations and
chirping noises under stress. Abundant tonic-clonic seizures that last several minutes can
lead to death. At the same time, mice start losing weight and muscle bulk and develop
nonmovement disorder components like anxiety and depression-like behavior. By the late
stage of 12 weeks, mice have a severe movement disorder and typically die by 10 — 13
weeks. Their brains are 19% smaller compared to WT mice, with thinner cortical layers,
reduced striatal volume, and enlarged ventricles. This model is particularly suited for
evaluating motor symptom treatments due to its quantifiable progression. Due to the early
onset and fast progression, R6/2 mice replicate juvenile human HD (Bates, Mangiarini, &
Davies, 1998; Carter et al., 1999; Kuhn et al., 2007; Luesse et al., 2001; Mangiarini et al.,
1996).

R6/2 mice are also characterized by altered levels of neurotransmitters and their
receptors, signaling molecules and altered gene expression of neurotrophic factors.
There is a progressive decrease of BDNF mRNA detected in striatal afferents between 6-
13 weeks of age associated with impaired motor coordination. At the age of 6 weeks,
neostriatal volume loss is reported but neuronal atrophy occurs until 9 weeks and
precedes neuronal loss; striatal neuronal degeneration occurs rapidly over 6-13 weeks of
age (Gil & Rego, 2009; Samadi et al., 2013). Transcriptional studies have shown that the
striatal MRNA expression in R6/2 mice is not different from the full-length knock-in HD
models (Kuhn et al., 2007). This means that the truncated first exon of the human mhtt

present in R6/2 does not represent a disadvantage compared to the full-length mhtt gene.
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R6/1 hemizygous and R6/5 homozygous mouse lines have a similar progressive
phenotype as R6/2 mice but develop symptoms on a slower timescale (Kuhn et al., 2007).
R6/1 mice develop symptoms at 4 — 5 months, with mild tremors and involuntary
movements emerging by 6 — 7 months. Epileptic seizures have been observed, and the
onset is slower compared to R6/2 mice. R6/5 mice show an onset of around 9 months
(Bates et al., 1998; Mangiarini et al., 1996). Major differences between R6/2 and R6/1
models include the shorter CAG repeat expansion, (144 vs. 116); and the lower
expression rate of the mutant transgene (75% vs. 31%). The N171-82Q model, which
expresses 171 residues and 82 CAG repeats, with 10 — 20% transgene expression level,
also has a prolonged course of disease. Demonstrating that expression levels and CAG
repeat length profoundly impact disease severity. Mice with longer CAG repeats have
more widespread neuronal pathology than those with shorter expansions (L. B. Menalled

& Chesselet, 2002).

Transgenic mice expressing the full-length human mhtt gene, produced in an FVB/N
background, using yeast artificial chromosomes (YAC), include YAC72 and YAC128.
YAC72 mice, with 72 CAG repeats, and YAC128 mice, with around 128 CAG repeats,
show a slow disease progression with a near-normal life span. They exhibit molecular,
cellular, and behavioral characteristics of HD where cell loss is limited to the striatum,
partially recapitulating the regional selectivity of adult-onset HD. The mhtt transgene
expression level is 30 — 50% with an onset of behavioral symptoms of 7 months of age

with hyperkinesia (Kuhn et al., 2007; L. B. Menalled & Chesselet, 2002).

61



YAC72 mice in the presymptomatic stage exhibit significant reduction in BDNF protein
levels in cortical, hippocampal and striatal regions; BDNF exon Il mRNA depletion and a
decrease in BDNF exon lll and IV mRNAs in the cerebral cortex and hippocampus (Chiara
Zuccato et al., 2001). YAC128 presents early and selective striatal localization of diffuse

nuclear mhtt.

BACHD mouse model expresses full-length human mhtt using a bacterial artificial
chromosome (BAC) in an FVB/N background. The BACHD model expresses mhtt exon
1 with 97 CAG repeats under endogenous htt regulatory machinery (L. Menalled et al.,
2009). The CAG expansion involves a mixed CAA-CAG repeat which confers stability in
the germ line and the cerebral cortex and striatum in the aged brain (Gray et al., 2008).
The BACHD model features a robust slowly progressive motor disorder and late-onset
pathology, including striatal and cortical atrophy and neuronal loss in the later stages
around 18 months (L. Menalled et al., 2009). Neurodegeneration in the BACHD model
does not include early nuclear accumulation of aggregated mhtt, inclusions appear in the
cerebral cortex and striatum during a more advanced symptomatic stage, exhibiting an
adult-onset HD pattern. At two months, BACHD mice exhibit a decrease in rotarod
performance, worsening with age. A robust 50% reduction of cortical BDNF transcripts
along with decreased synaptic activity in the corticostriatal projections becomes evident
at six months (Gray et al., 2008). Similar to YAC mouse lines, BACHD mice present
significant weight gain between 2 and 6 months of age. The 12-month-old forebrain was

20% smaller compared to WT mice (Gray et al., 2008; L. Menalled et al., 2009).
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Knock-in HD mouse models

Knock-in mouse models most accurately reflect the genetic basis of HD, with the mutation
expressed in its natural genomic and protein context. These models provide invaluable
insights into the pathogenic mechanisms of the disease (Franich et al., 2019). Among
these, the Q140 and HdhQ150 mouse lines are notable. They were created by genetically
modifying 129/Sv and 129/Ola embryonic stem cells, respectively, injecting them into
C57BL/6J blastocysts, and then backcrossing them to C57BL/6J mice. The HdhQ150
model features an extended CAG repeat inserted into the mouse Htt gene, achieving 50%
of the normal transgene expression level. In contrast, the Q140 model replaces mouse
exon 1 of the Htt gene with the mutated human exon 1. The Q140 mice exhibit an earlier
onset of behavioral symptoms and earlier evidence of striatal htt aggregate deposition in
the nucleus at 4.5 months. This model also shows incomplete splicing of mhtt from exon
1 to exon 2, resulting in smaller exonl-intronl polyadenylated mRNA that encodes a
highly pathogenic exon 1 mhtt protein. From 1 to 6 months of age, Q140 mice display
hypoactivity with reduced locomotion and lower traveled distance during the open field
test. They also exhibit decreased spatial working memory at three months and reduced
performance on the running wheel at six months. In contrast, HdhQ150 mice present with
htt nuclear aggregates in the striatum at 12 months, indicating that symptoms start much
later (Franich et al., 2019; L. B. Menalled & Chesselet, 2002).

The Hdh®Q'! knock-in model, developed on a CD-1 background with 106 CAG repeats,
was created by inserting expanded CAG repeats into the murine HD gene homologue.
This model exhibits a mild HD phenotype (L. Menalled et al., 2009). Comparative studies

of Hdh(Q111) mice with different genetic backgrounds -C57BL/6, FVB/N and 129Sv-
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revealed increased intergenerational and striatal instability of the CAG repeat in the
C57BL/6 and FVB/N backgrounds compared to the 129Sv background. This suggests
that somatic repeat expansion may be influenced by mismatch repair systems.
Additionally, the accumulation of mhtt and formation of NIl was fastest in the C57BL/6
background, followed by FVB/N, with the 129Sv background showing the slowest rate.
These findings highlight the significant impact of genetic background on HD expression
and development, which should be considered when developing treatments and

comparing different models (Lloret et al., 2006).

A comparative study of transgenic and knock-in mouse lines, including R6/2, YAC128,
BACHD and Hdh®*!! models, assessed locomotor and behavioral symptoms in both male
and female mice. In the rotarod test, all HD mice showed deficits. R6/2 and BACHD mice
displayed progressive, robust deficits starting at 6 and 8 weeks, respectively. YAC128
mice exhibited early deficits with no progression while the HdhQ! knock-in model
showed impairments only at late stages in females. R6/2 mice had deficits in grip strength,
more pronounced in males, whereas HdhQ!'l, BACHD, and YAC128 mice showed no
significant changes. In the open field test, to evaluate general activity determined by
distance traveled and rearing, R6/2 and BACHD mice were progressively hypoactive,
while YAC128 mice showed mild hypoactivity, and Hdh?'* mice did not differ from wild-
type controls. R6/2 females exhibited delayed deficits in general activity compared to
males. YAC128 mice on the FVB/n background displayed freezing behavior in the arena,
a behavior not observed in YAC128 mice on the C57BL/6J background, indicating

background-related differences. R6/2 and BACHD mice showed reduced vertical activity

64



in the rearing-climbing test. Additionally, robust gait anomalies were noted in R6/2 mice,
with minor or no deficits in other lines. Anxiety-like behavior, assessed in the light-dark
choice test, was progressive in R6/2 and BACHD mice, while the other lines showed no
significant differences. Hdh?'1! mice did not display preferences in old age, likely due to
blindness in the CD1 albino background. BACHD wild-type mice showed indifference
between dark and light, possibly due to limited visual acuity, unlike YAC128 wild-type
mice, affecting baseline differences in the groups. Body weight decreased in R6/2 mice
but increased in the other lines.

Overall, the full-length models exhibited milder deficits compared to the R6/2 models.
Among the full-length models, BACHD mice displayed a stronger phenotype, followed by
YAC128 mice with milder phenotypes, and Hdh®?!! mice on the CD1 background, which
showed a very mild HD phenotype (L. Menalled et al., 2009). The YAC46 and YAC72
mice exhibited almost no behavioral deficits. Within the full-length models, the relationship
between behavioral deficits and CAG length (46 and 72 CAGs, respectively) is similar to
that observed in humans, at least within a certain range. Strains carrying the
Hdh®!!! allele may show more pronounced behavioral differences depending on the
genetic background, such as the C57BI/6J background, which influences both nuclear
mutant huntingtin deposition and CAG repeat instability intergenerationally and in the
striatum (Lloret et al., 2006).

The genetic background strain undeniably affects phenotype severity. Milder effects in
the FVBJ/N strain suggest that the C57BI/6 background may be more appropriate for drug
testing using a behavioral battery of tests. R6/2 and BACHD mice appear to share more

similarities in the development of the HD phenotype, though the R6/2 mice have a
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considerably shorter lifespan. Testing in BACHD mice could therefore be more expensive.
Nonetheless, potential therapies must be evaluated in various animal models before

advancing to clinical trials with patients.

Gene therapy

The pursuit of a CNS-directed gene delivery system has been a priority for decades.
Delivering naked nucleic acids in vivo has proven challenging due to their susceptibility
to rapid degradation both extracellularly and intracellularly. For effective cell transduction,
DNA must cross the plasma membrane, escape from endocytic vesicles, and ultimately
traverse the nuclear membrane. Gene therapy in combination with viral vectors facilitates
this process. Gene therapy involves introducing a therapeutic nucleic acid into target cells
to: i) replace a defective gene, ii) enhance the expression of a downregulated gene, or iii)
reduce harmful levels of a protein through RNA interference or antisense technology
(Agbandje-McKenna & Kleinschmidt, 2011; Nonnenmacher & Weber, 2012). Gene
delivery vectors encounter a hostile environment upon administration, which is why
viruses have evolved mechanisms to overcome these challenges. Viral vectors exploit
the virus’s ability to infect or transduce mammalian cells and utilize the host machinery to
express viral proteins (Hudry & Vandenberghe, 2019; C. R. Joshi, Labhasetwar, &
Ghorpade, 2017). A crucial aspect of viral vector construction involves replacing viral
genes with the gene of interest.

Gene delivery system investigations are generally categorized into “proof of concept” and
“therapy-based” research, depending on the purpose of the study. Proof of concept
research often employs reporter genes, such as Green fluorescent protein (GFP), to

validate delivery system dynamics and efficiency. Therapy-based research aims to

66



alleviate disease symptoms or delay disease onset (C. R. Joshi et al., 2017), for example,
overexpressing BDNF in HD animal models.

The success of CNS gene delivery is influenced by several factors, including the type of
viral vector, vector design, vector titer, the biology of the delivered product, the targeted
region, delivery accuracy and the route of administration, all of which vary by disease
(Emborg etal., 2014; J. H. Wang, Gessler, Zhan, Gallagher, & Gao, 2024). Administration
routes include intraparenchymal, ocular, cochlear, delivery to the cerebrospinal fluid
(CSF) via intracerebroventricular, intracisternal, or intrathecal routes, intranasal delivery
for brain transduction, intramuscular injection, nerve delivery to the spinal cord, and
intravenous delivery for broad, non-invasive CNS transduction (Hudry & Vandenberghe,
2019). Direct and local administration routes maximize transgene concentration and
stability near target cells, reducing widespread biodistribution compared to delivery into
the venous system or other fluid-filled compartments. Local routes also require less viral
vector, minimizing the risk of toxicity or off-target effects (Hudry & Vandenberghe, 2019).
Systemic injection of therapeutic viral vectors for CNS diseases faces challenges such as
crossing the blood-brain barrier (BBB), peripheral toxicity from non-specific transduction,
and immune elimination (Huang et al., 2021). Common viral vectors used in research
include adenovirus, lentivirus, herpesvirus and adeno-associated virus (AAV) (Samulski

& Muzyczka, 2014). This review will focus on AAV.

Adeno-associated virus

Adeno-associated virus (AAV) is a small, nonenveloped virus with a single-stranded linear

DNA genome approximately 5 kb in length. The genome contains inverted terminal
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repeats (ITRs) of 145 nucleotides, the first 125 of which form a palindromic sequence
(Srivastava, Lusby, & Berns, 1983). AAVs belong to the Parvoviridae family and were first
discovered in 1965 as a contaminant of adenovirus isolates (Atchison, Casto, & Hammon,
1965). AAVs feature an exceptionally stable capsid, about 25 nm in diameter, composed
of 60 subunits of the viral proteins VP1, VP2 and VP3. It is resistant to brief exposure to
heat, acidic pH, and proteases (Douar, Poulard, Stockholm, & Danos, 2001). The coding
regions of AAV are flanked by ITRs of 145 bases long, which serve as origins for DNA
replication and primary packaging signals. These ITRs are the only cis-active sequences
required for constructing recombinant AAV vectors (rAAV) and the only AAV-encoded
sequences present in AAV vectors (McLaughlin, Collis, Hermonat, & Muzyczka, 1988).
Transgenes cloned into rAAV vectors must be engineered with the appropriate enhancer,
promoter, poly(A) sequence, and splice signals to ensure correct gene expression. Wild-
type AAVs are defective viruses that require coinfection with a helper virus, such as
adenovirus or herpesvirus, to establish a productive infection (Atchison et al., 1965).
While this requirement makes AAVs among the safest available viral vectors, it also
presents a challenge as rAAV vectors must overcome several biological barriers without
a helper virus to effectively transduce cells.

Advantages of AAVs include their non-pathogenic nature, ability to efficiently transduce
a broad range of cells, tissues and hosts, and the capacity of some serotypes to cross
the BBB. However, AAVs have limitations, such as a cloning capacity of approximately
4.5 kb, preexisting immunity against certain serotypes, and a two-four week delay in

transgene expression due to the time required for second-strand DNA synthesis.
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AAV serotypes

Wild-type AAVs exhibit rapid evolving changes, resulting in significant genomic diversity
classified into viral “clades”. Over recent decades, numerous serotypes and variants have
been identified from adenovirus cultures, as well as from primate, human and other
mammalian tissues through PCR studies. However, only a few of these are commonly
available for packaging rAAV cassettes using AAV2 ITRs. The representative AAV
members share approximately 60-99% sequence identity, with AAV4 and AAV5 being
the most distinct from each other and from other members (Agbandje-McKenna &
Kleinschmidt, 2011; J. H. Wang et al., 2024).

AAV capsid VP perform several functions including protection from nucleases and the
immune system, host cell surface receptor recognition, endosomal entry and trafficking,
cytoplasmic processing, potential interaction with microtubule-associated proteins for
nuclear movement and entry (Agbandje-McKenna & Kleinschmidt, 2011; Hudry &
Vandenberghe, 2019). The genomic differences among AAV serotypes are primarily
located in the variable loop regions of the virus capsid sequence, especially in VP3. These
differences play a crucial role in determining tropism and can significantly alter AAV
transduction efficiency (J. H. Wang et al., 2024). Tropism involves receptor affinity, cell
entry, trafficking efficiency, DNA uncoating, and post-nuclear gene expression (Agbandje-
McKenna & Kleinschmidt, 2011; Samulski & Muzyczka, 2014). Characterization of AAV
serotypes has revealed distinct patterns of transduction, tropism, and transgene
distribution in various tissues, depending on the specific cell surface receptors required
for entry (Burger et al., 2004; Davidson et al., 2000; Issa et al., 2023; Watakabe et al.,

2015; Zincarelli, Soltys, Rengo, & Rabinowitz, 2008). For example, rAAV2 binds to
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heparan sulphate proteoglycan (HSPG), while AAV3 and AAV6 also bind to heparan
sulphate.AAV4 binds to O-linked 2,3-sialic acid; AAV1, AAV5 and AAV6 bind to N-linked
sialic acid; and AAV9 binds to N-linked galactose, along with proteinaceous receptors
such as FGFR1, integrins, and/or HGFR for AAV2; HGFR for AAV3; EGFR for AAVG;
PDGFR for AAV5; and LamininR for AAV2, AAV3, AAV8 and AAV9 for efficient binding
and endocytosis (Bell et al., 2012; Huang et al., 2021; Nonnenmacher & Weber, 2012;
Pasquale et al., 2003; Shen et al., 2011; J. H. Wang et al., 2024). Recent genome-wide
screenings have identified specific host proteins that facilitate rAAV transduction,
including KIAAO319L, designated as the AAV receptor (AAVR) (Pillay et al., 2016) and G
protein-coupled receptor 108 (GPR108), which plays a role in the transduction of several

rAAV serotypes (Dudek et al., 2020).

Cell entry and trafficking

Viruses that replicate in the nucleus have developed mechanisms to overcome two
primary cellular barriers: the plasma membrane and the nuclear membrane. AAVs
typically enter cells by binding to cell surface glycans on proteoglycans (such as sialic
acid, galactose, or heparan sulfate) and interacting with cell surface co-receptors (e.g.,
fibroblast growth factor receptor or integrin). This binding triggers endosomal uptake
through clathrin-coated vesicles and the CLIC/GEEC (clathrin-independent carriers/GPI
enriched) endocytic pathway (Agbandje-McKenna & Kleinschmidt, 2011; Nonnenmacher
& Weber, 2011). Endosome maturation involves a progressive decrease in internal pH,
and the transducing viruses are routed as far as the late endosomal compartment (Douar

et al., 2001). Exposure to the acidic pH of the endosomal compartment causes the N-
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terminal end of the minor capsid protein VP1 (VP1u) to extrude from the capsid surface
(Sonntag, Bleker, Leuchs, Fischer, & Kleinschmidt, 2006). VP1u then facilitates
endosome rupture, allowing the AAV capsid to be released into the cytoplasm. In
collaboration with VP2, VP1u promotes nuclear entry of the capsid through the nuclear
pore complex, where it uncoats the viral DNA (Sonntag et al., 2006). Viral particles may
be degraded in the proteasome before reaching their target, limiting transduction
efficiency (Douar et al., 2001). Once inside the nucleus, the single-stranded DNA genome
is released and converted into double-stranded DNA (dsDNA) through second-strand
synthesis, which appears to be a major rate-limiting step for gene expression in vivo.
Genomic studies of rAAV in vivo have shown that transcription begins from the ITR at the
3' end of the genome (K. J. Fisher et al., 1996). The rAAV double-stranded DNA
molecules undergo circularization and concatemerization, persisting stably as episomes
in postmitotic cells (Clark et al., 1999; J. H. Wang et al., 2024). This reduces the risk of
insertional mutagenesis and provides an additional safety margin for AAV-mediated gene

therapy.

Viral vector design

Efforts to enhance AAV efficiency, transduction specificity, and immune evasion through
capsid modifications can be categorized into three main strategies: 1) biomining, which
involves exploring nature for novel capsid diversity, 2) rational design, which utilizes
structural and functional data on capsid domains to manipulate its utility through point
mutations, motif insertions, and chemical biology methods; and 3) directed evolution,

which involves mutating the wild-type AAV capsid gene to generate capsid libraries that
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are then screened to identify new variants with desirable properties (Hudry &
Vandenberghe, 2019; Lee, Guenther, & Suh, 2018; Tabebordbar et al., 2021; J. H. Wang
et al., 2024).

To customize the rAAV genome, combined strategies include optimizing promoters,
incorporating regulatory elements such as enhancers and gene linker sequences,
modifying ITRs or introns, adding tissue-specific elements for regulation, using inducible
expression systems, optimizing codons, reducing CpG motifs in the transgene cDNA, and
employing microRNA (miRNA)-mediated post-transcriptional regulation for retargeting

(Ho et al., 2013; Kim et al., 2011; Lewis et al., 2015; J. H. Wang et al., 2024).

Elements of AAV vectors

Promoters in transgene expression cassettes are selected to meet specific needs, such
as targeting gene delivery to particular cells and achieving gene expression levels with
minimal dosing to avoid off-target effects.

Examples of strong, constitutive, and ubiquitous promoters include the cytomegalovirus
(CMV) promoter, chicken beta-actin (CBA) and its derivate CAG, human elongation factor
1a-subunit (EF1a), the B -glucuronidase (GUSB), and ubiquitin C (UBC) (Powell, Rivera-
Soto, & Gray, 2015; J. H. Wang et al., 2024). The CMV promoter is shorter (~0.8 kb) and
provides strong expression, making it suitable for vectors with packaging constraints like
AAV. However, some ubiquitous promoters can be prone to silencing. Tissue-specific
promoters are tailored to specific cell markers, such as neuron-specific enolase (NSE),
synapsin (Syn) and platelet-derived growth factor (PDGF) for neurons; glial fibrillary acidic

protein (GFAP) for astrocytes; macrophage-specific promoters like human CD11b, CD68,
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and murine F4/80 for microglia; and myelin basic protein (MBP) for oligodendrocytes and

Schwann cells (C. R. Joshi et al., 2017).

Regulatory elements such as upstream enhancers like the Kozak sequence can be
engineered to improve expression activity and specificity, thereby reducing the viral load.
Other cis- acting post-transcriptional regulatory elements are required for nuclear export
of intronless viral RNA, such as the woodchuck hepatitis virus post-transcriptional
regulatory element (WPRE), which is added downstream of the transgene to enhance
mMRNA levels (Powell et al., 2015). Selecting an appropriate polyadenylation signal is
critical for nuclear export, translation, and mRNA stability, with examples including SV40

late, beta-globin, or bovine growth hormone (bGHpA) (Powell et al., 2015).

Various strategies have been employed to express multiple transgenes from the same
plasmid, including using multiple promoters fused to genes, inserting splicing or
proteolytic cleavage signals, creating fusion genes controlled by a single promoter, and
inserting internal ribosomal entry sites (IRES) between genes (Kim et al., 2011). The
IRES element creates an additional ribosome recruitment site for internal translation
initiation, ensuring co-expression of genes upstream and downstream and the possibility
of inserting in the downstream gene subcellular localization sequences. However, the
translation efficiency of the gene downstream of IRES is typically lower than the upstream
gene, around 10-20%, and often exceeds 500 nucleotides in length (Ho et al., 2013; Kim
et al., 2011; Lewis et al., 2015). To address this, “self-cleaving” 2A family peptides have

been developed. These 18-22 amino acid peptides enable the production of multiple
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proteins from the same transcript by causing the ribosome to skip synthesis of a glycine-
proline peptide bond at the end of the 2A element, ensuring stoichiometric expression of

1:1 of the adjacent proteins (Kim et al., 2011, Lewis et al., 2015).

Promising results in the CNS

There is substantial evidence supporting the effectiveness of AAV-mediated gene
delivery to the CNS over the years. In a study by Ziemlinska et al. (Ziemlinska et al.,
2014), completely spinalized rats received AAV-mediated overexpression of BDNF fused
with cMyc, which resulted in enhanced excitability in the lumbar spinal network and
locomotor recovery. The presence and activity of the fused BDNF protein were confirmed
and analyzed through ELISA and Western blotting. Similarly, Wang et al. (J. Wang et al.,
2016) used AAV vectors to overexpress BDNF fused with eGFP in a rat model of drug
abuse-related behavior. Their findings indicated that the fused BDNF protein activated

specific signaling pathways in the VTA mediated by TrkB receptors.

In another study, Han et al. (Han et al., 2019) employed an AAV vector with a 2A linker
sequence to overexpress BDNF and eGFP in diabetic mice. The resulting BDNF protein
effectively reduced neuroinflammation in the hippocampus by modulating the
HMGB1/RAGE/NF-kB pathway. Collectively, these results suggest that AAV-induced
overexpression of BDNF, whether as a single protein or in fused forms, maintains its

functional integrity.

74



AAYV vectors are also crucial tools for developing treatment strategies for HD. McBride et
al. (McBride et al.,, 2003) demonstrated histological and behavioral protection in rats
treated with 3NP following bilateral striatal injection of AAV-GDNF. Connor et al. (Connor
et al., 2016) evaluated the effects of bilateral striatal injections of AAV1-BDNF in
homozygous HD rats and observed attenuation of motor and cognitive impairments.
Similarly, Kells et al. (Kells et al., 2004; Kells et al., 2008) noted increased survival of
striatal MSN and interneurons following unilateral injection of AAV1-BDNF in QA-treated
rats. Despite these promising results, the extent of the striatum that was transduced and
expressed the transgenes was limited. An anterograde approach could potentially

achieve a wider distribution in the targeted area.

Previous research has shown that delivering AAV vectors into afferent pathways of
targeted structures is feasible. This method allows the vector to express the desired
protein, which is then transported to the intended structure to exert its functional effects.
Cearley and Wolfe (Cearley & Wolfe, 2007) compared the axonal transport of rAAV9
delivered to the striatum versus the VTA. They found that the VTA showed broader
dissemination of the transgene throughout the brain parenchyma due to its extensive
efferent and afferent projections to distant brain regions. AAV1 and AAV10 were also
transported anterogradely from the VTA, though at lower expression levels compared to

AAV9.

In primates, Bankiewicz and colleagues (Kells et al., 2009) achieved widespread

expression of GDNF in ipsilateral cortical regions following a single injection of an AAV2-

75



GDNF vector into the thalamus. Another study found that injecting AAV2-GDNF into the
striatum of primates treated with MPTP resulted in anterograde transport of GDNF to the
SNpr and STN, leading to recovery of dopamine activity and motor function (Kells et al.,
2012). Similarly, administering an AAV2-AADC vector into the substantia nigra and VTA
of children with AADC deficiency resulted in clinical improvement through increased
dopamine metabolism in the midbrain and striatum that translated into movement
(Pearson et al., 2021). Eslamboli et al. (Eslamboli et al., 2005) reported that delivery of
AAV2-GDNF into the striatum of primates treated with 6-OHDA led to anterograde
transport of GDNF to the globus pallidus and recovery of dopamine metabolism.
Ramaswamy et al. (S. Ramaswamy et al., 2009) observed that injecting AAV2-NTN into
the transgenic N171-82Q HD mouse model resulted in anterograde transport of NTN to
the SNpr and globus pallidus, accompanied by amelioration of HD symptoms. To date,
no studies have investigated the anterograde delivery approach using AAV-mediated

overexpression of BDNF in gene therapy interventions for HD.

Toxic effects

In a comparative study of various AAV serotypes using a CMV promoter, Watakabe et al.
(Watakabe et al., 2015) found that AAV5 and AAV9 effectively transduced neurons and
glial cells, resulting in high expression levels of modified hrGFP (hrGFP II). However, they
observed a reduction in the NeuN marker in transduced neurons across marmoset,
macaque, and mouse cerebral cortex, potentially due to general toxic effects from either
high AAV infection levels or CMV promoter-mediated GFP expression. They suggested

that maintaining low-level expression could be advantageous for long-term experiments.
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Similarly, Eslamboli and Kells (Eslamboli et al., 2005; Kells et al., 2008) highlighted that
excessive overexpression of neurotrophins could lead to detrimental effects that
undermine their therapeutic potential. They recommended diluting AAV vectors to

optimize study outcomes and using cell-specific promoters in rAAV genomes.

AAV-CMV caveats

As more experiments with different AAV vectors in various animal models are conducted,
we are uncovering more details about the impact of AAV delivery, particularly with strong
AAV vectors like serotype 9 and strong ubiquitous promoters such as CMV. AAV9, AAVS5,
and AAV1 vectors can successfully transduce neurons, astrocytes, and antigen-
presenting cells (APC) like microglia (Ciesielska et al., 2013; Hadaczek et al., 2009; Issa
et al., 2023; Lluis Samaranch et al., 2014).

Samaranch and colleagues (Lluis Samaranch et al., 2014) reported in rats and non-
human primates (NHP) that delivery of an AAV9-CMV vector encoding a foreign protein,
such as GFP, triggered a neurotoxic immune response. They suggested that transduced
APCs express GFP peptides conjugated with the major histocompatibility complex Il
(MHC 1I), activating a classic adaptive immune response in the injected and connected
areas. AAV9 vector with a CMV early enhancer/chicken B actin (CAG) promoter driving
GFP expression did not induce the same immune reaction, nor did AAV2, possibly
because AAV2 only transduces neurons (Ciesielska et al., 2013; Lluis Samaranch et al.,
2014). AAV1-hrGFP injected into monkey brains activated both humoral and cell-
mediated immune responses, as evidenced by anti-AAV1 and anti-hrGFP antibodies,

infiltration of CD4* lymphocytes, and upregulation of MHC Il (Ciesielska et al., 2013;
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Hadaczek et al., 2009). Similarly, human AADC encoded in an AAV9 vector injected into
rat brains caused significant inflammation associated with upregulation of MHC 11 in glia
and CD8+ lymphocytic infiltration (Ciesielska et al., 2013). Even when the protein
encoded by the AAV is 97% homologous with the host, it can still induce mild gliosis
(Forsayeth & Bankiewicz, 2015).

Several strategies have been developed to fine-tune cell or tissue specificity, such as
using cell-specific promoters or adding miRNA binding sites in the 3'-UTR to inhibit
expression in cells expressing the complementary miRNA. For instance, adding miR-122
binding sites to rAAV9 has been reported to enable CNS expression while avoiding the
liver, heart, and skeletal muscle expression (J. Xie et al., 2011). Another option to mitigate
transgene immunity is to incorporate APC-specific miRNA binding sites, such as miR-142
and miR-652, into the rAAV expression cassette to prevent transgene expression in APCs
(Muhuri et al., 2021; Xiao et al., 2019).

Safety remains a significant consideration in gene therapy, but advancements in gene
delivery approaches are improving prospects for managing neurodegenerative diseases

and hold strong promise for developing effective, personalized gene therapies.

Clinical rationale

We have developed a strategic approach for delivering AAV5- and AAV9-encoded BDNF
to the thalamostriatal system by administering the vector directly into the PF. Although
early-stage alterations in thalamostriatal neuronal transmission are observed, the PF was
chosen as a therapeutic target in R6/2 mice because neurons within this nucleus and
their projections to the striatum remain functional in the early phases of HD and are

relatively viable later on due to compensatory mechanisms (81, 82, 174-176). The
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psychiatric and cognitive impairments associated with motor dysfunction may partially
stem from deficits in the three distinct topographical domains of the basal ganglia: the
limbic, associative, and somatosensory circuits, all of which converge in the PF's

topographical organization (31).

Additionally, the PF was selected as the target over the striatum due to its smaller size
and the fact that approximately 70-90% of PF axonal projections innervate the striatum
from anterior to posterior regions, with only a few collaterals extending to the cerebral
cortex (32). Consequently, BDNF overexpressed in PF neurons is transported
anterogradely and released in the striatum. Direct delivery to the striatum would be less
effective as it would not adequately address the three domains due to the striatum’s larger
volume. Utilizing PF axonal transport of the viral vector enables the dissemination of
therapeutic BDNF throughout brain circuitry, thus requiring a lower viral load and reducing

the risk of viral toxicity.

Our objective in administering AAV5- and AAV9-BDNF to the PF is to enhance BDNF
synthesis, anterograde transport, and release within the striatum, thereby activating its
TrkB receptor and providing the physiological support mechanism for thalamostriatal
neurotrophic support. The primary aims of this study are to achieve BDNF overexpression
in the PF and assess its release in the striatum by evaluating GFP expression, increased
striatal BDNF levels, and TrkB receptor activation. Secondary aims include assessing

behavioral improvements and motor function following gene delivery.
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Chapter 3: METHODOLOGY

Part 1.

Visualize the thalamostriatal system in C57BL/6J mice injecting the anterograde

neuronal tracer biotin dextran amine in the Parafascicular thalamic nucleus

Animals:

Animal procedures were done following the Canadian Council on Animal Care guidelines
for the ethical use and welfare of animals in research, as determined by the McGill
University Animal Care Committee. All surgical experiments performed with C57BL/6J
mice used a colony maintained at the Animal Facility for Neurological Disease Models of

the Montreal Neurological Institute.

Surgical procedures:

4-weeks old C57BL/6J mice were injected intracranially in the right Parafascicular
thalamic nucleus (PF) with the anterograde neuronal tracer Biotin dextran amine (BDA)
10% (NeuroTrace™ BDA-10,000 Neuronal Tracer Kit (N-7167)) following the McGill
Standard Operating Procedure #202 “‘Rodent Stereotaxic Surgery”
https://mcgill.ca/research/files/research/202-_rodent_stereotaxic_surgery_-

_may 2018 0.pdf). Briefly, animals were deeply anesthetized with isoflurane and
positioned in a stereotaxic frame. 0.5ul of BDA 10% was injected using the following

stereotaxic coordinates (Franklin & Paxinos, 2008): anterior-posterior (AP) -2.27, medial-
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lateral (ML) +0.75, dorsal-ventral (DV) -3.5 at an injection rate of 0.1 ul/min. For a targeted
structure, stereotaxic coordinates are calculated relative to two reference points: the
Bregma and lambda points situated on the surface of the skull at the junction of different

bone plates (Ferry, Gervasoni, & Vogt, 2014).

BDA visualization:

Mice lived a week post-injection, and then they were transcardially perfused with 0.9%
heparinized saline followed by 4% paraformaldehyde (PFA) and 0.5% Glutaraldehyde.
Brains were cryoprotected with 30% sucrose and then cut coronally in 40 um sections.
Free-floating sections were incubated with standard avidin-biotinylated HRP (Vectastain,
ABC-HRP kit; LS-J1009) following nickel-enhanced diaminobenzidine (DAB) reaction
(Reiner et al., 2000). Finally, to recognize brain regions through histology, sections were
counterstained with NeuN (1:500; Sigma-Aldrich, MAB377) and were coverslipped using

Permount (Fisher Scientific, Whitby, ON, Canada).

Evaluate AAV5-eGFP gene expression and axonal transport

AAV vector:

A recombinant AAVzs vector (Capsid: AAV-5, ITR: AAV-2) containing green fluorescent
protein cDNA sequence regulated by the cytomegalovirus enhancer promoter was used
to express GFP (AAV5-CMV-eGFP). Vector produced by Vector Biolabs (Malvern, PA,

USA). The titer used was 5.6 x 10 vg/ml.

81



Different treatment groups:

Four weeks old C57BL/6J mice were injected unilaterally in the PF with the vector AAV5-
eGFP to evaluate GFP expression dynamics in the ipsilateral striatum at 1-, 3-, 5- and

11-weeks post injection (n=3 per week).

Surgical procedures:

Mice injected intracranially in the right PF used the following stereotaxic coordinates
(Franklin & Paxinos, 2008): AP -2.27, ML +0.75, DV -3.5. All surgeries were done
following the McGill Standard Operating Procedure #202 “Rodent Stereotaxic Surgery”
and the protocol reported by Lowery and Majewska (Lowery & Majewska, 2010). As
mentioned before, mice were deeply anesthetized with isoflurane and positioned in a
stereotaxic frame where 1 ul of the AAV vector was injected at a rate of 0.1 ul/min.

After 1-, 3-, 5- and 1ll-weeks of the injection, mice were euthanized under deep
anesthesia with transcardial perfusion of 0.9% heparinized saline followed by PFA. Brains
were cryoprotected with 30% sucrose and then cut coronally into 40 um-thick sections
using a freezing microtome. Free-floating sections were collected serially into six vials per

brain containing PBS (0.1M, pH 7.4).

GFP immunohistochemistry:

40 um free-floating sections were incubated in blocking solution (PBS with 0.5% triton X-
100, 10% normal goat serum (NGS) and 5% bovine serum albumin (BSA)) for 1 hour.

Next, sections were incubated with GFP antibody (1:1000, Invitrogen, #A-11122) in
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blocking solution overnight at 4 °C. After incubation, sections were washed three times
with PBS at room temperature (RT) followed by incubation in goat secondary antibody
(2:200, Bio-Rad, Hercules, CA) in blocking solution at RT for 1 hour. Sections were
washed 3 times with PBS at RT and then incubated with standard avidin-biotinylated HRP
(Vectastain, ABC-HRP kit; LS-J1009). Next, sections were washed three times with PBS
at RT and developed with DAB reaction for 10 minutes. DAB step was stopped by six
washes of PBS. Finally, to recognize brain regions through histology, sections were
mounted onto glass-coated slides, dried overnight and were counterstained with 0.1%
cresyl violet (Nissl stain). Slides dried and were coverslipped using Permount (Fisher

Scientific, Whitby, ON, Canada).

Determine if the AAV5-BDNF-hrGFP vector produces motor behavior changes in

the R6/2 mouse line

Animals:

The behavioral assays were performed with R6/2 mice from a colony maintained at the
Animal Facility for Neurological Disease Models of the Montreal Neurological Institute
(B6CBA-Tg(HDexon1)62Gpb/3J) following the standards of the Canadian Council on
Animal Care. Ovarian transplanted R6/2 females were obtained from a line maintained at
the Jackson Laboratory and were crossed with males of the C57bl/6J background. It is
important to mention that within the R6/2 mouse line, there are mice that carry the mhtt
gene with CAG repeats between 119 and 125, and those will be referred to as “R6/2

carriers (R6/2 CAR)” whereas the other littermates that do not carry the mhtt gene will be
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referred to as “R6/2 wild-type (R6/2 WT)”. The pups were genotyped at three weeks old
by Laragen (Culver City, CA, USA). For this project, only male mice were used to avoid

variability related to sex (L. Menalled et al., 2009).

Baseline of R6/2 model behavior and locomotor activity:

Behavioral tests timeline:

To establish a baseline of the animal model behavior and locomotor activity, R6/2 CAR
and age-matched R6/2 WT littermates mice were studied using the Clasping test, Open
Field and Elevated plus maze. Clasping tests were performed every week starting at four
weeks of age until the mice reached 12 weeks old. Open Field and Elevated plus maze

were performed at 4, 6, 9 and 11 weeks of age.

Clasping test:

The Clasping test is used as a marker of disease progression in several mouse models
of neurodegeneration (Guyenet et al., 2010). In this test, the mouse tail is grabbed near
its base, allowing the mouse to be lifted approximately twenty centimeters from the table,
and it is recorded for twenty seconds the times and duration the mouse retracts a limb
towards the midline following the protocol from Samadi et al. (Bissonnette, Vaillancourt,
Hébert, Drolet, & Samadi, 2013; Samadi et al., 2013). The extent of clasping per limb was
graded as follows: None=0; mild=0.25; moderate=0.5, and severe and constant=0.75.

The resulting score was added and averaged.
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Open field test:

The Open Field is a 1-hour test that focuses on spontaneous locomotor activity in a
square arena surrounded by walls that prevent mice from escaping (Gould, Dao, &
Kovacsics, 2009; Kumar, Bhat, & Kumar, 2013). The paths traveled by the mice in the
arena were recorded with the EthoVision XT software from the Noldus Company. The
total distance traveled, and Mean velocity of locomotor activity are measured from the

recorded patterns in the arena.

Elevated plus maze:

The Elevated plus maze is an “+” shaped maze with two covered and two uncovered
arms elevated fifty centimeters from the ground. This maze represents a dilemma to the
mice because of their innate curiosity to explore new environments against the fear they
experience of the open and elevated arms (Baldo & Petersén, 2015; Komada, Takao, &
Miyakawa, 2008). The test lasted 10 minutes, and the paths traveled by the mice in the
arena were recorded with the EthoVision XT software from the Noldus Company. Time
spent in closed arms and time spent in open arms were converted into a ratio Time spent
in open arms/Time spent in closed arms, where a higher resulting value corresponds to
less anxiety. The time spent ratio, and the total distance covered are variables measured

from the recorded patterns in the maze.

Weight:

R6/2 CAR and R6/2 WT were weighed each week.
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Statistical methods used in this analysis:

The data were expressed as mean + SE. The significance of the data from the Clasping
test, open field and elevated plus maze variables was statistically analyzed by a two-

tailed Independent-sample T-test comparing R6/2 WT vs R6/2 CAR mice per week.

Behavior and locomotor activity in AAV-treated R6/2 mice

After establishing a baseline of the R6/2 model behavior, the AAV5-BDNF-hrGFP vector

was administered as a therapeutic vector to R6/2 CAR mice:

AAV vector:

Recombinant AAV2s vector (Capsid: AAV-5, ITR: AAV-2) containing full human BDNF
cDNA sequence followed by hrGFP sequence regulated by the CMV enhancer-promoter
was used to overexpress BDNF and hrGFP; an IRES element was used as a linker
between transgenes (AAV5-CMV-hBDNF-IRES2-hrGFP; expressed here as AAV5-
BDNF-GFP). Vector produced by Vector Biolabs (Malvern, PA, USA). The titer used was

5.6 x 10%*2 vg/ml.

Different treatment groups:

Three different groups were established with R6/2 mice: 1) not injected R6/2 wild-type
mice (R6/2 WT), 2) not injected R6/2 carrier mice (R6/2 CAR) and 3) AAV5-BDNF-GFP

injected R6/2 carrier mice (R6/2 CAR-BDNF).

86



Surgical procedures:

R6/2 CAR mice were deeply anesthetized with isoflurane and positioned in a stereotaxic
frame. 1 ul of AAV5-BDNF-GFP vector was injected bilaterally in the PF at four weeks of
age following these stereotaxic coordinates (Franklin & Paxinos, 2008): AP -2.27, ML

+0.75, DV -3.5 at an injection rate of 0.1 pl/min.

Behavioral and locomotor assays timeline:

R6/2 WT, R6/2 CAR, and R6/2 CAR-BDNF mice were studied using Clasping test, Open
Field and Elevated plus maze starting at four weeks old before AAV injection. Mice were
left to recover, and Open Field and Elevated plus maze were continued at 6, 9 and 11

weeks of age. Clasping test was performed each week from 6 weeks to 11 weeks of age.

Weight:

R6/2 WT, R6/2 CAR, and R6/2 CAR-BDNF mice were weighed each week.

Tissue preparation for immunohistochemistry:

11.5 weeks old R6/2 WT and CAR mice were euthanized under deep anesthesia with
transcardial perfusion of 0.9% heparinized saline followed by PFA. Brains were
cryoprotected with 30% sucrose and then cut coronally into 40 um-thick sections using a
freezing microtome. Free-floating sections were collected serially in six vials filled with

PBS (0.1M, pH 7.4). One of the six vials with free-floating sections was used for NeuN
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immunohistochemistry (NeuN 1:1000; MAB377, Millipore, Canada) to evaluate

morphological changes induced by AAV expression.

Morphological changes of AAV-injected brains:

These results were obtained by Chris Valenti, a summer student in 2019.

Unbiased stereology was carried out on NeuN* coronal sections using the Stereo
Investigator program (Microbrightfield, Willston, VT, USA) and an Olympus BX-40
microscope equipped with a motorized XYZ stage.

Contours of the neostriatum were drawn at a 4x magnification according to defined
boundaries using the Paxinos Mouse brain atlas (Franklin & Paxinos, 2008). While the
neostriatum is generally anatomically well-defined, its ventral limits rostral to the anterior
commissure are arbitrary, as it interfaces with the nucleus accumbens in this region.
Following Samadi et al., (Bissonnette et al., 2013; Samadi et al., 2013) the neostriatum
was therefore delimited from the nucleus accumbens by a line extending from the most
ventral point of the lateral ventricle medially to the tapered external capsule laterally, at
an angle of 30 degrees below the axial plane.

The optical fractionator was used as a stereology probe to obtain unbiased estimates of
the total number of neurons; counts were conducted at 100x magnification under oll
immersion. The systematic random sampling grid size was 500 x 500 uym, and the optical
fractionator counting frame was 60 x 60 um, with guard zones of 1 um at the top and

bottom surface.
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Statistical methods used in this analysis:

The Open field and elevated plus maze assays were statistically analyzed with a Two-
way mixed ANOVA. For the Clasping test, R6/2 WT mice showed considerably less
clasping than the other two groups therefore, for the statistical analysis, only R6/2 CAR
and R6/2 CAR-BDNF mice were analyzed using a two-tailed Independent-sample T-test.
Regarding Stereology results, data was analyzed using a one-way ANOVA with a Tukey

post-hoc test.

Verification of accurate AAV5-BDNFE-GFP injection

Another of the six vials with 40 um-thick free-floating sections in PBS was used for GFP
immunohistochemistry (GFP 1:1000; #A-11122, Invitrogen) to verify accurate AAV
injection in the PF. The behavioural and locomotor assay analysis included only mice

properly injected in the PF.

Evaluate if bilateral injection in the PF with AAV5-BDNF-GFP increases GFP and
BDNF expression as well as activation of TrkB receptor in the striatum and at the

injection site of C57BL/6J mice

Because it was not possible to verify the accurate injection of AAV5-BDNF-GFP in the PF
of the R6/2 WT and CAR mice using GFP immunohistochemistry, comparative molecular
studies were performed between the expression of AAV5-BDNF-GFP and the control

vector AAV5-GFP.
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AAV vectors:

Recombinant AAV2s vector (Capsid: AAV-5, ITR: AAV-2) containing hrGFP-tagged
human full BDNF cDNA sequences regulated by the CMV enhancer-promoter and the
IRES element was used to overexpress BDNF (AAV5-CMV-hBDNF-IRES2-hrGFP). As a
control, vector AAV5-CMV-GFP was used. Vectors were produced by Vector Biolabs

(Malvern, PA, USA). The titer used for both was 5.6 x 10*? vg/ml.

Different treatment groups:

Four weeks old C57BL/6J mice were injected 1) bilaterally in the PF, AAV5-BDNF-GFP
on the right hemisphere and AAV5-GFP on the left hemisphere to evaluate GFP
expression at the injection site after three weeks (n=4); 2) bilaterally in the Striatum,
AAV5-BDNF-GFP on the right hemisphere and AAV5-GFP on the left hemisphere to
evaluate GFP expression at the injection site after three weeks (n=4), 3) bilaterally in the
PF with AAV5-GFP (n=9) or with AAV5-BDNF-GFP (n=13) to compare BDNF, GFP and
pTrkB expression at the injection site and in the striatum after five weeks using western
blot or 4) unilaterally in the right Globus pallidus with AAV5-BDNF-GFP (n=4) to compare
BDNF and GFP expression in the injected hemisphere versus the not injected
hemisphere after five weeks using western blot. The globus pallidus was chosen as a
target region in this case due to its reported lack of BDNF~ fibers, cell bodies, and lack of
BDNF mRNA (Conner et al., 1997). Not injected mice were included as a negative control

in groups 1, 2 and 3.
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Surgical procedures:

Mice injected intracranially in the PF used the following stereotaxic coordinates (Franklin
& Paxinos, 2008): AP -2.27, ML +0.75, DV -3.5; in the striatum: AP +0.65, ML 2, DV -3
and in the globus pallidus: AP -0.47, ML 1.75, DV 4. All surgeries were done following the
McGill Standard Operating Procedure #202 “Rodent Stereotaxic Surgery” and the
protocol reported by Lowery and Majewska (Lowery & Majewska, 2010). As mentioned,
mice were deeply anesthetized with isoflurane and positioned in a stereotaxic frame

where 1 ul of the AAV vectors was injected per side at a rate of 0.1 pl/min.

Groups 1, 2:

AAV-injected mice in groups 1 and 2 were euthanized under deep anesthesia with
transcardial perfusion of 0.9% heparinized saline, followed by PFA. Brains were
cryoprotected with 30% sucrose and then cut coronally into 40 um-thick sections with a
freezing microtome. Sections were collected serially in six vials filled with PBS (0.1M, pH
7.4). One of the vials with the 40 um free-floating sections was used for GFP

immunohistochemistry (GFP 1:1000; #A-11122, Invitrogen).

Groups 3, 4:

AAV-injected mice in groups 3 and 4 were decapitated five weeks post-injection to allow
the viral vector to reach a plateau of gene expression at the injection site. Not-injected
mice were decapitated at nine weeks of age (age-matched with the AAV-injected mice).

Brains were obtained and immediately snap frozen at -80 Celsius until used. Following
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the Nguyen et al. (Nguyen et al., 2016) protocol, Atlas defined (Franklin & Paxinos, 2008)
PF, striatal and globus pallidal tissue samples were obtained using a 1 x 1.5 mm

cylindrical micro-punch (Stoelting, IL, USA).

Tissue preparation and protein extraction:

For the determination of protein expression levels, brain punches were homogenized on
ice in 100 pl of RIPA protein lysis buffer consisting of 50 mM Tris—HCI (pH 8.0), 150 mM
NaCl and 1% Triton X-100 with Halt protease inhibitor cocktail (Thermo Scientific™
Pierce, Rockford, IL). The homogenates were centrifuged at 14,000 rpm for 20 minutes
at 4 °C. The resulting supernatants were collected, and protein levels were determined in
an aliquot of each sample using the BCA assay kit (Thermo Fisher Scientific Inc.,

Rockford, IL).

Western blot:

Thirty ug of protein from AAV5-BDNF-GFP and AAV5-GFP injected mice and not-injected
mice were denatured by mixing and boiling with 4x Laemmli buffer (Bio-Rad, Hercules,
CA) mixed with B-mercaptoethanol (5%). Recombinant BDNF protein (PreproTech, NJ,
USA) was also run in parallel as a positive control for the antibody and the migration of
endogenous BDNF at 14 kDa. Proteins were separated by electrophoresis on 4-20%
gradient gels of SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad,
Hercules, CA). Membranes were blocked with 5% BSA in TBST for 1 hour at RT and then
probed overnight at 4°C with primary antibodies diluted in 5% BSA in TBST: total TrkB

(1:1000; Cell Signaling Technologies, MA, USA, #4603), phospho-TrkB (Tyr705; 1:500;
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Santa Cruz, CA, USA, #sc135645), BDNF (1:500; Millipore, Temecula, CA, #AB1534),
GFP (1:2000, Invitrogen, #A-11122) and Tubulin -3 (1:5000; Biolegend, #802001) as a
loading control. After washing with TBST, a secondary HRP-conjugated antibody (Goat
Anti-Rabbit 1gG; 1:4000; Bio-Rad, Hercules, CA; #1706515) diluted in 5% BSA in TBST
was incubated for 1 hour at RT. Following a second wash of membranes with TBST,
membranes were developed by ECL (Pierce, IL, USA) and Image-J (NIH software,
version 1.47) was used for optical density (OD) quantification of each protein band.

Relative protein levels were derived by calculating the OD of the specific band minus the
background intensity of the membrane and normalized to the tubulin -3 band in the same
lane, thereby controlling for any effect of unequal total neuronal protein concentrations
between lanes (Nguyen et al., 2016; Stael, Miller, Fernandez-Fernandez A, & Van

Breusegem, 2022).

Statistical methods used in this analysis:

The data were expressed as mean = SE. An Independent-sample T-test was used to
determine significant differences between BDNF, GFP and pTrkB expression in the

different regions of injected mice.
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Part 2.

Preclinical AAV plasmid candidate selection in collaboration with Dr. Rénald

Gilbert’s group at the National Research Council Canada (NRC)

R6/2 CAR mice injected with AAV5-BDNF-GFP showed statistically significant changes
in the Clasping test and striatal neuronal number. However, it was not possible to verify
accurate AAV injection in the PF of R6/2 mice nor evaluate in C57BL/6J mice increase in
BDNF or GFP using western blot. Therefore, we approached Dr. Rénald Gilbert from the

NRC to genetically study the AAV5-BDNF-GFP vector.

cDNA Plasmids sequence:

Upon request, the genetic material in the AAV5-BDNF-GFP vector was provided
separately by Vector Biolabs (Malvern, PA, USA) for further testing. It will be referred to
as the plasmid CMV-hBDNF-IRES2-hrGFP. Dr. Gilbert's group at the NRC sequenced
the plasmid using the primers mentioned in Table 1 and compared the amino acids
alignment of the resulting GFP with a regular eGFP from a plasmid provided by Cell
Biolabs (pCMV-eGFP).

Table 1. Primers used to sequence Vector Biolabs plasmid elements

Primers Sequence
#4 (CMV) GATTTCCAAGTCTCCACC
#358 (IRES2) GCTTCGGCCAGTAACGTTAGG

#487 (bGHPolyA) | GCAAACAACAGATGGCTGGC

#662 (IRES2) CCACCATATTGCCGTCTTTTGG
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Next, the group created a plasmid using the hBDNF sequence provided by Vector Biolabs
(Malvern, PA, USA) and the CMV promoter and eGFP sequence provided by Cell Biolabs

connected by the link sequence 2A: pCMV-hBDNF-2A-eGFP (Table 2).

In vitro evaluation of pPCMV-hBDNF-IRES2-hrGFP compared to pCMV-eGFP:

HEK293SF cells at P23 grown in BalanCD HEK293 medium (Irvine Scientific, #91165)
containing 4 mM L-Glutamine were transfected by Dr. Gilbert’s group at the NRC. Using
PElpro® DNA transfection reagent (VWR International), cells were transfected with
pCMV-hBDNF-IRES2-hrGFP or pCMV-eGFP. Not transfected HEK293SF cell cultures

were used as controls.

GFP fluorescence

Cells were incubated at 37 °C for 24-, 48- and 72-hours post-transfection and then looked
at GFP fluorescent signal under an inverted microscope. After GFP signal observation,
cell pellets and supernatants were collected and stored at -20 °C until used by our lab.
This experiment was conducted three independent times. Cell pellets were collected from
each cell culture to be analyzed by our lab using a western blot to evaluate BDNF and

GFP expression.
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Fluorescence-Activated Cell Sorting (FACS) assay

FACS assay was performed at 48- and 72-hours post-transfection to evaluate the
percentage of GFP+ cells as a measure of the proportion of successfully transfected cells

in each culture.

In vitro validation of pCMV-hBDNF-2A-eGFP compared to pCMV-eGFP:

Another set of HEK293SF cells at P10 grown in BalanCD HEK293 medium (Irvine
Scientific, #91165) containing 4 mM L-Glutamine were transfected by Dr. Gilbert’s group.
Using PEIpro® DNA transfection reagent (VWR International), cells were transfected with
pCMV-hBDNF-2A-eGFP or pCMV-eGFP. Not transfected HEK293SF cell cultures were
used as controls. Cell cultures were incubated at 37 °C for 48 hours, and then cell pellets
and supernatants were collected and stored at -20 °C until used by our lab. This
experiment was conducted three times. Cell pellets were analyzed by western blot to
evaluate GFP expression, and the supernatants were analyzed by our lab using enzyme-

linked immunosorbent assay (ELISA) to evaluate BDNF secretion.

Table 2. Plasmids used during in vitro testing

Plasmid Produced by

pCMV-hBDNF-IRES2-hrGFP | Vector Biolabs

pCMV-hBDNF-2A-eGFP NRC
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Cell pellet preparation and protein extraction:

For the determination of protein expression levels, HEK293SF cell pellets after 48 hours
of transfection were homogenized on ice in 100 ul of RIPA protein lysis buffer consisting
of 50 mM Tris—HCI (pH 8.0), 150 mM NaCl and 1% Triton X-100 with Halt protease
inhibitor cocktail (Thermo Scientific™ Pierce, Rockford, IL). The homogenates were
centrifuged at 14,000 rpm for 20 minutes at 4 °C. The resulting supernatants were
collected, and protein levels were determined in an aliquot of each sample using the BCA

assay kit (Thermo Fisher Scientific Inc., Rockford, IL).

Western blot:

Thirty ug of protein from each transfected cell culture or not transfected, was denatured
by mixing and boiling with 4x laemmli buffer (Bio-Rad, Hercules, CA) mixed with (-
mercaptoethanol (5%). Recombinant BDNF protein (PreproTech, NJ, USA) was also run
in parallel as a positive control for the antibody and the migration of endogenous BDNF
at 14 kDa. Proteins were separated by electrophoresis on 4-20% gradient gels of SDS-
PAGE and transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes
were blocked with 5% BSA in TBST for 1 hour at RT and then probed overnight at 4°C
with primary antibodies diluted in 5% BSA in TBST: BDNF (1:500; Millipore, Temecula,
CA, #AB1534) and/or GFP (1:2000, Invitrogen, #A-11122) and Tubulin -3 (1:5000;
Biolegend, #802001) or B-actin (1:10000; Sigma-Aldrich, #A5441) as loading control.
After washing with TBST, a secondary HRP-conjugated antibody (Goat Anti-Rabbit IgG;
1:4000; Bio-Rad, Hercules, CA; #1706515) diluted in 5% BSA in TBST was incubated for

1 hour at RT. Following a second wash of membranes with TBST, membranes were
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developed by ECL (Pierce, IL, USA) and Image-J (NIH software, version 1.47) was used
for OD quantification of each protein band.

Relative protein levels were obtained by calculating the OD of the specific band minus
the background intensity of the membrane and normalized to the tubulin -3 or actin band
in the same lane, thereby controlling for any effect of unequal total neuronal protein

concentrations between lanes (43).

Enzyme-linked immunosorbent assay (ELISA):

Supernatants of HEK293SF cell cultures transfected with pCMV-hBDNF-2A-eGFP,
pCMV-eGFP or no plasmid were analyzed by triplicate using an ELISA kit from Biosensis
(#BEK-2211) to evaluate mature BDNF secretion. Supernatants were thawed and
centrifuged at 10,000 x g for 5 minutes to remove particulates (all steps were performed
at RT). Mature BDNF standard serial dilutions were prepared with BalanCD HEK293
medium (Irvine Scientific, #91165) to create a standard curve with known concentrations.
Diluted mature BDNF standards, supernatant samples and positive and negative controls
were loaded into a pre-coated 96-well microplate and were incubated on a shaker for 45
minutes at 140 rpm. Five washes with wash buffer followed, and the detection antibody
was added. The antibody was incubated for 30 minutes on a shaker at 140 rpm and then
washed five times. A streptavidin-HRP conjugate was added and incubated for 30
minutes on a shaker at 140 rpm. The final five washes were done before adding the
substrate tetramethylbenzidine (TMB), which was incubated for 5 minutes without
shaking in the dark. After stopping the reaction, the visible blue color changed to yellow,

and the absorbance was read at 450 nm on a plate reader.
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To calculate BDNF protein levels, all values were adjusted for background absorbance
by subtracting the OD of the blank value (BalanCD HEK293 medium). The BDNF
standard curve was plotted with the adjusted OD of each BDNF standard solution as the
Y-axis vs. the known concentration of mature BDNF standard solution as the X-axis. The
mature BDNF protein concentration of the supernatant samples was interpolated from

the standard curve.

Statistical methods used in this analysis:

The data were expressed as mean = SE. A One-way ANOVA was used to analyze

western blot and ELISA results to determine significant differences between protein

expression and BDNF secretion in transfected and control HEK293SF cell cultures.

Preclinical AAV viral vector candidate selection in collaboration with Dr. Rénald

Gilbert’s group at the National Research Council Canada (NRC)

AAV vectors:

Once the CMV-hBDNF-2A-eGFP plasmid was tested and chosen, Dr. Gilbert's team
transfected it into HEK293 packaging cells along with other helper plasmids to construct
a BDNF-expressing rAAV (JalSi¢ et al., 2023). The two ITRs were taken from the AAV2
genome, but AAV5 and AAV9 capsids were used. The result was: AAV2/5-CMV-hBDNF-
2A-eGFP (titer 4.95E+12 vg/ml) and AAV2/9-CMV-hBDNF-2A-eGFP (titer 2.99E+13
vg/ml) vectors with their corresponding control vectors, AAV2/5-CMV-eGFP (titer

5.40E+12 vg/ml) and AAV2/9-CMV-eGFP (titer 1.53E+13 vg/ml).
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Different treatment groups:

Injected C57BL/6J mice received the following NRC produced vectors: 1) AAV5-eGFP
(n=3), 2) AAV9-eGFP diluted 1:1 with PBS (n=3), 3) AAV5-BDNF-eGFP (n=3) and 4)
AAV9-BDNF-eGFP (n=3) to evaluate GFP expression at the injection site and
anterograde transport_to the ipsilateral striatum after 3.5 weeks post-injection. Another
group of mice received 5) AAV5-BDNF-eGFP (n=3) and 6) AAV9-BDNF-eGFP (n=3) to
evaluate GFP expression at the injection site and anterograde transport to the ipsilateral

striatum after nine weeks post-injection.

Surgical procedures:

4-week-old C57BL/6J mice were injected unilaterally in the PF using the previously
mentioned stereotaxic coordinates (Franklin & Paxinos, 2008): AP -2.27, ML +0.75, and
DV -3.5. Stereotaxic surgeries were done following the McGill Standard Operating
Procedure #202 “Rodent Stereotaxic Surgery” and the protocol reported by Lowery and
Majewska (Lowery & Majewska, 2010). Mice were deeply anesthetized with isoflurane
and positioned in a stereotaxic frame where 1 ul of the AAV vector was injected at a rate

of 0.1 pl/min.

GFP immunohistochemistry:

After the specified time of survival post-injection, AAV-injected mice were euthanized

under deep anesthesia with transcardial perfusion of 0.9% heparinized saline followed by
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PFA. Brains were cryoprotected with 30% sucrose, cut coronally in 40 um-thick sections

and processed for GFP immunohistochemistry performed as described above.

Statistical methods used in this analysis:

Comparison of GFP expression at nine weeks post-injection between AAV5-BDNF-eGFP
and AAV9-BDNF-eGFP injected mice in the injected PF and in the ipsilateral striatum was
measured as pixel intensity by public domain National Institutes of Health Image J
analysis software (NIH Image J, v1.45s, Bethesda, MD). The data were expressed as
mean = SE. A Mann-Whitney U test was used to analyze the pixel intensity values

because the data obtained failed to meet a normal distribution.

Evaluate if the injection in the PF with AAV9-BDNF-eGFP viral vector increases GFP
and BDNF expression as well as activation of TrkB receptor in the ipsilateral

striatum and at the injection site of C57BL/6J mice

AAV vectors:

Recombinant AAV2/9 vectors produced by Dr. Gilbert’s group at the NRC will be used for
the experiments in this section: AAV2/9-CMV-hBDNF-2A-eGFP (titer 2.99E+13 vg/ml)
and AAV2/9-CMV-eGFP (titer 1.53E+13 vg/ml) viral vectors. AAV2/9-CMV-eGFP vector
had to be diluted 1:1 with PBS to restrict the cellular transduction to cells closer to the site

of injection (results not shown here).
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Different treatment groups:

Group 1) was injected with the AAV9-BDNF-eGFP vector in the right hemisphere and the
AAYV vehicle buffer in the left hemisphere (n=5) to evaluate BDNF anterograde transport
to the striatum, GFP expression and pTrkB activation three weeks post-injection; Group
2) was injected with AAV9-BDNF-eGFP (1:5 diluted with PBS) in the right hemisphere
and the AAV9-eGFP (1:1 diluted with PBS) vector in the left hemisphere (n=3) to quantify
BDNF protein levels in the striatum three weeks post-injection. Not-injected age-matched

mice were included as negative controls (n=3).

Surgical procedures:

Four weeks old C57BL/6J mice were injected bilaterally in the PF using the previously
mentioned stereotaxic coordinates (Franklin & Paxinos, 2008): AP -2.27, ML +0.75, and

DV -3.5.

Tissue preparation:

After the specified time of survival post-injection, AAV-injected mice were decapitated,
and then brains were obtained. Brains were cut in half along the coronal plane at the
segment between the caudal edge of the optic chiasm and the last portion of the visible
optic nerve (seen ventrally). The anterior block of the brain contained the anterior

striatum, whereas the posterior block contained the thalamic portion.
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GFP immunohistochemistry:

The thalamic block was immediately immersed for 24 hours in PFA, then cryoprotected
with 30% sucrose and finally cut coronally in 40 um-thick serial sections. Thalamic free-
floating sections were used to verify accurate AAV injection in the PF using the GFP

immunohistochemistry protocol described above.

Protein extraction:

The striatum block was immediately snap frozen at -80 °C, and following Nguyen et al.
(Nguyen et al., 2016) protocol, Atlas-defined (Franklin & Paxinos, 2008) striatum tissue
samples were obtained using a 1 x 1.5 mm cylindrical micro-punch (Stoelting, IL, USA).
Striatal punches from brains in group 1 and group 2 were homogenized and processed

for western blot and ELISA.

Waestern blot:

Thirty ug of protein from striatum lysates of AAV9-BDNF-eGFP and AAV buffer vehicle-
injected mice in group 1 was run in 4-20% gradient gels of SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were incubated with BDNF, phospho-TrkB, GFP
and tubulin B-3, followed by a secondary HRP-conjugated antibody and developed by
ECL. The protocol is described above in detail. Relative protein levels were calculated by
the OD of the specific band minus the background intensity of the membrane and

normalized to the tubulin -3 band in the same lane.
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Enzyme-linked immunosorbent assay (ELISA):

Striatum lysates from mice in group 2 injected with AAV9-BDNF-eGFP and AAV9-eGFP
and not injected mice were analyzed by triplicate using an ELISA kit from Biosensis
(#BEK-2211) to evaluate mature BDNF protein levels. Lysates were thawed and diluted
1:5 with Biosensis assay diluent A (all steps were performed at RT). Mature BDNF
standard serial dilutions were prepared with RIPA buffer to create a standard curve with
known concentrations. Diluted mature BDNF standards, lysate samples and positive and
negative controls were loaded into a pre-coated 96-well microplate and were incubated
on a shaker for 45 minutes at 140 rpm. Five washes with wash buffer followed, and the
detection antibody was added. The antibody was incubated for 30 minutes on a shaker
at 140 rpm and then washed five times. A streptavidin-HRP conjugate was added and
incubated for 30 minutes on a shaker at 140 rpm. The final five washes were done before
adding TMB, which was incubated for 5 minutes without shaking in the dark. After
stopping the reaction, the visible blue color changed to yellow, and the absorbance was
read at 450 nm on a plate reader.

To calculate BDNF protein levels, all values were adjusted for background absorbance
by subtracting the OD of the blank value (RIPA buffer). The BDNF standard curve was
plotted with the adjusted OD of each BDNF standard solution as the Y-axis vs. the known
concentration of mature BDNF standard solution as the X-axis. The mature BDNF protein
levels of the striatum lysate samples were interpolated from the standard curve and then

multiplied by the dilution factor.
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Statistical methods used in this analysis:

The data were expressed as mean + SE. To analyze the western blot results, an
Independent-sample T-test was used to determine significant differences between BDNF,
GFP and pTrkB expression in the striatum of AAV9-BDNF-eGFP and AAV buffer vehicle-
injected mice. To analyze the ELISA results, not-injected mice were not considered
because there were no differences with the AAV9-eGFP control vector. Therefore, an
Independent-sample T-test was used to determine significant differences in BDNF protein
levels anterogradely transported to the striatum of AAV9-BDNF-eGFP and AAV9-eGFP

injected mice.

Part 3.

After verifying that injection of AAV9-BDNF-eGFP in the PF induces BDNF
overexpression and anterograde transport to the striatum in brains of C57BL/6J
mice, AAV9-BDNF-eGFP vector was administered to R6/2 CAR mice as a

therapeutic vector:

Different treatment groups:

R6/2 mice were injected at four weeks of age establishing six separate groups: 1) AAV9-
BDNF-eGFP injected R6/2 WT mice (R6/2 WT-BDNF) (n=15), 2) AAV9-BDNF-eGFP
injected R6/2 CAR mice (R6/2 CAR-BDNF) (n=8), 3) AAV9-eGFP (dilution 1:1) injected
R6/2 WT mice (R6/2 WT-GFP 1:1) (n=5), 4) AAV9-eGFP (dilution 1:1) injected R6/2 CAR
mice (R6/2 CAR-GFP 1:1) (n=4). At a subsequent time, 5) AAV9-BDNF-eGFP vector was

diluted 1:5 with PBS and was injected bilaterally in the PF of R6/2 CAR mice (R6/2 CAR-
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BDNF 1:5) (n=10). Following that, 6) AAV9-BDNF-eGFP vector was diluted 1:10 with PBS

and was injected bilaterally in the PF of R6/2 CAR mice (R6/2 CAR-BDNF 1:10) (n=6).

Surgical procedures:

R6/2 WT and R6/2 CAR mice were injected bilaterally in the PF with the NRC-produced
AAV9-BDNF-eGFP or AAV9-eGFP viral vectors. 1 ul of AAV vector was injected
bilaterally using the following stereotaxic coordinates (Franklin & Paxinos, 2008): AP -

2.27, ML 0.75, DV -3.5 at an injection rate of 0.1 ul/min.

Comparison of survival curves of AAV-injected R6/2 mice:

The Kaplan-Meier method was used to calculate the survival distribution of R6/2 CAR
mice injected with AAV9 vectors. Survival time refers to the weeks after AAV delivery until
death.

R6/2 CAR mice injected with AAV9-BDNF-eGFP (groups 2, 5 and 6) and AAV9-eGFP
vector (group 4) were left to survive without any manipulation. AAV-injected R6/2 WT
mice (groups 1 and 3) were euthanized at 11.5 weeks of age under deep anesthesia with

transcardial perfusion of 0.9% heparinized saline followed by PFA.

Statistical methods used in this analysis:

To test if the survival functions are equal between the different dilutions of the AAV9-

BDNF-eGFP vector, the Breslow test was used, and a Bonferroni correction was made
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with statistical significance accepted at the p< .0167 level (since we have three

comparisons to be made, the alpha level was divided by 3 (0.05/ 3 = 0.0167)).

Table 3. Viral vectors used throughout the project

Viral construct Titer (vg/ml) Dilution Produced by | Mentioned in text as:
(PBS)
AAV2/5-CMV-hBDNF-IRES2- 5.6 x 102 - Vector Biolabs | AAV5-BDNF-GFP
hrGFP
AAV2/5-CMV-eGFP 5.6 x 10*? - Vector Biolabs | AAV5-GFP
AAV2/5-CMV-hBDNF-2A-eGFP | 4.95 x 10*? - NRC AAV5-BDNF-eGFP
AAV2/5-CMV-eGFP 5.40 x 10*2 - NRC AAV5-eGFP
AAV2/9-CMV-hBDNF-2A-eGFP | 2.99 x 10*3 - NRC AAV9-BDNF-eGFP
AAV2/9-CMV-hBDNF-2A-eGFP | 2.99 x 10*3 1:5 NRC AAV9-BDNF-eGFP 1: 5
AAV2/9-CMV-hBDNF-2A-eGFP | 2.99 x 10*3 1:10 NRC AAV9-BDNF-eGFP 1: 10
AAV2/9-CMV-eGFP 1.53 x 1013 1.1 NRC AAV9-eGFP
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Chapter 4: RESEARCH FINDINGS

Part 1.

A) Verification of target and anterograde transport

BDA anterograde transport through thalamostriatal projections

To determine if the striatal afferents, such as the PF, can be used to deliver proteins to
the striatum anterogradely, we first used the anterograde tracer BDA to visualize the

thalamostriatal system following the stereotaxic coordinates AP: -2.27, ML: +0.75, DV: -

3.5 (Fig.1).
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Figure 1. Rodent skull landmarks considered for stereotaxic surgery. A. lateral view, B. dorsal view.
Taken from Cecyn and Abrahao (Cecyn & Abrahao, 2023). C) Slide taken from Paxinos Mouse Atlas

(Franklin & Paxinos, 2008) pointing at PF stereotaxic coordinates AP: -2.27, ML: +0.75, DV: -3.5.

For this study, we used high molecular weight BDA (10k) because it labels axons and

terminals selectively, whereas BDA (3k) shows retrograde labeling of neuronal cell
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bodies. Figure 2 shows a representative picture of a PF intracranial BDA-10k injection
made at the correct stereotaxic coordinates given that the axonal labeling apparent as
black Ni-DAB* axonal stains stem from the PF (red dotted circle) and cover the
neostriatum. Among subcortical structures, the PF has been shown to have the highest
density of projections to the neostriatum, and at the same time, the PF contains distinct
neuronal populations that project in a specific topographical manner to and from the
cerebral cortex (Mandelbaum et al., 2019). With this experiment, it was confirmed that
stereotaxic coordinates are correct and that if the PF is injected with an agent that is taken
by those thalamic neurons and is transported anterogradely, it can be visualized and
measured along the PF axons reaching the ipsilateral striatum. Some expected thalamic
projections to the somatosensory cortex are observed too. In one week, BDA-10k was
transported 3.87 mm anterogradely (Fig. 2).

Unilateral injection in the PF

Bregma: 1.41mm 0.85mm -0.11mm -2.46mm

Unilateral anterograde transport from injection site
1 week post injection

Figure 2. Representative pictures of coronal sections of C57BL/6J mice showing anterograde BDA

neuronal tracing (black) counterstained with neuronal marker NeuN (brown).
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AAV5- GFP expression and anterograde transport

After the thalamostriatal afferents were visualized through BDA-10k injection in the PF, 1
ul of AAV5-GFP control vector was injected unilaterally into the same nucleus to evaluate
how soon GFP expression appeared at the injection site and at which week GFP was
transported to the ipsilateral striatum anterior to the anterior commissure (Fig. 3).
Studying AAV5 gene expression dynamics is important to establish the experimental plan
to know when the peak of transgene expression and transport is since it is not the same

as the BDA transport (Aschauer et al., 2013).
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Figure 3. Representative pictures of coronal sections of C57BL/6J mice showing GFP expression at the
injection site and transport to the ipsilateral striatum at different weeks post-injection. A. Injection site
highlighted with a red circle and striatal contour in blue. B. Striatum 5 weeks post-injection, C. Striatum 11

weeks post-injection. Blue arrow pointing at GFP* projections reaching striatal neurons.

GFP expression in the cell bodies at the injected site appeared one week post-injection

of the AAV5-GFP vector. However, no GFP* projections towards the striatum nor the
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cerebral cortex were observed (Fig.3). GFP expression in the cell bodies of the injected
site reached its peak at three weeks post-injection and remained stable until 11 weeks
after viral injection. GFP* projections to the striatum and cerebral cortex appeared at three
weeks and remained stable until week 11 post-injection. No cell bodies in the striatum

appeared to be GFP™, only thalamic axons.

Another important aspect of studying AAV5-GFP gene expression dynamics is the
amount of anterograde transport observed as opposed to retrograde transport (Fig.4).
The viral vector transduced the cell bodies in the PF (Fig.4E) causing GFP synthesis in
the cytosol and passive anterograde transport along the axons to the PF projection
terminals, in this case the striatum, the nucleus accumbens and the cerebral cortex can
be observed (Fig.4B, C, D). However, the PF receives projections from other regions that
could pick up the AVV5-GFP vector through axon terminals present in the PF, such as
other cortical regions, the pedunculopontine nucleus, the pontine reticular formation, the
superior colliculus, or various regions in the brain stem that could retrogradely transport
the viral vector to their cell bodies where GFP is synthesized. In Fig.4, there are only a
few GFP* cell bodies in the pedunculopontine nucleus and the pontine reticular formation
(Fig.4F, G), which suggests that there is considerably more anterograde than retrograde

transport.
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Scale bar: 100um

Figure 4. Representative pictures of coronal sections of C57BL/6J mice showing GFP expression in
afferent and efferent connections of the AAV5-GFP injected PF 11.5 weeks post-injection. B, C. Anterior
striatum with GFP* axons. D. Striatum at anterior commissure level with GFP* axons. E. GFP* cell bodies

at the injection site. F, G. Few GFP* cell bodies at PF afferent sites.

B) Effects of AAV5-BDNF-GFP on the behavior of R6/2 mouse model of

Huntington’s disease

Once we learned the peak in AAV-induced GFP expression was at three weeks post-
injection and GFP transport dynamics in AAV5 transduced brains, the AAV5-BDNF-GFP
vector was used to determine if a BDNF-expressing AAV construct could increase BDNF
synthesis in the PF and influence its anterograde transport to the striatum. To determine

if overexpression of BDNF induced by the AAV5-BDNF-GFP vector has a therapeutic
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effect on locomotor activity and anxiety-like behavior, the AAV5-BDNF-GFP vector was

tested in the R6/2 mouse model of Huntington’s disease.

R6/2 mouse line behavior baseline

Before testing the therapeutic agent, a baseline of the animal model behavior and
locomotor activity was established using R6/2 WT mice and their littermates R6/2 CAR
mice. R6/2 WT mice do not possess the mhtt gene; whereas R6/2 CAR mice carry the
mhtt gene and develop the disease, as opposed to R6/2 WT mice. Tests for clasping,
spontaneous locomotion in an open field (OF) and anxiety-like behavior using an elevated

plus maze (EPM) were performed following this schedule (Fig.5):

Disease stages
|

r I N
pre-HD early-HD late-HD
b
R6/2 WT
& 4
R6/2 CAR X > s
3.5 4 5 6 7 8 9 10 1" 12 weeks of age
I EPM EPM EPM EPM
OF OF OF OF
Clasping Clasping Clasping Clasping

Wean, ear punch
and genotype

Figure 5. Timeline of behavior and locomotor activity assays scheduled for R6/2 mice. Elevated plus
maze (EPM), Open Field (OF) and Clasping tests were performed at 4, 6, 9 and 11 weeks of age in R6/2
WT and CAR mice. In R6/2 CAR mice, the pre-HD stage is considered to be around 4 weeks old, early-

HD around 6 weeks and late-HD around 12 weeks.
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Clasping test

The severity of the involuntary movements will determine the score given (Fig.6A)
(Crevier-Sorbo, Rymar, Crevier-Sorbo, & Sadikot, 2020; Samadi et al., 2013). A two-tailed
independent-sample t-test statistical analysis was performed. R6/2 WT mice rarely
presented involuntary movements like clasping throughout their lives, whereas R6/2 CAR
mice started showing mild signs of clasping at 4 weeks old [t= -2.368, df= 25.532, *p=
0.026]. The score increased very significantly at 6 weeks of age

[t=-6.310, df= 23.062, p<0.001] and continued to rise more slowly at 9 and 11 weeks

[t=-15.297, df=10.138, p<0.001 and t=-14.305, df= 18, p<0.001, respectively] (Fig.6B).
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Figure 6. Clasping score between R6/2 CAR mice compared to R6/2 WT mice at different disease stages
A. Pictures of mice showing the criteria and score to evaluate clasping test. B. As the disease
progressed, there was a statistically significant increase in clasping score in R6/2 CAR mice compared to
R6/2 WT littermates. A two-tailed independent-samples t-fest statistical analysis was performed (“n” per

group specified at the bottom of each graph bar) (*p= 0.026; **p< 0.001).
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Open field test

The open field test is used as a measure of spontaneous locomotor activity (Gould et al.,
2009; Kumar et al., 2013) (Fig.7). Using an overview video camera and Ethovision
software activity traces were recorded and analyzed. Traces showed intense activity in
all directions at 4 and 11 weeks in R6/2 WT mice. In contrast, R6/2 CAR mice appeared
to have increased activity in the arena at 4 weeks of age compared to R6/2 WT mice
followed by a marked decrease at 11 weeks (Fig.7A). In agreement with the activity
traces, a two-tailed independent-samples t-test revealed that total distance traveled and
velocity in the arena in R6/2 CAR mice appeared to be increased at 4 and 6 weeks
however it was not a significant change. At 9 and 11 weeks, there was a statistically
significant reduction in R6/2 CAR mice compared to R6/2 WT mice [total distance traveled
at 9 weeks: t= 2.474, df= 16.071, p= 0.025 and 11 weeks: t= 3.998, df= 7.371, p= 0.005;
mean velocity at 9 weeks: t= 2.412, df= 15.761, p= 0.012 and 11 weeks: t= 3.892, df=

7.161, p= 0.006] (Fig.7B, C).
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Figure 7. Open field test with R6/2 CAR mice compared to R6/2 WT mice at different stages of the
disease. A. Representative activity traces recorded from R6/2 WT and CAR mice at 4 and 11 weeks of
age. B. The total distance traveled in R6/2 CAR mice declined progressively as the disease advanced

compared to R6/2 WT mice. C. Mean velocity in R6/2 CAR mice was reduced as the disease progressed
compared to R6/2 WT mice. A two-tailed independent-samples t-test statistical analysis was performed

(“n” per group specified at the bottom of each graph bar) (*p< 0.03; **p< 0.006).

Elevated plus maze

Anxiety-like behavior, total distance traveled along the maze and velocity were the
variables measured (Fig.8) (Baldo & Petersén, 2015; Komada et al., 2008; Kumar et al.,
2013). A two-tailed independent-samples t-test was used to evaluate statistically
significant differences between groups. Activity in the maze was recorded with an

overview camera and analyzed using Ethovision software by drawing activity traces. In
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the R6/2 WT mice group, traces reflected activity predominantly in closed arms with some
open-arms exploration. Traces in the R6/2 CAR mice group at 9 weeks showed
considerably more activity in open arms; however, 11 weeks traces of R6/2 CAR mice
suggested less activity overall (Fig.8A). Time spent in the open and closed arms was
analyzed by calculating the ratio; the higher the ratio, the less anxiety observed. That is
because spending more time in the open arms reflects less anxiety and fear in the open
and elevated spaces; more anxiety is observed by staying in the secured closed arms.
Statistical results indicate that as the disease progressed, R6/2 CAR mice appeared to
have less anxiety compared to their R6/2 WT littermates by spending more time in the
open arms [t=-2.510, df= 20.491, #p= 0.021]. Total distance traveled and mean velocity
measured by the activity traces in the maze, showed a progressive decline in the R6/2
CAR mice as the disease advanced compared to R6/2 WT mice [total distance traveled
at 6 weeks: t= 4.444, df= 27, p< 0.001; 9 weeks: t= 4.543, df= 27, p< 0.001; 11 weeks: t=
5.400, df= 12.906, p< 0.001 and mean velocity at 6 weeks: t= 4.086, df= 27, p< 0.001; 9

weeks: t=4.514, df= 27, p< 0.001; 11 weeks: t=5.409, df= 12.883, p< 0.001] (Fig.8B, C).
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Figure 8. Elevated plus maze analysis of R6/2 CAR mice compared to R6/2 WT mice at different stages

of the disease; a two-tailed independent-samples t-test statistical analysis was performed. A.

Representative activity traces recorded from R6/2 WT mice at 6 and 11 weeks of age and R6/2 CAR mice

at 9 and 11 weeks of age. B. The ratio of time spent in open arms divided by closed arms means higher

ratios and less anxiety. As the disease progresses, R6/2 CAR mice appear to have less anxiety

compared to their R6/2 WT littermates (#p= 0.021). C. Total distance traveled in R6/2 CAR mice declined

progressively as the disease advanced compared to R6/2 WT mice (*p< 0.001). D. Mean velocity in R6/2

CAR mice was reduced as the disease progressed compared to R6/2 WT mice (*p< 0.001).
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R6/2 mice were monitored constantly and weighed weekly throughout their lives [at 5
weeks: t= -1.889, df= 27, p= 0.035; 6 weeks: t= -1.794, df= 27, p= 0.042; 10 weeks: t=

2.990, df= 27, p= 0.003 and 11 weeks: t= 3.937, df= 27, p< 0.001] (Fig.9).
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Figure 9. Evolution of R6/2 mice body mass at different stages of the disease. A one-tailed independent-
sample t-test was conducted to evaluate differences in weight between R6/2 groups (*p< 0.05; **p<
0.005). R6/2 CAR mice weighed heavier at 5 and 6 weeks compared to R6/2 WT but lost considerable

weight at 10 and 11 weeks. R6/2 WT n= 11; R6/2 CAR n=18.

Effects of AAV5-BDNF-hrGFP in the behavior of R6/2 mouse line

After studying the baseline of the model behavior, the AAV5-BDNF-GFP Vector Biolabs
(Malvern, PA, USA) vector was tested as a therapeutic agent. R6/2 CAR mice were

injected bilaterally in the PF at 4 weeks of age establishing three separate groups: 1) not
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injected R6/2 WT mice, 2) not injected R6/2 CAR mice and 3) AAV5-BDNF-IRES2-hrGFP
injected R6/2 carrier mice (R6/2 CAR-BDNF). Clasping, Open Field test and elevated

plus maze were performed following the previously established schedule (Fig.5).

Clasping test with AAV

Clasping test was performed every week starting at 4 weeks before AAV administration;
treated mice were left to recover at week 5 and continued testing at week 6. The clasping
test was analyzed by comparing R6/2 CAR vs R6/2 CAR-BDNF mice with an
Independent-samples T-test. Results showed a statistically significant reduction in
clasping score in R6/2 CAR-BDNF mice at 9 weeks [t= -2.168, df=22, p = 0.041] and 11
weeks [t= -3.100, df=8.393, p = 0.014] (Fig.10). As noted in the baseline studies
performed before, in R6/2 CAR mice clasping score was increased dramatically at 6
weeks, however, there was a difference in the pattern of the score evolution between
R6/2 CAR groups. R6/2 CAR-BDNF mice presented a softer gradual increase in the
phenotype apparently reaching a plateau from week 7 to 10 and finally increasing again
at 11 weeks. On the other hand, not treated R6/2 CAR mice sharply increased their score

at 6 weeks, dropped at 8 weeks and greatly increased from 9 to 11 weeks.
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Figure 10. Clasping test performed with AAV-injected R6/2 mice at different stages of the disease.
Independent-sample t-test was used to compare R6/2 CAR vs R6/2 CAR-BDNF. Statistically significant
decrease in clasping score at 9 and 11 weeks (*p< 0.05). Error bars: +/- 1 SE. R6/2 WT n=17; R6/2

CAR-BDNF n=7; R6/2 CAR n=17.

Open field test with AAV

The open field test was analyzed comparing R6/2 WT, R6/2 CAR, and R6/2 CAR-BDNF
mice using a Two-way mixed ANOVA (Fig.11). Representative recorded traces showed
intense activity at high velocity in all directions at 11 weeks in R6/2 WT mice. R6/2 CAR
and R6/2 CAR-BDNF mice presented considerably less activity based on the recorded
tracks. However, R6/2 CAR-BDNF mice moved at higher velocity (Fig.11A). Regarding

the total distance moved in the arena, there was no statistically significant interaction
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between the three groups and time [F(4.307,49.528) = .688, p = .614, partial n2 = .056,
€=0.718] (Fig.11B). However, total distance moved in all groups at 6 and 9 weeks was
statistically significantly greater compared to 11 weeks (p< 0.001). The main effect of the
groups showed that there was a statistically significant difference in the total distance
moved between groups [F(2, 23) = 4.164, p = .029, partial n2 = .266]. Data for all groups
had to be converted using a logarithmic transformation from strong positively skewed data
to normality. The analysis of mean velocity observed a statistically significant interaction
between the groups and time of disease progression [F(6,66) = 2.331, p = 0.042, partial
n2 = 0.175] (Fig.11C). A significant difference between groups was noted at 6 weeks
[R6/2 WT vs. R6/2 CAR, p= 0.020], 9 weeks [R6/2 WT vs. R6/2 CAR-BDNF, p= 0.022;
R6/2 WT vs. R6/2 CAR, p=0.003] and 11 weeks [R6/2 WT vs. R6/2 CAR, p=0.009]. That
is, at different ages R6/2 WT mice moved at a higher velocity, followed by R6/2 CAR-
BDNF mice. R6/2 CAR mice moved at the lowest velocity. There was also a significant
effect of time on mean velocity in R6/2 WT and R6/2 CAR-BDNF mice. R6/2 WT group
moved at a greater velocity at 9 weeks compared to 11 weeks (p= 0.002), whereas R6/2
CAR-BDNF mice showed a reduction in velocity at 11 weeks compared to 4 and 9 weeks
(p= 0.011 and p= 0.039, respectively). Data for all groups had to be converted using a

square root transformation from moderately positively skewed data to normality.
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Figure 11. Open field test performed with AAV-injected R6/2 mice at different stages of the disease; a
statistical analysis was performed using a Two-way mixed ANOVA. Error bars: +/- 1 SE. (“n” per group
specified at the bottom of each graph bar) A. Representative activity traces recorded from R6/2 groups at
11 weeks of age. B. Total distance traveled in R6/2 CAR-BDNF, and R6/2 CAR mice declined
progressively as disease advanced compared to R6/2 WT mice (**p< 0.001). Data converted using a
logarithmic transformation. C. Mean velocity in R6/2 CAR-BDNF and R6/2 CAR mice was reduced as the
disease progressed compared to R6/2 WT mice (*p< 0.05). Data converted using a square root

transformation.

Elevated plus maze with AAV

Elevated plus maze was analyzed comparing R6/2 WT, R6/2 CAR, and R6/2 CAR-BDNF
mice using a Two-way mixed ANOVA (Fig.12). Representative recorded traces in R6/2
WT mice at 6 weeks showed intense activity in the closed arms and exploratory walks in

the open arms. R6/2 CAR-BDNF traces at 9 weeks presented more activity in the open
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arms and R6/2 CAR mice at 11 weeks suggested reduced activity overall (Fig.12A). Time
spent in open and closed arms was analyzed using the ratio of open arms/closed arms.
No statistically significant differences were obtained possibly due to the high variability
observed in the data. Multiple unsuccessful transformations were attempted to find a
normal distribution (Fig.12B). After analyzing the total distance moved in the maze, there
was no statistically significant interaction between the groups and the time of disease
progression. The main effect of time did not show any significant differences
[F(4.251,2.125)= 1.040, p= 0.398]. The main effect of the groups showed that there was
a significant difference in the total distance moved. R6/2 WT was statistically higher than
R6/2 CAR-BDNF (**p= 0.004) and higher than R6/2 CAR (*p= 0.022) (Fig.12C). The
mean velocity analyzed showed no statistically significant interaction between the groups
and time of disease progression [F(3.789,1.894)= 1.069, p= 0.381]. The main effect of
time showed significant differences at different ages, mice moved at higher velocity at 4
weeks compared to 9 and 11 weeks (*p< 0.05). From the bar graph, R6/2 WT mice
seemed to move at a higher velocity, followed by R6/2 CAR-BDNF and R6/2 CAR mice,
however, data suggests high variability in the groups possibly hindering potential

statistical differences (Fig.12D).
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Figure 12. Elevated plus maze performed with AAV-injected R6/2 mice at different stages of the disease;
a Two-way mixed ANOVA statistical analysis was performed. Error bars: +/- 1 SE. (“n” per group
specified at the bottom of each graph bar) A. Representative activity traces recorded from R6/2 WT mice
at 6 weeks, R6/2 CAR mice at 9 weeks and R6/2 CAR mice at 11 weeks of age. B. Ratio of time spent in
open/closed arms in R6/2 mice showed no statistical differences due to high variability in the data. C.
Total distance moved was statistically higher in R6/2 WT compared to R6/2 CAR-BDNF (**p= 0.004) and
higher than R6/2 CAR (*p= 0.022). D. Mean velocity in R6/2 mice was statistically higher at 4 weeks

compared to 9 and 11 weeks (*p< 0.05).

Morphological changes of AAV-injected brains evaluated by Stereology

To evaluate morphological changes in the striatum of 11.5-week-old R6/2 mice injected

bilaterally in the PF with AAV5-BDNF-IRES2-hrGFP, unbiased stereology was carried out
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on NeuN™ coronal sections. These neuronal counts were done by a summer student in
2019, Chris Valenti (Fig.13). Contours of the striatum of the right hemisphere were drawn
at a 4x magnification according to defined boundaries using the Paxinos Mouse brain
atlas (Franklin & Paxinos, 2008). The number of cells in the striatum was counted and
used to determine if there was an increase in the R6/2 CAR-BDNF mice compared to the
other groups. A One-way ANOVA was performed followed by a Tukey’s post hoc test (*p=
0.02; **p= 0.001). Results reflected that R6/2 WT striata have more neurons than R6/2
CAR-BDNF and R6/2 CAR group. However, R6/2 CAR-BDNF striata have more neurons
than the R6/2 CAR group, suggesting that the AAV5-BDNF-IRES2-hrGFP vector in the

thalamostriatal system might provide striatal neuroprotection.
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Figure 13. Unbiased stereology on striata of AAV-injected R6/2 mice. A One-way ANOVA test was
performed followed by a Tukey’s post hoc analysis (*p= 0.02; **p= 0.001) to evaluate differences in the
number of striatal neurons between groups. R6/2 CAR-BDNF striata showed a statistically significantly

higher number of neurons compared to the R6/2 CAR group.
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Verification of accurate AAV5-BDNF-GFP injection

To conduct a proper locomotor and behavioral analysis evaluating the effects of the AAV-
BDNF vector, only R6/2 CAR mice that have been accurately injected in the PF should
be part of the R6/2 CAR-BDNF group. To validate AAV5-BDNF-GFP injection in the PF,
GFP immunohistochemistry was performed in 11.5 weeks old R6/2 CAR brain sections
(Fig.14). After multiple unsuccessful attempts at visualizing AAV5-BDNF-GFP gene
expression with GFP-IR and GFP natural fluorescence, it was concluded that it was not
possible to verify AAV5-BDNF-GFP injections in these R6/2 mice. Therefore, we cannot
conclude that the locomotor, behavioral and morphological changes seen in R6/2 CAR-

BDNF mice were induced by AAV5-BDNF-GFP delivery.

Figure 14. Representative coronal sections of AAV-injected R6/2 mice showing unsuccessful verification

of AAV injection. Sections were obtained from R6/2 mice injected bilaterally in the PF with the AAV5-

BDNF-IRES2-hrGFP vector.
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AAV5-GFP vs AAV5-BDNF-GFP expression in PF and striatum

To understand why it was not possible to visualize AAV5-BDNF-GFP gene expression
while observing locomotor and morphology changes in R6/2 CAR-BDNF mice,
histological and molecular comparative experiments were conducted in C57BL/6J mice
using AAV5-BDNF-GFP and AAV5-GFP as a control vector.

AAV5-BDNF-GFP vector was used to determine if BDNF levels could be increased in the
PF and influence its anterograde transport to the striatum of C57BL/6J mice (Fig.15).
Increased GFP expression in the axons reaching the striatum and TrkB activation in the
striatum (pTrkB) were also evaluated.

First, the AAV5-BDNF-GFP vector was injected in the right PF and the AAV5-GFP vector
in the left PF and mice were left to survive 3 weeks. Abundant GFP expression was
observed in the left PF and along the injection tract but surprisingly, no GFP expression
was found in the right PF injected with AAV5-BDNF-GFP (Fig.15A). Similarly, AAV5-
BDNF-GFP vector was now injected in the right striatum and AAV5-GFP vector in the left
striatum. Mice were left to survive 3 weeks post-injection. Intense GFP expression was
observed on the left striatum, light staining in the cerebral cortex and along the injection
tract whereas no GFP expression was observed in the right hemisphere from the AAV5-

BDNF-GFP vector (Fig.15B).
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Figure 15. Coronal sections of C57BL/6J brains showing GFP expression in brains comparing AAV5-
GFP versus AAV5-BDNF-GFP expression, 3 weeks post-injection. In both cases, abundant GFP
expression was observed in the left hemisphere and no GFP expression was observed in the right

hemisphere. A. Bilateral AAV injection made in the PF, B. Bilateral AAV injection made in the striatum.

AAV-induced BDNF and pTrkB content at the injection site

To investigate further the gene expression at the injection site from AAV-injected brains,
C57BL/6J mice were injected bilaterally in the PF with AAV5-GFP or AAV5-BDNF-GFP.
Western blot was used to compare BDNF, GFP and pTrkB expression at the injection site
after 5 weeks of injection when AAV transgene expression reached a plateau (Fig.16).

The striatum was also analyzed to evaluate BDNF and GFP transport from the PF and
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striatal TrkB activation as a consequence of potential BDNF increased delivery (Fig.17).
Independent-samples t-tests were run to determine if there were differences in gene
expression between AAV5-GFP injected brains compared to the ones with AAV5-BDNF-
GFP in the PF and the striatum. There were no statistical differences in BDNF levels
(Fig.16A, 17A), nor TrkB activation (Fig.16C, 17C) in the PF or the striatum, however,
there was a significant increase in GFP expression (**p= 0.001) at the injected site
(Fig.16B). On the contrary, no differences were observed in GFP in the striatum
(Fig.17B). Even though GFP expression levels increased in the AAV5-GFP injected PF,
there appears to be great variability. The amount of protein loaded per well during
electrophoresis is not the reason for this variability because GFP values were normalized
against tubulin -3 levels. It could be due to a lack of accuracy during the AAV injection
or the tissue sampling with the cylindrical micro punch in the PF. Another alternative could

be inconsistencies in the AAV5-GFP vector transduction capacity.
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Figure 16. BDNF, GFP and pTrkB levels analyzed by Western blotting of protein extracts obtained from

PF of AAV-injected C57BL/6J mice injected bilaterally with AAV5-GFP or AAV5-BDNF-GFP, 5 weeks

post injection. Not-injected mice were included as a negative control but were not contemplated in the

statistical analysis. Independent-samples t-test was performed AAV5-BDNF-GFP vs. AAV5-GFP, **p<

0.001. (AAV5-BDNF-GFP n= 13; AAV5-GFP n=9)
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Figure 17. BDNF, GFP and pTrkB levels analyzed by Western blotting of protein extracts obtained from

the striatum of AAV-injected C57BL/6J mice injected bilaterally in the PF with AAV5-GFP or AAV5-BDNF-

GFP, 5 weeks post injection. Independent-samples t-test was performed AAV5-BDNF-GFP vs. AAV5-

GFP. (AAV5-BDNF-GFP n=7; AAV5-GFP n= 6)

After obtaining the GFP immunohistochemistry and BDNF/GFP/TrkB western blots

results from the AAV5-BDNF-GFP vs AAV5-GFP injected brains, no evidence was found

that could suggest that AAV5-BDNF-GFP vector transduces the neurons in the injection

site, either PF or Striatum; that it induces BDNF or GFP expression or TrkB activation. It
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was hypothesized that since BDNF is a highly regulated neurotrophin, injecting an AAV
expressing BDNF in the healthy thalamus, an area with high BDNF synthesis or in the
healthy striatum, an area with high levels of BDNF delivery by its afferents (Conner et al.,
1997), the basal cellular machinery could potentially lower exogenous BDNF expression.
Therefore, a brain region that does not synthetize BDNF nor receives BDNF from other
projections was selected to test if the AAV5-BDNF-GFP vector could induce the injected
neurons to express exogenous BDNF. According to Conner et at., (Conner et al., 1997)
the globus pallidus does not show BDNF* fibers, BDNF* cell bodies nor BDNF mRNA. To
investigate further the vector's capacity to transduce neurons, C57BL/6J mice were
injected unilaterally in the globus pallidus with AAV5-BDNF-GFP. Western blot was used
to compare BDNF and GFP expression at the injection site after 5 weeks of injection
(Fig.18); an independent-samples t-test was used to determine if there were statistically
significant differences between groups. No differences were measured in BDNF levels
(Fig.18A) and no GFP expression was observed (Fig.18B) in AAV5-BDNF-GFP injected
globus pallidus compared to not injected ones, suggesting the vector does not work

properly in the PF, striatum nor globus pallidus neurons.
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Figure 18. BDNF, GFP and pTrkB levels analyzed by Western blotting of protein extracts obtained from
globus pallidus of AAV-injected C57BL/6J mice injected unilaterally with AAV5-BDNF-GFP, 5 weeks post
injection. Independent-samples t-test was performed AAV5-BDNF-GFP vs. not injected. (AAV5-BDNF-

GFP n= 4, not injected n= 4)
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Part 2.

Preclinical evaluation of BDNF-expressing plasmids and AAV vectors

A) In vitro plasmid evaluation

pCMV-hBDNF-IRES2-hrGFP sequenced

To understand why the AAV5-BDNF-GFP vector was not inducing BDNF and GFP
expression in transduced neurons, a collaboration was established with Dr. Rénald
Gilbert’s laboratory from the NRC. The plasmid inside the vector (pbCMV-hBDNF-IRES2-
GFP) was provided separately by Vector Biolabs (Malvern, PA, USA) and was sequenced
by Dr. Gilbert's team. They found the CMV promoter followed by a T7 promoter, the
human full BDNF sequence, next, the internal ribosome entry site (IRES2) that is used to
express two genes from the same promoter and finally the GFP marker (Fig.19A).
Interestingly, the GFP sequence was that of humanized renilla GFP (hrGFP), not the one
isolated from the jellyfish Aequorea victoria (eGFP). To this point, the fact that it was
hrGFP instead of eGFP was not known to us. A comparison of the amino acids alignment
of the resulting hrGFP with a regular eGFP was performed (Fig.19B) showing an identity
score of 27.16% and a similarity score of 45.68%. This possibly could explain why the
resulting protein (hrGFP) was not detected by regular GFP antibodies, and its

fluorescence was not observed in vivo under the fluorescence microscope.
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Figure 19. Sequencing of the AAV5-BDNF-GFP plasmid and comparison of the amino acids alignment

resulted in an ldentity score of 27.16% and a Similarity score of 45.68%.

Evaluation of pPCMV-hBDNF-IRES2-GFP compared to pCMV-eGFP

To evaluate pCMV-hBDNF-IRES2-hrGFP in vitro, Dr. Gilbert's group transfected
HEK293SF cells with pCMV-hBDNF-IRES2-hrGFP and pCMV-eGFP as a positive
control. GFP* HEK293SF cells were observed under an inverted microscope and FACS
assay was performed at 48 and 72 hours post-transfection (Fig.20). At 48 hours post-

transfection, the percentage of GFP* HEK293SF cells transfected with pCMV-hBDNF-
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IRES2-hrGFP was lower compared to pCMV-eGFP, with 14.8% and 43.7% respectively.

At 72 hours post-transfection, the percentage of GFP* HEK293SF cells transfected with

pCMV-hBDNF-IRES2-hrGFP was still considerably lower compared to pCMV-eGFP, with

21.7% and 58.7% respectively.

48h post transfection

72h post transfection

pCMV-BDNF-IRES2-hrGFP
% Cells GFP* (FACS) > 14.8%
GFP* FITC-A Mean = 2757

pCMV-eGFP

% Cells GFP* (FACS) > 43.7%
GFP* FITC-A Mean = 33543

pCMV-BDNF-IRES2-hrGFP
% Cells GFP* (FACS) = 21.7%
GFP* FITC-A Mean = 661

pCMV-eGFP
% Cells GFP* (FACS) > 58.7%
GFP* FITC-A Mean = 11179

Figure 20. Fluorescence intensity of GFP+ HEK293SF cells transfected with pCMV-hBDNF-IRES2-

hrGFP and pCMV-GFP at 48- and 72-hours post-transfection.

Pellets of the transfected HEK293 cells 48 hours post-transfection were processed for

western blot to evaluate BDNF and GFP expression levels (Fig.21); a One-way ANOVA

was used to determine if there were statistically significant differences between cell

cultures transfected with different plasmids followed by a Tukey HSD post hoc analysis.
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There was a statistically significant increase in BDNF levels (Fig.21A) in the cells
transfected with pCMV-hBDNF-IRES2-hrGFP compared to cells transfected with pCMV-
eGFP and cells not transfected (*p< 0.001). This is the first result that indicates that the
full human BDNF sequence used in the plasmid CMV-hBDNF-IRES2-hrGFP is functional
given that cells transfected with it effectively increased BDNF synthesis. Recombinant
BDNF protein was used as a positive control. GFP expression levels (Fig.21B) were
statistically significantly greater in cell cultures transfected with pCMV-eGFP compared
to cells transfected with pCMV-hBDNF-IRES2-hrGFP and cells not transfected (*p<
0.001). There was no GFP expression in cell cultures transfected with pCMV-hBDNF-
IRES2-hrGFP plasmid nor in the not-transfected cultures. These results suggest that
eGFP is superior to hrGFP in terms of fluorescence intensity and capability of detection

by commercial antibodies in vivo and in vitro.

Synthesis and in vitro evaluation of pCMV-hBDNF-2A-eGFP compared to pCMV-eGFP

Taking together the CMV sequence from Cell Biolabs, the functional full human BDNF
sequence tested above (Fig.21A) and the eGFP sequence from the control plasmid
(Fig.21B), a new plasmid was designed using the linker sequence 2A instead of IRES2.
IRES sequence often causes the expression of the downstream gene to be reduced
therefore expression of the two genes is not equivalent whereas the viral 2A sequence is
approximately 20 amino acids long and can overcome IRES limitations (Lewis et al.,
2015). The resulting plasmid was CMV-hBDNF-2A-eGFP. To validate the resulting
plasmid, HEK293 cells were transfected with pCMV-hBDNF-2A-eGFP or pCMV-eGFP.

Western blots were run with the transfected cell pellets to evaluate GFP expression and
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ELISAs were performed with the transfected cell’s supernatants to quantify the amount

of BDNF protein secreted (Fig.22).
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Figure 21. BDNF and GFP levels analyzed by Western blotting of protein extracts obtained from
transfected HEK293 cell pellets transfected with pCMV-hBDNF-IRES2-hrGFP, pCMV-eGFP or no
plasmid, 48 hours post-transfection. A One-way ANOVA was performed with Tukey HSD post hoc

analysis (*p< 0.001). Results indicate that the BDNF sequence in CMV-hBDNF-IRES2-hrGFP plasmid is
functional and induced BDNF synthesis in vitro. Functional GFP sequence and expression only detected

in the cultures transfected with pCMV-eGFP.

Not transfected cell cultures were used as negative control. GFP expression from cells
transfected with pCMV-eGFP was statistically significantly higher than cell cultures
transfected with pCMV-hBDNF-2A-eGFP, and the ones not transfected (****p< 0.001). At

the same time, GFP expression increase in cells transfected with pCMV-hBDNF-2A-
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eGFP was statistically higher than the cell cultures that were not transfected (**p< 0.001)
indicating eGFP sequence is functional in both plasmids (Fig.22A). BDNF protein levels
secreted in supernatants of pCMV-hBDNF-2A-eGFP transfected cells were statistically
higher than BDNF protein levels secreted in pCMV-eGFP transfected cell cultures
(3812.14 + 67.04 pg/ml, 43.57 + 18.85 pg/ml respectively) and the ones not transfected
(62.98 £ 1.92 pg/ml) (****p< 0.001). These results show a functional BDNF sequence in
CMV-hBDNF-2A-eGFP plasmid because of increased BDNF synthesis but importantly,

increased secretion to the media (mean + standard error of the mean) (Fig.22B).
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Figure 22. Western blot and ELISA assays of protein extracts obtained from transfected HEK293 cells
pellets and supernatant, respectively, 48 hours post-transfection. A One-way ANOVA was performed with
Tukey HSD post hoc analysis (**p< 0.001, ***p< 0.0001). Results indicate a functional eGFP and BDNF

sequence in CMV-hBDNF-2A-eGFP plasmid.

139



Synthesis of AAV5 and AAV9 BDNF encoding vectors

Once the CMV-hBDNF-2A-eGFP plasmid was validated, the goal was to achieve
overexpression of BDNF in vivo using a recombinant AAV. The specific goals were to
transduce the cell body of the PF neurons and to have BDNF processed through the cell
secretory pathway and transported through the thalamostriatal projections to the striatum.
To this effect, Dr. Gilbert’'s team at the NRC produced the following BDNF expressing
vectors: AAV2/5-CMV-hBDNF-2A-eGFP and AAV2/9-CMV-hBDNF-2A-eGFP with their

corresponding control vectors: AAV2/5-CMV-eGFP and AAV2/9-CMV-eGFP.

B) AAV viral vector candidate evaluation

The preclinical evaluation of the AAV vector candidate was done by injecting unilaterally
the BDNF-expressing vectors and their control vector counterparts in the PF of C57BL/6J
mice. Mice were left to survive 3 weeks post-injection and then GFP expression and
distribution were analyzed (Fig.23). Brains injected with AAV5-eGFP, AAV9-eGFP and
AAV9-BDNF-eGFP vector showed strong GFP expression in PF neurons and
anterograde transport to the ipsilateral striatum and cortical layers (Fig.23A, C, D).
Hippocampal regions appear to be GFP* too but it could be due to contamination from
the needle track. AAV5-BDNF-eGFP injected brains show slight GFP expression around

the injection site, however, no GFP* fibers were seen in the striatum (Fig.23B).

To evaluate if the AAV5-BDNF-eGFP vector required more incubation time to express
GFP in the cell bodies of the neurons at the injection site and then transport it to the
striatum, another set of C57BL/6J mice were injected unilaterally in the PF with AAV5-

BDNF-eGFP or AAV9-BDNF-eGFP; this time mice were left to survive 9 weeks post-
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injection. GFP expression and distribution were analyzed (Fig.24). After 9 weeks of viral
incubation, brains injected with AAV5-BDNF-eGFP showed a stronger GFP stain in the

PF area, however, no GFP™ fibers were observed reaching the striatum (Fig.24A).
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Figure 23. Comparative GFP expression in the PF and anterograde transport to the ipsilateral striatum of
injected C57BL/6J mice with NRC vectors, 3 weeks post-injection. The following vectors were used: A.
AAV5-eGFP, B. AAV5-BDNF-eGFP, C. AAV9-eGFP and D. AAV9-BDNF-eGFP. Results show abundant
GFP expression in the PF and GFP” fibers in the striatum of mice injected with control vectors and AAV9-
BDNF-eGFP. AAV5-BDNF-eGFP injected PF showed slight GFP expression and no GFP* fibers were

observed in the 20x striatum.

141



In contrast, brains injected with AAV9-BDNF-eGFP after 9 weeks of injection showed
stable and defined GFP expression in the PF neurons and the GFP* fibers reaching the
striatum (Fig.24B). Some GFP stain was observed in the hippocampal and cortical

regions, possibly from contamination from the needle track.
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Figure 24. Comparative GFP expression in the PF and anterograde transport to the ipsilateral striatum of
injected C57BL/6J mice with NRC vectors, 9 weeks post-injection. The following vectors were used: A.
AAV5-BDNF-eGFP and B. AAV9-BDNF-eGFP. Results show slight GFP expression in the PF and no
GFP* fibers observed in the 20x striatum of mice injected with the AAV5-BDNF-eGFP vector. Defined

GFP expression in the PF and GFP* fibers observed reaching the striatum of mice injected with AAV9-
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BDNF-eGFP. C. Mann-Whitney U test was used to evaluate differences in the pixel intensity values (*p=
0.038). Results show vector AAV9-BDNF-eGFP was superior in terms of GFP expression and

anterograde transport at 9 weeks post-injection.

The GFP-stained coronal sections from brains injected unilaterally in the PF with AAV5-
BDNF-eGFP or AAV9-BDNF-eGFP 9 weeks post-injection were analyzed using Image J
(Fig.24C). GFP expression was measured as pixel intensity at the injected site and the
GFP* fibers in the ipsilateral striatum from both groups. A Mann-Whitney U test was used
to analyze the pixel intensity values because the data obtained failed to meet a normal
distribution (p= 0.038). Results show vector AAV9-BDNF-eGFP was superior compared

to AAV5-BDNF-eGFP in terms of GFP expression and anterograde transport.

Evidence of stable GFP expression from AAV9-BDNF-eGFP transduced neurons

Figure 25 shows histological evidence in different coronal brain sections of stable GFP
expression and anterograde transport from the PF injected with AAV9-BDNF-eGFP to the
anterior striatum at 3- and 9-weeks post-injection. Knowing that the injection site was at
the specific coordinate of Bregma: -2.27mm, GFP can be measured to have been
anterogradely transported ~3.88mm in 3 weeks given that the most anterior portion of the
striatum with GFP* fibers is at Bregma +1.7mm. After 9 weeks of injection, GFP

expression and distribution remains stable in the anterior portion of the striatum.
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Figure 25. Evidence of AAV-induced GFP anterograde transport ~3.88mm from the PF to the striatum of
C57BL/6J mice after 3 weeks and its stable expression after 9 weeks of injection. Sketches of coronal

sections obtained from Biorender, 2023.

Gene expression in AAV-injected hemispheres

To evaluate if the AAV9-BDNF-eGFP vector increases BDNF levels and activation of
TrkB receptor in vivo, C57BL/6J mice were injected in the right PF and left to survive 3
weeks. As controls, the AAV vehicle buffer or AAV9-eGFP vector was injected in the left
PF. Brains were obtained and sectioned into two blocks, the anterior block contained the

striatum (Fig.26A) and the posterior block contained the thalamus.
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Verification of accurate AAV injection

GFP expression was visualized using immunohistochemistry in the thalamic block to
verify accurate AAV injection in the PF (Fig.26B) whereas the striatal block was

processed for Western blot and ELISA.

Striatal BDNF, GFP and pTrkB expression

To compare BDNF, GFP and pTrkB levels in mice injected in the right PF with AAV9-
BDNF-eGFP and in the left PF with AAV vehicle buffer, striatal extracts were analyzed
with western blot (Fig.26A). For the statistical analysis a t-test was performed to evaluate
differences between hemispheres in BDNF, GFP and pTrkB levels. There was a
statistically significant increase in striatal BDNF protein in the AAV9-BDNF-eGFP injected
hemisphere compared to the vehicle-injected side (*p< 0.05) (Fig.26C). A significant
increase was also observed in striatal GFP levels in the AAV9-BDNF-eGFP injected
hemisphere compared to the vehicle-injected side (*p< 0.05) (Fig.26D). Even though,
there was a slight increase in striatal pTrkB levels in the AAV9-BDNF-eGFP injected side
compared to the vehicle side, no statistically significant difference was observed

(Fig.26E).
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Figure 26. BDNF, GFP and pTrkB levels in the striatum of AAV-injected C57BL/6J mice analyzed using
Western blot. B. Representative GFP immunohistochemistry confirming the accurate AAV injection site.
Striatal extracts were obtained from mice injected in the right PF with AAV9-BDNF-eGFP and the left PF
with AAV vehicle buffer and were left to survive 3 weeks post-injection. A t-test was used to evaluate
differences between C. BDNF, D. GFP and E. pTrkB levels. Results show a statistically significant
increase in BDNF protein and GFP in striata injected with AAV9-BDNF-eGFP compared to the vehicle-

injected side (*p < 0.05). Sketches of coronal sections obtained from Biorender, 2023.

AAV9-BDNF-eGFP induced BDNF protein quantification in striatum

To quantify and compare BDNF protein levels in mice injected in the right PF with AAV9-
BDNF-eGFP diluted 1:5 with PBS and in the left PF with AAV9-eGFP, striatal extracts

were processed and analyzed with an ELISA kit against BDNF (Fig.27). A t-test was
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performed to evaluate statistically significant differences between hemispheres. BDNF
protein levels increased statistically significantly (*p= 0.036) in the striatal samples from
hemispheres injected with AAV9-BDNF-eGFP (1:5) compared to AAV9-eGFP (2492.86

+ 286.73 pg/ml and 1629.37 pg/ml respectively) (mean * standard error of the mean)

(Fig.27B).
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Figure 27. Striatal BDNF protein levels quantified and analyzed with an ELISA of AAV-injected C57BL/6J
mice. B. There was a statistically significant increase in BDNF protein levels in the striata on the side
injected with AAV9-BDNF-eGFP compared to the side injected with AAV9-eGFP (t-test, *p= 0.036).
BDNF protein levels between the hemispheres injected with AAV9-eGFP and the brains not-injected
showed no difference therefore not-injected mice were not considered in the statistical analysis. Mice

survived 3 weeks after the injection. Sketches of coronal sections obtained from Biorender, 2023.
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Part 3.

Effects of AAV9-BDNF-eGFP in behavior of R6/2 mouse line

After validating the efficiency and stability of the NRC-produced AAV9-BDNF-eGFP
vector in C57BL/6J mice, it was tested alongside the AAV9-eGFP vector in the PF of R6/2
mice. AAV9 vectors were injected at 4 weeks old and left to incubate 7 weeks post-
injection, therefore R6/2 mice were euthanized at 11.5 weeks of age (Fig.28). GFP
expression in R6/2 WT and CAR brains injected with AAV9-BDNF-eGFP was intense and
localized in neurons of the injection site with GFP* projections covering the striatum
including the anterior portion. Additional GFP* projections were observed in the cerebral
cortex and contamination from the needle track at the injection site. In the R6/2 CAR mice,
GFP expression had a faded appearance in the most lateral portion of the striatum and
fewer GFP* projections were observed in the cerebral cortex. On the other hand, R6/2
WT and CAR brains injected with the AAV9-eGFP control vector showed intense and
wide-spread GFP expression in the subcortical region around the injection site with GFP*
projections covering the striatum including the most anterior and ventral portion. GFP*
projections to the cerebral cortex were also observed and contamination from the needle

track at the injection site.
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Figure 28. Representative coronal sections of R6/2 brains injected with AAV9 vectors processed for GFP
immunohistochemistry. Sections were obtained from 11.5-weeks old R6/2 WT and R6/2 CAR mice

injected bilaterally in the PF with AAV9-BDNF-eGFP or AAV9-eGFP vector.

Survival curves of AAV9 injected R6/2 mice

Mice from all groups were monitored throughout their lives and survival curves were built;
surprisingly, almost half of the R6/2 CAR mice injected with AAV9-BDNF-eGFP started
dying 1 week after the injection and continued dying after 4 weeks of injection. AAV9-
BDNF-eGFP vector was diluted to 1:5 and 1:10 with PBS and then injected bilaterally into
R6/2 CAR mice PF. The survival distributions of the three different vector dilutions were
compared using Kaplan-Meier survival analysis and were found to be statistically

different, X2(2) = 9.509, p= 0.009 (Fig.29). A Breslow pairwise comparison was run to
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determine which vector dilution had different survival distribution in the injected mice. A
Bonferroni correction was made with statistical significance accepted at the p< 0.0167
level. There was a statistically significant difference in survival distributions for the not
diluted vector compared to the 1:10 dilution (X?(1) = 6.124, p=0.013), and the 1:5 dilution
compared to the 1:10 dilution (X?(1) = 10.922, p< 0.001). However, there was no
difference for the not diluted vector compared to the 1:5 dilution (X?(1) = 0.035, p=0.851).
Results revealed that the median survival time of the vector at 1:10 dilution was 6 weeks
post-injection (95% confidence intervals from 4.2 to 7.8 weeks) which was longer than
the not diluted vector or 1:5 dilution, which had median times of 4 weeks (95% confidence

intervals from 1.6 to 6.4 weeks) and 3 weeks, respectively.
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Figure 29. Kaplan-Meier survival analysis comparing survival distributions of R6/2 CAR mice injected with
different dilutions of AAV9-BDNF-eGFP vector (not diluted, dilution 1:5 and dilution 1:10). Median survival
time of the vector diluted 1:10 was statistically significantly longer than the not diluted vector or the 1:5

dilution.
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The survival distributions of the AAV9-eGFP vector injected into the PF of R6/2-WT and

CAR mice were compared using Kaplan-Meier survival analysis and were not found to be

statistically different, X?(1) = 1.250, p= 0.264. The median survival time of the R6/2-WT

and CAR mice injected with the AAV9-eGFP vector was 8 weeks post-injection (Fig.30).
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Figure 30. Kaplan-Meier survival analysis comparing survival distributions of R6/2 WT and CAR mice

injected with AAV9-eGFP vector. No significant differences were found. The median survival time of both

groups of injected mice was 8 weeks post-injection.

The survival curve of R6/2 WT mice injected bilaterally in the PF with not diluted AAV9-

BDNF-eGFP vector showed the mean survival time was 8 weeks post-injection (Fig.31).
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Figure 31. Survival distribution of R6/2 WT mice injected with AAV9-BDNF-eGFP vector. Median survival

time was 8 weeks post-injection.

These results strongly indicate that there is a specific vulnerability of R6/2 CAR mice to
the AAV9-BDNF-eGFP vector. The survival distribution analysis with the different vector
dilutions in Fig.29 could suggest a dose-response effect, however, more studies must be

done to further investigate this statement.

The next step in the overall goal is to administer bilaterally in the PF the adequate dilution
of the AAV9-BDNF-eGFP vector as a therapeutic agent to 4-week-old R6/2 mice. Then
follow them with the same battery of locomotor and behavioral tests (Fig. 5),
accompanied by molecular and morphological analysis between R6/2 WT, R6/2 CAR and

R6/2 CAR-BDNF groups.
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Chapter 5: DISCUSSION

Thalamostriatal pathway as a target for therapeutic overexpressed BDNF

The first hypothesis of this study aimed to determine whether BDNF overexpression in
striatal afferents could enhance neuronal survival and maintain phenotype in the striatum
of the R6/2 HD mouse model. Previous studies have identified three primary pathways
crucial for striatal afferents: the corticostriatal, thalamostriatal and nigrostriatal
projections, all of which play essential roles in the anterograde transport of BDNF in the
adult striatum (Altar et al., 1997; Conner et al., 1997; Mandelbaum et al., 2019). According
to unilateral ablation studies (Altar et al., 1997), the frontoparietal cortex provides 66% of
the BDNF protein present in the ipsilateral striatum and 22% in the contralateral striatum,
while the SNpc provides 14% of the BDNF protein in the ipsilateral striatum. Thalamic
nuclei are rich in cells containing BDNF mRNA and exhibiting immunoreactivity to BDNF
protein, as well as fibers presenting immunoreactivity to BDNF; with the PF being one
such area (Conner et al.,, 1997). We selected the PF as the target for BDNF
overexpression because axonal mapping revealed it projects extensively to the striatum,
and according to Conner et al., the PF plays a pivotal role in the anterograde transport of
BDNF to this region (Conner et al., 1997). Lateral PF axons project to the striatal
sensorimotor territories, mediodorsal PF axons target the striatal associative territories,
and medial PF axons connect to the striatal limbic territories (Gonzalo-Martin et al., 2024;
Mandelbaum et al., 2019; Sadikot, Parent, & Francois, 1992; Sadikot, Parent, Smith, et
al., 1992). Although the cerebral cortex provides higher levels of BDNF to the striatum
compared to the PF (Altar et al., 1997; Mandelbaum et al., 2019), it is a much larger

structure to target, necessitating multiple AAV injections. Therefore, we chose the PF as

153



a therapeutical target in the R6/2 mouse model to deliver an AAV encoding BDNF

(Sadikot & Rymar, 2009).

PF projections visualized using an anterograde BDA tracer in C57bl/6J mice

To evaluate our hypothesis, we first used C57BL/6J mice to determine if the PF could be
used to anterogradely deliver overexpressed BDNF to the striatum and which portions of
the striatal structure would be affected. We visualized the thalamostriatal system by
injecting BDA anterograde tracer into the PF and observed that it was transported 3.87
mm to the ipsilateral striatum within one week, covering the distance from the caudal to
the most anterior part (Fig. 2). The next step was to administer a specific AAV serotype
capable of expressing GFP at the injection site and along the thalamostriatal projections

to the striatal terminals in C57BL/6J mice.

AAV5-GFP expression peak at 3 weeks post-injection

We utilized AAV5 with GFP as a transgene to evaluate expression at different time points
post-injection, assessing how soon GFP would be expressed in the PF and how long it
would take to reach the striatum. We found that GFP* neurons in the PF appeared after
one week, but it took three weeks for expression to reach the striatum (Fig. 3). After GFP
expression peaked at three weeks, it remained stable until the last evaluation at eleven
weeks post-injection (Fig. 3 and 4). These findings align with previous reports indicating
that rAAVs typically reach peak expression around three weeks, followed by a plateau

(Aschauer et al., 2013).
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AAV transgene anterograde transport in relation to Huntington’s disease

progression in R6/2 mice

Establishing the timeline for GFP expression was crucial for comparing this specific AAV5
expression timeline to disease progression in R6/2 CAR mice (Fig. 5). According to
studies conducted in our laboratory, Samadi et al. (Samadi et al., 2013) reported that
clasping scores increased starting at four weeks of age, with the substantia nigra and
prelimbic and cingulate cortices showing decreased BDNF mRNA content. In the early
stages of HD, beginning around six to eight weeks of age, significant declines in locomotor
activity and rotarod performance are evident, accompanied by reduced neostriatum
volume and BDNF mRNA levels in the motor cortex (M1 and M2) and the PF. In the later
stages of the disease, around eleven weeks of age, there is a marked decline in locomotor
activity, rotarod performance, and grip strength, along with increased clasping scores,
significant weight loss, and substantial reductions in neostriatum volume and striatal
neuronal loss, accompanied by a drastic decrease in BDNF mRNA content in M1, M2
and PF (Bates et al., 1998; Carter et al., 1999; Mangiarini et al., 1996; Samadi et al.,
2013). R6/2 CAR mice typically live for around thirteen to fifteen weeks, exhibiting
advanced stage of HD (Samadi et al., 2013); however, we established the humane

endpoint at eleven and a half weeks of age.

AAV5-BDNF delivery in the early stages of HD

Considering the progression of disease in R6/2 CAR mice and the need to slow down
early cell degeneration, we decided to administer an AAV5 vector encoding BDNF in the

PF at four weeks of age, prior to the onset of the symptoms (Shilpa Ramaswamy &
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Kordower, 2012). AAV transgene expression at the injection site begins one week post-
injection, just before the anticipated reduction of BDNF mRNA in the PF. Consequently,
we expect peak AAV expression to coincide with the early symptomatic stage, delivering
BDNF protein to the striatum from the caudal to the most anterior regions. While there
have been reports of early alterations in thalamostriatal transmission to MSN,
compensatory mechanisms ensuring glutamate release have also been documented in
YAC128 and R6/2 mice (Holley et al., 2022; Kolodziejczyk & Raymond, 2016; Parievsky
et al.,, 2017; Reiner & Deng, 2018). Furthermore, it has been suggested that the
thalamostriatal pathway remains relatively viable until the later stages of the disease

(Heinsen et al., 1996; Reiner & Deng, 2018).

Possible PF retrograde transport from AAV5

At this point, we know the PF is a striatal afferent capable of delivering AAV transgenes
to the striatum, with projections abundant enough to cover the entire structure (Gonzalo-
Martin et al., 2024; Mandelbaum et al., 2019; Sadikot, Parent, & Francois, 1992) (Fig. 4).
One important consideration is that the PF is also connected to other brain regions
through PF afferents that could potentially uptake the AAV via their axon terminals in the
PF and transport it retrogradely to their cell bodies. Retrograde tracers used to map
projections have shown that the predominant PF afferent is the cerebral cortex, which
contributes over > 75%, primarily from the sensorimotor cortical areas (M2, M1, S1)
followed by the insular, frontal association and cingulate cortices (Cornwall & Phillipson,
1988; Gonzalo-Martin et al., 2024; Paré et al., 1988). Approximately 22% of PF input
comes from subcortical regions, such as the entopeduncular nucleus (known as internal

Globus pallidus in primates), SNpr, superior colliculus, the thalamic reticular nucleus,
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pedunculopontine nucleus, pontine reticular formation, contralateral deep cerebellar
lateral nuclei, raphe, locus coeruleus, parabrachial nuclei and periaqueductal gray
(Cornwall & Phillipson, 1988; Gonzalo-Martin et al., 2024). In our results from C57bl/6J
mice, we observed a few GFP™ cell bodies in the superior colliculus, red nucleus, raphe,
reticular nucleus, and other thalamic nuclei, indicating that AAV5-GFP was taken by
afferent axons and transported retrogradely to their cell bodies (Fig. 4). Notably, no tissue
damage was observed in the areas where few cell bodies were transduced by AAV-BDNF
vector. In HD, BDNF synthesis is reduced in various brain regions. Therefore, BDNF
delivery could be beneficial, as it plays a crucial role in cell long-term survival,
differentiation and maintenance, and aids in the regulation of synaptic transmission and
activity-dependent plasticity (Hempstead, 2015; Miranda, Morici, Zanoni, & Bekinschtein,

2019).

Lack of BDNF expression in AAV5-BDNF-GFP injected brains of C57bl/6J mice

After evaluating the dynamics of AAV5-GFP expression, we proceeded with bilateral
delivery of AAV5-BDNF-GFP into the PF of C57BL/6J mice to increase BDNF protein
levels in the PF and facilitate physiological transport to the striatum. Surprisingly, we
found no GFP immunoreactivity (GFP-IR) in the brains injected with the AAV5-BDNF-
GFP vector after three weeks. To evaluate potential sources of error, we injected
additional C57BL/6J mice bilaterally, administering AAV5-BDNF-GFP in the right
hemisphere and AAV5-GFP in the left hemisphere. Results confirmed that after three
weeks, there was no GFP-IR in the hemisphere injected with AAV5-BDNF-GFP, whereas

AAV5-GFP exhibited a strong GFP* signal in the injected PF and the ipsilateral striatum
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(Fig. 15A). We hypothesized that the AAV5-BDNF-GFP vector might perform better if
injected directly into the striatum, considering the different AAV capsid properties that
could influence neuron compatibility. Therefore, we injected AAV5-BDNF-GFP in the right
striatum and AAV5-GFP in the left. The results were similar: after three weeks, no GFP-
IR was detected in the striatum injected with AAV5-BDNF-GFP, while AAV5-GFP showed
an intense GFP* signal (Fig. 15B). Due to the fluorescent nature of the GFP, we
attempted to visualize the non-processed injected brain sections directly under the
fluorescence microscope; however, no fluorescence was detected (data not shown).
Notably, Western blot analysis of BDNF, GFP and pTrkB proteins in PF samples,
comparing AAV5-BDNF-GFP and AAV5-GFP after five weeks of injection, revealed no
change in BDNF or pTrkB content, and no presence of GFP in the PF injected with the
BDNF vector (Fig. 16). We considered the possibility that BDNF levels might have
increased in the ipsilateral striatum of the injected PF, potentially activating striatal pTrkB.
However, analyses of the striata of the same PF-injected brains confirmed our previous
results, showing no change in pTrkB (Fig. 17). Given that BDNF is a highly regulated
neurotrophin with significant impacts on neuronal differentiation, maintenance, and
survival, as well as being a synaptic modulator (Colucci-D'Amato, Speranza, & Volpicelli,
2020), it is possible that the thalamostriatal system downregulates the AAV-induced
BDNF. To investigate this further, we performed unilateral injections of an AAV5-BDNF-
GFP vector into a brain region devoid of BDNF" fibers, BDNF* cell bodies or BDNF mRNA
-the globus pallidus (Conner et al., 1997). Western blot results from this experiment also

showed no changes in BDNF or GFP content (Fig. 18).
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AAVS5 serotype interaction with specific brain regions based on cell receptors

Characterization of AAV serotypes has revealed that each serotype exhibits distinct
patterns of transduction, tropism and transgene distribution across various tissues, largely
dependent on the specific cell surface receptors required for cell entry (Burger et al., 2004;
Davidson et al., 2000; Issa et al., 2023; Watakabe et al., 2015; Zincarelli et al., 2008). The
AAVS5 serotype, in particular, necessitates the presence of a-2,3-N-linked sialic acid for
efficient binding and utilizes the Platelet-derived growth factor receptor (PDGFR) for cell
entry (Pasquale et al., 2003). PDGFR mRNA has been detected via in situ hybridization in
neurons, astrocytes and microglia across multiple brain regions, including the olfactory bulb,
cerebral cortex, thalamus, striatum, hippocampus, substantia nigra, cerebellum and retina,
amongst others (Oumesmar, Vignais, & Baron-Van Evercooren, 1997; Sil, Periyasamy,
Thangaraj, Chivero, & Buch, 2018). It is concerning that the AAV5-BDNF-GFP vector
appears unable to transduce neurons in both the PF and the striatum, particularly since the
AAV5 capsid of the GFP vector is capable of transduction (Fig. 3, 4, 15, 16). Given that
PDGFR mRNA is present in neurons, astrocytes, and microglia (Oumesmar et al., 1997; Sil
et al., 2018), it is possible that the AAV5 vector does transduce those cellular types.
However, we are confident that PF neurons were effectively transduced by the control
vector, as evidenced by the PF GFP* projections extending into the striatum and some
collaterals reaching the cerebral cortex (Fig. 3, 4). More studies are necessary to evaluate
the presence of AAV capsid proteins in the neurons at the injection site over various time
points to determine if the neurons internalized the viral particles. If transduction occurred,
the issue may lie in the AAV’s ability to deliver the genome into the target neuron’s nucleus

or in the synthesis and post-translational modification of the transgenes. Conversely, if the
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neurons were not transduced, the problem may relate to the interaction -or lack thereof-

between the AAV capsid with the cell surface receptors needed for internalization.

Findings from pCMV-hBDNF-IRES2-GFP sequencing

To further explore why the AAV5-BDNF-GFP vector was unable to transduce cells in the
injected areas, we initiated a collaboration with Dr. Rénald Gilbert’s laboratory at the NRC.
Dr. Gilbert’s group sequenced the genetic component of the AAV5-BDNF-GFP vector: the
plasmid CMV-hBDNF-IRES2-GFP. They found that the GFP sequence corresponded to
hrGFP, not the one isolated from the jellyfish Aequorea victoria (eGFP). These two proteins
share an identity score of 27.16% and a similarity score of 45.68% (Fig. 19). The identity
score reflects the percentage of identical amino acids between aligned sequences over the
aligned length, while the similarity score indicates the percentage of aligned residues that
share similar characteristics between the compared sequences. This may explain the
absence of hrGFP expression from the AAV5-BDNF-GFP vector in vivo as evidenced by

immunohistochemistry and western blot analysis using antibodies directed toward eGFP.

in vitro evaluation of pCMV-hBDNF-IRES2-hrGFP compared to in vivo evaluation of
AAV5-BDNF-GFP

In contrast to in vivo studies, HEK293 cells were successfully transfected with pCMV-
hBDNF-IRES2-hrGFP using the PElpro DNA transfection reagent, suggesting that the
plasmid is stable and functional upon entry into cells. The lack of fluorescence from AAV5-
BDNF-GFP in vivo in the injected PF, striatum and globus pallidus was mirrored in vitro,
where cell cultures transfected with pCMV-hBDNF-IRES2-hrGFP showed low percentages

of GFP* cells and minimal fluorescent intensity compared to cultures transfected with a
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control plasmid, pCMV-eGFP (Fig. 20). The presence of GFP* cells in the transfected
cultures indicates that plasmid DNA sequences are recognizable by cellular machinery,
resulting in the transcription of MRNA and subsequent translation into the protein of interest.
The issue with the AAV5-BDNF-GFP vector may reside in the viral capsid’'s ability to

recognize, bind and ultimately gain entry into cells.

Selection of plasmid elements to build a new BDNF encoding plasmid

Cell pellets from the transfected cultures were analyzed via western blot for BDNF and GFP
expression. Surprisingly, we observed an increase in BDNF content in cultures transfected
with pCMV-hBDNF-IRES2-hrGFP, demonstrating that the full human BDNF sequence is
functional (Fig. 21A). Conversely, the anti-eGFP antibody was unable to detect any hrGFP
from the pCMV-hBDNF-IRES2-hrGFP, while intense eGFP bands from the control plasmid
were evident (Fig. 21B). This result suggests that although faint fluorescence was observed
under the microscope in the pCMV-hBDNF-IRES2-hrGFP transfected cultures, hrGFP
levels were insufficient for detection by the anti-eGFP antibody in western blot assays;
alternatively, the anti-eGFP antibodies may not recognize hrGFP due to the low identity and
similarity scores with eGFP (Fig. 19). We conclude BDNF sequence is functional, while

eGFP demonstrates superior fluorescence intensity and detectability compared to hrGFP.

IRES element vs 2A family peptides

Another important consideration is the IRES element. Utilizing the IRES element provides
advantages such as ensuring co-expression of genes positioned upstream and downstream
of the IRES, as well as enabling the insertion in the downstream gene of subcellular

localization sequences, which in this case is GFP, a cytosolic protein. However, the
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translation efficiency of the gene downstream of an IRES is significantly lower than that of
the upstream gene, typically around 10-20% (Ho et al., 2013; Kim et al., 2011; Lewis et al.,
2015). The observed low hrGFP fluorescence in vitro may be attributed to the limited
guantities of protein synthesized from the IRES-containing plasmid. In contrast, the lack of
hrGFP fluorescence and immunoreactivity observed in vivo, combined with the unchanged
BDNF content, may reflect the inability of the AAV5-BDNF-hrGFP capsid to enter cells. To
address the limitations of the linker sequence, “self-cleaving” 2A family peptides can be
employed. These 2A elements are short peptides, averaging 18-22 amino acids, that
facilitate the production of multiple proteins from a single transcript, and they provide the
stoichiometric expression of adjacent proteins at a ratio of 1:1 (Ho et al., 2013; Kim et al.,
2011; Lewis et al., 2015).

Taking these considerations into account, we synthesized a new plasmid using the CMV
promoter to drive the full human BDNF sequence linked to the eGFP sequence from the

control plasmid via a 2A peptide element: pPCMV-hBDNF-2A-eGFP.

in vitro evaluation of pCMV-hBDNF-2A-eGFP shows BDNF protein secreted to the

medium

Analysis of cell cultures transfected with pCMV-hBDNF-2A-eGFP and the plasmid control
pCMV-eGFP revealed a functional eGFP band in the western blot results (Fig. 22A). As
anticipated, the relative intensity of the eGFP band from the control plasmid was higher
compared to that from the BDNF plasmid, since expression of the control eGFP is directly
driven by the CMV promoter, while eGFP expression from the BDNF plasmid is indirectly
influenced by the same promoter, with the full effect primarily benefiting the BDNF

sequence.
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ELISA experiments using supernatants from transfected cell cultures demonstrated a
significant increase in BDNF synthesis and release into the medium from cultures
transfected with the BDNF plasmid (Fig. 22B). Notably, these transfected cells synthesized
higher levels of BDNF protein, successfully processed it post-translationally, and
incorporated the resulting BDNF into the cell’s secretory pathway for release into the culture
medium. Extrapolating these findings to an in vivo model, PF neurons transduced with AAV-
BDNF would likely be capable of synthesizing higher levels of BDNF protein, transporting it
anterogradely, and releasing it to striatal neurons. We conclude that both BDNF and eGFP

sequences are functional in the newly synthesized plasmid.

Evaluation of AAV5 and AAV9 vectors encoding BDNF

After validating the BDNF plasmid, Dr. Gilbert’s team at the NRC introduced the control and
BDNF constructs into new AAV5 and AAV9 vectors. Following three weeks of injection into
the PF of C57BL/6J mice, control vectors (AAV5-eGFP and AAV9-eGFP) exhibited strong
GFP signals and diffusion at the injection site, as well as projections to the ipsilateral striatum
and cortical layers (Fig.23). In contrast, BDNF vectors (AAV5-BDNF-eGFP and AAV9-
BDNF-eGFP) displayed a different expression pattern. AAV5-BDNF-eGFP produced faint
GFP expression in the PF, occupying only a small portion, with no observable projections
reaching the ipsilateral striatum or cortical layers. This suggests that the quantity of viral
vector internalized by PF neurons was low, resulting in insufficient GFP production for
transport to PF efferent targets.

Conversely, GFP expression from the AAV9-BDNF-eGFP vector was more intense,
exhibiting discrete diffusion in the PF and projections to the ipsilateral striatum (Fig.23). To

allow for more extended AAV incubation, we evaluated GFP expression after nine weeks of
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injection. Similar to the results at three weeks, brains injected with AAV5-BDNF-eGFP
displayed faint GFP expression at the injection site, with few GFP* cell bodies and no
transport to the ipsilateral striatum or cerebral cortex. In contrast, after nine weeks, AAV9-
BDNF-eGFP induced robust GFP expression in PF neurons and anterograde transport to
the ipsilateral striatum (Fig.24). Given that these vectors incorporate the 2A peptide
construct, the low GFP expression induced by AAV5-BDNF-eGFP likely indicates similarly
low BDNF expression, due to the characteristic stoichiometric expression of proteins
flanking the 2A peptide sequence (Kim et al., 2011).

To select an appropriate AAV candidate, evaluations must share the same delivery route
and consider kinetics, expression levels, persistence, and anatomical localization of the
delivered transgenes (Zincarelli et al., 2008). Based on our findings, we conclude that
AAV9-BDNF-eGFP is superior to AAV5-BDNF-eGFP regarding stable GFP expression,

potential BDNF expression, and anterograde transport (Fig.24).

Comparison between AAV5-BDNF vectors

It is insightful to analyze the similarities and differences in transduction patterns between the
AAV5 vector provided from Vector Biolabs (Malvern, PA, USA) and the AAV5 vector
produced by the NRC team. Although the GFP sequence of the BDNF vector from Vector
Biolabs is hrGFP, the GFP sequence in their control vector is derived from Aequorea victoria
(eGFP). Both control vectors utilize a CMV promoter to drive eGFP expression, enabling
them to transduce neurons in the PF and produce sufficient GFP for anterograde transport

to PF efferents. In contrast, the Vector Biolabs BDNF vector employs an IRES element
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linking the BDNF sequence to the hrGFP sequence, whereas the NRC vector incorporates
the 2A peptide as a linker sequence between BDNF and eGFP.

Despite both vectors being of the AAVS5 serotype, one might expect similar transduction
patterns. However, the NRC-produced AAV5-BDNF-eGFP vector demonstrated low levels
of GFP fluorescence in the PF (data not shown) and low-intensity GFP immunoreactivity,
while the AAV5-BDNF-GFP from Vector Biolabs exhibited no fluorescence or GFP-IR
detectable by commercial anti-eGFP antibodies.

Since the vectors were produced in different facilities, the AAV5 capsids from Vector
Biolabs and NRC may have slight variations that could affect particle dissemination due
to capsid stability, subsequently influencing cell surface receptor binding and intercellular
trafficking (L. Samaranch et al., 2017). As previously mentioned, the low translation
efficiency with the IRES element in the Vector Biolabs vector may hinder protein
expression in the limited number of transduced neurons (Ho et al., 2013; Kim et al., 2011;
Lewis et al., 2015). Overall, the combined effects of the capsid characteristics, the CMV
promoter, the two transgenes, and the linker sequences likely weakened the overall AAV

infection efficiency in both cases.

Validation of stable GFP expression from AAV9 vector encoding BDNF-eGFP

In contrast to AAV5, the AAV9 vector encoding BDNF successfully transduced neurons
in the PF and facilitated anterograde transport of GFP to the striatum. AAV9 is known for
its superior cell transduction efficiency, rapid onset, and higher protein levels compared
to other AAVs (Issa et al., 2023). Independent of the promoter used, AAV9 injections
produce widespread transduction patterns (Watakabe et al., 2015). The observed

differences in transduction efficiency or tropism between AAV5 and AAV9 control vectors
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are likely attributable to variations in viral capsid proteins, their receptor interaction, and
intracellular trafficking after cell entry (Burger et al., 2004).

GFP, a cytosolic protein synthesized near the cell bodies of transduced PF neurons, is
passively transported along neuronal projections to the terminals in an anterograde
manner, without being released at the PF axon terminals. Immunohistological analysis of
GFP expression in AAV9-BDNF-eGFP injected brains (Fig.23, 24, 26), revealed that most
transduced cell bodies were located in the PF, with a few neurons in PF afferents that
retrogradely acquired the viral vector. The remaining GFP-IR corresponded to fibers
extending from the PF to the striatum (Fig.25).

In a study by Burger et al., (Burger et al., 2004), injections of 2ul of AAV1, AAV2 and
AAV5 vectors expressing eGFP into the striatum of rats demonstrated average GFP*
neuron distributions of approximately 1.7mm, 0.9mm and 2.0mm, respectively, after four
weeks. AAV1 and AAV5 exhibited more widespread distribution of GFP* neurons
compared to AAV2, though it did not sufficiently cover the striatal structure. Notably, our
results showed that, after three weeks of injecting 1ul of AAV9-BDNF-eGFP into the PF,
the average caudal to rostral distribution of GFP* thalamostriatal fibers covering the
striatum extended to ~3.88mm. This distribution pattern remained stable after nine weeks

(Fig.25).

Striatal BDNF increase in AAV9-BDNF-eGFP injected hemispheres

To assess BDNF expression in C57bl/6J mice, we verified accurate AAV9-BDNF-eGFP
injection in the PF through GFP immunohistochemistry, ensuring any changes in the
analyzed striata came from the PF injection. Western blotting of striatal extracts indicated

elevated levels of BDNF and GFP in the ipsilateral striata of AAV-injected PF compared
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to those injected with vehicle buffer (Fig.26). Striatal pTrkB levels were also evaluated,
showing a slight increase, though not statistically significant. The increases in BDNF and
GFP levels are localized to PF projections reaching the striatum. As established in our in
vitro results (Fig.22), BDNF synthesized in transduced PF neurons follows the cell
secretory pathway and is transported anterogradely to be released from axon terminals
contacting striatal neurons. Binding of released BDNF to TrkB receptors on the surface
of striatal neurons activates intracellular phosphorylation of tyrosine residues, leading to
the internalization of the BDNF-pTrkB complex and initiation of neurotrophin-induced

signaling cascades.

Previous studies by Ho and Kim et al. (Ho et al., 2013; Kim et al., 2011) described how the
2A element “self-cleaves”, producing different band patterns from a single 2A construct
flanked by two proteins. The cleaving mechanism of 2A results in a proline residue being
attached to the signal peptide of the downstream protein, producing a weight similar to the
standard molecular weight. Meanwhile, the remaining 2A amino acids attach to the C-
terminus of the upstream protein, resulting in a protein slightly larger than the standard
molecular weight. Consequently, a higher molecular weight band may correspond to a fusion
protein linking the two expressed proteins via the 2A peptide, or a combination of the three
(Ho et al., 2013; Lewis et al., 2015). The latter indicates possibly that the 2A sequence was
not entirely cleaved, which could potentially be a concern in some therapeutic applications
(Kim et al., 2011). In our analysis (Fig.26) we focused on the expected molecular weights

of mature BDNF and GFP, so we cannot definitely assess the presence of a fusion protein.
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However, previous studies have successfully overexpressed BDNF as a fusion protein with
a marker while maintaining its functionality as a neurotrophin.

For instance, Ziemlinska et al., (Ziemlinska et al., 2014), demonstrated that AAV-induced
overexpression of BDNF fused with cMyc was able to enhance the excitability of the
lumbar spinal network, leading to locomotor recovery in completely spinalized rats. The
fused BDNF protein was detected and analyzed through ELISA and western blotting.
Although cMyc has a molecular weight of only 1kDa -much smaller than GFP at 27kDa-
Wang et al. (J. Wang et al., 2016) reported that overexpression of BDNF fused with eGFP
in AAV vectors effectively activated specific signaling cascades mediated by TrkB in the
VTA in a drug abuse-related behavior model in rats. Similarly, Han et al., (Han et al.,
2019) demonstrated that overexpressing BDNF and eGFP with a 2A linker sequence
using an AAV vector in diabetic mice decreased neuroinflammation in the hippocampus
via modulation of the HMGB1/RAGE/NF-kB pathway. These results collectively suggest
that AAV-induced overexpression of BDNF, whether as a single or fused protein, retains

functional properties.

Striatal BDNF quantification in AAV9-BDNF-eGFP injected hemispheres

In a comparative study of different AAV serotypes utilizing a CMV promoter, Watakabe et
al., (Watakabe et al., 2015) found that AAV5 and AAV9 transduced neurons and glial cells
expressing high levels of modified hrGFP (hrGFP 1l). In the transduced neurons of
marmosets, macaques, and mouse cerebral cortex, a reduction in NeuN marker was
observed, possibly due to general toxicity from high levels of AAV infection or hrGFP Il
expression mediated by the CMV promoter. They suggested that lower expression levels

might be more advantageous for long-term experiments. Similarly, Eslamboli and Kells
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(Eslamboli et al.,, 2005; Kells et al., 2008) noted that excessive overexpression of
neurotrophins can have deleterious effects, potentially hindering therapeutic outcomes,
and recommended diluting AAV vectors for studies.

Following this guidance, we diluted the AAV9-BDNF-eGFP vector to 1:5 and 1:10 with
PBS. After verifying an accurate AAV9-BDNF-eGFP (1:5) injection into the PF of C57bl/6J
mice, we observed a significant increase in striatal BDNF protein levels via ELISA
(Fig.27).

Notably, the overexpressed BDNF protein levels in vivo (2492.86 + 286.73 pg/ml) were
lower than those measured in vitro (3812.14 + 67.04 pg/ml) from p.CMV-hBDNF-2A-
eGFP transfected HEK293 cells (Fig.22B). Direct comparisons are complicated since the
cell cultures were directly transfected with 2.5 ug of DNA plasmid and the PF were
injected with 1yl of AAV9/2-CMV-hBDNF-2A-eGFP diluted 1:5 (original titer was
2.99E+13 vg/ml). Furthermore, the transfected cultures consisted of human embryonic
kidney cells (HEK cells), whereas the PF injections targeted neurons projecting to the
striatum. However, variance in quantified BDNF protein levels can be compared by
evaluating the standard error of the mean, which indicates that BDNF levels in vitro exhibit
considerably less variation than in vivo striatal values. This effect could be due to the
technical difficulties of achieving an accurate injection (Watakabe et al., 2015), and the
challenges AAV vectors encounter being recognized, attached, and internalized by cell
surface receptors, escaping ubiquitination and degradation, delivering their genetic
material into the nucleus, overcoming the limiting factor of synthesizing the double strand
of DNA to be transcribed and translated by cellular machinery -culminating in the transport

of synthesized proteins from the PF to the striatum (Berry & Asokan, 2016).
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Having established evidence of increased BDNF levels induced by the AAV9-BDNF
vector, we aimed to explore its potential as a therapeutic agent in the R6/2 mouse line, a

model for HD.

Bilateral BDNF overexpression in R6/2 mouse line

The second hypothesis in this study aimed to determine whether bilateral overexpression
of BDNF in the PF could potentially improve the behavioral and spontaneous locomotor
alterations observed in the R6/2 mouse model of HD. Before analyzing the effects of
overexpressed BDNF, a baseline of the animal’s behavior and locomotor activity was
established (Fig.6, 7, 8). Clasping tests, the open field test, and the elevated plus maze
were performed at different time points (Fig.5). Subsequently, R6/2 CAR mice were
injected bilaterally with the AAV5-BDNF-GFP vector (provided by Vector Biolabs) in the
PF at four weeks of age. Their behavior and spontaneous locomotor activity were
assessed alongside R6/2 WT and non-injected R6/2 CAR littermates, following the same
battery of tests and timeline as the baseline evaluation (Fig.10, 11, 12). We established
a criterion that only R6/2 CAR-BDNF mice accurately injected in the PF, as validated by
GFP immunohistochemistry, would be included in the R6/2 CAR-BDNF group.
Unfortunately, we were unable to validate any of the Vector Biolabs AAV5-BDNF-GFP
injections due to the lack of detectable hrGFP expression (Fig.14). Following further
testing, the genetic material of the vector (p.CMV-BDNF-IRES2-hrGFP) was sequenced
and analyzed in vitro (Fig.19, 20, 21). Although these results cannot be considered

conclusive, the observed changes will be discussed.
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AAV5-BDNF-GFP vector (Vector Biolabs; Malvern, PA, USA)

Clasping score

Clasping is a dystonic movement characterized by the abnormal retraction of limbs toward
the body (Bissonnette et al., 2013). Consequently, the clasping test has been extensively
used in previous studies as a marker of neurodegenerative disease progression,
indicated by the severity and duration of involuntary movements (Guyenet et al., 2010;
Pietropaolo, Delage, Cayzac, Crusio, & Cho, 2011; Samadi et al., 2013). It is favoured for
being easy to interpret, quick, and cheap to perform (J. Y. Li, Popovic, & Brundin, 2005).
R6/2 WT mice displayed very little or no limb-clasping behavior while spreading their four
limbs in an attempt to grasp something (J. Y. Li et al., 2005). In fact, during the
experiment, WT mice exhibited sufficient strength to climb their tail and fingers of the
tester, in stark contrast to R6/2 CAR mice, which clasped their limbs tightly against their
thorax and abdomen. A low clasping score was observed in R6/2 CAR mice at the initial
evaluation time point of four weeks, prior to the early stages of HD (Samadi et al., 2013).
The clasping behavior noted in R6/2 CAR mice at four weeks of age indicates detrimental
changes already occurring in the pre-symptomatic HD stage, possibly linked to the
reduced BDNF mRNA content in striatal afferents, combined with an early reduction in
neostriatum volume (Carter et al., 1999; Samadi et al., 2013). The clasping score sharply
increased at six weeks and continued to rise more slowly until eleven weeks (Fig.6). In
contrast, other reports indicate that motor coordination in R6/2 mice begins to markedly
deteriorate around eight weeks of age, with involuntary movements, changes in gait
patterns, balance issues, dyskinesia, resting tremor, and muscle atrophy (Carter et al.,

1999; J. Y. Li et al., 2005). R6/2 CAR-BDNF mice showed increased clasping at six
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weeks, similar to their non-injected counterparts; however, the subsequent increase in
score was less pronounced in the R6/2 CAR-BDNF group. Similar scores were noted in
R6/2 CAR-BDNF mice from weeks eight to ten, with a slight increase at eleven weeks.
Clasping scores for R6/2 CAR and R6/2 CAR-BDNF mice were significantly different at
nine and eleven weeks. Overall, it appears that the pattern of clasping score increase is

more gradual and subdued in the AAV5-BDNF-treated CAR group (Fig.10).

Open field test

We utilized total distance traveled and mean velocity as metrics to evaluate spontaneous
locomotor activity in the Open field test. At four weeks old, R6/2 WT and R6/2 CAR mice
exhibited higher values of distance traveled and mean velocity compared to other
evaluated time points within their groups. At this age, the mice are still young (Brooks &
Faulkner, 1988) and are entering into the Open field arena for the first time. Mice, being
naturally curious, tend to explore their surroundings while remaining near the walls to feel
safe. This behavior is evident in the activity traces recorded by the overhead video camera
and analyzed using Ethovision software. At this time point, differences between WT and
CAR mice were not visible in the activity traces. At both four and six weeks, but not in the
following weeks, R6/2 CAR mice displayed a trend of higher values in total distance and
mean velocity compared to R6/2 WT; CAR mice tend to be more hyperactive, moving and
jumping more when young (J. Y. Li et al., 2005), in addition to possibly experiencing
anxiety and fear of being handled during testing.

This observation aligns with reports stating that R6/2 CAR mice begin to show initial signs

of motor alterations around three weeks of age, marked by spontaneous locomotor
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hyperactivity, which stabilizes but gradually leads to hypoactive by eight weeks of age,
with a significant drop at ten weeks (Dunnett et al., 1998; J. Y. Li et al., 2005; Luesse et
al., 2001). Hyperactivity has also been documented in HD mouse models with the full-
length human mhtt gene (Reddy et al., 1998) and in mice with mild focal striatal lesions
(Borlongan et al.,, 1995), although more sustained striatal lesions typically cause
hypoactivity. This pattern may reflect a gradual striatal dysfunction as early as three
weeks of age, likely due to progressive changes in the relationship between receptor and
neurotransmitter expression in the cortico-striatal circuit (Liesse et al., 2001), in
combination with a significant reduction in BDNF mRNA in striatal afferents (Samadi et
al., 2013) and the presence of intranuclear inclusions of mutant huntingtin in striatal
neurons (J. Y. Li et al., 2005); leading to neuronal dysfunction despite the absence of
neuronal cell death in the striatum (Carter et al., 1999).

From week four to week nine, R6/2 WT mice exhibited a slight decrease in total distance
and mean velocity. This decline may result from the mice becoming accustomed to the
Open field arena, leading to calmer behavior and less exploration. To mitigate this effect,
we placed the mice in different quadrants of the arena each time they were tested. As
expected, R6/2 CAR mice displayed decreased total distance traveled and mean velocity
at six weeks, with a sharper decline noted at nine and eleven weeks (Fig.7). These
locomotor deficits align with findings from Samadi’s studies (Samadi et al., 2013), where
rotarod performance and grip strength are also significantly impaired, coinciding with a
marked decrease in BDNF synthesis as the disease progresses. R6/2 CAR mice injected
with AAV5-BDNF showed considerable variation in distance traveled and mean velocity;

thus, data were transformed for statistical analysis. Overall, the variation in total distance
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traveled values from the R6/2 CAR-BDNF group hindered the identification of differences
between groups; however, differences were noted across evaluation time points,
regardless of the groups. Total distance traveled at six weeks was higher than at nine
and eleven weeks, likely influenced by the significantly low values from both R6/2 CAR-
BDNF and R6/2 CAR mice at nine and eleven weeks.

Regarding mean velocity, R6/2 WT mice consistently moved at higher velocities than
R6/2 CAR-BDNF mice, while R6/2 CAR mice had the lowest velocities. Notably, there
was a statistically significant reduction in mean velocity in the R6/2 CAR-BDNF group at
eleven weeks compared to other evaluated weeks in the same group. The mean velocity
of R6/2 CAR mice showed high variation across evaluated weeks, complicating the
identification of statistical differences. Activity traces indicate that, despite extremely
reduced mobility in the final weeks, R6/2 CAR-BDNF mice moved at higher velocities
compared to the R6/2 CAR group (Fig.11). In a study where five-week-old R6/2 mice
received an AAV vector to overexpress pre-enkephalin (pENK) in the striatum, significant
beneficial effects were reported in behavioral and locomotor tests. Interestingly, there
were no differences in total distance traveled between AAV-treated and untreated R6/2
CAR mice; however, AAV-treated mice exhibited increased movement velocity, which
was recognized as a beneficial locomotor effect (Bissonnette et al., 2013). The authors
concluded that movement velocity appears to be a more sensitive measure of
improvement or decline in locomotor activity compared to distance traveled alone. Thus,
we conclude that R6/2 CAR-BDNF mice demonstrated improvements in locomotor

activity by increasing movement velocity compared to not injected R6/2 CAR mice.
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Elevated plus maze

The elevated plus maze evaluates anxiety-like behavior by forcing the mouse to confront
its innate curiosity to explore new environments against the fear it experiences in the open
and elevated arms (Baldo & Petersén, 2015; File, Mahal, Mangiarini, & Bates, 1998;
Komada et al., 2008). We assessed total distance traveled, mean velocity, and anxiety-
like behavior by calculating the ratio of time spent in the open arms relative to the time
spent in the closed arms. Similar to the Open field test, values for total distance traveled
and mean velocity in the elevated plus maze indicated that R6/2 WT mice moved more
and faster compared to R6/2 CAR-BDNF and R6/2 CAR mice, particularly as the disease
progressed. Additionally, as observed in the Open field test, R6/2 CAR-BDNF mice
exhibited higher velocity despite covering less distance than R6/2 CAR mice, highlighting

the beneficial locomotor effect of speed in this test as well (Bissonnette et al., 2013).

Regarding the ratio of time spent in open/closed arms, a higher ratio of time spent in the
open versus closed arms indicated reduced anxiety-like behavior, as observed in R6/2
WT mice at four weeks. The urge to explore the open arms outweighed their fear and
anxiety of the open and elevated spaces. However, as the mice aged, anxiety levels
increased, with a tendency to spend more time walking along the closed arms. It is also
possible that they recognized the maze, leading to decreased curiosity and heightened
fear of the open and elevated spaces (Fig.8).

Interestingly, the first R6/2 litters used for baseline behavior data exhibited different
behaviors compared to the subsequent litters used in the AAV experiment. In the first

experiment, R6/2 CAR mice demonstrated significantly less anxiety than R6/2 WT mice
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at nine and eleven weeks, spending more time in the open arms. This pattern was
corroborated by recorded activity traces: R6/2 WT mice engaged in abundant exploratory
behavior along the closed arms, while R6/2 CAR mice showed considerably less activity
but more movement into the open arms (Fig.8). In contrast, during the second
experiment, R6/2 CAR mice displayed less anxiety than R6/2 WT mice at nine weeks, but
at eleven weeks, their anxiety levels surged beyond those of the R6/2 WT group. R6/2
CAR-BDNF mice exhibited a similar pattern to the first R6/2 CAR group, showing less
anxiety as they aged. Additionally, the second experiment involved mice with greater
overall variability, making for a considerably more challenging analysis and hindering the
detection of potential statistical differences (Fig.12). The rapid rise in anxiety in the R6/2
CAR group at eleven weeks during the second experiment cannot be attributed to a lack
of mobility in the closed arms, as there was no drastic reduction in total distance traveled
or velocity values between nine and eleven weeks. This supports the notion that the mice
were indeed moving along the closed arms.

The literature on anxiety-like behavior in HD animal models presents inconsistencies;
however, the drastic change observed at eleven weeks compared to nine weeks may be
attributed to environmental factors rather than disease progression (Fig.12B). If disease
progression were the cause, a more gradual change would be expected, likely
accompanied by significant alterations in locomotion. Environmental factors that could
influence behavior include changes in temperature, humidity, ventilation, noise intensity

and light intensity (Hockly et al., 2003).
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Mood disorders in HD mouse models

Perturbations in the prefrontal and cingulate cortices, striatum, amygdala, and thalamus
within the context of HD can contribute to the development of mood disorders, such as
anxiety and depression-related behaviors (Patrick Pla et al.,, 2014). Thalamic
degeneration, particularly in thalamic nuclei projecting to prefrontal areas and the
striatum, plays a critical role in the impairment of executive function in early HD patients.
Magnetic resonance imaging (MRI) data have revealed structural double lesions within
the basal ganglia-thalamo-cortical circuitry at both striatal and thalamic levels (Kassubek,
Juengling, Ecker, & Landwehrmeyer, 2005).

Patterns of anxiety-like behavior in HD mouse models are inconsistent in the literature.
Consistent with our results, several studies have reported that R6/2 CAR mice show lower
levels of anxiety from six weeks onward compared to R6/2 WT littermates (Bissonnette
et al., 2013; File et al., 1998). To evaluate the function of the GABA-benzodiazepine
receptor complex -important in anxiety-related behaviors- eight-week-old R6/2 female
mice were treated with flumazenil, a benzodiazepine receptor antagonist. Flumazenil had
anxiolytic effects in R6/2 WT mice but appeared anxiogenic in R6/2 CAR mice, suggesting
that some of the observed reduction in anxiety could be due to an endogenous anxiolytic
ligand (File et al., 1998).

The genetic background of various HD mouse models is significant, as different strains
perform differently in behavioral tests (Hockly et al., 2003). For instance, WT mice from
C57 and CBA strains tested in the elevated plus maze demonstrated that CBA mice are
significantly less anxious, accompanied by increased exploration. However, given that

Flumazenil’s effects were similar to those in R6/2 WT mice, researchers concluded that
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the primary changes in anxiety levels are attributed to the HD transgene (File et al., 1998).
Anxiety-like behavior was slightly elevated in R6/2 CAR mice treated with overexpressed
striatal pENK (Bissonnette et al., 2013).

Contrary to our results, multiple reports indicate that HD mice display high levels of
anxiety-related behavior. It is important to recognize that variations amongst HD mouse
models may influence behavior, including the length of the htt transprotein, the number
of polyglutamine repeats, the origin of the mhtt, strain, and levels of htt expression (Kuhn
et al.,, 2007). HD mouse models can be categorized based on their type of mhtt
expression: transgenic models expressing truncated htt, those expressing full-length htt,
and knock-in models. Chemically induced HD animal models do not necessarily
reproduce progressive behavioral changes (Carter et al., 1999).

BACHD transgenic mice -expressing full-length human mhtt- showed increased anxiety
at all ages in the zero-maze test (Abada, Schreiber, & Ellenbroek, 2013), as well as in the
open field and light/dark box tests, compared to WT mice (L. Menalled et al., 2009). The
light/dark box test assesses anxiety-like behavior based on mice’s aversion to light. In
R6/1 mice — similar to R6/2 mice but develop symptoms on a slower timescale - anxiety
progressively increased, peaking at twenty-four weeks. YAC128 mice -expressing full-
length human mhtt- demonstrated a gradual increase in anxiety as they aged, measured
in the zero-maze test (Chiu, Liu, Leeds, & Chuang, 2011). In a separate laboratory, both
female and male R6/2 CAR mice exhibited a progressive increase in anxiety behavior (L.
Menalled et al., 2009).

Knowing the number of CAG repeats would be useful for comparing and interpreting

results, as CAG repeat numbers can slightly vary from one generation to the next due to
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germline instability (File et al., 1998). Other differences may arise from dietary factors
and/or housing conditions (J. Y. Li et al., 2005). Additionally, HD mutant females are more
susceptible to depressive-like behavior, while mutant males tend to exhibit anxiety-like

behaviors (Patrick Pla et al., 2014).

A comparative study utilizing consistent, well-validated protocols with quantitative
measures for different HD mouse models, same-sex comparisons, and age within the
same laboratory would help reach definitive conclusions.

It is also important to consider that when using the open field test, elevated plus maze, or
other maze types to evaluate psychiatric symptoms in an animal model that develops
locomotor impairment as the disease progresses, it can become challenging to
distinguish whether observed behaviors are due to psychiatric changes like anxiety or
depression, or if they stem from severe locomotor impairment preventing the animals’
movement, regardless of whether they feel curious, scared, or anxious (Chiu et al., 2011;
LUesse et al., 2001, Patrick Pla et al., 2014). Therefore, assessments of depression and
anxiety-related behaviors should be conducted before the animals experience locomotor

impairment, to avoid confusion in interpretation.

Mood disorders and BDNF

BDNF/TrkB signaling has been linked to the regulation of mood disorders through its role
in hippocampal neurogenesis. In adult CaMKCreERT? Htt floxflox mice, downregulation of
htt expression specifically in mature cortical and hippocampal neurons led to decreased
anterograde velocity of BDNF vesicular trafficking and reduced BDNF secretion in

hippocampal neurons. These mice showed increased anxiety in the open field test and
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elevated plus maze; however, clasping behavior was not observed, and an increase in
body weight was noted (P. Pla et al., 2013). In mutated mice expressing the htt protein
with non-phosphorylatable serines at positions 1181 and 1201, axonal transport of BDNF
mediated by microtubules was enhanced, resulting in anxiolytic behavior and increased
dendritic arborization along with the survival of newborn neurons in the dentate gyrus

(Ben M'Barek et al., 2013).

Furthermore, knock-in mice expressing the mutated BDNF variant V66M demonstrated
impaired BDNF secretion and exhibited high levels of anxiety-related behavior in both the
open field and elevated plus maze (Chen et al., 2006). These experiments suggest that
decreased BDNF levels translates into increased anxiety. In contrast, female conditional
mutant mice with BDNF gene deleted from broad forebrain areas showed decreased
anxiety. However, in an inducible BDNF mutant model, female mice exhibited heightened
susceptibility to anxiety following stress (Autry & Monteggia, 2012). Cyclotraxin-B, a TrkB
inhibitor, displayed anxiolytic properties in Swiss mice, comparable to diazepam, with
anxiety-like behaviors observed in the open field test and elevated plus maze (Cazorla et
al., 2010). Now, according to this set of experiments, decreased BDNF translates into
reduced anxiety. Together, these findings indicate that BDNF expression, transport, and
secretion -along with TrkB signaling- play roles in anxiety-related behavior, although the

underlying neural circuitry remains to be elucidated.

Analysis of various HD mouse models has revealed a link between mhtt, the development

of anxious-depressive behaviors, and defects in hippocampal neurogenesis (P. Pla et al.,

180



2013). Additionally, BDNF/TrkB signaling influences the function of serotonergic neurons,
and dysregulation of the serotonergic system is implicated in the development of mood
disorders. BDNF +/- mice exhibit altered serotonergic innervation in the cerebral cortex,
hypothalamus, and hippocampus (Lyons et al., 1999). A proper level of neurogenesis -
neither too low nor too high- that maintains physiological anxiety states can be improved
by exercise and environmental enrichment, which could be linked to BDNF/TrkB

signaling.

Morphological changes of AAV5-BDNF injected brains evaluated by Stereology

Unbiased stereology confirmed, in line with previous reports, striatal neuronal loss in R6/2
CAR mice at eleven and a half weeks of age (Bissonnette et al., 2013; Samadi et al.,
2013). Notably, R6/2 CAR-BDNF mice exhibited more neurons in the striatum compared
to the R6/2 CAR group, suggesting that the AAV5-BDNF-GFP vector from Vector Biolabs
(Malvern, PA, USA) may provide striatal neuroprotection within the thalamostriatal
system. Samadi et al. (Samadi et al., 2013) reported a decline in the striatal volume in
R6/2 CAR mice, as well as a reduction in neuronal area starting as early as weeks six
and nine respectively, in parallel to BDNF reduction. It would be interesting to evaluate
whether AAV-BDNF delivery induces any changes in these variables.

BDNF delivery via mini pumps increased IR in enkephalinergic neurons in R6/1 mice,
promoting long-term survival and maintenance of striatal cells (J. Y. Li et al., 2005). A
study overexpressing pENK in the striatum of R6/2 mice found no rescue of striatal
volume decline, but a slight improvement in striatal neuronal number was observed five

weeks post-AAV2-GFP-pENK delivery (Bissonnette et al., 2013). In this approach, the
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AAYV vector was administered at five weeks of age when endogenous pENK mRNA had
already decreased, yet beneficial effects on the HD phenotype were still achieved.

Future studies are needed to evaluate whether AAV-BDNF delivery to the PF at later time
points -when endogenous BDNF mRNA in the PF is decreased- can be beneficial and

whether it can mitigate potential damaging effects induced by excessive BDNF.

AAV9-BDNF-eGFP vector effects (provided by NRC)

As previously mentioned, we were unable to successfully verify the AAV5-BDNF-GFP
injections from Vector Biolabs in the R6/2 CAR mice during our past experiment (Fig.14).
The next step involved obtaining AAV vectors from our collaboration with the NRC. After
validating these vectors in C57BL/6J mice, we selected the AAV9-BDNF-eGFP vector as
the therapeutic vector for further use (Fig.24). R6/2 mice were injected bilaterally with
either AAV9-BDNF-eGFP or control AAV9-eGFP vector in the PF at four weeks of age
(Fig.28). The gene expression of the AAV9 vectors was successfully detected using GFP
immunohistochemistry, demonstrating robust GFP expression in both R6/2 WT and CAR
mice.

Even though the AAV9-eGFP vector was diluted 1:1, it exhibited a wider diffusion at the
injection site, covering the thalamic region and subthalamic structures. The PF
anterograde projections covered the entire striatal structure and specific regions of the
cerebral cortex. In contrast, AAV9-BDNF-eGFP showed less diffusion, maintaining
localized GFP expression at the injection site. While anterograde projections also covered
the striatum, R6/2 CAR mice exhibited a faded appearance of GFP expression in the
lateral portion of the striatum, with fewer GFP* projections in the cerebral cortex. Given

the 1:1 stoichiometric expression of proteins adjacent to the 2A peptide in this vector (Kim
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et al., 2011), we can infer that BDNF protein is overexpressed in the same brain regions
as GFP. We confirmed successful BDNF synthesis in the AAV9-BDNF-eGFP injected PF,

along with anterograde transport, and secretion in the striatal area (Fig.25, 27, 28).

Shockingly, one week post-injection, most R6/2 CAR mice receiving the AAV9-BDNF-
eGFP vector began displaying severe adverse effects, including drastic locomotor
impairment, significant weight loss, and intense seizures, which often resulted in death
(Fig.29). The remaining mice died within a couple of weeks, displaying similar effects.
Consequently, we could not conduct behavioral and locomotor assays. In contrast, R6/2
CAR mice injected with AAV9-eGFP (Fig.30), and R6/2 WT mice receiving either vector
did not exhibit these detrimental effects (Fig.31).

Previous studies have suggested that lower concentrations of AAV vectors using a CMV
promoter might be more advantageous for long-term experiments, potentially avoiding
toxic effects induced by high levels of AAV infection or high transgene levels driven by
the CMV promoter (Eslamboli et al., 2005; Kells et al., 2008; Watakabe et al., 2015).
Accordingly, we diluted the AAV9-BDNF-eGFP vector to 1:5 and then to 1:10. We tested
both dilutions in C57bl/6J mice prior to administration in R6/2 mice (data not shown). The
1:5 dilution achieved complete coverage of the striatal structure in C57bl/6J mice after
three weeks. Surprisingly, no transgene expression was detected with the 1:10 dilution,
likely due to the BDNF vector being too diluted to transduce neurons effectively.
Consequently, we first tested the 1:5 dilution in R6/2 CAR mice, but most exhibited
negative effects and died suddenly with intense seizure activity. Subsequently, we opted

to test the 1:10 dilution in R6/2 CAR mice, even though it had proven unsuccessful in
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C57bl/6J mice. Remarkably, this dilution resulted in complete coverage of the striatal
structure after three weeks, indicating a strain-specific effect of the AAV9-BDNF-GFP
vector in R6/2 mice. Kaplan-Meier survival curves analysis (Fig.29) showed statistically
significant differences between R6/2 mice injected with the undiluted vector and those
receiving the 1.5 dilution compared to the 1:10 dilution (p= 0.013 and p< 0.001
respectively). The lowest concentration tested (1:10) resulted in a median survival time
of six weeks post-injection for R6/2 CAR mice, while those injected with control AAV9-
eGFP had a median survival time of eight weeks. The latter corresponds with our group’s
humane endpoint for R6/2 CAR mice, typically set at twelve weeks.

We observed a clear dose-dependent vulnerability of R6/2 CAR mice to the AAV9-CMV-
BDNF-2A-eGFP vector, unlike to AAV5-CMV-BDNF-IRES-hrGFP. This discrepancy may
stem from the superior cell transduction efficiency and higher protein levels associated
with the AAV9 vector compared to other serotypes (Burger et al., 2004; Issa et al., 2023;
Watakabe et al., 2015). Alternatively, it is possible that R6/2 CAR mice reacted adversely
to an ingredient in the AAV9-BDNF-eGFP vehicle buffer, or there may have been
impurities present. Diluting with PBS buffer likely helped reduce toxic effects (Watakabe
et al., 2015). We confirmed that the PBS buffer used for dilution was not the source of
toxicity, as the undiluted vector was also highly toxic. Moreover, the control vector AAV9-

eGFP, which was also diluted 1:1 with PBS, did not exhibit toxic effects.

Technical difficulties related to injection accuracy were ruled out through GFP

immunohistochemistry. Studies using identical injection volumes with varying vector

concentrations demonstrated a positive correlation between high AAV titers and
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extensive protein expression distribution patterns (L. Samaranch et al., 2017). However,
widespread patterns can complicate the control of the overexpressed transgene’s effects
in non-targeted areas, potentially leading to negative outcomes. It is possible that
contamination of the AAV9-BDNF-eGFP vector along the needle track resulted in
deposition in areas susceptible to AAV infection, leading to BDNF and GFP

overexpression in regions such as the cerebral cortex and hippocampus.

Synaptic dysregulation in HD

Another critical aspect to consider is the significant synaptic dysregulation within the
corticostriatal and  thalamostriatal pathways, which induces progressive
electrophysiological alterations in MSN beginning at the pre-symptomatic stage of the
disease (Cepeda et al., 2003). Overactivity of corticostriatal glutamate transmission is an
early feature of HD; evidence suggests that mhtt in presynaptic terminals may increase
glutamate release (Bissonnette et al.,, 2013). Biphasic age-dependent changes in
neurotransmission have been observed: prior to the emergence of behavioral symptoms
and during early symptomatic stages, synaptic currents and glutamate release increase,
accompanied by elevated intracellular Ca?* flux. However, during later symptomatic
stages, evoked synaptic currents decrease, and glutamate release gradually declines
(Cepedacetal., 2003; Estrada-Sanchez, Levine, & Cepeda, 2017; P. R. Joshi et al., 2009).
In early symptomatic stages, heightened synchronized cortical activity results in transient,
large-amplitude synaptic events in the striatum, primarily reflecting spontaneous
excitatory neurotransmitter release effects (Cepeda et al., 2003). Unsurprisingly, early
symptomatic R6/2 mice, around five to seven weeks old, exhibit epileptic seizures that

often worsen and may lead to death (Cano et al., 2021; Carter et al., 1999; Estrada-
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Sanchez et al., 2017; J. Y. Li et al., 2005; Luesse et al., 2001). In juvenile human HD
form, R6/2 and R6/1 mouse models, generalized tonic-clonic and myoclonic seizures are
prevalent (Estrada-Sanchez et al., 2017). In R6/2 mice, A2a adenosine receptors and
metabotropic glutamate receptor mRNA levels decrease at the pre-symptomatic stage of
four weeks, while dopamine receptor reduction occurs during the symptomatic stage
(eight weeks), diminishing modulation of the presynaptic terminal (Cha et al., 1999; P. R.
Joshi et al., 2009). The loss of inhibitory interneurons in the striatum and various regions
of the cerebral cortex contributes to hyperexcitability and increased seizure susceptibility
in HD.

Intense dysregulation of glutamate release occurs, further increasing epileptogenicity
(Estrada-Sanchez et al., 2017). Importantly, BDNF has been associated with seizure
activity; acute BDNF delivery enhances glutamatergic responses and elevates
cytoplasmatic Ca?* flux (Y. X. Li, Zhang, Lester, Schuman, & Davidson, 1998), while
concurrently modulating GABAa receptors to reduce GABAergic responses (Tanaka,
Saito, & Matsuki, 1997), thereby increasing interstitial glutamate levels and promoting
epileptic activity. These findings suggest that AAV9-mediated overexpression of BDNF
and GFP exacerbated the severe synaptic dysregulation already present in the cortico-
striatal-thalamic circuit. In R6/2 mice, BDNF mRNA levels in the PF, M1 and M2 regions
begin to decline at six weeks (Samadi et al., 2013). It is possible that the overexpressed
BDNF exceeded the system’s capacity, becoming neurotoxic before endogenous BDNF
levels began to decline due to HD progression. Additionally, contamination of the AAV
vector along the needle track at the injection site may have led to BDNF overexpression

in the cerebral cortex and hippocampus, areas involved in epileptic activity (Estrada-

186



Sanchez et al., 2017). This could explain why R6/2 CAR mice injected with AAV9-BDNF-
GFP experienced intense seizures and subsequent death within one to three weeks post-

injection, coinciding with the time it takes for AAV vector expression to peak.

AAV-CMV caveats

As more experiments are conducted using various AAV vectors across different animal
models, we are uncovering important details about the effects of AAV delivery. This is
particular true for potent vectors like AAV9 in combination with strong ubiquitous
promoters such as CMV. AAV9, AAV5 and AAV1 vectors effectively transduce neurons,
astrocytes, and APC like microglia (Ciesielska et al., 2013; Hadaczek et al., 2009; Issa et
al., 2023; Lluis Samaranch et al., 2014). Previous studies by Samaranch and colleagues
(Lluis Samaranch et al., 2014) in rats and NHP demonstrated that delivering an AAV9-
CMV vector encoding a foreign protein -such as GFP- elicited a neurotoxic immune
response. They proposed that the transduced APC expressed GFP peptides conjugated
with MHC I, thereby activating a classic adaptive immune response in the injected and
connected areas. In contrast, the AAV9 vector expressing GFP driven by the CAG
promoter and the AAV2 vector did not provoke the same immune reaction, possibly due
to AAV2’s limited ability to transduce only neurons (Ciesielska et al., 2013; Lluis
Samaranch et al., 2014). Furthermore, the injection of AAV1-hrGFP into monkey brains
triggered both humoral and cell-mediated immune responses, evidenced by the presence
of anti-AAV1 and anti-hrGFP antibodies, CD4* lymphocyte infiltration, and increase of
MHC Il expression (Ciesielska et al., 2013; Hadaczek et al., 2009). Similarly, human
AADC encoded in an AAV9 vector and injected into rat brains resulted in significant

inflammation, along with MHC Il upregulation in glial cells and infiltration by CD8+

187



lymphocytes (Ciesielska et al., 2013). Notably, even when the protein encoded by the
AAV is 97% homologous to the host, it can still induce mild gliosis (Forsayeth &
Bankiewicz, 2015).

In our case, we did not observe infiltrating lymphocytes, inflammatory conditions, or tissue
damage surrounding the injected site following AAV9-BNDF-GFP delivery. However, we
cannot dismiss the possibility of subtle immune responses occurring in the background
alongside HD progression. It is essential to remain aware of potential complications, as
observed in the previous cited studies, due to the complex interplay between engineered
AAV capsids and host factors, which can vary between species and strains. For instance,
the AAV-PHP.B vector was developed as an AAV9 variant capable of crossing the BBB
to transduce the CNS in C57bl/6 mice. However, follow-up studies indicated that the
properties of the PHP.B capsid did not translate to other mouse strains, such as BALB/cJ
or NHPs (Hordeaux et al., 2018).

Incorporating a cell-specific promoter as a primary strategy for targeted expression could
enhance outcomes. One study utilized a scAAV9 vector with an endogenous human
survival motor neuron 1 (SMN1) promoter to drive SMN1 expression specifically in
neurons, resulting in a remarkable safety profile and improved therapeutic efficacy in
SMNdelta7 mice with spinal muscular atrophy (SMA) (Q. Xie et al., 2022). Another
strategy to mitigate transgene immunity involves incorporating APC-specific miRNA
binding sites into the rAAV cassette, inhibiting expression in cells that express the
complementary miRNA, thereby preventing transgene expression from APCs (Muhuri et

al., 2021; Xiao et al., 2019).
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Successful studies have employed the AAV approach in chemically induced HD animal
models. However, it is crucial to highlight that these models do not accurately replicate
the disease; they lack the htt mutation and do not mimic HD symptom progression
(Borlongan et al., 1995; Strand et al., 2007). No effective therapy in animal models of HD
has translated successfully to clinical trials in HD patients. Some animal models also yield
inconsistent results, likely due to model-specific-features, varying doses, delivery routes,
and assessment protocols. Additionally, the stage of the disease at the time of
intervention is a critical factor (J. Y. Li et al., 2005). In developing gene therapy treatments
for various diseases, it is vital to consider the specific cell type targeted, as well as the
level and range of therapeutic protein required to positively impact symptoms (Hadaczek

et al., 2009).

R6/2 mouse model as a therapeutic model

No animal model perfectly corresponds to human disease, and it is expected that different
models will exhibit various strengths and weaknesses that will influence their performance
in trials (Hockly et al., 2003). However, the R6/2 mouse model closely mimics features of
human HD, particularly regarding the sequence of symptom onset and progression of
motor coordination deterioration, visuospatial learning, and spontaneous locomotion
(Liesse et al., 2001). The quantifiable progression of these motor deficits makes the R6/2
mouse model particularly suitable for evaluating the effectiveness of potential therapeutic
agents aimed at treating motor symptoms of HD (Carter et al., 1999). Transcriptional
studies indicate that striatal MRNA expression in R6/2 mice is comparable to that of full-
length knock-in HD models (Kuhn et al., 2007). This suggests that the truncated first exon

of the human mhtt present in R6/2 does not represent a disadvantage compared to the
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full-length mhtt gene. This is important in terms of the reliability of the HD model, as the
striatum exhibits the most extensive neuropathology and drastic mMRNA changes (Kuhn
et al., 2007), reassuring us that R6/2 replicates the neurodegenerative changes.

The rapid progression of symptoms in this animal model may occasionally hinder the
ability to detect subtle improvements in cognitive and mood phenotypes due to treatment,
especially if the treatment requires time to take effect (Hockly et al., 2003). For example,
if mice are injected with the AAV vector at four weeks of age, it takes approximately three
weeks for gene expression to peak and for the protein to be transported to the striatum.
In our study, R6/2 CAR mice are injected at this age because it represents the pre-motor
symptomatic stage of HD, and after the three-week AAV incubation, gene expression
would be expected to peak during the symptomatic stage at around seven to eight weeks
of age. However, in terms of the R6/2 mice’s lifespan, three weeks represents a quarter
of their lives. This leaves only a very limited window for therapeutic intervention to
demonstrate benefits on pre-motor cognitive abilities and psychiatric symptoms of these
HD models. Models that express full-length mhtt generally develop motor deficits later
than those expressing truncated mhtt, allowing more time to study anxio-depressive

behaviors (Patrick Pla et al., 2014).

Future studies evaluating AAV-mediated gene therapy targeting non-motor aspects of HD
might benefit from using models with longer lifespans or later disease onset, enabling the
detection of subtle changes caused by therapy before the early motor symptomatic stage.
Designing treatments for HD must consider the timing of the gradual degenerative

changes.
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Overall, using animal models entails the risk of variability concerning symptom onset,
severity, and longevity. If this variability is not controlled, it may obscure treatment effects.
Some of this variability can arise from genetic and environmental factors. In the context
of HD, CAG repeats are inherently unstable, and their number can vary due to
environmental factors, litter size, maternal care, age at weaning, cage size, nutrition, and
enrichment strategies. Therefore, standardizing as many aspects of the protocols for

animal testing as possible is crucial.

Chapter 6: FINAL CONCLUSION AND SUMMARY

In this study, a strategy was proposed for delivering BDNF to the striatum via a
recombinant AAV vector to the PF of R6/2 mice, a model of HD. The PF proved to be an
important target due to the functional viability of PF neurons and their projections early in
HD progression, as well as their topographical organization covering the entire striatum.
Targeting this nucleus proved useful in addressing motor, cognitive and psychiatric
symptoms of HD by influencing the somatosensory, associative, and limbic circuits

converging in the PF.

BDNF synthesis was successfully increased in the PF mediated by an AAV-BDNF vector,
BDNF was transported anterogradely, and we were able to quantify functional release at
the striatum of C57bl/6J mice, potentially covering a larger area than direct striatal

delivery would allow and minimizing the viral vector usage. Additionally, we obtained
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evidence of successful AAV-BDNF transduction of the neurons in the PF of R6/2 mice

and measured the distance covered by its projections reaching the striatum.

It was not possible to verify AAV injection accurately in the PF of R6/2 mice grouped for
behavioral testing using GFP immunodetection. However, improvement in limb-clasping
behavior at later stages of the disease was observed, as increased speed in movement
at every evaluated time point in the open field test and elevated plus maze and increased
striatal neuronal number compared to the not treated R6/2 CAR group. More
homogenization between behavioral studies is needed to be able to conclude the
influence of BDNF in mood disorders related to HD, especially in HD mouse models like

R6/2 mice.

R6/2 CAR mice showed a specific susceptibility for seizure activity induced by AAV9-
BDNF but not by AAV5-BDNF vector. AAV9-BDNF vector dilutions were tolerated in a

dose—response manner.

The next steps towards the overall goal include the delivery of the AAV9-BDNF-eGFP
vector as a therapeutic agent to R6/2 mice, followed by the same battery of locomotor
and behavioral tests (Fig. 5) and molecular and morphological analysis between treated

and untreated R6/2 groups.
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