Role of vesicular glutamate transporter 3 and
optineurin in metabotropic glutamate receptor 5
signaling

Karim Ibrahim

A thesis submitted to the University of Ottawa in partial
fulfillment of the requirements for the degree of

Doctor of Philosophy
in

Cellular and Molecular Medicine

Department of Cellular and Molecular Medicine
Faculty of Medicine
University of Ottawa

© Karim Ibrahim, Ottawa, Canada, 2023



AUTHORIZATION

Permission to include two figures from Ibrahim, K.S., Abd-Elrahman, K.S., Mestikawy,
S. El, and Ferguson, S.S.G. (2020). Targeting Vesicular Glutamate Transporter
Machinery: Implications on Metabotropic Glutamate Receptor 5 Signaling and Behavior.
Mol. Pharmacol. 98: 314-327 as part of this thesis was obtained from the American
society for pharmacology and experimental therapeutics.

No permission was required to include the following articles in this thesis:

Ibrahim, K.S., Mestikawy, S. El, Abd-Elrahman, K.S., and Ferguson, S.S.G.
(2022). VGLUT3 Ablation Differentially Modulates Glutamate Receptor Densities
in Mouse Brain. ENeuro 9: ENEURO.0041-22.2022.

eNeuro articles are published under the Creative Commons Attribution 4.0
International (CC BY 4.0) license. Per the terms of this license, it is not necessary
to obtain permission or pay a fee to reuse eNeuro content, provided that a full
acknowledgment is made to the original publication in eNeuro.
https://creativecommons.org/licenses/by/4.0/

Ibrahim, K.S., McLaren, C.J., Abd-Elrahman, K.S., and Ferguson, S.S.G. (2021).
Optineurin deletion disrupts metabotropic glutamate receptor 5-mediated
regulation of ERK1/2, GSK3B/ZBTB16, mTOR/ULK1 signaling in autophagy.
Biochem. Pharmacol. 185: 114427.

The authors publishing in Biochemical Pharmacology, as an Elsevier journal,
have the right to include the article in a thesis or dissertation whether in full or in
part, subject to proper acknowledgment. No written permission from Elsevier is
necessary. This right extends to the posting of the thesis to the university’s
repository. https://www.elsevier.com/about/policies/copyright



https://creativecommons.org/licenses/by/4.0/
https://www.elsevier.com/about/policies/copyright

ABSTRACT

Metabotropic glutamate receptor 5 (MGIuR5) is a key regulator of nhumerous
brain functions including memory, cognition, and motor behavior. Dysregulation of
mMGIuRS signaling is evident in Huntington’s disease (HD) neuropathology, an inherited,
neurodegenerative disease characterized with progressive deterioration in motor,
cognitive, and psychiatric functions. In this context, two cellular proteins draw particular
interest for this thesis: vesicular glutamate transporter 3 (VGLUT3) and optineurin
(OPTN). VGLUT3 modulates glutamate release from selected neurons that are affected
by HD, while OPTN is a mGluR5-interacting protein and contributes to neuronal
vulnerability in HD. However, current evidence on their involvement in mGIuR5 signaling
and HD pathogenesis is still lacking. Using VGLUT3 knockout (VGLUT37-) mice, we
showed that this transporter dynamically regulated glutamate receptor densities in
different brain regions. Of note, VGLUTS3 deletion upregulated mGIuR5 in the cerebral
cortex and the striatum, unlike the hippocampus which exhibited reduced mGIuR5 cell
surface densities. We then crossed VGLUT3~~ mice with the zQ175 knock-in mouse
model of HD (zQ175:VGLUT3~-) to assess the impact of VGLUT3 transmission loss on
HD progression. The longitudinal behavioral assessment revealed that VGLUT3
ablation rescued the deficits in motor coordination and short-term memory in both male
and female zQ175 mice throughout 15 months of age. Furthermore, VGLUT3 deletion
rescued striatal cell loss likely via activation of Akt and ERK1/2 cellular pathways, with
no impact on total mutant huntingtin aggregation or the associated microgliosis. To
delineate the role of OPTN in mGIuRS5 signaling, we employed a CRISPR/Cas9 OPTN-
deficient cell line and global OPTN knockout mice. We demonstrated that OPTN was

essential for mGluR5-mediated canonical signaling and ERK1/2 activation in both the



striatal cell line, STHAhQ"Q7, and acute hippocampal slices. We then showed that OPTN
deletion impaired autophagic machinery via GSK3p/ZBTB16 and mTOR/ULK1
signaling pathways downstream of mGIuR5. This work offers novel insights into the
molecular roles of VGLUT3 transmission and OPTN in mGIuRS5 signaling and provides
a rationale for their targeting to therapeutically mitigate pathological mGIuR5 signaling

in HD.
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Chapter 1.
General introduction



G protein-coupled receptors (GPCRSs) are the largest family of cell membrane
proteins, with more than 800 identified in the human proteome (Foord et al., 2005).
Being involved in various physiological and pathological regulations, GPCRs are critical
for eukaryotic signal transduction and regulate a wide array of signaling cascades in
response to neurotransmitters, hormones, ions, photons, odorants, and other stimuli
(Fredriksson et al., 2003; Hauser et al., 2017). The complexity and diversity of GPCR

signaling networks make these receptors valuable drug targets for many diseases.

1.1. GPCR structure and signaling

All GPCRs are composed of an extracellular N terminus, an intracellular C
terminus, and a transmembrane heptahelical bundle connected by extracellular and
intracellular loops (Hilger et al., 2018). At the cellular level, GPCRs are coupled with
heterotrimeric G proteins; Ga, G, and Gy. In the absence of a ligand, GDP-bound Ga
together with GBy are attached to the plasma membrane (Neer, 1995; Li et al., 2002).
The canonical signaling cascade requires a conformational switch of GPCRs that
mediates the rearrangement of their principal effectors, the heterotrimeric G proteins, to
start the transduction pathway (Hilger et al., 2018). Upon ligand binding, GPCRs are
activated and act as guanine nucleotide exchange factors promoting GTP-bound
Ga dissociation from the GBy complex. Ga intrinsic GTPase activity catalyzes the
hydrolysis of GTP leading to the reassociation of Ga with GGy for the next round of
activation (Neer, 1995; Vogler et al., 2008). In addition, GBy recruits a number of GPCR
kinases and acts as a negative feedback loop to phosphorylate and inhibit receptor
activation. In addition, G protein-coupled receptor kinase (GRK)-mediated

phosphorylation promotes GPCRs binding to B-arrestins followed by their internalization



into vesicles (Ferguson, 2001; Magalhaes et al., 2012). Remarkably, GPCR signaling
can be mediated either on the cell surface or intracellularly from within vesicles (Eichel
and von Zastrow, 2018). In addition, GPCRs can signal independently of G protein
mechanisms such via B-arrestin-mediated signaling via Src and mitogen-activated
kinase pathways (Luttrell et al., 1999; Ferguson, 2007; Luttrell, 2008; Magalhaes et al.,
2012). GPCRs can also mediate cell signaling by acting as scaffolds for the recruitment
of GPCR interacting proteins, located either in the transmembrane or intracellularly, that

can further modulate GPCR function and signal transduction (Bockaert et al., 2010).

All organisms encode different G proteins subtypes, and different heterotrimeric
combinations of these proteins preferentially activate various downstream signaling
cascades. There are four different Ga protein families: Gas, Gaio, Gagi1, and Gadi2is
(Wettschureck and Offermanns, 2005). Gas and Gain regulate adenylate cyclase (AC)
activities, where Gas stimulates and Gaio suppresses AC activation. Gas-mediated AC
activation catalyzes the conversion of ATP to cAMP and ultimately increases cAMP
intracellular levels, which acts as a secondary messenger and subsequently activates
its major target, protein kinase A (PKA) (Beebe, 1994; Sassone-Corsi, 2012). The third
Ga protein family, Gag11 binds and triggers phospholipase C (PLC) activation which in
turn catalyzes the conversion of phosphatidylinositol 4,5-bisphosphate to inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG) (Kadamur and Ross, 2013). Finally, Gai2/13
targets Rho guanine-nucleotide exchange factor and regulates actin cytoskeleton
organization such as neurite retraction (Katoh et al., 1998; Suzuki et al., 2009).
Therefore, the GPCR-G protein system represents a complex hub with versatile multi-

protein signaling mechanisms.



1.1.1. GPCR Classes

There are different classification methods for GPCRs based on their
physiological and structural features (Foord et al., 2005). The most frequently used
method groups GPCRs into six classes: A, B, C, D, E, and F (Attwood and Findlay,
1994; Kolakowski, 1994), and is based on amino acid sequence similarities and
functional correlations between GPCRs from both vertebrates and invertebrates. A
more recent classification system has been developed for mammalian GPCRs and is
based on the phylogenetic tree of the identified 800 human GPCR sequences (Schidth
and Fredriksson, 2005). In this GRAFS method, GPCRs are grouped into five families:
Glutamate, Rhodopsin, Adhesion, Frizzled/taste2, and Secretin. The latter two
classification methods are similar with one major difference in the further division of

class B GPCRs into Secretin and Adhesion receptor families.

Class C GPCRs include glutamate, y-Aminobutyric acid (GABA), calcium (Ca?*)-
sensing, and taste receptors. They exhibit the typical seven transmembrane helices with
an extensive (~600 residues) extracellular N-terminal domain, known as a Venus
Flytrap (VFT) (Kniazeff et al., 2011). The extracellular region is comprised of two lobes
that undergo a conformational change upon binding of ligands such as glutamate,
GABA, or Ca?*, evoking rearrangements to the transmembrane domains via cysteine-
rich region (Bessis et al., 2002; Kniazeff et al., 2011). This activation mechanism is
applicable in all Class C GPCRs with the exception of GABAs receptor, which lacks a
cysteine-rich region, implying that VFT can directly activate the transmembrane helices

in this receptor (Kniazeff et al., 2011).



1.1.2. Glutamate receptors

Glutamate responses are primarily mediated via two classes of receptors,
ionotropic (iGIuRs) and metabotropic (mGIuRs) glutamate receptors. These two
receptor classes are functionally distinct based on the observation of glutamate-evoked
excitatory currents (Curtis et al., 1959) and/or secondary messengers formation
(Sladeczek et al., 1985). mGIluRs mediate relatively slower cellular responses via G
protein-dependent and -independent signaling cascades while iGIuRs are ligand-
gated ion channels that mediate fast excitatory ionic currents in cells (Traynelis et al.,
2010; Ribeiro et al., 2011). The iGIuR family comprises three receptor subtypes: a-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPARs), N-methyl-D-
aspartate (NMDARS), and kainate receptors (Traynelis et al., 2010). iGluRs are widely
expressed across various brain regions with minor variation, and typically multiple
subtypes exist on the same neuron (Hadzic et al., 2017). AMPARs and kainate
receptors elicit comparable biophysical responses. Both receptors promptly open
within 1 ms of glutamate binding and evoke fast excitatory currents that provide initial
depolarization and typically facilitate NMDAR channel activation. However, NMDAR
activation is relatively delayed as its channel are blocked by Mg?* ions and neuronal
depolarization mediates Ca?* influx that ultimately activates selected intracellular

kinases and phosphatases (Traynelis et al., 2010).

MGIuRs belong to class C GPCRs that exist as constitutive dimers and promote
the dissociation of the G protein Ga- and GBy-subunits with subsequent change in
levels of secondary messengers, regulation of ion channels, or stimulation of G

protein-independent pathways (Pin et al., 2003; Gerber et al., 2007; Ribeiro et al.,



2011). mGluRs are classified into three subcategories based on sequence homology,
ligand selectivity, and mode of G protein coupling (Pin et al., 2003; Katritch et al.,
2013). Group | mGIluR, which consists of mGluR1 and mGIuRS5, preferentially couples
to Gagi1 proteins and mediates downstream signaling via stimulation of the
PLC/protein kinase C (PKC) pathway (Figure 1.1.) (Abdul-Ghani et al., 1996; Dhami
and Ferguson, 2006). Group Il includes mGIuR2 and mGIuR3, while group Il includes
MGIluR4, mGIuR6, mGIuR7, and mGIuRS8. All of group Il and Ill mGIuRs are coupled
to inhibitory Gio proteins that suppress cyclic adenosine monophosphate (CAMP)
formation via inhibition of AC (Schoepp, 2001), with the exception of mGIuR3 that can

inhibit guanylate cyclase as well (Wroblewska et al., 2006).

1.1.3. Metabotropic glutamate receptor 5 (mGIuR5)

All members of mGIluRs are predominantly located in the perisynaptic zones of
neuronal terminals. Both group Il and Il mGluRs exist primarily presynaptically as
autoreceptors regulating glutamate release. However, in some neurons, mGIluR2/3
can also be expressed at postsynaptic sites (Neki et al., 1996; Ohishi et al., 1998;
Schoepp, 2001). On the other hand, Group | mGluRs are located in the vicinity of
iGIuRs at postsynaptic sites, where they actively regulate neuronal excitability
(Shigemoto et al., 1993; Lujan et al., 1996). Similarly, mGIuRS5 is primarily localized in
the postsynaptic densities and can also be found presynaptically and in the nuclear
membrane of neurons (Shigemoto et al., 1993; Takumi et al., 1999; Jong et al., 2005).
In addition to neurons, mGIuR5 expression is rich in glial cells such as astrocytes and
microglia (Biber et al., 2001; Byrnes et al.,, 2009). Across the brain, mGIuR5 is
expressed in the hippocampus, striatum, cerebral cortex, olfactory bulb, and thalamus
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(Shigemoto et al., 1993; Romano et al., 1995). Owing to its role in various signal
transduction mechanisms regulating synaptic maintenance, neuronal survival, and
development (Figure 1.1.), mGIuRS5 is considered an attractive pharmacological target
for the treatment of different neurodegenerative and neurological diseases (Ribeiro et
al., 2017; Abd-Elrahman and Ferguson, 2022; Su et al., 2022).
1.1.3.1. mGIluRS5 canonical signaling

MGIuR5 canonical signaling primarily depends on the affinity displayed towards
a particular G protein subclass. Being primarily coupled to Gagai proteins, mGIuR5
activates the PLC/PKC/Ca?* pathway (Figure 1.1.) (Dhami and Ferguson, 2006). PKC
has been proposed to trigger the activation of other cellular pathways such as
phospholipase A2, phospholipase D, and mitogen-activated protein kinases (MEK),
along with the regulation of numerous ion channels (Hermans and Challiss, 2001;
Ribeiro et al., 2017). In addition to Gaga11 protein coupling, mGIluR1/5 can couple to
alternative G proteins (Gio and/or Gs). However, this is largely influenced by the
cellular context and levels of mGIuR5 expression (Abe et al., 1992; Joly et al., 1995;
Francesconi and Duvoisin, 1998; Balazs et al., 2002).
1.1.3.2. mGluR5-dependent regulation of NMDARs

The interaction between mGIuR5 and NMDARs is crucial for proper neuronal
excitation and synaptic plasticity formation (Harvey and Collingridge, 1993; Awad et al.,
2000). This interaction is mediated via cellular protein scaffolds including Homer, post-
synaptic density protein-95 (PSD95), and SHANK that activate Ca?*-dependent
signaling cascades and regulate synaptic function and transmission (Figure 1.1.) (Tu

et al.,, 1998, 1999; Husi et al., 2000). Interestingly, mGIuR5 activation drives the



exchange of NMDAR subunit NR2B to NR2A resulting in modification of the receptor
signaling cascade and indicating that modulation by mGIuR5 may be dependent on the
NMDAR subtype (Matta et al., 2011). The mGIuR5/NMDAR crosstalk is also dependent
on biased mGIuRS5 signaling as treatment with mGIuR5 positive allosteric modulator
(PAM), VU0409551, selectively potentiates mGIuR5 coupling to Gagi1 signaling but not
MGIuR5-mediated potentiation of NMDAR currents (Rook et al., 2015). On the other
hand, NMDARs can reverse mGIuR5 desensitization via dephosphorylation of PKC
phosphorylation sites on mGIuR5 (Alagarsamy et al., 1999). Overall, these highlight the
complexity within mGIuRS5 signaling profiles in mediating neuronal excitability and
synaptic plasticity responses.
1.1.3.3. mGluR5-dependent activation of ERK1/2 signaling

A variety of noncanonical signaling events involved in synaptic plasticity,
neuronal proliferation, and survival are orchestrated via mGIuR5. Extracellular signal-
regulated kinase 1/2 (ERK1/2) represents a vital downstream mediator in mGIuR5-
dependent synaptic plasticity mechanisms encompassing; gene transcription
regulation, messenger RNA (mRNA) translation, and synaptic protein synthesis (Banko
et al., 2006; Stoppel et al., 2017; Ibrahim et al., 2021). Remarkably, mGluR5-mediated
ERK1/2 activation can occur in PKC -dependent and -independent mechanisms (Figure
1.1)) (Fitzjohn et al., 2001; Hermans and Challiss, 2001). For instance, mGIuR5 couples
to B-arrestin2 to trigger ERK1/2 phosphorylation and mediate mGIuR-dependent
synaptic plasticity responses (Lefkowitz and Shenoy, 2005; Eng et al., 2016; Stoppel et
al., 2017). Knocking out B-arrestin2 in mice impairs ERK1/2 signaling and synaptic

protein synthesis in response to mGIuR5 activation with minimal alterations in Gagaz -



mediated cellular Ca?* release (Eng et al., 2016; Stoppel et al., 2017). In addition,
Homer scaffolding proteins have been shown to link mGIuR5 to ERK1/2 signaling and
play a role in mGluR5-mediated transcriptional regulation in neurons (Guhan and Lu,
2004; Mao et al., 2005). Disrupting Homerl/mGIuR5 interactions using either Tat-fusion
peptides or small interfering RNAs reduces mGIluR5-stimulated ERK1/2 activation (Mao
et al., 2005). In addition to its role in synaptic plasticity mechanisms, mGluR5-mediated
ERK1/2 signaling can regulate activity-dependent neuronal excitability. For instance,
MGIURS5 activation attenuates inhibitory glycinergic currents via ERK-dependent

phosphorylation of a1 subunit-containing glycine receptor (Zhang et al., 2019).

1.1.3.4. mGluR5-dependent activation of PI3K/Akt/mTOR signaling
Phosphoinositide 3 kinase (PI3K)/protein kinase B (Akt)/mammalian target of

rapamycin (mTOR) pathway is one of the main signaling cascades involved in mGIuR5-
dependent regulation of protein synthesis, synaptic plasticity, and autophagy (Hou and
Klann, 2004; Kim et al., 2011; Perluigi et al., 2015). Stimulation of group | mGIuRs
enhance the formation of a scaffold complex comprising mGIuR, Homer, and GTPase
phosphoinositide 3 kinase enhancers (PIKES) that promote PI3K activation (Rong et al.,
2003; Guhan and Lu, 2004). Activation of PI3K catalyzes the phosphorylation of
phosphoinositide-dependent kinase 1/2 (PDK1/2), which subsequently phosphorylates
and activates Akt, leading to the stimulation of mMTOR signaling cascade (Figure 1.1.)
(Porta et al., 2014; Dibble and Cantley, 2015). Ribosomal S6 kinase (p70S6K) and
eukaryotic initiation factor 4E—binding protein 1 (4E-BP1) are activated downstream of
this pathway, both molecules are vital for mGluR5-induced mRNA translation and long-

term depression (LTD) (Hou and Klann, 2004; Ronesi and Huber, 2008). Disrupting the



interaction of mGIuR5 with Homer and PIKE attenuates PI3K/Akt/mTOR signaling and
ultimately disrupts synaptic protein synthesis (Mao et al., 2005; Ronesi and Huber,

2008).

1.1.3.5. mGIluR5 regulation of autophagy

Autophagy is an essential lysosomal degradative process that contributes to
cellular homeostasis via the degradation and recycling of long-lived, aggregated, and
misfolded proteins, clearing damaged organelles, and extracellular pathogens (Nixon,
2013). Emerging evidence has depicted mGIuR5 involvement in the regulation of
autophagy via multiple convergent cellular pathways (Figure 1.1.). Unc-51-like kinase
1 (ULK1) is a protein kinase critical for the initiation of autophagosome formation and is
directly regulated by mTOR signaling (Zachari and Ganley, 2017). ULK1 exists in an
autophagosome initiation protein complex that comprises autophagy-related protein
101 and 13 (ATG101, ATG13) and focal adhesion kinase family interacting protein of
200 kDa (FIP200) (Ganley et al., 2009). Activation of ULK1 leads to the translocation of
a protein complex containing beclinl and class Ill phosphoinositide 3-kinase (VPS34)
from the cytoskeleton to preautophagosomal structure to induce autophagosome
formation (Nixon, 2013; Russell et al., 2013; Zachari and Ganley, 2017). This process
is suppressed by inhibitory ULK1 phosphorylation at Ser757 mediated via mTOR
complex, and this has been linked to impaired mGluR5-dependent autophagy signaling
in mouse models of Alzheimer’s Disease (AD) and Huntington’s Disease (HD) (Abd-
Elrahman et al., 2017, 2018). On the other hand, mGIluR5 can regulate autophagy via
the zinc finger and BTB domain containing 16 (ZBTB16)-dependent pathway (Figure

1.1.) (Abd-Elrahman et al., 2017, 2020b). ZBTB16 exists in multiple E3 ubiquitin-protein
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ligase complexes and can be phosphorylated by glycogen synthase kinase 33 (GSK3[)
at Serl84/Thr282 (Zhang et al., 2015). This leads to ZBTB16 autoubiquitination and
degradation (Zhang et al., 2015). In addition, ZBTB16 phosphorylation disrupts its
interaction with autophagy adaptor ATG14, a component of the VPS34 autophagic
complex, reducing ATG14 degradation and thereby promoting autophagy flux (Russell
et al., 2013; Zhang et al., 2015). Therefore, GSK33/ZBTB16 provides a regulatory link
between autophagy and proteasome machineries within the cell. Overactivation of
mGIuR5 signaling in AD and HD mouse models inhibits GSK3p activity via
phosphorylation at Ser9 resulting in the accumulation of ZBTB16 and ultimately
suppressing autophagic flux (Abd-Elrahman et al., 2017, 2018, 2020b). This aberrant
signaling is likely regulated through the PI3K/Akt pathway which acts as a mediator for
MGIuR5-mediated suppression of GSK3f activation (Beaulieu et al., 2009; Beurel et al.,
2015). Together, mGluR5-regulated autophagy appears to be crucial in orchestrating
the balance between levels of synaptic protein synthesis as well as clearing misfolded

aggregates from synapses.
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Figure 1.1. Metabotropic glutamate receptor 5 (mGIuR5) canonical and
noncanonical signaling. Glutamate (Glu) binds to mGIuR5 and promotes the
activation of Gaqi11 proteins, stimulating phospholipase B (PLCB) to catalyze the
breakdown of phosphatidylinositol 4,5-bisphosphate (PIP2) and form diacylglycerol
(DAG) and inositol 1,4,5-trisphosphate (IP3), the latter promotes the release of Ca?*
from intracellular stores. Both DAG and Ca?* activate protein kinase C (PKC), which
can activate mitogen-activated protein kinase (MEK). In addition, mGIluR5-mediated
PKC activation leads to stimulation of N-methyl-d-aspartic acid receptors (NMDARS) by
increasing channel open probability. mGIuR5 physically interacts and associates with
NMDARSs via a complex involving Homer, SH3, and multiple ankyrin repeat domains
(SHANK) protein, postsynaptic density-95 (PSD95), and guanylate kinase-associated
protein (GKAP). mGIuR5 can trigger ERK1/2 activation via Homer and B-arrestin2.
Furthermore, Homer proteins couple mGIuR5 to phosphoinositide 3 kinase enhancer
(PIKE), leading to enhanced phosphoinositide 3 kinase (PI3K) activity. PI3K activates
protein kinase B (Akt) that ultimately activates the mammalian target of rapamycin
(mTOR) signaling complex. mGluR5-mediated ERK1/2 and Akt/mTOR signaling
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promote cellular processes involved in neuronal survival and proliferation. Moreover,
MTOR can phosphorylate and suppress unc-51-like kinase 1 (ULK1) catalytic activity to
abolish the phosphorylation of beclinl required for autophagy induction by class Il
phosphoinositide 3-kinase (VPS34) complexes. mGIuR5 promotes inhibitory
phosphorylation of glycogen synthase kinase 3 (GSK3f) which increases levels of zinc
finger and BTB domain-containing protein 16 (ZBTB16). This leads to ubiquitination and
proteasomal degradation of autophagy-related 14 (ATG14) protein which disrupts the

VPS34 complex and inhibits autophagic flux. The figure is created using BioRender.
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1.2. Vesicular glutamate transporters

The quantal exocytic release of neurotransmitters depends on their transport and
subsequent packaging into synaptic vesicles. Such activity is mediated via transporter
proteins located mainly on synaptic vesicles, as well as the plasma membrane to
facilitate the vesicle recycling process (Fernandez-Alfonso et al.,, 2006; Hua et al.,
2011). Glutamate packaging into synaptic vesicles is considered a key step in escorting
glutamate to the neurotransmitter pathway, away from metabolic pathways (Otis, 2001).
Vesicular glutamate transporters (VGLUTS) together with v-type proton-pump ATPase
cooperatively ensure sufficient concentration of glutamate into synaptic vesicles prior to
its exocytotic release into the synaptic cleft. In this process, proton-pump ATPases
generate an electrochemical proton gradient across vesicular membranes that is
efficiently harnessed by VGLUTSs in order to function properly (Fremeau et al., 2004). In
addition, the vesicular membrane harbors glycolytic ATP-generating enzymes;
glyceraldehyde-3-phosphate dehydrogenase/3-phosphoglycerate kinase complex and
pyruvate kinase which are essential for VGLUTSs’ active transport function (Ikemoto et

al., 2003; Fremeau et al., 2004; Ishida et al., 2009).

VGLUTs are members of the Solute Carrier 17 (SLC17) phosphate transporter
family, and three isoforms (VGLUT1-3) have been identified in mammalian tissues
(Fremeau et al., 2004; ElI Mestikawy et al., 2011). VGLUTs exhibit various regional
localizations across the brain. Based on their distribution, VGLUTs perform distinct
physiologic functions, with no alterations in their uptake functions (Kaneko and
Fujiyama, 2002; Preobraschenski et al., 2014). In the adult brain, VGLUT1 and VGLUT?2

have complementary regional distributions. VGLUT1 is predominantly expressed in the
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telencephalon including the cerebral cortex, hippocampus, and amygdala, while
VGLUT2 is mainly expressed in the diencephalon and lower brain stem regions (Kaneko
and Fujiyama, 2002; Fremeau et al., 2004). However, in some regions within the
developing and adult brains, VGLUT1 and VGLUT2 can colocalize on the same
glutamatergic neuron (Fremeau et al., 2004; Herzog et al., 2006; Persson et al., 2006).
Both VGLUT1 and VGLUT2 can indirectly modulate glutamate release from presynaptic
nerve terminals. Some reports have shown that synaptic quantal size and magnitude of
both miniature and evoked excitatory postsynaptic potentials are proportional to the
numbers of VGLUT copies on synaptic vesicles (Wojcik et al., 2004; Wilson, 2005;

Moechars et al., 2006). Yet, these findings are still a matter of debate.

Unlike VGLUT1/2 widespread topography in the brain, VGLUTS3 is expressed by
selected neurons and interneurons scattered in different brain regions (Herzog et al.,
2004; Vigneault et al., 2015). In particular, VGLUTS3 is expressed in neurons that co-
release glutamate with non-glutamatergic neurotransmitters such as acetylcholine
(ACh), serotonin (5HT), or GABA (Fremeau et al., 2002; Gras et al., 2002; Schéfer et
al.,, 2002). In these neurons, VGLUT3 mediates and presumably influences the
packaging of glutamate and co-released neurotransmitters. For instance, cholinergic
interneurons in the striatum, also known as tonically active interneurons (TANS),
express VGLUT3 and co-release glutamate with ACh (Gras et al., 2008). These dual
currents are notably dependent on VGLUT3 expression (Gras et al., 2008; Higley et al.,
2011; Nelson et al.,, 2014). Serotoninergic and GABAergic neurons also recruit

VGLUT3-mediated signaling to regulate glutamatergic excitatory inputs onto
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hippocampal pyramidal neurons (Varga et al., 2009; Amilhon et al., 2010; Zimmermann

et al., 2015).

Similar to VGLUT3, recent evidence has implicated VGLUT1/2 in regulating
glutamate co-transmission with other neurotransmitters such as GABA, monoamine,
and ACh in different classes of neurons (reviewed in Trudeau and El Mestikawy, 2018).
In these neurons, VGLUTs can modify the vesicle’s capacity to accumulate these
neurotransmitters, in part via glutamate-mediated changes in pH gradient (Aguilar et al.,
2017). On the other hand, co-released neurotransmitters can modulate glutamate
release via a regulatory feedback loop. This dynamic co-transmission has significant
implications on motor and reward behaviors and is compromised in a number of
psychiatric disorders (El Mestikawy et al., 2011; Trudeau and El Mestikawy, 2018).
Collectively, this shows that VGLUT expression is essential in finetuning glutamatergic
transmission across various types of neurons and potentially influences co-released

neurotransmitters.

1.2.1. VGLUT3 neurotransmission

Unraveling the complex role of VGLUT3-mediated regulation of different brain
circuits has garnered much interest due to its unique cellular and anatomical features
(Ibrahim et al., 2020; Favier et al., 2021). Compared with VGLUT1/2, VGLUT3 has the
particularity to be expressed in both the soma and dendritic processes of primarily “non-
glutamatergic” neurons located in the raphe nuclei, striatum, hippocampus, cerebral
cortex, inner hair cells, and transiently in the cerebellum (Gras et al., 2002, 2005; Ruel

etal., 2008; Seal et al., 2008; Amilhon et al., 2010). This depicts the subtle, yet complex,
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role of VGLUT3-dependent glutamate co-transmission and its influence on various brain

functions and dysfunctions.

1.2.1.1. VGLUTS3 signaling in the striatum

VGLUT3 mediates the storage and release of glutamate from two neuronal
populations within the striatum; TANs and, to a lesser extent, serotonergic raphe
neurons (El Mestikawy et al., 2011; Belmer et al., 2019) (Figure 1.2.). Although they
are relatively less abundant in the striatum, TANs provide VGLUT3-dependent mono-
and di-synaptic synaptic contacts to different striatal neurons (Nelson et al., 2014;
Kljakic et al., 2017; Rehani et al., 2019). Deletion of VGLUT3 in TANs diminishes
postsynaptic responses on both fast-spiking GABAergic interneurons and medium spiny
neurons (MSNSs) (Higley et al., 2011; Nelson et al., 2014). Remarkably, mGIuRs regulate
synaptic potentials in TANs, as the activation of mGIuR group | or group Il either
facilitate or suppress TANs excitability within the striatum, respectively (Pisani et al.,
2002; Bonsi et al., 2005). Additionally, VGLUT3-mediated neurotransmission provides
proxy regulation onto dopaminergic neurons in the nucleus accumbens (NAc). Sakae
et al. (2015) showed that genetic deletion of VGLUT3 disinhibited dopaminergic efflux
in the NAc of mice. Intriguingly, this observation was mirrored following inhibition of
striatal mGIuRs in wild-type, not VGLUT3 knockout mice, suggesting that VGLUT3
signaling suppresses dopamine efflux in the NAc via mGluR-dependent mechanisms
(Sakae et al., 2015). Overall, this indicates that VGLUT3 signaling axis plays a vital role
in maintaining the dynamic balance of excitatory/inhibitory inputs within striatal

networks.
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Figure 1.2. VGLUT3 signaling axis in the striatum. Striatal medium spiny neurons
(MSNs) form synaptic connections with VGLUT3* tonically active interneurons. MSNs
also receive glutamatergic afferents from cortical (VGLUT1) and thalamic (VGLUT2)
neurons. Dopaminergic inputs from the substantia nigra serve as a modulator for this
glutamatergic axis within the striatum. DR, dopamine receptors; CBR, cannabinoid
receptors; AChR, acetylcholine receptors; Glu, glutamate; ACh, acetylcholine; VMAT?2,
vesicular monoamine transporter 2; VAChT, vesicular acetylcholine transporter (Ibrahim
et al., 2020).
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1.2.1.2. VGLUT3 signaling in the hippocampus

Glutamatergic neurotransmission constitutes the majority of hippocampal
circuits; regulating neuronal excitability, network synchronization, and integrating
synaptic plasticity inputs from both pyramidal neurons and interneurons (reviewed in
Basu and Siegelbaum, 2015). While VGLUT3 is not expressed by pyramidal neurons,
VGLUT3 is found in regular-spiking GABAergic interneurons (cholecystokinin (CKK))-
positive basket cells) (Somogyi et al., 2004), in addition to subsets of serotoninergic
fibers projecting to the hippocampus (Somogyi et al., 2004; Amilhon et al., 2010)
(Figure 1.3.). VGLUT3-positive basket cells form invaginating synapses with pyramidal
cells expressing glutamate and GABA receptors. At these synapses, it is hypothesized
that basket cell terminals co-release GABA, glutamate, and CCK, all of which glutamate
modulate synaptic functions and neuronal excitability (Omiya et al., 2015; Pelkey et al.,
2020). In a study investigating the impact of VGLUT3 signaling on GABAergic
neurotransmission, Fasano et al. (2017) showed that glutamate released via VGLUT3
fine-tunes and dampens GABAergic currents onto CA1 pyramidal neurons through
presynaptic mGIuR group Il autoreceptors (Fasano et al., 2017). Together, this
highlights the direct involvement of VGLUT3-positive neurons in fine-tuning

glutamatergic and GABAergic co-transmission in hippocampal networks.
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Figure 1.3. VGLUT3 signaling axis in the hippocampus. VGLUT3 is expressed in
cholecystokinin (CKK)* GABAergic basket cells which form synaptic connections with
glutamatergic pyramidal neurons of the CA1 region. Additionally, pyramidal neurons
receive inputs from subpopulations of VGLUT3-expressing terminals from raphe
projection neurons. GABAR, GABA receptors; CBR, cannabinoid receptors; 5SHTR,
serotonin receptors; Glu, glutamate; 5HT, serotonin; VIAAT, vesicular inhibitory amino

acid transporter; VMAT2, vesicular monoamine transporter 2 (Ibrahim et al., 2020).
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1.2.1.3. VGLUT3 signaling in the raphe network

Raphe nuclei are heterogeneous neuronal populations, with primarily
serotoninergic neurons, that exhibit poorly defined cytoarchitecture, and their
projections run along the brainstem rostrocaudal extension (Meessen and Olszewski,
1950; Olszewski and Baxter, 1954; Taber et al., 1960). Recent evidence has depicted
the neuromodulatory role of glutamate in raphe serotoninergic neurons. Specifically,
VGLUT3-mediated neurotransmission was reported in large neuronal populations
comprising both dorsal and medial raphe nuclei (Fremeau et al., 2002; Amilhon et al.,
2010; Hioki et al., 2010; Wang et al., 2019), that project to different regions across the
forebrain including; the hippocampus, striatum, and lateral septum (Dahlstrom and
Fuxe, 1964; Qi et al., 2014; Belmer et al., 2019). Loss of VGLUT3 attenuates 5HT1a
autoreceptor-mediated neurotransmission in raphe nuclei along with paradoxical
suppression of serotoninergic neurotransmission to the projection areas such as the
hippocampus and cerebral cortex (Amilhon et al., 2010). Furthermore, VGLUT3-positive
serotonergic neurons form a neural pathway to the NAc via the ventral tegmental area
(VTA) neurons, which ultimately regulate reward circuitry (Qi et al., 2014; Wang et al.,
2019). Specifically, VGLUT3-dependent glutamate release from raphe neurons
modulates VTA activity in which the excitatory VGLUT3 inputs evoke and augment VTA
dopaminergic neurotransmission into the NAc, an effect that is coordinated via
serotoninergic neurotransmission (Wang et al., 2019; Cunha et al., 2020). Overall, this
shows that VGLUT3 can be a vital regulator of dopaminergic and serotoninergic

transmission along the raphe nuclei/VTA pathway.
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1.2.1.4. Role of VGLUT3 in mouse behavior and neurological disorders

In attempt to understand the functional significance of VGLUT3 transmission,
VGLUT3 knockout (VGLUT3™") mice have been generated (Gras et al.,, 2008).
VGLUT3™" mice exhibit similar body weights and food intake as adult wild-type
littermates (Gras et al., 2008). Consistent with this, genetic silencing of VGLUT3 in
mouse striatum has no impact on their eating behavior (Favier et al., 2020). In addition,
VGLUT3™" mice exhibit intact memory function and the ability to learn, albeit mild
impairments in working memory were noted (Fazekas et al., 2019). Since VGLUT3
neurotransmission is mediated via subpopulations of interneurons scattered in multiple
brain microcircuits, knocking out VGLUT3 results in nonconvulsive, intermittent cortical
seizures in the electroencephalogram; however, these are not accompanied by tonic-
clonic motor activity (Gras et al. 2008; Seal et al. 2008). Furthermore, VGLUT3™~ mice
show normal exploratory behavior in their home cage and normal motor coordination,
although they are hyperactive during the wake, active phase compared to wild-type
littermates (Gras et al., 2008; Divito et al., 2015). VGLUT3 is also expressed in sensory
centers including olfactory bulb and auditory hair cells (Ruel et al., 2008; Seal et al.,
2008; Tatti et al., 2014). Therefore, VGLUT3-null mice are congenitally deaf (Seal et al.,
2008), and a mutation in the Slc17a8 gene, which encodes VGLUTS3, is associated with

progressive, high-frequency nonsyndromic deafness in humans (Ruel et al., 2008).

Several lines of evidence have depicted a role for VGLUT3 signaling in anxiety-
related behaviors. Under physiological conditions, raphe/amygdala nuclei modulate
stress response mechanisms via the hypothalamic-pituitary-adrenal (HPA) axis (Pompili

et al., 2010). Loss of VGLUT3 promotes the activation of the HPA axis in mice, resulting
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in an anxious phenotype in both newborn and adult mice (Amilhon et al., 2010; Horvéath
et al., 2018). Novelty-induced hypophagia is also evident in VGLUT3™~ mice compared
to wild-type animals (Amilhon et al., 2010). More so, when assessed in different conflict-
based paradigms, VGLUT3”~ mice display marked neophobic behavior, further
confirming the link between VGLUTS3 transmission and anxiety vulnerability (Amilhon et

al., 2010; Balazsfi et al., 2018).

Given its involvement in striatal circuitry, several reports have highlighted the role
of VGLUT3 in regulating motor and rewarding behaviors in rodents. In particular,
VGLUTS3 loss leads to evident circadian-dependent increases in dopamine synthesis
and release within the striatum which accounts for the hyperlocomotor phenotype in
mice (Divito et al., 2015). In addition, the locomotor deficits following dopamine
depletion are also improved upon disrupting VGLUT3 signaling (Divito et al., 2015).
Moreover, VGLUT3 loss attenuates levodopa (L-DOPA)-induced dyskinetic and
dystonic responses in animal models (Gangarossa et al., 2016), suggesting that
regulation of striatal dopamine signaling is dependent on VGLUT3 neurotransmission.
On the other hand, VGLUT3 neurotransmission regulates the phenotypic deficits
associated with drugs of abuse. Global VGLUT3 knock out blunts acute and chronic
amphetamine-induced stereotypies in mice (Mansouri-Guilani et al., 2019).
Furthermore, striatal VGLUT3 signaling regulates cocaine reward-seeking behavior in
animals. Loss of VGLUT3 augments cocaine-reinforcing properties in mice, as
assessed in conditioned place preference and operant self-administration paradigms
(Sakae et al., 2015). Overall, this indicates that VGLUT3 transmission plays an evident

role in striatal-based phenotypic behaviors.
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1.3. Huntington’s disease (HD)
HD is a rare but devastating disorder affecting 10-13 in 100,000 people of European

descent (Evans et al., 2013; Fisher and Hayden, 2014). In Canada, 13 per 100,000 of
the general population are diagnosed with HD, with 3,760 more at high risk for
developing HD, whereas the occurrence is relatively low in Asian populations (Fisher
and Hayden, 2014; Bates et al., 2015). HD is a progressive, autosomal dominant
disease caused by trinucleotide CAG repeats expansion in exon 1 of the Htt gene on
chromosome 4 (MacDonald et al.,, 1993). This mutation leads to polyglutamine
expansion (polyQ) in the N-terminal region of huntingtin protein (HTT) with subsequent
aggregation within neurons (MacDonald et al., 1993). Mutations in the huntingtin protein
(mHTT) have been associated with a cascade of deleterious events that progressively
impair motor, cognitive, and neuropsychiatric functions (MacDonald et al., 1993; Bates
et al., 2015). Pathologically, HD is characterized by neurodegeneration of the basal
ganglia, mainly the striatum, followed by atrophy of neocortical brain regions
(MacDonald et al., 1993). The clinical presentation in patients show variations
depending on the severity of the affected brain regions. Typically, subjects with more
than 39 CAG repeats are prone to the development of HD symptoms (Andrew et al.,
1993; Ross and Tabrizi, 2011). Nevertheless, many studies on premanifest HD patients
have reported asymptomatic alterations occurring several years prior to the formal
diagnosis (Andrew et al., 1993; Ross and Tabrizi, 2011). Despite the extensive
preclinical and clinical research, to date, therapeutic options for HD are limited to
palliative management as no disease-modifying therapies are yet available (Dash and

Mestre, 2020; Tabrizi et al., 2022).
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1.3.1. HD Symptoms

HD symptoms manifest in three consecutive stages. In the early stages, patients
experience mood disorders, sleep disturbances, and mild dysfunctions in motor
coordination and cognition (Wiegand et al., 1991; Julien et al., 2007; Solomon et al.,
2007). In the second stage, patients start to develop excessive and involuntary
movements (chorea) and evident deterioration in motor skills such as swallowing,
speech, and gait (Bates et al., 2015). This is also associated with deficits in cognitive
capacities which typically follow subcortical patterns, and manifest as impaired emotion
recognition, slowness in mental processing, and disturbances in both executive and
visuospatial functions (Papoutsi et al.,, 2014; Bates et al., 2015). Furthermore,
deterioration in both short-term and long-term memories starts to develop before the
onset of motor symptoms, and it progresses through the entire course of the disease
(Montoya et al., 2006). In the third stage, bradykinesia and body rigidity replace chorea,
ultimately leading to a general decline in health and inevitable death occurring within
15-20 years of disease onset (Li and Li, 2004; Bates et al., 2015). This hypokinetic
phase shows an association with disease duration and CAG repeat length, unlike
chorea (Rosenblatt et al., 2006). Furthermore, various psychiatric symptoms are evident
in HD patients, and to a lesser extent at the premanifest stage, including anxiety,
irritability, apathy, depression, disinhibition, obsessive-compulsive behavior, and
psychosis (Craufurd et al., 2001; Walker, 2007; Bates et al., 2015). Neuroinflammation
is another feature in HD patients, affecting both central and peripheral nervous systems

(Rocha et al., 2016). Significant microglial activation was reported in post-mortem
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specimens from the striatum, globus pallidus, and the cortex of HD patients (Myers et

al., 1991).

1.3.2. Huntingtin protein (HTT)

HTT is a large protein that consists of 3144 amino acids with a size of about 350
kDa (Parsons and Raymond, 2015). HTT is mostly expressed in the cytoplasm with the
ability to localize in the nucleus through specific sequences at both N- and C- termini of
the protein (Xia et al., 2003; Desmond et al., 2012). Polyglutamine expansions at the N-
terminus of HTT disrupt its ability to interact with nuclear pore proteins leading to nuclear

accumulation (Cornett et al., 2005; Parsons and Raymond, 2015).

1.3.2.1. Functions of HTT

HTT elicits various physiological functions in both the developing and mature
nervous systems. HTT is vital for early embryonic development and neurogenesis, and
knocking out HTT in mice leads to embryonic lethality at E7 prior to the emergence of
the nervous system (Nasir et al., 1995; Zeitlin et al., 1995). More so, mice expressing
less than 50% of the normal protein, show evident malformations in their cerebral cortex
and striatum (White et al.,, 1997). In addition, HTT acts as a scaffolding protein
interacting with B-tubulin and microtubules (Hoffner et al., 2002). It also interacts with
the dynein/dynactin complex and regulates the intracellular trafficking processes
(Caviston et al., 2007). In the nucleus, HTT is involved in the transcriptional regulation
of the brain-derived neurotrophic factor (BDNF) gene, a pro-survival that is vital for
neuronal survival and growth (Zuccato et al., 2001, 2003). HTT sequesters and inhibits
the cytoplasmic activity of repressor element-1 transcription factor/neuron restrictive

silencer factor (REST/NRSF) that negatively regulates BDNF transcription (Zuccato et
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al., 2001, 2003). Furthermore, HTT is critical for normal synaptic transmission as it is
associated with presynaptic vesicles (DiFiglia et al., 1995), as well as postsynaptic
PSD95 scaffolds in the nerve terminals (Sun et al., 2001). Additionally, HTT is required
for the correct development of cortical and striatal excitatory synapses. Silencing the Htt
gene in developing mouse cortex accelerates cortical and striatal excitatory synapses
formation and maturation through postnatal day 21 (McKinstry et al., 2014). Overall, this
underscores the variety of cellular processes that are regulated via HTT and that

disruption of such physiological mechanisms potentially underlies HD pathogenesis.

1.3.3. HD mouse models

Numerous HD animal models have been generated in attempt to understand HD
pathogenesis and evaluate potential therapeutics. Prior to the discovery of genetic
mutation causing HD, animals with striatal lesions via neurotoxins were employed as
HD animal models (McGeer and McGeer, 1976; Beal et al., 1986). The bases for these
models were the observation that the striatum was the primary site of
neurodegeneration in HD and that intrastriatal injections of glutamate receptor agonists
led to selective loss of the GABAergic MSNs mimicking the clinical presentation of HD
pathology in humans (Coyle and Schwarcz, 1976; Hantraye et al., 1990). The first
models employed were injected with neurotoxins such as ibotenic acid or kainic acid.
Later, these agents were replaced by quinolinic acid as it relatively spared striatal
interneurons, mimicking the reported pathology in HD patients (Coyle and Schwarcz,

1976; McGeer and McGeer, 1976; Beal et al., 1991).
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Since HD is a monogenic disease, emerging molecular technology has led to the
development of genetic mouse models to capture the genetic component of the disease
pathogenesis. Over 20 different rodent models of HD have been generated (reviewed
in Pouladi et al., 2013; Chang et al., 2015). The rodent models can be grouped into
three broad categories according to the approach used for their generation (Pouladi et
al., 2013; Chang et al., 2015). First, N-terminal transgenic animals carry the 5’ portion
of the human HTT gene containing expanded CAG repeats. R6/1 and R6/2 mice are
the most commonly used mouse models belonging to this category (Mangiarini et al.,
1996). Second, full-length transgenic models carry the full-length human HTT gene
sequence and express polyQ expanded full-length HTT protein. The most widely used
models belonging to this group are YAC128 and BACHD mice (Slow et al., 2003; Gray
et al., 2008). The third category is the knock-in models in which the HD mutation is
reproduced by engineering CAG repeats of varying lengths into the mouse Htt genomic
locus. The commonly used animals under this category are the Hdh Q111, Q140, and
zQ175 mouse models (Wheeler et al., 1999; Menalled et al., 2003, 2012). Models within
each category differ in size and species of origin of the Htt gene (mouse or human),
CAG repeat numbers, promoters that drive expression of the HTT proteins, and their
background strain (Pouladi et al., 2013; Chang et al., 2015). Thus, each model exhibits
a fairly different characteristic phenotype.
1.3.3.1. Knock-in HD mouse models

Several different allelic series of knock-in mice have been generated by
introducing CAG repeats of varying lengths directly into the mouse Htt gene. For

instance, Hdh Q111, Q140, Q150, and zQ175 mouse models exhibit CAG repeat
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lengths of approximately 109, 140, 150, and 188 repeats, respectively (Wheeler et al.,
1999; Lin et al., 2001; Menalled et al., 2003, 2012). As homozygosity is very rare in
humans, these models best mimic the genetics of HD being able to express a copy of
each wild-type and mutant Htt gene by their heterozygous mice. The main caveat for
these models, however, is that they exhibit delayed onset of HD behavioral deficits and
neuropathology despite having good construct validity (Pouladi et al., 2013). For
example, zQ175 mice start to develop motor function deficits between 7-9 months of
age, as opposed to 2 months for transgenic models, such as BACHD, or 1 month for
truncated HD models, such as R6/2 (Menalled et al., 2009, 2012). Thus, to accelerate
the phenotypic progression, homozygous mice are often employed and they typically
show robust behavioral abnormalities and HTT aggregate pathology (Wheeler, 2002;
Hickey et al., 2008; Menalled et al., 2012; Pouladi et al., 2013). In addition, most of the
knock-in lines have normal life spans except for homozygous zQ175 and Hdh Q150
mice which reach end-stage disease at around 23 months of age (Woodman et al.,

2007; Menalled et al., 2012).

1.3.4. HD pathophysiology

HD pathophysiology is complex despite the monogenic nature of the disease.
This is due to the rich HTT interactome with various proteins involved in transcription,
cell cycle regulation, cell signaling, cellular organization, protein transport, and
proteostasis (Shirasaki et al., 2012). Thus, mutations in HTT can lead to large-scale
destabilization of cell proteome and subsequently disrupt multiple cellular processes. At
the root of HD is the mutant HTT gene and its protein products including both full-length
and short protein fragments that are generated at transcriptional and post-translational
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levels. A considerable body of evidence indicates that HTT fragmentation is a critical
step in HD pathogenesis (Sieradzan et al., 1999; Legleiter et al., 2010; Ast et al., 2018).
HTT fragments can be detected in full-length HD mouse models and young
presymptomatic mice prior to the aggregate formation (Landles et al., 2010), and similar
fragments have been isolated from post-mortem brain specimens from patients (Lunkes
et al., 2002). The small mHTT fragments are mostly generated via aberrant splicing of
the mHTT transcript leading to the production of short HTT exonl protein (Sathasivam
et al., 2013). Other fragments can be generated via proteolytic cleavage by caspases,
calpains, and other proteases (Wellington et al., 2002; Gafni et al., 2004). In addition,
polyglutamine expansions alter different post-translational modifications sites on mHTT
that, in turn, modify its structural properties, cleavage, and ultimately affecting its toxicity

(Sathasivam et al., 2013; Hughes et al., 2014).

Aggregation of mMHTT forms inclusion bodies that contain highly ordered amyloid
fibers with low detergent solubility. These inclusions can sequester numerous cellular
proteins leading to deleterious cellular functions and contributing to the complex loss-
of-function phenotype (Soto, 2003). However, several reports have provided evidence
that large inclusions are not correlated with cytotoxicity and might represent an adaption
strategy in which mHTT is partitioned into a less pervasive structure (Kim et al., 1999;
Arrasate et al., 2004; Miller et al., 2011). Indeed, aggregate formation is a complex multi-
step process that involves mHTT monomer assembly into a range of intermediate
oligomeric species prior to inclusion formation (Scherzinger et al., 1999; Thakur et al.,
2009; Kar et al., 2011). The spectrum of oligomeric conformations has made it

challenging to understand the pathogenic role of each mHTT species as they can co-
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exist and disrupt multiple cellular pathways simultaneously (Labbadia and Morimoto,

2013; Bates et al., 2015).

Mutations in HTT evoke disruptions in neuronal activities that are coordinated by
various neurotransmitters involved in synaptic activity and plasticity such as; glutamate,
dopamine, GABA, ACh, endocannabinoids, and adenosine (reviewed in Smith-Dijak et
al., 2019). For instance, dopamine transmission in the basal ganglia is vital for the
regulation of motor functions (Haber, 2014). In HD, dopamine levels are increased at
the early stages of the disease (Bird, 1980; Garrett and Soares-da-Silva, 1992), while
they are evidently reduced in HD striatum at later stages (Kish et al., 1987; Ginovart,
1997; Bohnen et al., 2000). The dopaminergic alterations in the HD striatum are also
associated with hypocholinergic neurotransmission in the striatum. Reduced levels of
choline acetyltransferase, vesicular acetylcholine transporter (VAChT), and muscarinic
acetylcholine receptors (MAChRSs) are evident in the striatum of post-mortem HD brains
(Robin Hiley and Bird, 1974; D’'Souza and Waldvogel, 2016). Likewise, choline levels
are reduced in the cerebrospinal fluid of HD patients (Manyam et al., 1990). Additionally,
GABAergic inhibitory transmission is also impaired in HD. Post-mortem analyses in HD
patients show a decrease in GABA receptor binding coupled with reductions in GABA
concentrations in the striatum (Perry et al., 1973; Reisine et al., 1979; Faull et al., 1993).
In addition to impairments in corticostriatal synapses, these neurotransmission
alterations are also evident in the cortex and the hippocampus (Milnerwood et al., 2006;
Estrada-Sanchez and Rebec, 2013; Veldman and Yang, 2018). Remarkably, studying

glutamatergic impairments in HD has received considerable interest as striatal MSNs
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receive dense glutamatergic afferents from both cortical and thalamic regions which
ultimately shape their activities and functions (Raymond et al., 2011).
1.3.4.1. Glutamate neurotransmission in HD

The pathogenesis of HD involves evident disruptions of glutamatergic
neurotransmission including both its release and uptake mechanisms, and its
postsynaptic signaling that collectively promote the excitotoxic insults onto MSNs. In HD
mice, glutamate release is increased, particularly at the early stages of the disease, and
this is followed by evident loss of glutamatergic terminals in the corticostriatal pathway
(reviewed in Raymond et al., 2011, Ribeiro et al., 2017). For instance, reduced levels of
VGLUTL1 contribute to a glutamatergic imbalance in HD mice that potentially lead to
dysfunctions in corticostriatal synaptic transmissions (Giralt et al., 2011a; Berry et al.,
2012). Similarly, disruptions in iGluRs and mGluRs signaling contribute to HD
neurodegeneration (Zeron et al., 2002; Schiefer et al., 2004; Eidelberg et al., 2011).
Activation of mGIuR1/5 via 3,5-Dihydroxyphenylglycine (DHPG) augments NMDAR-
dependent membrane depolarization and intracellular Ca?* flux in healthy MSNs, while
relatively sparing striatal interneurons, suggesting that MSN vulnerability to
excitotoxicity is dependent on mGIuR1/5 activation (Calabresi et al., 1999). In HD,
mMHTT sensitizes both mGluR1/5-dependent IP3 receptors activation (Tang et al., 2003,
2005; Ribeiro et al., 2010) and NMDARs activation (Chen et al., 1999; Sun et al., 2001)
which ultimately results in augmented intracellular Ca?* mobilization, and contributes to
excitotoxic striatal lesioning. Furthermore, suppressing presynaptic glutamate release
via activation of group Il mGluRs (mGIuR2/3) has been proposed as a potential strategy

to treat HD. Activation of mGIuR2/3 rescues striatal neuron loss, attenuates the
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pathological hyperactivity, and increases the survival time of R6/2 HD mice (Schiefer et
al., 2004; Reiner et al., 2012). Similar observations were reported by our group in which
administration of a mGIluR2/3 agonist significantly improved neuronal survival, reduced
mHTT aggregation, and reduced microglia recruitment in the striatum of zQ175 mice (Li
et al., 2021). Overall, these reports highlight the evident involvement of pre- and post-
synaptic domains of the glutamate transmission axis in HD pathophysiology.
1.3.4.1.1. Role of mGIuRS5 signaling in HD

Given its rich expression in neuronal and glial cells of the cerebral cortex,
striatum, and hippocampus, recent evidence has highlighted the role of aberrant
MGIuR5 signaling in HD pathogenesis (Niswender and Conn, 2010; Ribeiro et al.,
2017). mGIuR1/5 signaling has a dual function, being able to promote either
neuroprotection or neuronal death, depending on drug incubation paradigms and
neuronal types (Bruno et al., 2001). Pharmacological blockade of mGIuR5 using 2-
methyl-6-(phenylethynyl)-pyridine (MPEP) improves mice motor performance and leads
to increased survival in R6/2 HD mice, albeit it does not reduce mHTT aggregate
formation (Schiefer et al., 2004). Treatment with the same antagonist attenuates
glutamate-induced Ca?* release and neuronal apoptosis in primary MSNs cultured from
YAC128 HD mice (Tang et al., 2005). Likewise, the genetic deletion of mGIuR5 in Hdh
Q111 HD mice improves motor performance in the rotarod test and decreases the
number of mMHTT intranuclear inclusions (Ribeiro et al., 2014).

MGIuRS5 negative allosteric modulators (NAMS) play a vital role in reversing HD
pathology in mice. For instance, treatment of zQ175 mice with CTEP reduces HD

neuropathology via improving neuronal survival, lowering mHTT aggregate burden, and
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reducing microglia recruitment in the striatum of both male and female mice (Abd-
Elrahman et al., 2017; Li et al., 2022). Particularly, CTEP treatment facilitates mGIuR5-
mediated autophagy by reducing the expression of ZBTB16, a key component of the
ZBTB16-Cullin3-Rocl E3-ubiquitin ligase complex, and preventing the breakdown of
autophagy adaptor ATG14 (Abd-Elrahman et al., 2017). mGIuR5 antagonism also
activates unc-51-like kinase 1 (ULK1) which is essential for autophagosome formation
(Ganley et al., 2009; Abd-Elrahman et al., 2017). Such facilitation in autophagic
signaling is coupled with mitigation of aberrant PI3K/Akt/mTOR signaling and facilitation
of cCAMP response element-binding protein (CREB)-mediated expression of BDNF
(Abd-Elrahman and Ferguson, 2019). Similarly, CTEP treatment modulates the
expression of REST/NRSF via the N-cadherin/B-catenin complex in zQ175 mice (de
Souza et al., 2020).

On the other hand, mGIuR5 PAMs have also proven effective in rescuing striatal
degeneration in BACHD mice (Doria et al., 2013). mGIuR5 PAMs are biased agonists
that can selectively activate pro-survival signaling pathways with minimal influence from
excitotoxic signaling pathways (Zhang et al., 2005; Chen et al., 2012; Doria et al., 2013).
Chronic treatment with mGIuR5 PAM, 3-Cyano-N-(1,3-diphenyl-1H-pyrazol-5-
yl)benzamide (CDPPB), rescues HD memory deficits and neuronal cell loss along with
a reduction in mHTT aggregation in BACHD mice (Doria et al., 2015). Moreover,
CDPPB increases BDNF expression levels and activates ERK1/2 signaling, both vital
for neuronal cell survival signaling and synaptic plasticity (Doria et al., 2013, 2015).
Similar improvements in cognitive functions are also noted in BACHD mice treated with

another mGIuR5 PAM, VU0409551 (Doria et al., 2018). VU0409551 treatment improves
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dendritic spine density and upregulates the expression of proteins vital for synaptic
plasticity including c-Fos, BDNF, and PSD95 (Doria et al., 2018). Overall, these reports
underscore the vital role of mGIuRS5 in rescuing striatal degeneration in HD.
1.3.4.1.2. Role of VGLUTs in HD

VGLUT neuronal expression and functions are markedly altered in different
animal models of HD. For instance, expression levels of VGLUT1-labeled terminals are
evidently diminished in the striatum of both R6/1 and R6/2 HD mice compared to wild-
type littermates (Giralt et al., 2011a; Anglada-Huguet et al., 2016). In another study
conducted on premanifest heterozygous Q140 HD mice, VGLUT2-labeled
thalamostriatal terminals exhibit early and persistent decline followed by a significant
loss of VGLUT1-labeled corticostriatal terminals at a later stage of the disease (Deng et
al., 2013). Similarly, VGLUT1 and VGLUT2 levels are reduced in the dorsal striatum of
zQ175 mice starting from 9 months of age (Zarate et al., 2021; Alpaugh et al., 2022),
indicating a potential defect in glutamatergic innervation to the striatum. However, the
involvement of VGLUTS3 transmission in HD is currently unclear. It was reported that
TANS, which express VGLUT3, are resistant to neurodegenerative influences of mHTT
aggregates (Fremeau et al., 2002; Okita et al., 2012), despite the impaired cholinergic
neurotransmission elicited by these interneurons (Smith et al., 2006). Furthermore,
mHTT does not affect both the activities and the expression levels of VGLUT3 in
cultured cells from BACHD mice (Lee et al., 2013), suggesting that VGLUT3
transmission is an interesting modulator of striatal cells excitability in an mHTT-

independent fashion.

35



1.3.4.2. Dysregulation of autophagy in HD

Impairment in autophagy machinery is evident in HD mouse models and in striatal
tissues collected from HD patients (Martinez-Vicente et al.,, 2010). Particularly,
autophagosomes can form and fuse efficiently with lysosomes, however, their cytosolic
cargo contents are markedly reduced in HD cells. This effect is coupled with an
abnormal association between mHTT and P62, a marker for autophagosome cargo
recognition (Martinez-Vicente et al., 2010). Likewise, impaired mHTT autophagic
clearance is associated with elevated P62 levels along with disruptions in ULK1
activation in zQ175 HD mice (Abd-Elrahman et al., 2017). The compromised ULK1
activation disrupts the phosphorylation of ATG14 and autophagosome nucleation
protein, beclinl, ultimately suppressing VPS34 kinase activity (Wold et al., 2016).
Furthermore, accumulated mHTT can sequester beclinl and impair its turnover and
function (Shibata et al., 2006). Interestingly, the upregulation of casein kinase 2, an
upstream P62 kinase, reduces mHTT large inclusion formation, highlighting the
important link between impaired autophagy and mHTT aggregate formation (Matsumoto

et al., 2011).

Wild-type HTT is also vital for maintaining proper autophagy flux. The HTT C-
terminal domain exhibits structural similarities and comparable binding activities to the
autophagy scaffold protein ATG11 (Ochaba et al., 2014). Depletion of HTT impairs the
degradation of autophagosomes recruited for mitochondria engulfment (Zheng et al.,
2010), and blocks autophagosomes' retrograde transport along neuronal axons (Wong
and Holzbaur, 2014b). HTT can also bind P62 and ULKL1 to facilitate autophagy flux

(Rui et al., 2015). Remarkably, the degree of autophagy can also predict the age of
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onset of HD. For instance, single nucleotide polymorphism in ATG7 is associated with
an earlier onset of HD in patients (Metzger et al., 2010). More so, the expression levels
of beclinl decrease in an age-dependent fashion in HD brains (Shibata et al., 2006).
Overall, these studies further support the crucial pathophysiological role of autophagy

in HD pathogenesis.
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1.4. Optineurin

Optineurin (OPTN), originally named FIP2, is a cytosolic protein first isolated in
1998 and was identified as a binding partner of the adenovirus E3-14.7K protein (Li et
al., 1998). The protein later received its current name as its variants were associated
with dominantly inherited adult-onset primary open-angle glaucoma (Rezaie et al.,
2002). The human OPTN gene is located on the 10p13 chromosome, and the genomic
region is approximately 37 kb. The mRNA transcript comprises 16 exons, the first 3 of
which are noncoding sequences while the remaining 13 exons encode the protein
(Rezaie et al., 2005; Ying and Yue, 2016). Human OPTN is a 74 kDa cytosolic protein
comprised of 577 amino acids, and the mouse Optn gene shares 78% homology to
human OPTN and codes for a 584 amino acid protein (67 kDa) (Rezaie and Sarfarazi,

2005).

OPTN is ubiquitously expressed in many tissues including the brain, heart, liver,
skeletal muscle, and eye (Rezaie and Sarfarazi, 2005; Rezaie et al., 2005). Structure-
wise, OPTN contains multiple domains including a Nuclear Factor Kappa B (NF-kB)-
essential molecule (NEMO)-like domain, basic leucine zipper, multiple coiled-coil motifs,
a ubiquitin-binding domain (UBAN), a LC3B-interacting region (LIR), and a carboxyl-
terminal C2H2 type of zinc finger (Slowicka et al., 2016) (Figure 1.4.). OPTN interacts
with itself to form homo-oligomers protein complexes in cells (Gao et al.,, 2014). In
addition, OPTN has been shown to interact with a variety of cellular proteins including;
HTT, Ras-related protein 8 (Rab8), mGIuRs, myosin VI, transferrin receptor,
transcription factor IlIA, LC3/GABARAP, TANK (TRAF-associated NF-kB activator)

binding kinase 1 (TBK1), and HECT domain and ankyrin repeat-containing E3 ubiquitin
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protein ligase 1 (HACEL1) (Ying and Yue, 2016). These interactions underlie the diverse
OPTN cellular functions such as vesicle trafficking, Golgi apparatus maintenance,
regulation of the NF-kB pathway, cell division control, anti-bacterial and antiviral
signaling, and autophagy (Slowicka et al., 2016). Furthermore, our group provided the
first evidence that OPTN/mGIuR interaction can modulate Group | mGIluR signaling
(Anborgh et al., 2005). Particularly, overexpression of OPTN attenuates agonist-
dependent mGluR1 coupling to PLCB and subsequently suppresses inositol phosphate

formation in cells (Anborgh et al., 2005).
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1 Lol C-C motifs UBAN 577
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! 209 a6
Rab8 HTT
412 520
Myosin VI
Domains Position
NF-kB essential modulator (NEMO) 31-97 aa
Leucine zipper (LZ) 141-161 aa
LC3-interacting region (LIR) 169-184 aa
mGIuR interacting region 202-246 aa
Multiple coiled-coil (C-C) domains 230-445 aa
Ubiquitin-binding domain (UBD) of ABIN proteins and NEMO (UBAN) 421-507 aa
Zinc finger (ZF) 551-576 aa

Figure 1.4. Schematic representation of the human optineurin protein domain

organization. The interacting regions of optineurin with its binding partners are defined

below the scheme. Optineurin interacts with group | mGIuR (mGIuR1/5) via its mGIuR-

interacting region. In addition, optineurin can act as an autophagic adaptor that is

recruited to the autophagic complex via its ubiquitin-binding domain (UBAN) and its

LC3-interacting region (LIR) in both selective and nonselective autophagic pathways.

Optineurin also interacts with both Rab8 and myosin VI forming a functional complex

that is important for Golgi complex perinuclear organization and various endocytic

pathways. Similarly, huntingtin protein (HTT) interacts with optineurin and Rab8 on the

Golgi complex and mediates lysosomal trafficking. The figure is created using

BioRender.
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1.4.1. OPTN cellular functions

1.4.1.1. Regulation of vesicular trafficking and stabilization of the Golgi
apparatus

Intracellularly, OPTN is found proximal to vesicular structures such as the Golgi
apparatus, endosomes, and autophagosomes (Hattula and Perédnen, 2000; Sahlender
et al., 2005; del Toro et al., 2009) where it regulates various steps in the endocytic,
exocytic, and lysosomal trafficking networks. OPTN maintains the Golgi complex
perinuclear organization via linking myosin VI to the Rab8-Golgi complex (Sahlender et
al., 2005). In addition, OPTN can help mediate post-Golgi formation of secretory
vesicles via complexing with myosin VI to deliver clathrin adaptor protein 1B-dependent
cargos to the basolateral surface in cells (Au et al.,, 2007; Bond et al., 2011).
Interestingly, HTT affects OPTN affinity to the Golgi complex and is potentially involved
in the stabilization of the Golgi in an OPTN-dependent manner (del Toro et al., 2009).
Mutations in HTT uncouple the OPTN/Rab8 complex at the Golgi and perturbs post-
Golgi trafficking to lysosomal compartments (del Toro et al., 2009). Collectively, OPTN
plays a key role as an adaptor protein in maintaining Golgi organization and coordination

of post-Golgi trafficking.

1.4.1.2. Regulation of the NF-kB pathway

The NF-kB pathway is critical for the transcription of various genes involved in
neuroinflammation, apoptosis, and LTP-dependent synaptic plasticity (Boersma et al.,
2011; Mincheva-Tasheva and Soler, 2013). OPTN has been shown to suppress early
stages of pro-inflammatory cytokine/chemokine-induced NF-kB signaling in vitro across
different cell lines. This is mediated via blocking cytokine receptor signaling in response
to extracellular stimuli such as tumor necrosis factor (TNF), lipopolysaccharide (LPS),
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or Interleukin 1 beta (Schwamborn et al., 2000; Sudhakar et al., 2009; Nakazawa et al.,
2016; Montecalvo et al., 2017). Furthermore, as a homolog of NEMO, OPTN
competitively disrupts the formation of IkB kinase (IKK) complexes that are essential for
NF-kB activation (Schwamborn et al., 2000; Zhu et al., 2007). On the other hand,
several in vivo studies have reported that induction of NF-kB by TNF or LPS in immune
cells may not be regulated by OPTN (Munitic et al., 2013; Markovinovic et al., 2018),
suggesting that the role of OPTN in NF-kB signaling is dependent on the cellular context

involved.

1.4.1.3. Autophagy and mitophagy

OPTN acts as an autophagy receptor/adaptor that is recruited to the autophagic
complex via its UBAN domain and, together with its LIR region, interacts with LC3B in
both selective and nonselective autophagic cascades. OPTN also promotes the
transformation of inactive cytosolic LC3B form (LC3B-I) to membrane-bound LC3B-II
via phosphatidylethanolamine conjugation (Bansal et al., 2018; Ryan and Tumbarello,
2018). Phosphorylation of Ser177 in the LIR via TBK1 enhances OPTN affinity to LC3B,
while phosphorylation of Ser473 in the UBAN enhances the affinity to ubiquitin chains,
and both promote the maturation of autophagosomes (Ying and Yue, 2016). More so,
during the autophagosome-lysosome fusion process, OPTN links autophagosomes to
myosin VI and adaptor protein TOM1 promoting autophagosome maturation and fusion
(Tumbarello et al., 2012). Furthermore, E3 ubiquitin ligase, HACEL, catalyzes OPTN
ubiquitination at Lys193 residue adjacent to LIR thereby enhancing LC3B lipidation and

activation (Liu et al., 2014).
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Mitophagy is the autophagic degradation of defective mitochondria following
damage and stress. The process is commenced by depolarized mitochondria that
stabilizes phosphatase and tensin homolog-induced kinase 1 (PINK1) on the outer
membrane recruiting and activating parkin, a cytosolic E3 ubiquitin ligase (Kane et al.,
2014). Once activated, parkin ubiquitinates mitochondrial outer membrane proteins that
recruit and associate with OPTN via its UBAN domain (Lazarou, 2015). This is followed
by OPTN-mediated recruitment of other autophagic factors such as ATG12, ULK1, and
WD-repeat phosphoinositide interacting protein 1 (WIPI1) to focal spots proximal to
mitochondria (Lazarou et al., 2015). Subsequently, OPTN initiates autophagosome
formation to engulf damaged mitochondria via its LIR region (Wong and Holzbaur,
2014a). Depletion of OPTN attenuates LC3B recruitment to mitochondria and disrupts
mitochondrial degradation (Wong and Holzbaur, 2014a). Furthermore, OPTN can
phosphorylate and activate TBK1, creating a signal amplification loop via the combined
recruitment of OPTN/TBKZ1 on ubiquitinated mitochondria (Richter et al., 2016). Overall,
this depicts OPTN's direct involvement in facilitating different steps of the cellular

autophagic machinery.

1.4.2. Role of OPTN in HD

Being an autophagy receptor and modulator of vesicle trafficking processes,
OPTN is implicated in HD pathogenesis (Schwab et al., 2012; Ying and Yue, 2016). In
the cerebral cortex of HD patients, OPTN can be found in neuronal intranuclear,
neuropil, and perikaryal inclusion bodies (Schwab et al.,