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Abstract

Hunt i ngt o(hDB) s andnheriedhasitesomdbminant neurodegenerative disease
caused by the abnormal expansion of CAG repeats in exon 1 of the huntingtin gene located on
chromosome 4. This disease is characterized by the premature loss of medium spiny neurons in
the striatum and behavioural deficits that typically manifest at mialgke Despite the
identification ofits cause decades agbeteis still no disease modifying treatmeatailable for
HD patientsCurrent evidence indicates that exacerbated glutamatelsignalthe striatum plays
a key role in the pathophysiology of HRithin the striatum, ratabotropic glutamate receptor
(mGIuR) 2/3 are predominatly expressed on presynaptic terminals, where&SIuR5 is
predominantlylocalized to postsynaptic terminaldHere, we show that botthe activation of
MGIuR2/3 andhe inhibition of MGIuR5 can improve HD symptoms ithe zQ175 HD mouse
model. Specifically, treating zQ175 HD mice with either the mGIuR2/3 agonist LY 319268
MGIuR5 negative allosteric modulator (NAM) CTEP rescues motor deficits, reduces mutant
huntingtin aggregate formation, improves neuronal survivaladlegliates microglia activation.

We also provide evidence thgtiowssexcan influence the progression of HD symptamns the
efficacy of therapeutic agentd/e found that lsronic administration of LY379268 differentially
activated and inactivated cell signalling pathwaymale and female zQ175 mideurthermore,
female zQ175 mice required a longer treatment duration with CTEP than male mice to show
improvement in their rotarod performanddgsing FDNQ175 mice, a newer HD mouse model
derived from the zQ175 lineve demonstrated thé&male FDNQ175 micevereless susceptible

to decline in limb function than male mice but sleolvigher levels of insoluble atant huntingtin

aggegates at a younger age.
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Chapter 1

General Introduction



1.1Glutamate in the Central NervousSystem

Glutamate is ubiquitously distributed throughout themmalian central nervous system
(CNS)and ispresent at a higher level than any other free amino aeidst importantly, glutamate
is the primary excitatory neurotransmitter in the brain, whlalgs a role in longerm potentiation,
synaptic plasticity, learning and memdfionnum, 1984)Similar toother signalling molecules,
glutamate exerts its functions through interacting with glutamate recepgorsssed on the cell
surface Moreover, the concentration of glutamate in the extracelbplacds regulated by release
from presynaptic neurorasnd reuptakeéhrough a family of transporter proteits ensure the
appropriate amount of glutamate is available at the correct location an{Ztime & Danbolt,
2014) In fact,both theoverabundancand lackof glutamate has beeamownto contribute to the
pathogenesis of a wide range of neurological disor@erset al., 2022a) Thus, dutamate

signallinghas garnered enormous scientific interest

Over the yearsiwo families of glutamate receptors have been identified: ionotropic
glutamate receptor$GIluRs) and metabotropic glutamate receptpresluRs) (Figure 1.1). The
iGluRs areall ligand gatectaion channels anthey are divided into three major types based on
the original agonists that were identified to activétem U-amino3-hydroxy-5-methyt4-
isoxazole propionate (AMPA), kainate andmiethylD-aspartate (NMDA)Dingledine et al.,
1999) iGluRs are tetrameric neselective cation channels consist of four large subunits: GIuA
subunits in AMPA receptors, GIuN subunits for NMDA receptors and GluK subunits for kainate
receptorgTraynelis et al., 2010Yhere are 16 genes encoding different subtypes of iGIUR subunits,
including four GIuA subunits (GluA1), five GluK subunits (GluK®5), one GluN1 subunit, four
GIuN2 subunits (GIuN2AD) and two GIuN3 subunits (GIuUN3A and GluN3Bjigure 1.1)

(Traynelis et al., 2010)Each subunits contains an extracellulateNmnind domain, a ligand



binding domain and an intracellulart€minal domain. Kainate and AMPA receptors can be
either home or heteretetramers, whereas NMDA receptors are obligatory hetgramers with

two essential GIuN1 subunits and two GIuN2 or GIuN3 subyRi®letti et al., 2013)GIuRs

with different subunit compositions have distinct biophysical, pharmacological and signalling
properties. Furthermore, their activity can be further regulated by protein interaction, post
translational modification, alternative splicing and gexgression. For example, while GIuNL1 is
encoded by a single gene, it has eight isoforms due to alternative splicing around exon 5 or exon
21 and exon 2ZPaoletti et al., 2013)The mGIluRs are family C @roteincoupled receptors
(GPCRs) with seven transmembrane domains and transmit external signals intb ttire ugt

t he U subudisobheterotrimeric G proteinddhami & Ferguson, 2006Eight mGIuRs
numbered from 1 to &1ave been reported and they are furthiassifiedinto threegroupsbased

on sequence homology and signal transduction mecharismse 1.1). Group | consists of
mGIuR1 and mGIuR5, which are receptors couplenl ¢Gdhd their activation stimulates the
cleavage of phosphoinositide by phospholipase C and the releasg bb@eintracellular stores
(Abdul-Ghani et al., 1996; Conn & Pin, 199@roup Il is made up of mGIuR2 and mGIuR3 and
their activation inhibits adenylyl cyclase as they predominantlyl i n k e ¢ (Niswendérl&
Conn, 2010) Group Il includes all four remaining mGluRs (mGIuR4, mGIuR6, mGIuR7 and
mGIuR8)and they are also couplgdedominantlyc o u p | e idand iohibiGadenylyl cyclase

(Niswender & Conn, 2010)



Glutamate Receptors

lonotropic Glutamate Receptor Metabotropic Glutamate Receptor
(iGluRs) (mGIuRs)
I : 1 | : |

NMDA AMPA Kainate
Receptor Receptor Receptor Group | Group Il Group Il

GIuN1 GIuAT GluK1 mGIuR1 mGIuR2 mGIluR4
GIluN2A GluA2 Gluk2 mGIuR5 mGIuR3 mGIuR6
GluN2B GIluA3 GluK3 mGIuR7
GluN2C GluA4 GlukK4 mGIuR8
GIluN2D GluK5

GIluN3A

GIluN3B

Figure 1.1 Types of Glutamate Receptors in the BrainGlutamate receptors in the brain are
separated into ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors
(mGIuRs). iGIuRs are tetrameric ligagdted ion channels and they are further categorized based
on their ligands: NMDA, AMPA ad kainate. There are 7 different NMDA receptor subunits, 4
subtypes of AMPA receptor subunits and 5 subtypes of kainate receptor subunits. Subunit
compositiondictates thebiophysical, pharmacologicaind signalling propertiesf each iGIuR.
MGIuRs are Gproteincoupled receptors with 7 transmembrane domains. They are divided into
three groups based on sequence homology and signal transduction mechandamsoupled
mGIuR1 and mGIuRS5 are place in groulib-coupled mGIluR2 and mGIuR3 are classified as
group Il. G (h-coupled mGIuR4, mGIuR6, mGIuR7 and mGIuR8 belongs to Group Ill.
AbbreviationsAMPA, U-amino-3-hydroxy-5-methyk4- isoxazole propionaf@dMDA, N-methyk

D-aspartateThe figure is created using BioRender.



1.2 Glutamatergic Signalling

Despite their distinctunctions and properties, both mGluRs and iGIuRs detect glutamate
binding via their extracellular clamshalhaped ligandinding domain. Upon glutamate binding,
the ligandbinding domain closes, which initiates a series of conformational changegger
channel opening or @rotein activation. In addition to glutamate, both types of glutamate
receptors also respond to other signals, including cations, awibres endogenous ligands and
change in membrane voltage. For example, membrane depolarizatmreeblockage of NMDA
receptor pore by external magnesium ions and facilitates glutandateed curren{Reiner &
Levitz, 2018) Overall, iGluRs respond very fast to glutamate, with AMPA and kainate receptors
opening and closing within a few milliseconds, and NMDA receptors reacting on a time scale of
10 to hundreds of millisecondReiner & Levitz, 2018)In contrastresponsg downstream of
MGIuUR activation are often measured in the range of seconds to even rfiReites & Levitz,

2018)

Glutamate receptors are critical for the regulation of synaptic plasticity. They greatly
contributeto longlasting changgin synaptic strengthwhich are critical for memory and learning,
through a variety ofmechanisms. In the hippocampus, it was demonstrated thatdong
potentiation(LTP) is dependent on NMDA receptor activation and calciom (C&") influx.
Specifically, Caf* activatesCa*/calmodulindependent kinase Il (CaMKII), which enhances the
AMPA receptor function at the postsynaptic termir{&lerring & Nicoll, 2016) Following LTP
induction,CaMKII phosphorylatethe Gterminus of AMPA receptor GIuAl subunit at serine 831,
which appears to promote AMPA receptor trafficking tosyreaptic site and increase their channel
conductancéKristensen et al., 2011%roup | mGluRs also play a role in LTP, as knocking out

MGIuR5 or mGIuR1 reduces the amplitude of LTP in CA1 or @A8pectively(Conquet et al.,



1994; Lu et al., 1997)urthermore co-activation of NMDA and mGluR%an induce LTP in
cultured hippocampal neurons, suggesting that both mGIluRs and iGIuRs work in concert to

promote synaptic plasticitKotecha et al., 2003)

Long-term depressiofLTD) is another form of synaptpasticity, and it can be triggered
at glutamatergic synapses via activation of both group | mGluRs and NMDA receptors.
Furthermore, unlike LP in which mGluRs and NMDA receptors work synergistically, group |
MGIuRs and NMDA receptors induce LTD through mechanistically distinct pati{@égs et al.,
1997) NMDA receptos induceLTD by facilitating dephosphorylation of AMPA receptat
serine 845and promoting their endocytogisee et al., 2000)It remains unclear wheth&a?*
influx is required for NMDA recepteinduced LTD, as there is evidence showing that NMDA
receptor can induce LTD even in the presendkeayore blocke MK -801(Reiner & Levitz, 2018;
Weilinger et al., 2016)Moreover, several studies have shown that ligand binding can trigger
conformational changes in tederminal domairof NMDA receptor and alter its interaction with
kinases and phosphatag®sssel et al., 2001; Weilinger et al., 201&roup | mGluRinduced
LTD are dependent on the activation of several kinase signalling pathways downstream of G
protein activation and requires rapid dendritic protein synthehiber et al., 2000; Reiner &
Levitz, 2018) Due to the different roles of group | mGIuRs in LTD versus LTP inductidms
been proposed that activatiohgroup | mGIluRs can regulate neural plasticity based on the extent
of NMDA receptor activation, inducing LTP if NMDA receptor is-activated and LTD if not
(Reiner & Levitz, 2018)Some studies have also suggested that m@idRced LTD are more
prominent inmaturesynapses, whereas NMDA receptglay a more importanole in LTD

induced at newer synapsgsolbro et al., 2009)

G lb-coupled mGIuRs and iGIuRs can also induce LTD at presynaptic terminals



throughout the brain. For example, group Il mGIluRs have been shown to induce presynaptic LTD
at hippocampal mossy fib€A3 synapses in a NMDA receptimdependent mannéKobayashi

et al., 1996)This appears to be facilitated by inhibition of adenyl cyclase to downregulate cAMP
production and cAMRIependent signalling pathwagBzounopoulos et al., 1998Furthermore,

it is also dependent on a rise in presyna@®*concentration and actiyv
(Kobayashi et al., 1999; Tzounopoulos et al., 1998hong the iGIuRs, kainateeceptors
contribute to both shoterm and longerm presynaptic plasticity. Pharmacological blockade and
genetic knockout of kainate receptopsirtially blocks the induction of presynaptic LTP
(Contractor et al., 2001; Wallis et al., 201Bherefore, it appears that group Il mGluRs and kainate
receptor play opposed roles in mediating presynagiical plasticity. Howevekainate receptors

have also been found to facilitate presynaptic depression, potentially via a metabotropic pathway
as Gprotein inhibitors block kainate recepibependent depressi@frerking et al., 2001Jinally,
presynaptic NMDA receptemmay also contribute tpresynaptic LTP atortico-striatalsyrapses

in a brain derived neurotrophic factor (BDN&#@pendent manné¢Park et al., 2014)

It is clear that glutamatergic signalling playgtal role in a wide range of neural processes
such as learning and memory formatiblowever, dysregulation of glutamate signalling baen
implicated in psychiatric disorders suchsaBizophrenia and neurodegenerative diseases such as
Al zheidmesr@ase (AD), Parkingsonés di sTerefoee, ( PD)
delineating the events downstream of iGluRs and mGIuRs activation at different glutamatergic

synapses could help identify new therapeutic targets for treating these diseases.
1.3 Glutamate and Excitotoxicity

It is now well established that thever-abundance ofjlutamate can trigger neuronal

degeneration through a process termed excitotoxittg.neurotoxic effect of glutamateas first

7



demonstrated whenjection ofglutamateriggeredlesions inseveral tissues, including the retina

and nuclei of the hypothalam(laucas & Newhouse, 1957; Olney, 1989%ter studies have linked

the neurotgic potential of glutamate to prolonged depolarization of neudbsigjption of calcium
homeostasis and activation of programmed cell déadble, 1999) Furthermore, substantial

evidence indicatéhat excitotoxicity is a fundamental mechanism involved in neurodegenerative

di seases such as Al zhei merds diseas(eegtalHunt i nc

2022a)

Excessive depolarization of postsynaptic membrane is responsiliteefonitial stage of
excitotoxic damage(Figure 1.2). Theinflux of sodium(Na") and chloride(CI") ions into the
neuron disrupts the osmotic balance, leadingvéber entering the cell and rupturing the cell
membrangdRothman, 1985)Removal of eitheNa’ or CI" from extracellular solution of cultured
hippocampal neuronllocked the toxicity effect of glutamate, NMDA and kainé®othman,
1985) In contrast, removinGa* from the culture media did not have an effect on the toxic action
of glutamate, NMDA and kaina{@®othman, 1985)Similar results were also observed in another
study using isolated chicken retina tissues, in which the absence ofNgtherCl- but notCa*
in the extracellular environment abolished the toxic effect of kainate and N\DAn et al.,
1998) Subsequent studies show cataependent Cltransport protein N&-Cl cotransporter
isoform 1 (NKCC1) contribute tBiIMDA -mediated excitotoxicity by facilitating the entry &
andCl (Beck et al., 2003) Furthermoreplocking the activity of NKCC1 with the bumetanide
prevented glutamat@duced neurotoxicity and cell swelling in cultured cortical neu(Besk et

al., 2003)

Another mechanisms underlying glutamatducedexcitotoxicityinvolves elevated levels

of intracellular C&" (Figure 1.2). An early study showed that while the removaNaf prevented



immediate cell damage following glutamate exposure, the prese@eé'af the environment can
still lead to delayed cell death 24 hours after glutamate expd8irei, 1985) Therefore,
excitotoxicity can be roughly separated into two stages: an initial stage caub&d ayd CI
influx that leads to cell membrane rupture, and a delayed wave of neurodegeneration caused by
elevated levels of intracellula@&*. The exact mechanism underlying the toxic actiorCef*
overload remains unclear, primarily due to the vast and complicatéel@aendent signalling
pathwayghat have been implicated in neuronal cell dedtiwever, it has been proposed that the
entry of C&* through Ca*-permeableglutamate receptorsespecially NMDA receptors;an
activate such signalling pathways more efficiendyrundine & Tymianski, 2003)Multiple
studies have shown th&@e* cantrigger apoptotic pathways by activating the setiheeonine
phosphatase calcineurifsctivated calcineurin dephosphorylates the-@poptotic proteirBCL2-
associated agonist of cell degdBAD), leading to its translocation to the mitochondviaere it
associates witB-cell lymphomaextra largegBcl-x.) andpromoescell deathWang et al., 1999)
C&* can also activate th@a?*-dependenprotease calpainyhose substrates have been suggested
to play critical rols in promoting neuronal degeneratiu et al., 2004)For examplecalpain

can cleave and convert calcineurin into constitutiayive forms during both glutamatend
kainateinduced neuronal excitotoxiciyVu et al., 2004)Furthermore, calpain has been shown
to cleave off the calcineurdbinding domain of CAINcabinl, an endogenous inhibitor of

calcineurin, leading to activation of calcineuaind cell deatliKim et al., 2002)

Abnormal increase in intracellul&@@a* concentration can alsead tooxidative stress
Increased activity ofCa*-dependent enzymes phospholipése nitric oxide synthase and
xanthine oxidaseauses higher production of free radicals, which can damage proteins, lipids,

carbohydrates and nucleic acids. Most notablirjc oxide has been shown to upregulate the



expression of metalloproteinase, triggering proteolytic cascades that degrade extracellular
environment for neuron&rundine & Tymianski, 2003)Furthermorethe downstream metabolite

of nitric oxide, peroxynitrite (ONOQ®, can promote DNA fragmentaticand prevent protein
phosphorylation required for proper signal transduc{Rarathath et al., 2006Both increased
intracellularCa* load and excessive production of free radicals can also disrupt mitochondrial
functions. For exampleexcessive mitochondriala* intake can result in overoduction of
reactive oxygen speciggR0S) which in turn inhibits mitochondrial enzymes and electron
transport chain complexes that facilitates cellular energy produ@ehta et al., 2013) In
addition, high levels ofC&* and ROS directly inducespening of the mitochondrial permeability
transition pore, releasing proapoptotic factors stadedCe* into the cytosolPlotegher et al.,

2021)

To date, numerous mechanisms are identified as contributing factasciotoxic
neuronal death triggered by excessive glutamate exposure. However, it remains to be determined
how excitotoxicity is involved in the pathogenesis different neurodegenerative disease.
Therefore, examining signalling eventownstream of both ionotropic and metabotropic
glutamate receptors in the context of specific neurodegenerative diseases may lead to the discovery

of therapeutic interventions for treating each disease.
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Figure 1.2Mechanisms of Excitotoxicity In acute excitotoxicity, the influx of sodiu(ha"’) and
chloride(CI") ions through ionotropic glutamate receptors (iGIuRs) and NKCC1 disrupts osmotic
balance inside neurons. This leads to excessive water entering the cell and rupturing the cell
membrane. Delayed excitotoxicity is triggered by elevated levelstraicellularcalcium Ca™)
following excessive glutamate exposure.?Cactivates calpain to convert calcineurin into
constitutively active forms and prevent CAIN/cabimidiated inhibition of calcineurin.
Calcineurindephosphorylae BAD, triggering its translocation to the mitochondria where it
associates withBcl-x. and promotes cell deatiHigh C&* concentration cause increased
production of free radicals, whiatan damage proteins, lipids, carbohydrates and nucleic. acids
The free radical nitric oxide can upregulate metalloproteinase to degrade extracellular environment.
Nitric oxide can promote DNA fragmentation through its downstream metabpelitxynitrite
AbbreviationsBAD, BCL2 associated agonist of cell deaBel-x., B-cell ymphomaextra large
NKCC1,NaK-ClI cotransporter isoform. The figure is created using BioRender.
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l4Hunt i ngtonbés Disease

Hunti ngt on(BB) isdan snkeatsde progressive an@utosomaddominant
neurodegenerative disorder first described in vivid detail by Dr. George Huntington in the late
1 8 0 Onathe vast majority of cases, the symptoms of HD appear between the ages of 30 to 50,
but they can occur at anytime between the ages of 1 {®&®@s, 201Q)HD patients can live
completelyhealthy lives until symptoms gradually begin to develop, starting with subtlessighs
asirritability, disinhibition, unreliable at work, difficulty in multitasking, forgetfulness and anxiety
(Walker, 2007) Eventually, distinct symptoms including choreamotor impairmentsand
behaviour difficultiesnanifestsleading todiagnosis of the diseag@/alker, 2007) The genetic
cause of HD ighe abnormal expansion of CAG repeats in exon 1 of the human huntingtin gene
and the resulting production of mutant huntingtin protein with an expanded polyglutaacina
its N-terminus(MacDonald et al., 1993Proteolytic cleavage of mutant huntingtin proteins result
in thedeposition of insolubleytoplasmic and intranuclear aggregates, whiehthe pathological
hallmarks of HD (DiFiglia et al., 1997) Moreover,the length of the CAG repeats directly
correlateswith HD progression, with longer repeats leading to earlier age of disease onset and

more sevez disease progressigAndrew et al., 1993; Furtado et al., 1996)

Despite the identification of its cause, the exact mechanism(s) underlying HD pathogenesis
remains unclear and diseas@difying treatments for HD patients is still not availablantingtin
is ubiquitous throughout the body and interacts withide variety of cellular structuremcluding
the endoplasmic reticulufiER), microtubules mitochondrial and synaptic vesi€¥sung, 2003)
Huntingtin also appears teimportant for development, as full knockout of huntingtin in mice is
embryonically letha(Duyao et al., 1995)Furthermore, heterozygous huntingtin knockout mice

showed significant loss of neurongline globus pallidus and subthalamic nucl@®usky et al.,
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1999) Similarly, conditional knockout of huntingtim mice results in progressive motor
phenotype and neurodegeneratibmagatsis et al., 2000)nterestingly, the wide distribution of
huntingtin proteinis not reflected in the toxic activity of mutant huntingtin, as the
neurodegeneration in HD is highly selective and specifically targets medium sized spiny neurons

(MSNs)within the striatun{Imarisio et al., 2008)

Mutation in the huntingtin gene has been demonstrated to triggeassi@riated
neurodegeneration throughwide variety of mechanism@igure 1.3). Some evidence suggest
that the loss olvild-type huntingtin leads to disruption of critical cellular pathways that require it.
For examplehuntingtin is involved in the movement of mitochondria in neurons. In a conditional
knockout mouse model that expressmgnificantly lower levels of wildype huntingtin,
movement of mitochondria is impair€@rushina et al., 2004Besides mitochondria, huntingtin
promotes the vesicular transport of BDNF along the microtub(Bssithier et al., 2004)
Specifically, wildtype huntingtin interacts with huntingtassociated proteifh (HAP1) and the
p15@®subunit of dynactin. The inclusion of huntingtin in this complex enhances the transport
efficiency of vesicles containing BDNF, as reducing the levels of huntingtin by RNA interference
attenuates BDNF transport and results in neuronal death due tokha laeurotrophic support
(Gauthier et al., 2004)n addition to its transport, wiltype huntingtin increases the production
of BDNF by sequesteringepressorelementl transcription factorheuron restrictive factor
(REST/NRSF)n the cytoplasn@Zuccato et al., 2003This interaction prevents REST/NRSF from
relocating to the nucleus and binding tleuronrestrictive silencer elemen(BIRSE) locatedn
the promoter region of the BDNF ge(i#uccato et al., 2003Mutant huntingtin is less effective
at interacting with REST/NRSENd thus the loss of wiltype huntingtin results in the suppression

of BDNF gene transcription due to more REST/NRSF binding to N&Z8Ecato et al., 2003)
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Wild-type huntingtin has also been shown to sequester huntingghacting protein 1 (Hip), a
protein that in its free form can interact with Hipl protein interactor (Hifgpgctivate the pro
apoptotic caspase (Gervais et al., 2002; Kalchman et al., 19953 the polyglutamine tract in
huntingtin expands, it losses affinity towards Hifgading to increased formation of the Hippi
Hipl complex and triggering apoptotic pathwd@authier et al., 2004)r'here is also evidence
that suggesthuntingtin binds and regulates the activity of cas{iagghang et al., 2006 Mutant
huntingtin has significantly weaker interaction with casg@asmsd consequently increases cell

death in response to stress stinfdhang et al., 2006)

In addition to the lossof will y pe hunti ngtinds beneficial e
the expansion of the polyglutamine tract may be associated with a gain of toxic fRrajioe
1.3). The insoluble aggregates formed from théeNninal fragments of mutahiuntingtin have
been shown to be capable of recruiting transcription factors such as-bévdilag protein(TBP)
and specificity protein ISP1) into their matrix, thus potentially interfering with their normal
activities and causing transcriptional dysregulaijpandles & Bates, 2004 Similarly, mutant
huntingtin complexes also trap witgpe huntingtin and key components of the vesicular
trafficking machinery, including kinesin and the p%8¢f subunit of dynactin, into insoluble
aggregateqTrushina et al.,, 2004)However, despite the observation that mutant huntingtin
aggregatesemoveimportant cellular proteins from the soluble pool, the overall impact of the
aggregates is still under debate as they also reduce the level of soluble mutant huntingtin fragments.
One study has shown thatneuronalcell death in tissue cultures can occur in the absence of
aggregate depositigisrrasate et al., 2004)In fact, the study demonstrated that neurons without
aggregatesre at higher risk of deattfrrasate et al., 2004 herefore, it is possible that the

formation of aggregates protects the cell by sequestering the more toxic protein, spestes
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notably theN-terminal fragments of mutant huntingti@onsistent with this hypothesimmultiple
studies indicate that interaction between mutant huntingtin proteins and other proteins can
significantly disrupt normalcellular functions. For exampleseveral studies have wo
demonstrated that the soluble form of mutant huntingtin can interact with transcription factors to
trigger transcriptionadlysregulationand nuclear targeting of mutant huntingtirvitro enhances

their toxicity (Peters et al., 1999\ ore specifically the expanded polyglutamine tract of mutant
huntingtin enhances its affinity for thenscription factor SP1 and TATA bindipgotein (TBP)
associated factdr130 (TAFII130) (Li et al., 2002; Shimohata et al., 2008%sociationof mutant
huntingtin to SP1 and TAFII130 inhibits thelrinding to DNA leading totranscriptional
dysregulation that occurs early in HD patigii@sinah et al., 200250luble mutant huntingtin also
disrupts gene transcriptiothrough interacting withcAMP response elemebinding protein
(CREB)binding protein (CBP), a histone acetyltransferase that functions as an important
transcriptional ceactivator,ata muchhigher affinity than wildtype huntingtirand promoting its
degradation via the proteasomal pathy@gng et al., 2005)Suppression of CBP activity leads

to histone hypoacetylatioand heterochromatin formation. Indeediministration of histone
deacetylase inhibitors attenusiteeurodegeneration caused by the polyglutaroor@aining
domain of mutant huntingtin in drosoph{ateffan et al., 2001¥ther transcription factors whose
function is disrupted by the binding of soluble mutant huntingtin include TATA box binding
protein (TBP)RNA polymerase Hassociating protein 30 (RAP30) and CAAT box transcription

factor NFY (Labbadia & Morimoto, 2013)

The Nterminal fragment omutant huntingtin also directly associates with mitochondria
and impairs its association with microtubilased transport proteimsvitro (Orr et al., 2008)In

fact, the presence of mutant huntingtin fragments can directly reduce the velocitychondrial
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transport despite physiological levels of wiljgbe huntingtin(Orr et al., 2008)Moreover, the
association of mutant huntingtin fragments with mitochondria increases withndgeorrelates

with disease progression in HD mi@@rr et al., 2008)There is also evidence that suggest mutant
huntingtin fragmentiterfere with the function of electron transport chain complexes Il and lll,
which correlates with thdefects in energy metabolism and exacerbated oxidative damage in HD
brains(Solans et al., 2006Another aspect that is impaired by mutant huntingtin expression is the
proteosome degradation pathway, as there is an accumulatigsirad 48linked polyubiquitin

chain in the brains of HD patients and mouse models of(Bdhnett et al., 2007)However,
mutant huntingtin oligomers do not appear to inhibit the activity of proteasome directly, but instead
simply overwhelm theproteosome and causes an inadequate removal of misfolded proteins
(Labbadia & Morimoto, 2013)Another study suggests that autophagic degradation of bulk
proteins is impaired in HD as well. This appears to be caused by a deéffiecability of autophagic
vacuoles to trap cytosolic cargo in their lumen despite normal rate or even enhanced rate of

formation and eliminatioMartinezVicente et al., 2010)

Collectively, mutant huntingtican trigger cell death througlisruptinga wide variety of
critical cellular functions, from gene transcription to protein degradation. However, it is unclear
the exact mechanism(s) by which mutant huntingtin selectively tavifelds of the striatum in
HD. The identification of such mechanism represents a critical step in the development of

therapeutic strategy for treating HD patients.
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Figure 1.3 Neurotoxic Effects of Mutant Huntingtin. Mutant huntingtin interacts with
MGIuR1/5 anddecouples mGIuR1/5 signalling from IP3 formation througKkC-mediated
mechanisms. Mutant huntingtin sensitizes NMDA recegdeading to increased influx of €a

into the neurons. Mutant huntingtin also interacts and sensitizes IP3 receptorgdoplasmic
reticulum ER), leading to increased release of Geom intracellular storages. Insoluble mutant
huntingtin aggregates traps transcription factor into their matrix, decreasing their availability for
proper transcriptional regulation. Soluble mutant huntingtin interacts with transcription tactors
directy trigger transcriptional dysregulation. Mutant huntingtin can also disrupt mitochondrial
function and transport. Furthermore, axonal transport of BDNF is impaired due to mutant
huntingtin interfering with vesicular trafficking machineAbbreviations:CBP,cAMP response
elementbinding proteirbinding proteinmGIuR1/5, metabotropic glutamate receptor 1/5; NMDA,
N-methytD-aspartate SP1, specificity protein 1 TAFII130, TATA binding proteirassociated
factor 1113Q TBP, TATA binding protein The figure is created using BioRender.
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1.5Mouse Models ofHD

The creation of mouse models that replicate the clinical, pathological and biochemical
changes observed in HD patients is one of the most critical steps in the research of treatment for
HD. The earliestodentmodelsof HD are generated by direct injection of chemicals such as
monosodium glutamate, quinolinic acid and kainic into the striatum, which led to neuronal
degeneratiosthat are similar to those observed in B2al et al., 1986; Coyle & Schwarcz, 1976)
With the discovery of the CAG repeat mutation in the huntingtin gene as the cause for HD, various
genetic mouse models of HD hawew been created. Based on tlay in which thehuntingtin
mutation isincorporated into the mouse gengm®use models of HD can be separated into three
categories: i) transgenic mice that express a toxtieridinal fragment of human mutamintingtin
in addition to mouse wikdype huntingtin ii) transgenic mice that express full length human
mutanthuntingtinalongside mouswild-type huntingtin and iii) knockin mice with expanded
CAG repeats in their endogendugntingtingene(Ferrante, 2009)Transgenic HD mouse lines
that express thedérminal fragments of mutant huntingtin include the R6, N8Z@ and Tg100,
with the R6/2 line being the most extensively used (iaeshim & Bates, 2018Both R6/2 and
R6/1express one copy of a human mutant huntingtiedhinal fragment that containsthee n e 6 s
promotorsequence, exon 1 and part of intrgiMhangiarini et al., 1996)The R6/2 lindhas donger
CAG repeats (~150 vs 115) and higher expression (75% of endogenous leg&b)uhan the
R6/1 line(Menalled & Chesselet, 2002pue to the unstable nature of the CAG repeat length,
R6/2 mice used by different laboratories have varying lenggiolyglutaminetract. In general,
the R6/2 mice have been reported to develop motor and cognitive impairments as®adeks
of age followed by death at 10 weeks of 8denalled & Chesselet, 20Q2)his early age of onset

and aggressive phenotype progression make R6/2 micedsteutilizedmodel for HD research.
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However, since the R6/2 mice only expresses dariinal fragment of huntingtirthe role of
proteolytic cleavage on mutant huntingtin toxicity is not taken into consideration. Moreover, HD
in humanspredominantlyshows progressive decline starting at mieathe and thus, the R6/2

mouse model seems to be better suited for modelling the rarer juvenile HD.

More recently, transgenic HD mice expressing-ketigth human mutant huntingtin have
been generatedsing yeast artificial chromosome (YAC) and bacteria artificial chromosome
(BAC). In comparison to the R6 mouse lines, YAC and BAC HD mice show normal survival time
and disease phenotypes that progress steaddly several months. Both YACHD and BACHD
mice express multiple copies of human mutant huntingtin due to random integration, with YACHD
mice having 4 copies and BACHD mice having 5 cofffearshim & Bates, 2018)here are
multiple lines of YACHD mice with roughly 46, 72 and 120 CAG repeats, named YAC46, YAC72
and YAC128 respectively. Just like HD in humans, the severity of the disg@d8€ mice directly
correlates with the length of the CAG reped#tsth YAC46 and YAC72mice only showmild
behaviouratnormalities wherea¥ AC128 micecanshow robust motor and cognitigdeficits as
early as 4 weeks of age. Furthermore, YAC128 mice are available on both C56BL/6 and FVB/N
background strains, with the FVB/N strain showing more vulnerability to-asldciated
neurodegeneratiofVan Raamsdonk et al., 200ytoplasmic and intranuclear aggregates are
also observed throughout the brains of YAC128 mice, which is accompanied by widespread
neurodegeneratigayramWeston et al., 2012BACHD mice express full length human mutant
huntingtin with 97 CAG repeats under the control of huntingtin gene regulatory machinery on the
BAC (Gray et al., 2008 BACHD mice develop behaviour deficits progressively between the age
of 2 to 6 monthsThe decline in motor functioprecedes the neuropathology but occurs at the

same time as electrophysiological dysfunctionstriatal MSNs (Spampanato et al., 2008)
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Interestingly,the deposition of mutant huntingtin aggregates in BACHD migeadominantly
cytoplasme since EM48-positive nuclear inclusions are complete absent iir $teatum and
cortex(Gray et al., 2008)Both YAC128 and BACHD mice are resistant to somatic instability,
likely due to the presence of CAA codons interspersed within the CAG répaeghim & Bates,

2018) More importantly, both mouse models are poor choices for studying the effects of mutant
huntingtin on energy metabolism and weight loss, because both YAC128 and BACHD mice gain

weight whereas HD patients lose weight as the disease progiesssdsm & Bates, 2018)

Knock-in mouse models of HDn which the diseaseausing mutation is dirdgtinserted
into the mouse endogenous huntingtin gesaresenthe most genetically accurate models of HD,
as they express the mutant protein in the correct genomic cdtexk-in HD mice are generated
in two ways: i) the normal mouse polyQ sequence is replaced with an expanded CAG repeats, and
i) entire exon 1 of the mouse huntingtin gene is replaced by exon 1 of mutant human huntingtin,
resulting in the creation of a chelic protein. The HdhQ150mice are generated using the first
approach and their huntingtin gecentains roughlyd50 CAG repeats and is unstable in gametic
transmission, leading to the generation of variother mouse lines with CAG repeat lengths
ranging from 50 to 365Compare to transgenic HD mouse models, the HdhQ150 mice show
cognitive deficits at 24 weeks of agedmotor deficits at around 40 weeks of dBeooks et al.,
2006) HdhQ150 mice alsdisplay widespread aggregat®rmation throughout the brain,
transcriptionaldysregulation in the striatum and reduced striatal vol(BagramWeston et al.,
2012; Woodman et al., 200 Feveral knockn mouse lines have also been generated using the
second method. For exampléethuntingtin gene oHdhQ111mice contains human exon 1
engineered with 111 CAG repedWheeler et al., 2000HdhQ111 mice show nuclear aggregate

depositionand neuronal atrophy in the striatum, but motor deficits do not appear until 24 months
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of age and only subtle gait abnormalities can be observed at tl{\&/bgeler et al., 20002Q175

HD miceis another knockn mouse model with a chimeric huntingtin gene and its human exon 1
contains 188 CAG repeatgMenalled et al., 2012)The zQ175 knockn mouse model is
particularly important for HD research as it is firat model to show robust phenotypes on a
heterozygous backgroundThe heterozygous background is of particular interest since
homozygosity is very rare in HD patients. Heterozygmus$ homozygousQ175 mice showene
dosagedependent progression @ertaindisease phenotypes, with heterozygmise exhibiting
decreased body weight and hypoactivity at a much later age than heterozygo{Mengled et

al.,, 2012)Removing the 56 neo cassette from the hul
the background strain to FVB/N led to the creation of the Q175FDN moug&baéehwell et al.,
2016) Q175FDN mice express higher levels of mutant huntingtin, have earlier age of onset
display more severand wider variety oHD-like symptoms thamther knockin HD models,

making them a valuable addition to HD resed®buthwell et al., 2016)

1.6 NMDA Receptor-Mediated Excitotoxicity in HD

Excitotoxicity has received considerable attention in the effort to determine why striatal
MSNsare selectively targeted in HD despite the ubiquitous expression of huntihginseveral
lines of evidence suppaitte excitotoxicity hypothesjsvhich stipulates thaéxcessive activation
of glutamate receptorbkely due to a combination of increased release of glutamate from eortico
striatal afferentsyeduced uptake by glial cells, hypensitivity of glutamate receptors and
pathological signalling downstream of glutamate receptor activation, |e&étio oMSNs in the
striatum. Early radioligantdinding studiesshow that there is disproportionate loss of NMDA
receptor in the striatum of symptomatic and-gyenptomatic HD patientAlbin et al., 1990;

Young et al., 1988)Around the same time, it was also demonstrated that direction injection of
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NMDA receptor agonist, such as quinolinic acid, into rodent striatum leads dkeéi[2sions in
whichMSNsare selectively lost but interneurons remain largely unaffé8teal et al., 1991; Beal

et al., 1986)Analysis of NMDA receptosubunit expression reveals decreased mRNA and protein
levels of NR2A and NR2B subunits in the striatum of HD mouse md@elgeda et al., 2001)
Furthermore, striatal neurons framansgenic mouse model of HD show increased sensitivity to
NMDA receptormediated cell death that directly correlates with the length of polyglutamine
repeatgShehadeh et al., 2006; Zeron et al., 2082sed on these observations, it appears that
striatalMSNs are more vulnerable to HBssociated neurodegeneration and lost preferentially in

HD patients due to their high expression of NMDA receptors.

More recent evidendadicates thatnutant huntingtin directly alters the activity of NMDA
receptors through multiple mechanisimbe postsynaptic density protein 95 (PSD95) interacts
with both wildtype huntingtin and the-@rminus of NMDA receptor to regulate the clustering of
receptor on the plasma membraf@un et al.,, 2001)Mutant huntingtin interferes with the
interaction between PSD95 and wilgbe huntingtin, which enhances thanding of NMDA
receptor to PSD95 and increase their activity to eventually trigger excitotoxic neurongdSieath
et al., 2001)Mutant huntingtin also changes the phosphorylation of NMDA receptdgsdsine
kinases. In cells expressing mutant huntingtin, the level of phosphorylated NR2B subunits is
increased due to higher activity of the &mily kinaseqSong et al., 2003Phosphorylation of
Y837 in NR1, Y842 in NR2A and Y1472 in NR2B stabilizes cell surface NMDA receptors by
blocking the binding of clathrin adapter protein-2Rand inhibiting NMDA receptor endocytosis
(Roche et al., 2001 onsistent with these results, NMDA receptor responsiveness is found to be
significantly increased in striatal neurons of multiple HD mouse mokiefact, he amplitude of

currens generated by NMDA exposure is higher in both-gyentomatic and symptomatic HD
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mice (Raymond, 2003)Enhanced NMDA receptor activityesults in higher basal intracellular

C&* levels and stronger calcium responpen NMDA exposur¢Raymond, 2003)

Some studies have suggested that the specific vulnerability of medium spiny neurons in
HD is caused by the subunit compositioriredfir NMDA receptors. SpecificallyyiISNsexpresses
the NR2B units at a much higher level than other NR2 sub(Rigby et al., 1996)In fact, the
ratio of NR2B to NR2A is significantly higher in the striatum than in the hippocampus and cortex,
two brain regions thaaremuch less vulnerable in HIRaymond, 2003)In cell cultures, mutant
huntingtin expression increases the current through NMDA receptors composed of NR1/NR2B
subunits, whereas NMDA receptors with NR1/NR2A subunits show similar levels of cufremt
co-expressed with either mutant or wilghe huntingtifChen et al., 1999)urthermore, cells eo
transfected withmutant huntingtin and NR1/NR2B NMDA receptors are significantly more
vulnerable to NMDAinduced cell death than cells-tansfected with mutant huntingtin and
NR1/NR2A NMDA receptorgZeron et al., 2001NMDA receptorantagonisthat are selective
for the NR1/NR2B receptor subtype are just as effective as MK801, an inhibitor that targets both
NR1/NR2A and NR1/NR2B receptor subtypes, at protecting striatal neurons from NMDA
induced cell deatfZeron et al., 2002Finally, in cerebellar granule neurofrem wild-type and
HD mice NMDA exposure induced similar levels of cell death as these neurons only express

NMDA receptors containing NR2A and NR2C subufitallano et al., 1996)

Recentstudieshave begun to distinguishthe role of synapticNMDA receptors from
extrasym@ptic NMDA receptors. The earliest piece of evidence supporting this line of thought
comes involves the demonstratittmat Ca?* entry though synaptic and extrasynaptic NMDA
receptors have the opposite effect on CREB activity and BBRfFessior(Hardingham et al.,

2002) In hippocampal neuronsstimulation of synaptic NMDA receptors triggered
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phosphorylation of CREB at seriti®3, increasedCREB activity in the nucleus and induced
BDNF gene expressiqitiardingham et al., 2002n contrast, activation of extrasynaptic NDMA
receptors via glutamate bath initiated a dominant shut off signal for CREB activity, as
phosphorylation of CREB at serine 133 rapidly decafiddrdingham et al., 2002)More
importantly,extrasynaptic NMDA receptors in hippocampal neurons are predominantly composed
of NR1 and NR2B subunits, whereas synaptic NDMA receptor contains a mixture of both NR2A
and NR2B(Hardingham et al., 2002)herefore, hie selective inhibitor of NR2Bontaining
NMDA receptor ifenprodilprevented initiation of the CREB shotf pathway by extrasynaptic
NMDA receptorgHardingham et al., 2002Similar results were also obtaineadrimary cortical
neurons in which selective activation of extrasynaptic NMDA receptors did not activate beneficial
extracellular signategulated kinase (ERK) pathways like synaptic NMDA receptors but instead
triggeredmitochondrial dysfunction and cellular dama@eveille et al., 2008)Furthermore,
synaptic NMDA receptors boost antioxidant defense in rat neurons, but activatiothafynaptic

and extrasynaptic NMDA receptors simultaneously blocks this proltessnsgenidHD mice
expressing fulength human mutant huntingtin, there is increased expression ofR&R&ining
extrasynaptic NMDA receptors in the striat@®ilnerwood et al., 2010)This is accompanied by
augmented extrasynaptic NMDA receptor signalling at ages beforafterdphenotype onset
(Milnerwood et al., 2010)Treatment of the HD mice with low doses of the weak NMDA receptor
antagonistmemantine which preferentially targets extrasynaphiviDA receptor signalling,
rescuedheir motor learning deficifMilnerwood et al., 2010)A later study expanded upon this
discovery and showed that low doses of memantine reduces extrasynaptic NMDA receptor
expression, rescaeCREB shutoff and blocks excessive activation of p38 mitogmetivated

protein kinases (MAPK) in transgenic HD mid2au et al., 2014)
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Collectively, ample amount of evidence has shown that dysregulation of NMDA receptor
signallingin HD contributes tdhe selective loss dISNsand plays a key role e pathogenesis
of the disease. Therefore, multiple therapeutic agents targeting NMDA receptors have been tested
for treatment of HDNMDA receptor antagonists including amantadine, memankieamine,
milacemide, remaceide and riluzblave been gone through clinical trifan & Raymond, 2007)
Amongst them,amantadine and memantine showed promising results in preliminary studies
(Beister et al., 2004; Heckmann et al., 20@th amantadine and memantiagee weak, non
competitivebut highly selectiveNMDA receptor antagonisté_ipton, 2006) These properties
greatly enhance the clinical tolerability of the two drugs by allowing them to limit the pathological
hyperactivity of NMDA receptors, especially at the extragtinasites, while sparing normal

synaptic activitiegLipton, 2006)

1.7 AMPA and Kainate Receptors in HD

While NMDA receptors have received the most amount of attention in HD research, some
evidence also show that deficits in AMPA recepsanvolved in HD. In postmortem HD brains,
the expression of AMPA receptor GIuA2 subunit is significantly reduced jpuitaenen compared
to control levelgFourie et al., 2014)n contrast, the levebf GluA2 expression in hippocaralp
dentate gyrus, CAl area and CA3 ameaained similar between HD and healthy bréfsurie
et al., 2014) Furthermore, expression of mutant huntingtin in neuronal cultures reduced the
amplitude and frequency of AMPA receptoediated excitatory postsynaptic current, whereas
expression of wildype huntingtin increased botfMandal et al., 2011)Similarly, AMPA
receptormediated synaptic transmission is impaired in a transgenic mouse model of HD. It appears
that mutant huntingtin disrupts thwafficking of AMPA receptors by interfering with HAP1 and

kinesinrelated protein 5 (Kif5), as the complex of GluA2/Kif5/HARIfound to be dissociated

25



from microtubules in trargenic mouse model of HMandal et al., 2011)A recent study in 2009
showed that upregulating the activity of AMPA receptors through the use of positive allosteric
modulators (PAM) can normalize BDNF levels, rescue syngjdsticity and improve longerm
memory in knockn mouse model of HIPSimmons et al., 2009More longterm treatment with
AMPA receptor PAM in R6/2 HDOmice slows the progression of HD phenotypbbcks the
decrease itotal striatal aregprevensthe loss of striatal neurons aretiuces the size of huntingtin
aggregateéSimmons et al., 2011lf was dso revealed that decreased BDNF leuelHD impairs
BDNF-Tropomyosinreceptor kinase B (TrkB) signalling, which subsequently contributes to the
dysregulation of AMPA receptor surface diffusi@@hang et al., 2018)mpaired BDNFTrkB
signalling reduces interaction between transmembrane AMPA receptor regulatory proteins and
PSD95(Zhang et al., 2018)This prevents the accumulation of AMPA receptors at synapses
following synaptic potentiation stimuli, leading to poor actiugpendent synaptic plasticity in

HD (Zhang et al., 2018)Restoring BDNF levels with the antidepresstaheptine rescues
hippocampal plasticity and hippocampiependent memory function in transgenic HD mice
(Zhang et al., 2018 herefore, disruption of AMPA receptor function can contribute to cognitive

impairments and psychiatric disturbances in HD patients.

Compared to both NMDA and AMPA receptptbe role of kainateeceptorsan HD is
much less cleaThe injection of kainic acid into the striatushrats caused biochemical changes
and neurodegeneration that mimic those observed in HD pdtiotke & Schwarcz, 1976karly
study showed thdtainate receptor binding is found to be significantly reduced in layer VI of
frontal cortex in HD brainfWVagster et al., 1994Furthermore, atudylinked genotype variations
in kainate receptor GKR2 subunitto age of onsetn HD patients(Rubinsztein et al., 1997)

However, a later study using a much larger sample found no evidence that polymorphism in the
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gene encoding GluKBas any significant effect on the onset of motor, cognitive and psychiatric
impairments in HD patienté.ee et al., 2012)GluK2 knockout miceloes not display more striatal
damage and motor impairments than wiide mice following treatment with-Bitropropionic

acid, a chemical that causes striatal metabolic failure and excitotoxic damage similar to those
observed in HO(Diguet et al., 2004)Nevertheless, GluK2 knockoumtice show earlier age of

death and motor symptoms afteniBopropionic acid injection, suggesting that Glug@ntaining

kainate receptorns still implicated in the neurodegeneration prodé&sguet et al., 2004)So far,
evidence indicate that kainate receptors, especially ones containing the GIuK2 subunit, plays a
complex role in the pathogenesis of HD. However, the mechanisngsjlying their contribution

to HD remains unclear. Therefore, better understanding of kainate receptor signalling in HD brains

may help the discovery of treatment for the disease.
1.8Group | Metabotropic Glutamate Receptors

In the 1990s, functional cloning studies led to the discovery of eight subtypes of mGIluRs,
which are subsequently divided into thig®ups based on the sequence homology and signal
transduction mechanisniBigure 1.1) The 4 splice variants of mGIuR1 and 2 splice variants of
MGIuR5 make up the group | mGluRs. Activation of mGIuR1 and mGIuRS5 is positively coupled
to the activity of phospholipase C (PLC), whicleaves phosphatidylinositd|5-biphosphate
(PIP2) into diacylglycerol (DAG) and inositdl4,5triphosphate (IP3JAramori & Nakanishi,
1992) Both DAG and IP3 can activate a varietysinalling pathwaysncludingrelease oCa*
from the ER due to the binding of IP3 to IP3 receptors on the ER sarfdcactivation of protein

kinase C (PKC) by DAGFigure 1.4 (Ribeiro et al., 2017)

In-situ hybridization studies reveal high levels of mGIuR1 mRNA inrierons of the

cerebellum, olfactory bulb, hippocampus, lateral septum, thalamus, globus pallidus
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entopeduncular nucleus, ventral pallidum, magnocellular preoptic nucleus, substantia nigra, and
dorsal cochlear nucleiShigemoto et al., 1992n comparison, mGIuR5 is found in tbkactory

bulb, anterior olfactory nuclei, olfactory tubercle, cerebral cortex, hippocampus, lateral septum,
striatum, nucleus accumbens, inferior colliculus, and spinal trigeminal r{&tigjemoto et al.,

1993) Interestingly, mGluR%ut not mGIuR1 mRNASs detectedn astrocytesand microglia

(Biber et al., 1999)Furthermore, while group | mGluRs are found in presynaptic terminals, they
are predominantlylocated in postsynapti@rminals at the periphery of the synaptic sitdhe

effects ofgroup | mGIuR activationis primarilyinvolved in postsynaptic excitatory respondes

fact, mMGIuRS5 physicallylinks with NMDA receptors through émer,SH3 and multiple ankyrin

repeat domains protei(SHANK), guanylate kinasassociated protein (GKAP) and PSD95
(Figure 1.4 (Abd-Elrahman & Ferguson, 2022The production of DAGand the release of
intracellularCa* downstream of group | mGIuR signalling lead to the activation of PKC, which
has been shown to increase NMDA receptor curigntsequentially activating tHecal adhesion
tyrosine kinase Pyk2 and Src protein tyrosine kinéBgire 1.4) (Lu et al., 1999; Nicodemo et

al., 2010) Pyk2 is located within the postsynaptic density and can recruitté&stbe NMDA
receptor complex to potentiate NMDA receptaurrent (Abd-Elrahman & Ferguson, 2022)
Another mechanism by which mGIuR5 activation can keadcreased NMDA receptor current
involvesCamKIl(Figure1.4d. 1t has been report e dheCGthrmmimal Ca mKI
tail and intracellular loop 2 of mGIuR5, and upon mGlesifulatedC&*r el e as e, Ca mK
dissociates from mGIuR® phosphorylate NR2BJin et al., 2013)mGIuR5 activation is also

linked to the activation of Fyn, another Src family protein that phosphorylates NR2B following
MGIuR5 activationAbd-Elrahman & Ferguson, 2022nterestingly, the activation of PKC by

MGIURS signallingalso lead to rapid desensitization of mGIUR5 due to fkdiated
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phosphorylation of mGIuR5 at multiple sit@ereau & Heinemann, 1998)ctivation of NMDA
receptor reverses PKRediated desensitization of mGIuR5 by activatingtein phosphatase 2B

(PP2B)/Calcineurin (CaN) to dephosphorylate mGl@Ragarsamy et al., 1999)

In addition to its effects on NMDA receptors, mGIuRS5 signalig®soinvolved in a wide
variety of other critical cellulapathwaysFor examplemGIuR5 has been shown to promote the
activity of extracellular signalegulated kinases 1/2 (ERK1/2), an important regulator of gene
transcription and protein synthesis through multiple independent pati{fvgyse 1.4). First,
PKC has been proposed @ctivatemitogenactivated protein kinadenaseqdMEK) to upregulate
the activity of ERK1/ZExton, 1999; Naor et al., 2000; van Rossum & Patterson, 200@)ever,
MGIuR5-mediatedactivation of ERK1/2 has also been shown to be resistant to PKC and PLC
inhibitors (Abd-Elrahman & Ferguson, 2022This is likely becausemGIuR5 signallingalso
facilitate ERK1/2 activation througkeparatenechanisms involvin@-arrestin 2and HomeKEng
et al., 2016; Mao et al., 2005; Stoppel et al., 20th7fact, it is reported thaERK1/2 needs to be
co-activated through both the PKGnd Homemmediated pathways t@hosphorylate two
transcription factors, [E-1 and CREB, that are important feFos expressiofMao et al., 2005)
Currently, the relative contribution of these pathways to mGluie8iated ERK1/2 activation

under normal physiological conditions or in neurodegenerative diseases is unclear.

Homer protein also plays an important role in linkingGIuRS signalling to the
phosphoinositide 3 kinases (PI13pghodtein kinase BAkt)/mammalian target of rapamycin (nTOR)
pathway(Figure 1.4). Specifically, upon agonist activatidhere is enhanced complex formation
betweermGIuR5 Homer andhe GTPasg@hosphoinositide 3 kinase enhancers (PIKE)han &

Lu, 2004; Rong et al., 2003Jhis leads to increased binding of PIKE to the p85 subunit of PI3K

and activation ofPI3K activity (Guhan & Lu, 2004) SubsequentlyPI3K convertsPIP2 into
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phosphatidylinositeB,4,5triphosphate, which in turn activates phosphoinositideendent

kinase 1/2 (PDK1/2|Porta et al., 2014PhosphatidylinositeB,4,5triphosphate also recruits Akt

to the cell membrane where it is phosphorylated by PDKR(@2ta et al., 2014)Akt is a key

regulator of many cellular pathways, with the mTOR signalling complex being one of its most
important downstream target thiays a central role in cell metabolism, growth, proliferation and

survival (Laplante & Sabatini, 2009)There is also evidence that suggetste activation of

MGIuR5 increasesthe DNAi ndi ng acti vity -@B) ,nua |l dckiame rfiaac ttorr
factorinvolvedin synaptic plasticityand longterm memory formatiofAlbensi & Mattson, 2000;

Mattson et al., 2000)-urthermore, mGIuR5 appears to activatedNB t hr ough sever al
pathways involving PI3K, PKC, ERK16nhdp38MAPK ( O6 Ri o r d a n.Ulematelg,the , 200
activation of mGIuRS5 likely leads to enhangatbsphorylatiorof thei n hi bi t or B (1 o
| @B kinase complex (1 KK), promoting i tNB- degr a
@ BIn cultured striatal neurons, mGIuRS5 activation caused a dynamic transactivation of epidermal
growth factor (EGF) receptdiFigure 1.4 (Yang et al., 2006)This event triggers increased
phosphorylation ofc-Jun Nterminal kinase (JNK), whictsubsequentlyphosphorylatesand

activates €Jun to enhance activator protein 1 ¢APmediated transcriptiofiYang et al., 2006)

Overall, mGIuR5 plays a significant role in synaptic plasticity, protein synthesis and gene
transcription through multiple @roteindependent and independent pathways. The vast
interacting partners and diverse signal transduction mechanisms of m@hake5t an attractive
pharmacological target for the treatment of neurodegenerative conditions. Indeed, there is now
substantial evidence that suggest aberrant mGIuRS5 signalling is involved in neurodegenerative
diseases such HD and targeting the receimgallosteric modulators can be highly beneficial

while minimizing side effects.
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Figure 1.4 Overview of mGIuRS5 signalling. Activation of mGIuRS5 stimulateB L Cté cleave
PIP2into DAG andIP3. IP3 triggers Cdrelease from internal storage®oth Ca&* and DAG
activate PKC, which activateddEK to promote the activity of ERK1/2PKC also facilitates
MGIURS5 desensitizatiofrurthermoremGl uR5 signal | i ng aeatrestm2at es EF
and Homemediated pathways, independent of PKC. mGIuRS5 is physically linked to NMDA
receptos via Homer, SHANK,GKAP and PSD95mGIuR5 sequentially activates Pyk2 &8t

via PKC to potentiate NMDA receptor curreh. addition, mGluR5stimulated C# release
activatesCaMKII, which can stimulate NMDA receptor activity. mGluR5aisolinked to the
activation of Fyn, another Src family kinase that can promote NMDA receptor activity. mGluR5
signallingenhances the activityf the PIKE/PI3K/PDK1/2pathway, leading to the activation of
Akt. Akt can activate mTOR to regulatell metabolism, growth, proliferation and survival
MTOR also phosphorylates ULK1 and inhibits its activitiloreover, mGIluR5 directly, or
indirectlyvia Akt,i n hi b i t-rsedide8 Khddphorylation and degradation of ZBTB16. This
consequently promotes the ubiquitination and proteasomal degradation of ATW&I4R5
activation leads to transactivation BIGF recepta;, which subsequently phosphorylates and
activates €Jun to enhance AR activity. Abbreviations: Akt, protein kinase ByP-1, activator
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protein 1 ATG14, autophagyrelatedprotein 14; CaMKIl, Ca2+/calmodulirdependent protein

kinase Il DAG, diacylglycerol;EGF, epidermal growth factoprERK1/2, extracellular signal

regulated kinase 1/Z5KAP, guanylate kinasassociated proteircG S K 3dlycogen synthesis

k i n a sMEK,3nfitogenractivated protein kinasenTOR, mammalian target of rapamycin;

NMDA, N-methytD-aspartate; PDK1/2 phosphoinositidelependent kinase 1/2PI3K,
phosphoinositide 3 kinasBIKE, phosphoinositide 3 kinase enhancetP2 phosphatidylinositol
4,5-bisphosphatelP3, inositol1,4,5triphosphatg PKC, protein kinase (®® L Cb phosphol i
C-b PSD95 postsynaptic density protein ISHANK, SH3 and multiple ankyrin repeat domains

protein ULK1, unc-51-like kinases 1 ZBTB16, zinc finger and BTB domairtontaining protein

16. The figure is created using BioRender.
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1.9 Metabotropic Glutamate Receptor 5 in HD

mGIuURS5 activation can greatly increase the intracellGl" concentration by triggering
its release from intracellular storage and enhandsflux via sensitizing NMDA receptors.
Since the disruption of calcium homeostasis and the resudtogotoxic damage is heavily
implicated in the pathogenesis of HD, mGIuRS5 has received considerable attention as a potential
pharmacological target for treating HBMGIURS is highly expressed in brain regions affected by
HD, includingthe striatum, cortex and hippocamp{&higemoto et al., 1993More importantly,
MGIuURS5 has been shown to interact with wige and mutant huntingtin as part of a complex that
includes the autophagy adapter protein optineurin and the small GTPaséARBb&)h et al.,
2005; Esseltine et al., 201 2his interaction appears to have functional consequences, as in striatal
cells derived from HdhQ111l HD micdP3 formation following mGluRSstimulation by
quisqualate is significantly hindered compared to striatal cells from control (Figere 1.3)
(Anborgh et al., 2005; Ribeiro et al., 2016urthermore, the decoupling of mGIuR5 signalling
from IP3 formation is mediated by PKC and inhibition of PKC activity restored IP3 formation to
normal levels(Ribeiro et al., 2010)Interestingly, PK@nediated desensitization of mGIuR5 is
actually protective against glutamateluced neuronal cell death and it is only present in
presymptomatic mice, suggesting that this is actually a compensatory mechanism and it is
gradually lost with age in HJRibeiro et al., 2010)A potential mechanism underlying the
protective effect of mGIuR5 desensitization may be the fachtignt huntingtin, but not witd
type huntingtin, can sensitize typ#&3 receptors located on the ER membrane, leading to elevated
C&* release upon mGIuR5 activatiffiang et al., 2003)n fact, treating R6/2 HD mice with the
MGIuR5 antagonist MPEP impravetheir survival time and rescgethe decline in motor

coordination(Schiefer et al., 2004 Consistent with these observatiotrgatment of HdhQ111
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mice with the mGIuR5 antagonist MTEP incresigeir locomotor activityRibeiro et al., 2010)
Moreover, genetic deletion of mGIuR5 in HAhQ111 mice impsdeir rotarod performance and

reduces the numbepof mutant huntingtin aggregates in their bréRibeiro et al., 2010)

Similarly, administration of the mGIuR5 negative allosteric modulator (NAM) CTEP in
zQ175 HD mice rescues their motor and cognitive impairn{@is-Elrahman et al., 2017The
improvements in disease symptoansaccompanied by decreases in neuronal apoptEspase
3 activity and mutant huntingtin aggregate deposifidrd-Elrahman et al., 2017 he reduction
in huntingtin aggregate burden appears to be facilitatedhbyactivation of two different
autophagy pathways. First, mGIuR5 antagonism leads to decreased inhibitory phosphorylation of
Unc-51-like kinases 1 (ULK1), which isn important regulator of autophagosome formation
(Figure 1.4) (Chan et al., 2007Active ULK1 forms a complex with autophagglatedprotein
13 (ATG13) andfocal adhesion kinase familpteractingprotein of 200 kDa (FIP200) at the
autophagic isolation membrane to promote the formation of autophagosomes and initiate
autophagy(Ganley et al., 2009)This reduction in ULK1 phosphorylation may fazilitated by
MGIuUR5 antagonism correcting enhanced PI3K/Akt/mTOR signalling in zQ175 mice, as mTOR
is well known to directly phosphorylate ULK®bd-Elrahman & Ferguson, 2019; Kim et al.,
2011) The second autophagy pathway activated by chronic CTEP administration involves
glycogen synthesis ki na sieontaifing prateinnlé (ZBTBI%)gpedr a n d
autophagyrelated 14 (ATG14jFigure 1.4) (Zhang et al., 2015¢BTB16is a part of multiple
cullin-RING-based E3 ubiquitirprotein ligase complexes that can ubiquitinate ATG14, a key
component of the vacuolar protein sorting 34 (VPS34) autophagic complex, to promote its
proteasomal degradatiq@hang et al., 20l15Ho we v e r GSK3b can phospho

S184/T2820 promote ZBTB1@&utoubiquitinatiorand lysosomal degradati@thang et al., 2015)
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Fur t her mo-medjatedGB8asphdrylation of ZBTB16 disrupts its bindingAbG14,

leading to increased availability of ATG14 to promote autoph@imang et al., 2015 CTER
mediated antagonism of mGIUR5 can activihiis autophagypathway by reducing inhibitory
phosphoryl ation of GSK3b, which resulted in
ATG14 and increased autophagic removal of huntingtin aggre@stesElrahman et al., 2017)
MGIuURS5 signding has also been linked to REST/NRSF, a key regulator of huntimgithated

gene transcriptiomnvhoseexpression is found to be dysregulated in fDccato et al., 2003)
REST/ NRSF expression i s r ecgteningattevdy adymGluRbe ¢ an
modulategshep h 0 s p h o r ydataninibyoSnc kinalgle fsouza et al., 2020; Grigoryan et al.,
2008) Both antagonism of mGIuRS5 signalling with CTEP in zQ175 HD mice and genetic ablation

of mGIuR5 in BACHD mice reduce REST/NRSF expression and increase expression of its target
geneqde Souza et al., 202@Fhronic mGluR&ntagonism also appears to promote CREB activity

to enhance the expression of cFos and BABd-Elrahman & Ferguson, 2019)

Despite ample evidence suggesting that mGIuRS5 signalling contributes to the pathogenesis
of HD and its antagonism may improve HD symptoms, it is important to consider that mGIuR5
can also play aeuroprotective role. In fact, several pathways downstreanG#fiR5 activation,
including ERK1/2 and Akt/mTORare important for cell survivahnd genetic knockout of
MGIuR5in miceleads toneurodegeneration similar to that observed in HD rf@@@valho et al.,

2019) Particularly, increased Akt activity is neuroprotective in HD since it has been shown that
Akt can phosphorylate mutant huntingtin at serine 421 and reduces nuclear accumulation of mutant
huntingtin fragmentgHumbert et al., 2002; Warby et al., 200B)deed, activation of mGIuR5

with its positive allosteric modulators (PAM) CDPPB and VU1545 prsteeturons against

glutamateinduced cell death through mechanism that is dependent on Akt actii2tina et al.,
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2013) Furthermoretreatment of BACHD mice with CDPPB increases both ERK1/2 and Akt
activation,enhances the level of BDNF mRNA adédcreases huntingtin aggregate formation
(Doria et al., 2015)These improvements are accompanied by normalization of memory deficits
and partial rescue of motor coordinati@oria et al., 2015)More recently, it was demonstrated
that another mGIuR5 PAM, VU0409551, can increase the level of mGIuR5 at the plasma
membraneThis consequently increasthe expression of several genes important for synaptic
plasticity, includingBDNF, cytoskeletahssociated protein (Arc/Arg3.1}Fos, syntaxin 1A and
PSD95 (Doria et al., 2018)VU0409551 treatment for 8 days in BACHD mice also fully rescues
their memory deficits and increases the density of mature dendritic spines and presynaptic
terminals in theihippocampugDoria et al., 2018)Interestingly, genetic ablation of mGIuR5 in
BACHD miceactuallyexacerbates some of the HBlated alteration&le Souza et al., 2022)ne
important characteristic of mGIuUR5 PAMs is their ability to bias mGIuRS5 signdbhirigvor the
activation of presurvival pathways over those that contribute to excitotoxicity. Indeed, both
CDPPB and VU0409551 are showrptomoteAkt phosphorylation without triggering an increase

in intracellularC&* concentrationgDoria et al., 2013)

Overall, considerable evidence indicates that mGIuR5 plays an important role in HD.
However, the exact mechanism(s) by which mGIuR5 influences the neurotoxic actions of mutant
huntingtin is still unclear. This is further complicated by the fact ttiabctivation of mGIuR5
appears to have a dual functiand is capable of activatingither presurvival or predeath
pathways depending on the type of drug. So fait) InGIuR5 NAMs and PAMbave proven to
be beneficial in multiple mouse models of HDhese are biased ligands that can favor the

activation ofspecific pathway overthe others Therefore, it igpossiblethat mGluR5allosteric
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modulators may be more effectivetaating HD symptoms than competitive agonist/antagonists

by selectively activating preurvival pathways and/or inhibiting neurotoxic pathways.

1.10Group Il Metabotropic Glutamate Receptors

Group Il metabotropic glutamate receptors, mGIuR2 and mGIpR3luR2/3) show
roughly 67%sequence homologynd distinctyet overlappingbrain distribution patternrhrough
in situ hybridization studies, mGIuR2 transcripts &mend to be abundanmh the hippocampal
dentate gyrus, main and accessory olfactory bulbs, cerebellum, thalamus and cerebral cortex of the
rat central nervous syste(@hishi et al., 1993aModerate levels of mGluR2 mRNA are also
found inneuronal cells of the septum, amygdala, striatum, globus pallidus, ventral pallidum and
subthalamic nucleu@hishi et al., 1993amGIuR3 MRNA is found in many of the same brain
regions, including the hippocampal dentate gyrus, main olfactory bulb, cerebellum, cerebral cortex,
amygdala, striatum, globus pallidus and ventral palli@@mshi et al., 1993bHowever, mGluR3
is not expressed in the accessory olfactory bulb, septum and subthalamic (Qbisbset al.,
1993b) Furthermore, mGIuR2 and mGIuR3 are located in differsgibns of the thalamus, with
MGIuR2 showing expression in the anterior, midline and intralaminar nuclei, whereas mGIuR3
MRNA is detected in the thalamic reticular nuclé@hishi et al., 1993b)One of the most
important differencebetweemrmGIuR2 and mGIuR3 distribution pattern is observed in glial cells.
MGIuR3 but not mMGIuR2 is expressed in astrogytes most prevalent glial cell tyg@bd-
Elrahman et al., 2023)n contrast, both receptors are present on microglia and oligodendrocytes
(Abd-Elrahman et al., 2023; Spampinato et al., 20E®)ally, in the hippocampus, cortex and
striatum, mGIURE arepredominantlylocalized to presynaptic terminals at the extrasynaptic sites

and to glial wrappings around the synap@&sralia et al., 1996; Shigemoto et al., 1997; Testa et
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al., 1998) However, low levels opostsynaptic mGIluR23 can be found in the cortex and in the

granule cells of the dentate gyrus molecular IgPetralia et al., 1996; Shigemoto et al., 1997)

mGIUR2/3 ar e coupl e dj proteinsiandntheip activationyinhikitsl adenyl
cyclase to limits the production of cAMPigure 1.5 (Niswender & Conn, 2010Dne of the key
downstream effectors of CAMP is protein kinase A (PK#hich plays a unique role in neuronal
development, synaptasticity and neurogenesis. More importandigtivation of mGIuRZ3 by
agoniss reduces postsynaptic glutamate excitatory postsynaptic potef8ei®epp, 2001)
Specifically, pontheiractivationt he b an d pootemmediatathe tnhibatidn ofvoltage
gated calcium channels and activatep®teincoupled inward rectifying potassium channels
(GIRK) to inhibit glutamate release into the synaptic c{éfgure 1.5 (Ribeiro et al., 2017,
Schoepp, 2001; Sharon et al., 19%tivation of group 1l mGIuRs, likely mGIluR3, with selective
agonists also reduces glutamatehe synapses by facilitating its uptake by astracykais is
mediated bynGIluR3 positively modulahg the expression of glial glutamasespartate transporter
(GLAST) andglutamate transporter (GLT-1) in astrocytegFigure 1.5 (Aronica et al., 2003)
The ability of mGluR30 modulate glutamate transporter expressgicastrocytds facilitated by
its downstream signalling througthe ERK/PI3K/ NF a B p E@Atohioa sl al., 2003)
Furthermore, the activation of mGIuR3 in astrocyte has been linkedreEasegroductionand
releasef neurotrophic factors such as transfor mirt

neurons from excitotoxic cell deathRigure 1.5 (Bruno et al., 1998)

MGIuR2/3 also playan important role in regulating the activity of NMDA receptors in
neurons(Figure 1.5. In pyramidal neurons of thprefrontal cortexactivation of mGIluR2/3
increases PK@ependent phosphorylation BIMDA receptor containing the NR2A subunits,

leading to enhanced currents through NMDA recep{dyszkiewicz et al., 2004)Similarly,
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activation of mGIluR2/3 in hippocamp@A1 pyramidal neurons alsnediateshephosphorylation

of NR2A-containing NMDA receptarby Src family kinasegTrepanier et al., 2013ppecifically,
MGIuR2/3 signalling inhibits theAMP-PKA pathway, which decreases the phosphorylation of
C-terminal Src kinase (Csk) by PKA and consequently prevesik from phosphorylating Src and
keeping it in an inactive conformatigmrepanier et al., 2013InGluR2/3also directlymodulates

the exocytosis of NMDA receptors at postsynaptic sitésproposed thatcdivation of mGIuR2/3
enhances the activity of Rab4 and its interaction with syntaxin 4 (Stx4) to promote the formation
of SNARE complex containing Stx4 amsgnaptosomassociated protein 25%5KNAP-25) at the
postsynaptic siteand increase the delivery of NMDA receptto the postsynaptic membranes
(Cheng et al., 2013Moreover, mGluR2/3 activation directly increases the expressibiviDA
receptors and potentiates NMBAnduced currents via modul ating
pathway(Xi et al., 2011) In addition toNMDA receptors, evidence also suggest that mGluR2/3
signalling can also influence the activity of AMPA receptorgamsication of mGIuR2/3 agonists

to cultured prefrontal cortical neurons elevates the surface and total expression of AMPA receptors
through ERK1/ 2 and G&KWedl.HWapqeadl.|2018)gtergstanglyh way s
it has also been reported that mGluR2/3 antagonism can increase mTORngjgaslmeasured

by higher levels of phosphorylated mTOR, p70S6 kinase anBPRIE as well as ERK1/2

phosphorylation in rat prefrontal corté@wyer et al., 2012)

Therefore, mGIuR2/3 can regulate a var@tgigndling pathways at both presynaptic and
postsynaptic terminals. They also have wide distribution through out the central nervous system
and modulate different signalling pathway depending on the region and cell type. This makes them
attractive pharmacologitdargetsfor treating many neuropsychiatric amg¢urodegenerative

diseases, particularly those in which abnormal glutamate signalling plays a significant role.
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Figure 1.5 Overview of mGIuR2/3 signalling. mGIuR2/3 arepredominantly located on
presynaptic terminals but can also be found on postsynaptic terminals and in glial cells. Activation
of presynaptic mGIuR2/3 inhibits adenyl cyclase viad&d reduces the level of CAMP s &
subunits inhibit VGCC and activate GIRK to limit the release of glutamate from presynaptic
neurons. Irastrocytesactivation of mGIluR upregulates surface expression of GLT1 and GLAST
and increase the production of neurotrophic factorBostsynaptic mGIuR2/3 increase the
phosphorylation of NMDA receptsthrough activation of PKC and Src. Postsynaptic mGIuR2/3
al so regulate the activity of the Akt/ GSK3D
and AMPA receptors. Furthermore, mGRIB can directly increase NMDA receptor exocytosis
and upregulate its surface expression at postsynaptic sites through interaction with Rab4, SNAP
25 and Stx 4. Abbreviation&C, adenyl cyclaseikt, protein kinase BGIRK, G-proteincoupled

inward rectifying K channels GLAST, glutamateaspartate transportelGLT-1, glutamate
transporter; GSK 3gbl y c o gen sy n PKCapsotein lknase ARKE, pratdin kinase

C; SNAPR-25, synaptosomassociated protein 25tx4, syntaxin 4 VGCC, voltagegated calcium
channelsThe figure is retrieved frori et al., 2022a

40



1.11Group Il Metabotropic Glutamate Receptors in HD

As previously describedonsiderable evidence implicagxcitotoxicity as one of the key
factors in the pathogenesis of HD. Since mGluR28expressed on cortistriatal presynaptic
terminals and camodulate thelevels of glutamate in the synap through several different
mechanismsactivation of mGIluR2/30 reduce theavailability of extracellular glutamate and
postsynaptic glutamate signalling has bpesposedas a potential strategy to treat HB fact,a
study reveals that mGluR2/3 ligand binding is lower in R6/2 transgenic HD mice compared to age
matched controls due to decreased expression of mGluR2/3 riB&N¥et al., 1998)This suggest
that glutamate release may be dysregulated in HD due to the loss of mGlnB2é&RI, early in
vitro studies demonstrated that selective agonists of mGIluR2/3, sueR@&1, 4C3HPG and
DCG-1V, can protect cultured cortical neurdinem excitotoxic cell deatl{Bruno et al., 1994;
Buisson & Choi, 1995; Buisson et al., 1998)milarly, the more potent and selectinegsluR2/3
agonists LY354740, LY379268 and LY389795 are all protective agtomstity induced by
NMDA, kainate and staurosporin&ingston et al., 1999)Furthermore, LY35474@artially
prevensapoptosis of CA1 hippocampal neurons under ischemic condfiamgston et al., 1999)
Interestingly, the neuroprotectivaffect of mGIuR2/3 agonists is enhanced in mixed cultures
containing both glial cedland neurons compared to pure neuronal culiigiegston et al., 1999)
Inhibition of RNA and protein synthesis also neutraitiee protective effects of LY354740
against NMDAinduced toxicity in vivo(Kingston et al., 1999)These results are consistent with
the observation that the neuroprotective activity of group Il mGIluRs is dependetiite on
production of neurotrophic factors by glial clBruno et al., 1998; Bruno et al., 199¥oreover,
it is shown that the neuroprotectiaffered by DCGIV treatment is not dependent on the
modulation of glutamate releagBuisson et al., 1996 However, there is also contradictory
evidencethat showed LY354740 at low concentratiaze not prevent the death of cultured
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cortical neurons upon NMDA exposui@ehrens et al., 1999Raising the drug concentration to
much higher levels results in partial protection against NMhuced cell deatfBehrens et al.,

1999)

While the mechanisms underlying the neuroprotective effects of mGIuR2/3 agonists
remains unclear, there is promising evidence that sugg€3tuR2/3 activation can improve HD
symptoms in preclinical studieB R6/2 transgenic HD micedministration of LY379268 a
low dosage (1.2 mg/kg) significantly increassurvival time and attenuaepathological
hyperactivity, but fas to rescue decline in motor coordination on the rotarod or reduce mutant
huntingtin intranuclear inclusigischiefer et al., 2004)ncreasing the concentration of LY379268
administered to its maximum tolerated dose 1f&§/kg) leads to a more diverse set of benefits,
including improved the rotarod performance, rescued striatal neuron loss and increased survival
time, in R6/2 HD micéReiner et al., 2012ayheseamprovements in R6/2 HD mice correlate with
increased BDNF production in layer V neurons of the motor cortex , which projects to the striatum,
ard a rescue of enkephalgontaining striatal neurorfReiner et al., 2012b) Y379268 treatment
also enhanagthe expression of substance P (SP) in SP striatal neurons, buteékigticorrelate
with the change in BDNF production, suggesting that LY373g&8menbenefits the two types
of striatal projedbn neuron through distinct mechanisifi®einer et al., 2012b)interestingly,
heterozygou8DNF knockoutin R6/1 HD mice exacerbates the loss of enkephalinergic neurons
but notSP neurongCanals et al., 2004Moreover, the infusion of exogenoB®NF rescues the
loss of enkephalinergic neurons but has no effect on the number of SP r{@amads et al., 2004)
Therefore, LY379268 treatment may improve HD symptoms in R6/2 mice through both decreasing

cortico-striatal glutamate release and increasing the production of BDNF. mGIuR3 is also
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expressed on some neurons of the striatum, thus it is possibleY8%#8268 also acts directly on

these neurons to protect them in 2sta et al., 1994)

Another nmechanism by which mGIuR2/3 activation can help reduce HD brain pathology
is through promoting glutamate reuptake by glial cétipostmortem brains oHD patientsthe
uptake of glutamate severely impaired, and the level of impairment inversely correlates with the
length of CAG repeatdHassel et al., 2008 onsistent with this observatigmystmortem brains
of HD patients andeveral HD mouse modestiow deficits in GLTL expression and function
(Huang et al., 2010; Lievens et al., 2008)rthermorethe expression of mutant huntingtin in
astrocytes reduces GLT expression, impairs glutamate uptake and triggerdilk¢éDneuronal
dysfunction(Bradford et al., 2009; Faideau at, 2010) As previously mentioned, mGIuR3 is
expressed on astrocytes and its activation increases the expression of betha@i TGLAST,
leading toincreased glutamate uptaK@ronica et al., 2003) Therefore, it is possible that
pharmacological activation of mGluR2/3 can also reduce glutamateegpesure by facilitating
its uptake from the synaptic cleft into astrocytes. In famttinuous administration of LY379268
via implanted osmotic pumps has been shown to increasel@jpression in the spinal cord of
SOD1G93A mice(Battaglia et al., 2015)Moreover, LY379268 treatment alsocieass the
expression glial derived neurotrophic factor (GDNF) in both SOD1G93A mice spinal cord and

cultured striatal neuror(8attaglia et al., 2009; Battaglia et al., 2015)

In summary, excitotoxicity due to an overabundance of extracellular glutamate appears to
play a key role in the preferential loss MSNs that takes place in HD braictivation of
MGIuR2/3 carreduce the concentration of extracelludutamate by preventing its reledsem
presynaptic terminals and promoting its removal by glial cells. Moreover, mGluR2/3 signalling is

linked directly to presurvival cellular pathways, such as enhanced expression of BDNF, which
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may also alleviate HD symptoms. Taken together, mGIuR2/3 activators appear to be a very

promising approach in mitigating HD pathology and symptoms.

1.12SexSpecific Differences inNeurodegenerativeDiseass

In recent years, growing amount of evidence suggests that sex can influence the
progression, age of onset and prevalence of multiple neurodegenerative diseases, including AD,
PD and amyotrophic lateralclerosis (ALS)(Hanamsagar & Bilbo, 2016)or instance, AD
disproportionatelyaffects women both in terms of occurrence and symptom seyeetyetti et
al., 2018) Currently, there are twice as many female AD patients as mvelldgn AD patients,
hippocampal atrophig observed to progress at a much faster rate in females than Ardkdsani
et al., 2016)Consistent with this observatighe rate otognitive decline is also higher in females
than maleqLin et al., 2015) Furthermore, male AD patients outperformed female patients in
several tasks designed to measlaeguage and semantic abilities, visuospatial abilities and
episodic memonfLaws et al., 2016)Interestingly, male AD patients exhibits higher mortality
than female patien{t.opezLee et al., 2022)in contrast, Pls muchmoreprevalent in men than
women, with the ratio of male to fema® patientsranging from 1.3 to 3.{Baldereschi et al.,

2000) Moreover, the age of PD onset is earlier in males by about two years and male patients
experience morgevere motor deficits and speech impairmé¢H@saxma et al., 2007; Miller &

Cronin Golomb, 2010)Similarly, ALS is also more promineahd onsetat an earlier ag@e man

than in womenMcCombe & Henderson, 2010)his is accompanied by higher expression of
several ALS risk genes ithe cortex, caudateand hippocampusf male patients than female
patientg Gershoni & Pietrokovski, 201 7/Recently, sexdependent differences were also observed
in HD patients, with female patients consistently showing more motor symptoms and self
reporting more depressive symptoms than m@liemtosh et al., 2021PDne study also indicates
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that femaleHD patientshavea lower age of onset than male patients, but this has remained
controversial since other studies report no-@gependent effect on age of ongebroud et al.,

1999; Hentosh et al., 2021)

The exact mechanigqis) underlyingsexdependent effects on the onset, progression and
prevalence of neurodegenerative dise&sanclear.ln postmortem AD brainsit was found that
amyloidb et a ( Ab) ol i gomer s, a lodyyintemea with mGloR% inc a |
male cortex and not in femalésbd-Elrahman etal., 2020a) Consi st ent wi th t
oligomers only interact with mGIuR5 in male AD mice as part of a ternary complex that contains
MGIuRS5, cellular prion proteinardlb ol i gomer s, which | eads to
(Abd-Elrahman et al., 2020aJ his interaction is not detected in female AD mice and consequently,
inhibition of mGIuR5 with its NAM CTEP only improves AD symptoms in male mice and not in
femalegAbd-Elrahman et al., 2020a)nother study shows that microglial microRNAs involved
in translational regulation are expressed in aspexific manner and removal of these microRNAs
leads to sexspecific microglial response to tgathology in AD micdKodama et al., 2020T here
is also evidence that suggesexhormones caimfluence neurodegenerative disease symptoms
and/or risks. For instance, the age of onset in female PD patients domtdiates with age of
menopause, and hormone replacement therapostmenopausal women redudbs risk of
developing PD(Currie et al., 2004; Frentzel et al., 2017; Song et al., 2020)eover, serum
testosteronappears to prevent early Ab deposition
neurodegeneration imale patientgLee et al., 2017) It is possible that sex hormone®dulate
neurodegeneratidoy targeting glial cells, sinc@ they express a wide variety of steroid receptors
on their cell surfacei) the expression of steroid receptors on giells is also often elevated in

neurodegenerative conditigrand iii)level and type of sex hormones are different between males
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and females, and the same hormones can also triggspseific signalling pathway&€howen &
GarciaSegura, 2021)ndeed, therés evidence showing that theaeesexspecific differences in

the activities of astrocytes, microglia and oligodendroc{@@®wen & GarcigSegura, 2021)

Unlike AD, PD and ALSthere is no significant difference in the prevalence of HD among
males and females, likely due to its autosomal inheritance pdtiewever,severalktudesusing
DNA samples from parestffspring sampleshow that paternal transmission of CAG repeats
often results in further expansions, wher€a#sG repeat through maternal transmission mainly
leads to contractio(Aziz et al., 2011; Kremer et al., 199%ome potential explanation for this
intergenerational CAG repeat stability include CAG repeats expansion occurs more frequently
during spermatogenesis or massive CAG repeats are more detrimental in oocyte than in
spermatocytéMeoni et al., 2020)Furthermore, the majority of juvenienset HD cases are linked
to paternal transmissiomhereas maternally inherited cases are more frequently associated with
later age of onsgMeoni et al., 2020)Men who inherited the disease from their mother also
appears to have slower disease progression than those who inherited it from theiiieoheet

al., 2020)

As mentioned previouslywo international cohort studies have shown that HD phenotype
is more severe in women than men, especiatfardingnotor and cognitive functior(&oroud et
al., 1999; Zielonka et al., 2013ex does not appear itdluenceneuropsychiatric symptoms, as
several European studies found no significantsgeecific differences in anxiety and depressive
symptomgDale et al., 2016; van Duijn et al., 2014nterestingly, several studigsanimal mouse
models showdifferent sexspecific effect compared to human data. For instance, in a study
conducted using transgenic HD mice, there was a lack of motor impairments in female mice but

not in malegBode et al., 2008)urthermorethe development of motor deficits in male mice is
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accompanied by a decrease in the numb&t®ifls (Bode et al., 2008 Another study found that
wheel runningn R6/1 HD mice, a task wedistablished to delay thedecline inhippocampal
dependent cognitive function and progression of motor symptmcreased the expression of
BDNF in the hippocampus of female but not HD m(£ajac et al., 2010)However, sexspecific
effects in HD mice seem to vary betwedifferentmodels. For example, one group showed that
femalehomozygoudHdhQ200 HD mice develop deficits in motor coordination at an earlier age
than their male counterparts, whereas only male and not féet@ikozygousidhQ350HD mice

have motor coordination impairmer{tSao et al., 2018b; Cao et al., 2019)

Sexcan also heavily influence tledficacy of therapeutic treatmerits neurodegenerative
conditions For example, studies have found tima&nrequirehigher dosages of levodopa, the main
therapy for PD, than women due to differences in pharmacokinetic, pharmacodynamic and body
weight (Kompoliti et al., 2002; Nyholm et al., 2010; Sharma et al., 208B§cifically, women
show higher levodopa plasma concentraiorslower levodopa clearance and greater
bioavailability (Arabia et al., 2002; Kompoliti et al., 2002; Martinelli et al., 2008)AD, it was
found that the cholinesterase inhibitoivastigmine delays the progression of cognitive
impairments invomen during the early stages, but preachore benefits for men in advanced
dementia(Ferretti et al., 2018)Furthermore, in several cohort studies based in the US, UK and
Finland, female AD patients are more likely to use antidepressants and anxiolytics than male
patients(Ferretti et al., 2018)So far, there have not been any studies that look aspseoific
differences in the effectiveness of treatmentHbrassociated symptoms. THepamine receptor
antagonist tetrabenazine has undergone several clinical trials as a potential treatment for HD

chorea, and it showed similar efficaapd side effects between men and worfMaoni et al.,
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2020) Similarly, olanzapine and risperidone are also equally effective in men and women at

treating choreatic symptonfsleoni et al., 2020)

Overall, sex has increasingbeen considered as an important variable ¢hatinfluence
disease susceptibility, age of onset, symptoms progression and pathogenesis in a wide range of
neurodegenerative conditiorddoreover, sex catead to differences ithe selection and efficacy
of therapeutic treatment for different neurodegenerative diseases. However, the exact mechanism(s)
underlying these differences aoceirrently unclear and sex is still rarely considered during
preclinical drug development. A bettunderstanding of sespecific differences in brain structure
and function may help guide the development of innovative and personalized therapeutic option

for treating neurodegeneratideseases.

1.13 Rationale and Hypothesis

Excessive glutamatergic signalling and the resulting excitotoxicity contribute to
neurodegeneration in animal models of KRbeiro et al., 2017; Zeron et al., 2008)GluR2/3
and mGIuR can modulate presynaptic glutamate release and postsynaptic glutamate signalling,
respectively(Conn & Pin, 1997) Therefore, we hypothesized thatreducing glutamatergic
signalling by activating mGIluR2/3 or inhibiting mGIuR5 could rescuebehavioural ddicits
and improve neuropathology in zQ175 HD miceMoreover, increasing evidence suggests that
sex isacritical factorthat profoundly influence HD phenotype and neuropathology in both rodent
models and human patierf®ode et al., 2008; Dorner et al., 2007; Hentosh et al., 2024 have
also reportedexspecific differences in glutamate sigiad in AD mice (Abd-Elrahman et al.,
2020a) Thus, we hypothesized that sex could influence disease progression and the

therapeutic potential of mGIluR2/3 agonistsor mGIuR5 NAMs in HD mice.
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The specific aims of this thesis are: i) to investigateetfects ofmGluR2/3activation on
the behaviour deficits and neuropathologyrafie and female zQ175 HD mice, ii)ggamine
whethemGluR5antagonisndifferentially improvedHD symptoms and brain pathologymale
versusfemale zQ175 HD mice, and iii) to assess the impact of sex opréffpession in male

versus female FDNQ175 mice.
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Chapter 2

mMGIuR2/3 Activation Improves Motor Performance and Reduces Pathology in
heterozygous zQ175 Huntington6s Dise
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2.1 Abstract

Huntingtonds Disease (HD) is an autosomal
to progressive motor impairmentvith no available diseasmodifying treatments. Current
evidence indicates that exacerbated postsynaptic glutamatdisgyimathe striatum plays a key
role in the pathophysiology of HD. However, it remains unclear whether reducing glutamate
release can be an effective approach to slow the progression of HD. Here, we show that the
activation of metabotropic glutamate ret®p 2 and 3 (mGIluR2/3), which inhibipresynaptic
glutamate release, improves HD symptoms and pathology in heterozygous zQ1 7skmamk
Treatment of both male and female zQ175 mice with the potent and selective mGIluR2/3 agonist
LY379268 for either 4 or 8 weeks improves both limb coordination and locomotor function in all
mice. LY379268 also reduces mutant huntingtin aggregateat@mm neuronal cell death, and

microglia activation in the striatum of both male and female zQ175 mice. The reduction in mutant

huntingtin protein corr el d@adpendentwutophagy ppdthevay anc t i v

male, but not female, zQ175 miceurthermore, LY379268 reduces both Akt and ERK1/2
phosphorylation in male zQ175 mice but increases both Akt and ERK1/2 phosphorylation in
female zQ175 mice. Taken together, our results indicate that mGIuR2/3 activation mitigates HD
neuropathology in both ne@and female mice but is associated with the differential activation and
inactivation of cell signéing pathways in heterozygous male and female zQ175 mice. This further

highlights the need to take sex into consideration when developing future HDetht&rsap

Keywords: Glutamate, mGIuR, Sex, Autophagy, Huntingtin, Neurodegeneration, GPCR

Significance statement:The mGIuR2/3 agonist LY379268 improves motor impairments and

reduces pathology in male and female zQl1l75

LY379268 treatment in Huntingtonds mice were

in both sexesWe provide evidence that mGIuR2/3 agonists can be repurposed for the treatment
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of Huntingtonds di theimpodance afnndestigaing semastadislogcad

variable in preclinical disease modifying studies.
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2.2 Introduction

Huntingtonos di sease ( HD) S an aut os oma
characterized by premature loss of medium spiny striatal neurons (MSNs) that leads to progressive
motor disturbancg cognitive impairmersi behaviour difficulties and ultimately degiartin &
Gusella, 1986; Roos, 2010)he disease typically manifests at middtge and is caused by the
expansion of a polyglutamine (CAG) repeat in théeNminal region of the Huntingtin protein
(MacDonald et al., 1993 he proteolytic cleavage of polyglutamiagpanded huntingtin proteins
at their Nterminus results in the formation of cytoplasmic and intranuclear aggregates that
strongly correlatewith HD symptoms and severityAndrew et al., 1993; DiFiglia et al., 1997,
Furtado et al., 1996)Despite this weltharacterized cause and the feasibility of early genetic
diagnosis, the molecular mechanism(s) underlying HD pathogenesis remain poorly understood and

disease modifying treatments for HD are lacking.

Glutamate is the major mediator of excitatory transmission in the brain and considerable
evidence suggests that impaired glutamate uptake and glutenthaded toxicity contribute to the
selective loss of striatal neurons in HIEan et al., 2009; Hassel et al., 2008; Ribeiro et al., 2011,
Ribeiro et al., 2017) Previous reports indicate that the function of glutamate transfigrtee
primary glial glutamate transporter responsible for the uptake of about 90% of the extracellular
glutamate, is impaired in HD mic@ehrens et al., 2002; Huang et al., 201®oreover,
intrastriatal injection of glutamate and its analog kainic acid induces a similar pattern of enzymatic
changes, including large losses of glutamic acid decarboxylase and choline acetyltransferase in the
striatum, as those reported in HildcGeer & McGeer, 19765imilarly, theN-methytD-aspartate
receptor (NMDAR) agonist quinolinic acid causes striatal lesions that mimic the selective

depletion ofmedium spiny neurornseen in HD(Beal et al., 1991)Furthermore, genetic deletion
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of metabotropic glutamate receptor 5 (mGIuR5), a heterotrimeric G paapled receptor
(GPCR) highly expressed in the striatum, in a Q111 kio¢kD mouse model improveéotarod
performance and reduces the size of mutant huntingtin (mHTT) aggréBdieso et al., 2014)
Pharmacological blockade of mGIuR5 with the negative allosteric modulator CTEP in male zQ175
knockin (zQ175) HD mice also improves motor function, prevents neuronal cell death, and
promotes autophagic removal of mMHTT aggregéMd=l-Elrahman et al., 2017; de Souza et al.,
2020) Therefore, it is evident that reducing postsynaptic glutamatergidlangnean ameliorate

HD neuropathology and should be investigated as a treatment strategy.

MGIuR2/3 are mainly located @ortico-striatalpresynaptic terminals, and their activation
reduces excessive glutamate release via negative feedback mech@asms& Pin, 1997;
Ribeiro et al., 2017)Previous studies have shown that selective mGIuR2/3 agonists can protect
against NmethylD-aspartatenduced neuronal death vitro (Battaglia et al., 1998; Buisson et
al., 1996; Kingston et al., 1999nterestingly, a reduction in the expression of mGIuR2/3 is
reported in symptomatic R6/2 HD transgenic mice in the absence of detectable striatal neuron loss
(Cha et al., 1998)Furthermore, chronic administration of the maximum tolerated dose of the
MGIuR2/3 agonist LY379268 in R6/2 transgenic mice improves survival time and some motor
deficits, but the effects of LY379268 on HD neuropathology have not been investigated in HD
mice that better reproduce HD phenotyBeiner et al., 2012a; Schiefer et al., 2004ere is also
growing evidence that sex may influence HD phenotype and neuropathology in HD rodent models
and patient¢Bode et al., 2008; Dorner et al., 2007; Hentosh et al., 2021; Zielonka & Stawinska
Witoszynska, 2020)This is particularly important given that we and others have previously
reported sesspecific differences in glutamate siginah g 1 n  Adisedseand iz (Abil-s

Elrahman et al., 2020a; Padoviaeto et al., 2019)Therefore, it is of interest to study the disease
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modifying properties of mGluR2/3 agonists in the heterozygous zQ175 mouse model of HD that

better reflects the slow and progressive nature of HD pathology in both male and female mice.

LY379268 is a potent and selective agonist of mGIuR2/3 that was first developed in 1999
and showed a potent agonist activity towards both receptors with @mB@e low nanomolar
range (Monn et al., 1999)LY379268 did not produce any measurable effects on mGIuR1,
MGIuR5, mGIuR4, mGIluR7 and mGIuR8 at concentrations up to 10 pM, but showed weak agonist
activity towards mGIuR6 at high nanomolar concentratidfsnn et al., 1999)LY379268 has
also shown effectiveness in animal modeldH&f (Reiner et al., 2012a; Schiefer et al., 2004)
amyotrophic lateral sclerosis (AL@pattaglia et al., 2015) Par ki n s(Batt@gka etchl., s e a s e
2003) seizurgMoldrich et al., 2001and drug abus@ossert et al., 2005)mportantly, analogues
of LY379268 were found to be safe and welkrated in a phas2 clinical trial for schizophrenia
patientgImre, 2007; Patil et al., 2007/Based on the safety and efficanyother neurological and
neurodegenerative diseasege investigate whether targeted activation of mGIuR2/3 using
LY379268 improves HD symptoms and neuropathology in both male and female zQ175 HD mice.
We find that chronic treatment of zQ175 mice with LY379268 improves motor impas it
reduces mHTT aggregate pathology in both male and fdratdeozygougQ175 mice However,
we find that LY379268 activates and inactivates divergent cell Higggathways in male and
female zQ175 mice Our findings highlight the therapeutic potential of activating mGIuR2/3 in
HD and further implicate the importance of investigating sex as a biological variable in preclinical

diseasemodifying studiegShansky & Murphy, 2021)
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2.3 Materials and Methods

Reagents

(1R,4R,5S,6R%-Amino-2-oxabicyclo [3.1.0] hexané,6-dicarboxylic acid (LY379268;
2453) was purchased from Cedarlane (Burlington, Canada). Horseradish peroxidase (HRP)
conjugated antrabbit immunoglobulin G secondary antibody (G21234), HieRjugated aint
mouse secondary (G21040) and rabbit-&RK1/2 (627400) were from Thermofisher Scientific
(Waltham, USA). Rabbit anphosphep44/42 ERK1/2 (T202/Y2204, 9101S), aptiosphe
GSK3b (S9, -ploSphedks (5473, 8271S) and mouse a@iS K3 b (, aritBkR S)
(2920S) were from Cell Signalling Technology (Danvers, USA). Mousegéit{ab56416), anti
vinculin (ab29002) and rabbit axdBTB16 (ab39354), antinGIluR2/3 (ab6438) and aribhal
(ab178847) were from Abcam (Cambridge, USA). Rabbit-Amtt14 (PD026) was from
Cedarlane (Burlington, Canada). Mouse -&guN (ABN78) and antHuntingtin (clone mEMA48,;
MAB5374) were from Sigm&ldrich (St. Louis, USA). Rabbit anb-Tubulin (T2200) was from
SigmaAldrich. Reagents used for Western blotting were Ipased from BieRad (Mississauga,

Canada). All other biochemical reagents were from Sigidach (St. Louis, USA).

Animals

All animal experimental protocols were approved by the University of Ottawa Institutional
Animal Care Committee and were in accordance with the Canadian Council of Animal Care
guidelines. Animals were group caged and housed under a constamtirliiyht/cark cycle and
food and water were given ad libitum. Wiighe and Heterozygous zQ175 HD mice carrying ~188
CAG repeats expansions were obtained from the Jackson Laboratory and bred to establish

littermatecontrolled male and female wilype (Wt) and hetezygous zQ175 (zQ175) mice.
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Groups of 24 male and female Wt and zQ175 mice were aged to 12 months of age and 12 mice
from each group were treated with either saline or LY379268 (3mg/kg/day dissolved in saline).
Both saline and LY379268 were delivered via subcutaneously implantetl @dneotic Pumps

(2002) and pumps were replaced once 4 weeks after initial implantation. The drug dose was
calculated at the time of pump implantation according to body weight and is based on a dose range
that was proven to be tolerable and effective in@nophic lateral sclerosis (ALS) mi¢Battaglia

et al., 2015)All groups of mice were tested in a series of behaviour experiments after 4 weeks and
8 weeks of drug treatments. At the end of 8 weeks of treatment, mice were sacrificed, and the

brains were collected and randomized for biochemical experiments and astiainmg.

Behavioural analysis

All animals were habituated in the testing room for a minimum of 30 minutes before testing.

Al | behavioural tests were performed blindly

Forelimb grip strength

The grip strength of each mouse was measured using the Chatillon DEF 1l Grip Strength
Meter (Columbus Instruments). Mice were held over the grid of the instrument by their tails and
allowed to firmly grip the bar. The mice were then pulled horizontallyyawan the bar using
constant force and at a speed of ~2.5cm/s until they released the bar. Each mouse was tested 8
times with a break of 5s in between each trial and the values of maximal peak force were recorded

(Abd-Elrahman et al., 2017)

Open field test

Mice were individually placed in the bottel®ft corner of an opaque and illuminated (~300

lux) open field arena (45cm X 45cm X 45¢cm) and allowed to explore for 10 min. Activity of the
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mice were recorded by an overhead camera connected to a computer in another room. Total
distance travelled and velocity were calculated using the Noldus Ethovision sofiwmtie

Elrahman et al., 2017)

Rotarod test

Mice were introduced to the rotarod apparatus (IITC, Woodlands Hills, CA, USA) by
placing them on the rotarod at rest for 3 minutes on the first day. Faur-Bng trials were then
performed daily for two consecutive days using an accelerating protocol (from 5 to 45 RPM in 300
seconds) with 10 minutes of rest between each trial. Any mice remaining on the rotarod after 300
seconds were removed and the time scored as B08sage of the latency to fall obtained from

the four trials of the second day was used for analp&id-Elrahman et al., 2017)

Horizontal ladder test

The forelimb and hindlimb coordination and placement of the mice were tested using a
horizontal ladder. The mice were required to traverse a horizontal ladder with a total of 121
regularly (1 cm apart) and irregularly (8.8.5 cm apart) spaced metal rgrn(@.15 cm in diameter
and 2 cm from the bottom of the wall). The mice were first trained (1 trial) and then filmed crossing
the ladder for 4 trials using higkdefinition camera. The time to finish the task and the number
of successful and missed stepsridg the two best consecutive trials were quantified and

percentage error was calculat@dd-Elrahman et al., 2017)

Immunoblotting

Mouse brain was dissected, and striatum was lysed-oicdysis buffe[25 mM HEPES,
300 mM NaCl, 1.5 mM MgG| 0.2 mM EDTA, 1% TritorX] containing protease inhibitors

cocktail (100 uM AEBSF, 2 pM leupeptin, 80 nM aprotinin, 5 uM bestatin, 1.5 pS#ERENd 1

59



OM pepstatin A) and phosphat ase iTissheidebristwasr s ( 1 (
pelleted and removed by centrifugation twice at 20,000 xg at 4°C for 10 minutes. Supernatants
were collected and their protein concentrations were measured using Bradford Protein Assay (Bio
Rad). Homogenates were diluted to a protein eotration of 1 pg/pL in a mix of lysis buffer and
b-mercaptoethanatontaining 3X loading buffer and then boiled for 10 minutes at 90°C. Aliquots
containing 50 g of total protein weresolved by electrophoresis on 7.5% Siaf/acrylamide

gels and transferred onto nitrocellulose membranesR&ib). Blots were blocked for 1 hour at
room temperature in truffer saline (pH 7.6) containing 0.05% Tween 20 (TBST) containing 5%
nonfat dry milk. Blots were incubated overnight at 4°C with primary antibodies diluted (1:1000)

in TBST containing 1% necfat dry milk. Blots were washed 3 times (5min/wash) with TBST the
next day and incubated with améibbit/mouse secondary antibodies (1:500@)ted in TBST
containing 1% noffiat dry milk for 1 hour at room temperature. Blots were washed again in TBST
and then bands representing our proteins of interest were detecte8upar§ignat West Pico

PLUS Chemiluminescent Substrate using-Bad chemiluminescenc@bd-Elrahman et al.,

2020b; AbdElrahman et al., 2018; Guptaadt, 2019)
Immunohistochemistry

One hemisphere of each brain sample was fixed inpdfaformaldehyde and then
transferred to 70% ethanol for storage at 4°C. The samples were embedded in paraffin and then
coronally sectioned through the striatum at a thickness of.55gtions were then incubated with
the mouse monoclonal EM48 antibody 1:100, Neuronal Nuclei (NeuN) antibody at 1:1500, or
IBA1 antibody at 1:8000 dilution for 30 minutes at room temperature and detected using an HRP
conjugated compact polymer system. Slides were therestasing 3,3Diaminobenzidine (DAB)

as the chromogen, counterstained with Hematoxylin, mounted and cover slipped. Slide were
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scanned using a Leica Aperio Slide scanner at 20x and the number of EM positive aggregates,
NeuN or Ibal positive cells were counted in representative 9G0apeas of the striatum. Six
sections per mouse were analyzed and for each section 2 ROIs in the striatum were quantified

(Abd-Elrahman et al., 2020b; AbdIrahman et al., 2017)
Statistical analysis

Means =SEM for each independent experimensi®wn in the various figure legends.
GraphPad Prism 9 software was used to analyze the data for statistical significance. Statistical
significance was d-&esterranserinaseofl 2 (btrgin) 8 2 (ddi@ tettrdent) t
Analysis of Variance ANOVA ) , f ol |l owed by Fisheroés | east si
determine the source of significant interactions. Statistical details of individual experiments are

indicated in figure legends.
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2.4Results

2.4.1LY379268 treatment rescued motor deficits in both male and female zQ175 mice

To investigate the potential role of psgnaptic regulated glutamate release in HD
progression and pathology, we first tested whether mGIluR2/3 activation would rescue motor
deficits in symptomatic heterozygous male and female zQ175 mice. Fmeln#rold male and
female wildtype and heterozygous zQ175 mice were treated with either saline or the mGIuR2/3
agonist, LY379268, using implanted osmotic pumps (releasing drug at a rate of 3mg/kg/day) and
their motor and locomotor performance were assessed afteelds (13monthold) and 8 weeks
(14-monthold) of drug treatmentBoth salinetreated 13 and 14monthold male and female
zQ175 mice showed significant impairment in fore limb grip strength compared-taraysex
matched, salinéreated wildtype mice Figure 2.1A and 2.1B). LY379268 treatment for either 4
or 8 weeks resulted in a significantprovement in grip strength in both male and female zQ175
mice when compared with salitieeated counterpart&igure 2.1A and 2.1B). When tested on an
acceleratg rotarod, salin¢reated male and female zQ175 mice spent less time on the rotarod
when compared to agand sexmatched wildtype controls figure 2.1C and2.1D). LY379268
treatment for both 4 and 8 weeks improved the performance of both male and female zQ175 mice
to a level that was comparable to agad sexmatched, salingreated wildtypes Figure 2.1C
and 2.1D). However, LY379268 treatment for either 4 or 8 weeks did not result in a statistically
significant improvement in rotarod behavior in male zQ175 mice when compared tetisdiee
male zQ175 mice, although there was a trend towards behavior phenotype improvement that could
not be addressed by prolonging drug treatment due to ethical nsrf€igrure 2.1C and 2.1D).

In contrast, LY379268 treatment of female zQ175 mice for either 4 or 8 weeks resulted in a
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significant improvement in rotarod performance when compared to $edmted female zQ175

mice Figure 2.1C and2.1D).
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Figure 2.1. LY379268 improves grip strength and rotarod performance in male and female

zQ175 mice.

Mean + SEM of grip strength [graforce (gf)] after 4 week§A) and 8 weekg¢B) of treatment
with saline or LY3792683mg/kg/day subcutaneously via osmotic pump) efrighthold zQ175
and wildtype (Wt) maleand female mice (n= 112 for each group). Mean + SEM of latency to
fall (sec) from accelerating rotarod after 4 we@Rsand 8 weekg¢D) of treatment with saline or
LY379268 of12-monthold zQ175 and Wt male and female mice (n=1PLfor each group).P

< 0.05 by twew a y
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To further examine the potential effects of LY379268 treatment on motor deficits in zQ175
mice we examined the performance of our mice in the horizontal ladder task and their locomotor
activity in open field. We found that both male and female s#éesed zQ175 mice made
significantly more errors in the horizontal ladder rung test thanagksexmatched wildtypes
(Figure 2.2A and 2.2B). However, we found that the treatment of both male and female zQ175
with LY379268 for either 4 or 8 weeks signdiatly improved limb coordination and error scores
in the horizontal ladder rung test, when compared with @ge sexmatched, salinéreated wild
type mice Figure 2.2A and 2.2B). We also found that male and fema(@175 mice treated with
saline for either 4 or 8 weeks exhibited reduced locomotor activity in an oper(réelgdced
velocity) compared to salifieeated ageand sexmatched wilétypes Figure 2.2C and 2.2D).
LY379268 treatment for either 4 or 8 weeks significantly improved locomotor activity of both
male and female zQ175 mice when compared with saigated, ageand sexmatched zQ175
mice Figure 2.2C and 2.2D). However, locomotor activity of LY379268eated zQ175 mice
remained reduced overall when compared with- agel sexmatched, salinéreated wildtypes
(Figure 2.2C and2.2D). Together, these resuitalicated that LY379268 activation of mGIuR2/3
reversed motor deficits in the majority of motor and locomotor behavior tests examined in both

male and femalbeterozygougQ175 mice.
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Figure 2.2. LY379268 improves locomotor activity and performance on the ladder rung test
in male and female zQ175 mice.

Mean + SEM of percent error (% error) in limb placement while completing the horizontal ladder

task after 4 weekg§A) and 8 weekgB) of treatment withsaline or LY3792683mg/kg/day
subcutaneously via osmotic pump) ofmdnthold zQ175 and wildype (Wt) maleand female

mice (n= 1112 for each group). Mean + SEM of velocity (cm/sec) in open field arena after 4

weeks(C) and 8 weekgD) of treatment with saline or LY379268 d?-monthold zQ175 and Wt
male and female mice (n=4IP for each group).P < 005 by twew a y

least significant difference (LSD) comparisons.
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2.4.2LY379268treatment reduced huntingtin aggregate number and neuronal loss in both

male and female zQ175 mice

mHTT aggregates represent the key pathological hallmark of HD and we previously
demonstrated that both genetic and pharmacological silencing of mGIuR5 reduced the number of
mHTT aggregates in Q111 and zQ175 HD mice, respectipdig-Elrahman et al., 2017; Ribeiro
et al., 2014) This suggested that pathological glutamate $igigacontributed to the accelerated
mHTT deposition in HD brain. Therefore, we examined whether the improvement in motor deficits
in LY379268treatedzQ175 mice was also accompanied by a reduction in the number of mHTT
aggregates in the striatum. We focused on the striatum as it harbours dense glutacoatiexgic
striatalinputs with high expression of many glutamate receptors and exhibits the most profound
neuropathological deficits in HD(Wdllner et al., 1994)We found that following 8 weeks of
LY379268 treatment, the number of mMHTT aggregates in the striatum of both male and female
zQ175 mice was significantly reduced when compared withnsiehed salingreated mice
(Figure 2.3A). We then tested whether the improvement in motor function and pathology was
associated witl rescue in neuronal survival by staining for neuronal nuclei (NeuN). The number
of NeuNpositive cells was significantly lower in the striatum of salimated male and female
zQ175 mice ompared to seratched, salingreated wildtype mice Figure 2.3B and2.3C). We
found that the number of Neupbsitivestriatal neurons was increased in both LY379#68ated
male and female zQ175 mice when compared withnsatched, salinéreated zQ175 mice but
this difference was more distinguishable in male LY3792&8ted zQ175 micd-{gure 2.3B and
2.3C). Together, these findings indicated that the improvement in motor function following
MGIuR2/3 activation in heterozygous zQ175 mice was correlatéd a reduction in mHTT

deposition and rescue in neuronal loss.
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Figure 2.3. LY379268 reduces mHTT aggregates and neuronal loss in male and female
zQ175 mice.

(A) Representative images of staining for mHTT using the EM48 antibody and quantification of
the number of mHTT in striatal brain slices fromrhénthold male and female zQ175 mice
following 8 weeks of treatment with saline or LY37948&1g/kg/day subcutaneously via osmotic
pump) Representative images of staining for neuronal nuclei (Ngokitive (NeuN) neurons

and quantification of the number of Neuieurons in striatal brain slices from-fabnth-old male

(B) and femaldC) zQ175 and Wt mice following @eeks of treatment with saline or LY379268.
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Scale bars is 100¢m. Dat a ar?eegiansiai 6 sectibns ped f r o |
mouse and four independent mouse brains from each group were used for analysis and presented
asmean+tSEMP< 0. 05 b ytesSforeM48 andtivavay ANOVA and Fi she
significant difference (LSD) comparisons for NeuN.
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2.4.3LY379268 reduced microglial activation in both male and female zQ175 mice

Microglia activation has been shown to contribute to the pathogenesis of several
neurodegenerative diseases and was observed-gymgtomatic gene carriers and symptomatic
HD patients(Bj°rkqvist et al., 2008; Perry et al., 2010; Tai et al., 200#)us, we quantified the
number of activated microglia in the striatum of wijghe and zQ175 mice treated with either
saline or LY379268 by staining for ionized calciloimding adapter molecule 1 (Ibal), a protein
that specifically identifies activatedicroglia(lto et al., 1998)We detected a significant increase
in the number of Ibapositive cells in the striatum of both salitreated male and female zQ175
mice when compared with sematched, salingreated wildtypes Figure 24A and 2.4B).
LY379268 treatment reduced the number of Hpasitive cells in both male and female zQ175
striatal tissue when compared with seatched, salinéreated zQ175 mice{gure 2.4A and
24B). Thus, mGIuR2/3 activation appeared to reduce microglia activation and associated
neuroinflammationn both male and femaleeterozygouzQ175 HD mice which potentially

contribute to improved pathology and symptoms in HD mice of both sexes.
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Representative images of staining for microglia using Ibal antibody and quantification of the
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2.4.4L.Y379268 promotedGSK3 b/ ZBTB16/ ATG14 autophagy i n ma
mice.

We previously demonstrated that glutarmaiediated activation of mGIuRS
downregulated a novel ZBTBidependent autophagic pathway, which may inhibit the removal
of proteotoxic aggregates in the brain of HD and AD nifsled-Elrahman & Ferguson, 2019;
Abd-Elrahman et al., 2017; Ablrahman et al., 2018; Ibrahim et al., 203pecifically, mGluR5
induced the inhibitory phosphoryl ation of GSK!:
domaincontaining protein 16 (ZBTB16), a membeZ&TB16-Cullin3-Roc1 E3ubiquitin ligase
complex. This resulted in théiquitination and proteasomal degradation of the autophagy related
14 (ATG14) protein and inhibition of neuronal autophé8lyd-Elrahman & Ferguson, 2019; Abd
Elrahman et al., 2017; AbBIrahman et al., 2018; Ibrahim et al., 2021; Zhang et al., 2015)
Therefore, we tested whether activating mGIuR2/3 that can modulate glutamate release using
LY379268 enhanced the autophagic clearance of mutant huntingtin aggregates via the
GSK3b/ zZzBTB16/ ATG14 pathway in bot htreatedinade and f
zQl75 mice, we detected @S9 phogphorylatiorcthat was noh cr e a
detected in female micdrigure 2.5A and 2.5B). LY379268 treatment for 8 weeks reduced
G S K 389 phosphorylation in male zQ175 mice, when compared with gediaiied male zQ175
mi ce, but had -pSO phespHorylation levets in@PddexxQ175 miigfre 2.5A
and 2.5B). Eightweek LY379268 treatment also reduced ZBTB16 protein expression levels in
male but not female zQ175 mice compared toreakched salingreated zQ175 micda={gure
25C and 2.5D). In contrast, 8veek LY379268 treatment of male but not female zQ175 mice
increased ATG14xpression compared to smatched salingreated zQ175 mice~(gure 2.5E
and 25F). Consistent with these observationw8ek LY379268 treatment reduced p62

expression levels in male, but not female zQ175 mice, when compared wititatehed saline
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treated zQ175 micd-{gure 2.5G and2.5H). Thus, although LY379268 improved HD pathology

in both male and femaleeterozygouzQ175 mice, it only contributed to the activation of the
GSK3 b/ ZBT B régllaet &iloghagy in the striatum of mad¢erozygougQ175 mice.

This suggested that the mechanism(s) by which LY379268 contributed to mitigating HD
neuropathology izQ175 mice was sespecific and mediated by yet to be defined cell digra

mediators and pathways.
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Figure 2. 5. LY379268 activates t he GSK3b/ zZB

heterozygous male but not female zQ175 mice.

Representative i mmunobl o-pS9 awdt qubot affi GE8KBbn
control in striatal lysates from d#onth-old male(A) and femalgB) zQ175 and wiletype (Wt)

mice following 8 weeks of treatment with either saline or LY 379368g/kg/day subcutaneously

via osmotic pump)Representative immunoblots and quantification of ZBTBltmale andD;

femalg, ATG14 (E; male andr; femalg, and p62G; male andH; femalg with vinculin as the

loading control in striatal lysates from-tdonth-old zQ175 and Wt mice following 8 weeks of
treatment with either saline or LY379268. Quantification is presented as mean + SEM of fold
change pB9 ZBIBLE ATG14, and p62 band intensity relative to corresponding-saline
treated Wt values (n=6)P*< 0.05bytweway ANOVA and Fishero6s | east
(LSD) comparisons.
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2.4.5 Akt and ERK1/2 phosphorylation in zQ175 mice is altered byLY379268 in a sex

dependent manner

Protein kinase B (Akt) and extracellular siginegulated protein kinases 1 and 2 (ERK1/2)
were shown previously to be activated following glutantEpendent activation of both
postsynaptic group | mGIuRs and NMDARGInes et al., 2003; Ibrahim et al., 2021; Rong et al.,
2003; Zhou etal.,,2009) mpor t antly, both Akt and ERK1/ 2 <co
potentially inhibit autophagy via ZBTBi@ependent mechanisn&bd-Elrahman & Ferguson,
2019; Beaulieu et al., 2009; Hetman et al., 2002; Stambolic & Woodgett,.19843, we
investigated whethersexpeci fi ¢ alterations in GSK3b/ ZBTB1
with alteration in Akt and ERK1/2 phosphorylation in both male and female zQ175 mice. We
found that AktpS473 and ERK1/PT202/Y204 phosphorylation wesignificantly increased in
male, but not female, salirieeated zQ175 micd-{gure 2.6A-D). LY379268 treatment of male
zQ175 mice restored AiS473 and ERK1/pT202/Y204 phosphorylation to saliieated male
wild-type levels Figure 2.6A and 2.6C). In contrast, Akt phosphorylation was not different and
ERK1/2 phosphorylation was significantly lower in saltneated female zQ175 striatum when
compared to salintreated female wildype mice Figure 2.6B and 2.6D). Unlike what we
observed in male mice, LY379268 treatment enhanced Akt and ERK1/2 phosphorylation in the
striatum of female zQ175 mice when compared to satesed femaleQ175 striatumKigure
2.6B and2.6D). Thus, it was evident mGIluR2/3 activation triggered-sgacific differences in
the activation of both the ERK1/2 and Akt sifmay pathways in heterozygous zQ175 mice,

despite resulting in similar behavioral and pathological outcomes in both sexes.
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Figure 2.6. LY379268 alters Akt and ERK1/2 phosphorylation in heterozygous zQ175 mice
in a sex selective manner.

Representative immunoblots and quantification of-pR#37 with corresponding Akt as the

loading control in striatal lysates from-idonthold male(A) and femalgC) zQ175 and wild

type (Wt) mice following 8 weeks of treatment with saline or LY37948&g/kg/day
subcutaneously via osmotic pumRepresentative immunoblots and quantification of ERK1/2
pT202/Y204 with corresponding ERK1/2 as the loading control in striatal lysates fromorith

old male(B) and femal€D) zQ175 and Wt mice following 8 week§treatment with either saline

or LY379268. Quantification is presented as mean = SEM of fold change #pS¥&7 and
ERK1/2pT202/Y204 band intensity relative to corresponding sdheated Wt values (n = 6).

Data. P<0.05bytweway ANOVA and Fisherods | east signifi
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2.5Discussion

Glutamate plays a key role in the pathophysiology of HD and both the genetic and
pharmacological silencing of one postsynaptic glutamate receptor, mGIuRS5, is able to halt disease
progression and mitigate mHTT pathology in two HD mouse md¢déd-Elrahman et al., 2017;
Ribeiro et al., 2014) However, glutamate triggers excitotoxicity in HD brain via other glutamate
receptors such as NMDARs and potentially mGIyRi&ng et al., 2009; Ribeiro et al., 2011)
Therefore, we investigated whether activating presynaptic mGIluR2/3 might represent an effective
diseasamodifying approach to slow HD progression. Our results indicate that the activation of
mGIuR2/3 using the highly selective agonist, LY379268, to redjlastamate release improves
overall motor deficits in both male and female heterozygous zQ175 HD mice. We also show that
MGIuR2/3 agonist reduces mHTT aggregates, microglia activation and neuronal loss in the
striatum of heterozygous zQ175 HD mice of beglres. Interestingly, mGIluR2/3 agoristuced
improvement in HD neuropathology was likely mediated by distinct cell Kigg@eceptor

dependent mechanisms in male and female heterozygous zQ175 HD mice.

Previous studies have demonstrated that LY379268 at the maximum tolerated dose (20
mg/kg/day) improves the survival and motor deficits in the R6/2 model of HD and a lower dose of
LY379268 (1.2 mg/kg/day) improves survival and motor function in R6/2 miteut reducing
the formation of intranuclear mHTT aggregatBeiner et al., 2012a; Schiefer et al., 200&pr
our studies we chose the heterozygous zQ175 model as it presents with less aggressive phenotype
compared to the R6/2 model but recapitulates the slow and progressive manifestations of HD in
humans, such as accumulation of MHTT aggregates in saratalortical neurons, neuronal loss,
and motor impairmentHeikkinen et al., 2012; Menalled et al., 2012; Smith et al., 2014

delivered LY379268 at a dose of 3 mg/kg/day via osmotic pumps since a similar treatment
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paradigm (35 mg/kg/day for 4 weeks) has proven to improve motor deficits, survival and more
importantly pathology in SOD1G93A mouse model of ABattaglia et al., 2015)We find that
prolonged administration of LY379268 for either 4 or 8 weeks results in a significant reduction in
motor/locomotor impairment, striatal neuron death and mHTT aggregate formation in both male
and female zQ175 mice at 12 months of age. Thi®lades with previously published work from

our group and others reporting similar motor deficits at this age in this mouse (Abdel
Elrahman et al., 2017; Menalled et al., 2012; Smith et al., 20¥@ also find a significant
impairment in fore limb grip force in both male and female zQ175 mice, a motor deficit that we
have previously detected for male zQ175 mice and was reported in HD pgilesvsirahman et

al., 2017; Menalled et al., 2012; Reilmann et al., 2001)

Evidence indicates that activated microglia in the brains e$ymgptomatic, symptomatic
and postmortem HD patients along with elevated proinflammatory cytokines contributes to HD
pathology(Bj°rkqvist et al., 2008; Silvestroni et al., 2009; Tai et al., 208wilarly, we also
detect an increase in the number of microglia in the striatum of both male and female zQ175 mice.
LY379268-mediated activation of mGIuR2/3 reduces number of activated microglia in male and
female zQ175 mice to levels that are obseimedlild-type mice. It is worth noting that microglia
express mGIuR2/3 and when microglia are activated they releases glutamate that may contribute
to the exacerbation of neuronal excitotoxicfBarger et al., 2007; Garaschuk & Verkhratsky,
2019) More so, impaired glutamate uptake by of the glial glutamate transfiostas reported in
HD mice(Behrens et al., 2002; Huang et al., 2000)erefore, mGIluR2/3 agonist treatment may
represent an effective approach to reduce glutamate overspill from microglia to prevent the
activation of excitotoxic glutamate receptor siding in both microglia andheurons, thereby

interrupting key cellular mechanisms involved in HD pathophysiology.
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Defects in autophagy, a catabolic process responsible for clearing toxic cellular cargos and
protein aggregates, have been implicated in the pathophysiology of HD and it is thought that this
potentially exacerbates the deposition of mHTT in the W@si-Elrahman et al., 2017; Cortes &

La Spada, 2014; Croce & Yamamoto, 2019; Li & Li, 2004k previously demonstrated that the
improvement in motor and cognitive function in zQ175 mice following chronic mGIuR5 blockade

was dependent on the activation of ZBTBddpendent autophagy to enhance clearance of mHTT
aggregate$Abd-Elrahman & Ferguson, 2019; Alieirahman et al., 2017)n fact, pathological

glutamate signh i ng vi a mGlI uR5 i nduced an inhibitory
ubiquitinrmediated degradation of the autophagy adaptor ATG14 via the ZBTBli&3-Rocl
E3-ubiquitin ligase complekAbd-Elrahman et al., 2017; Ibrahim et al., 2021; Zhang e2@1.5)

Here we showed that LY379268ediated activation of mGIuR2/3 in male Q175 mice also
reduced inhibitory Se8 phosphoryl ation of GSK3b and ZBTB
which is accompanied by a rescue in ATG14 expression and induction of autophadigcted

by a reduction in p62 protein expression. Thus, it was likely that mGIuR2/3 activation reduces
synaptic glutamate leading to a reduction in pathological-posptic glutamate sigHang

resulting in the activation of autophagy and improvéd méuropathology in male zQ175 mice.
However, we did not detect any changes in the
or LY379268treated female zQ175 striatum, which was consistent with our previous studies in

AD mice where we did not detect egganent of these cell sigiiag pathways in female mice
(Abd-Elrahman et al.,, 2020a) | ndeed, we showed that unl i ke
pathway is not altered in female AD mice and hence, mGIuR5 inhibition can only reactivate
autophagy in male AD braiAbd-Elrahman et al., 2020alHere we report a very similar sex

specific change in GSK3b/ zZBTB16/ ATG14 pat hwa
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LY379268 suggesting that the favorable outcomes of mGIuR2/3 activation in HD mice are
dependent at least in part on reducing postsynaptic mGluR5lIgigndt also shows that the

reduction in mHTT aggregates in female zQ175 mice following mGIuR2/3 activation was
mediated via, yet to be identified, cell sijimgy mechanism(s) that do not involve the
GSK3b/ zZzBTB16/ ATG14 autophagy pat hwa-gpecificT hi s f
contribution of pathological glutamate sidliveg to the neuropathology of any

neurodegenerative diseases.

While it remains less clear how mGIuR5 direathe gul at es GSK3b phospt
most plausible candidates are Akt and ERK1/2 pathways. NMDAR activation is known to trigger
both Akt and ERK1/2lependent sighiing in neurons(Gines et al., 2003; Zhou et al., 2009)
Additionally, agonistdependent activation of group | mGIluRs enhances Akt Biggan response
to phosphoinositide-Rinase (PI3K) activatiofGuhan & Lu, 2004; Rong et al., 2008)d also
triggers phosphorylation of ERK1(Eng et al., 2016; lbrahim et al., 2021; Stoppel et al., 2017)
Both Akt and ERK1/2 are known to phosphoryl at
(Beaulieu et al., 2009; Hetman et al., 2002; Stambolic & Woodgett, 1984letect a significant
increase in Akt and ERK1/2 phosphorylation in the striatum of male zQ175 mice that may be
attributable to exacerbated glutamate dligmg This is consistent with the enhancement of
ERK1/2 and Akt phosphorylation we have previously observed in male homozygous zQ175 brain
samples(Abd-Elrahman & Ferguson, 2019; Adfirahman et al., 2017)Similar to what we
observe following mGIuR5 antagonism, LY3792®@&diated activation of mGIuR2/3 restores Akt

and ERK1/2 phosphorylation in male zQ175 mice.

In female zQ175 mice, ERK1/2 and Akt si¢livay are not altered providing an explanation

for the | ack of change 1 n -dgfenddénbautpphagys Rdtherr y | a't
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ERK1/2 signdling was reduced in salirteeated female zQ175 mice and LY379268 enhanced the
phosphorylation of Akt and ERK1/2 in the striatum of female zQ175 mice. Interestingly,
mMGIuR2/3 is known to activate ERK1/2 and PI3K and it is possible that thesdlisgna
mechanisms are only activated in female zQ175 mice after treatment with LY379268 since
ERK1/2 and Akt were already activated in male zQ175 ffhiceet al., 2014) Thus, it is possible

that LY379268 supports neuronal survival and differentiation in female zQ175 mice by triggering
the cell survival mechanisms regulated by Akt and ERK1/2 downstream of mGI{F=#2/&t al.,

2019) It is also possible that mGluR2/3 activates ERK1/2 and Akt Biggavia transactivation

of receptor tyrosine kinase as has been reported for other members of the mGluR/famg\et

al., 2007) While the underlying molecular basis of specific mGIuR2/3 signhhg remains
unclear, we can not rule out that mGIuR2/3 may heterodimerize with other GPCRs in a sex

selective manner to trigger differential cell siliimg between sexg®e Bartolomeis et al., 2013)

In conclusion, we demonstrate that mGIuR2/3 can be an effective pharmacological target
to mitigate motor deficits, reduce mHTT aggregates accumulation, and rescue neuronal cell death
in both male and female zQ175 HD mice. We also provide evidence thatatteeseyspecific
differences in cell signing mechanisms contributing to the pathophysiology of male and female
zQ175 HD mice. mGIuR2/3 agonists have proven to be safe and effective in clinical trials for
schizophrenia and this study suggests theybearepurposed for the treatment of HD. We also
further emphasize the importance of delineatingsgeecific difference in the pathophysiology of

all neurodegenerative disease when designing novel approaches for treatment.
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3.1 Abstract

Huntingtonds Disease (HD) is an inherited &
that leads to progressive motor and cognitive impairment. There are currently no available disease
modifying treatments for HD patients. We have previously shown treatyacological blockade
of metabotropic glutamate receptor 5 (MGIUR5) sigmglrescues motor deficits, improves
cognitive impairments and mitigates HD neuropathology in male zQ175 HD mice. Mounting
evidence indicates thaex may influence HD progression and we have recently reported a sex
specific pathological mGIuR5 sigihai ng i n Al zhei mer 6s disease (A
the outcomes of treatment with the mGIuR5 negative allosteric modulator CTEP in both male and
female symptomatic zQ175 mice. We found that female zQ175 mice required a longer treatment
duration withCTEP than male mice to show improvement in their rotarod performance. Unlike
males, chronic CTEP treatment did not improve the grip strength nor réversagnitive decline
of female zQ175 mice. However, CTEP reduced the number of huntingtin aggregates, improved
neuronal survival and decreased microglia activation in striatal tissue of both male and female
zQ175 mice. Together, our results indicate tmaGIuR5 antagonism can reduce HD
neuropathology in both male and female zQ175 HD mice, but sex has a clear impact on the efficacy

of the treatment and must be taken into consideration for future HD drug development.

Keywords: neurodegenerative disease, huntingtin, GPCR, Sex differences, striatum, neuroglia,

NeuN
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3.2 Introduction

Huntingtonds disease (HD) is an inherited
characterized by the early loss of medium spiny neurons in the stiistantin & Gusella, 1986)
HD symptoms typically manifests between the age df 30 and includes choreatic movements,
dementia and behavioural difficultig®koos, 201Q) HD is caused by the expansion of a
polyglutamine repeat in the-términal region of the huntingtin protefMacDonald et al., 1993)
Mutant huntingtin proteins (mHtt) with this expanded polyglutamine have been shown to be
targeted for proteolysis and their cleavage at therhinus results in the formation of cytoplasmic
and intranuclear aggregates that strongly correlate with Hpteyns and severit§DiFiglia et al.,
1997) Indeed, longer polyglutamine repeats are associated with earlier disease onset and more
severe symptomgAndrew et al., 1993; Furtado et al.,, 1998)espite this weltharacterized

etiology, disease modifying approaches to treat HD are lacking.

Glutamate is the major mediator of excitatory transmission in the brain and considerable
evidence suggests glutamaeluced toxicity and reduction in glutamate uptake contribute to the
selective loss of striatal neurons in HBassel et al., 2008; Ribeiro et al., 2011; Ribeiro et al.,
2017) Metabotropic glutamate receptor 5 (mGIuR5) is a member of the G pooignted
receptor (GPCR) superfamily that is highly expressed in the striatum and cortex, the two brain
regions most affected in H@Ribeiro et al., 2017; Shigemoto et al., 1998)e have previously
reported that mutant but not wildtype huntingtin can disrupt mGIluRS5I8ignay interacting with
it as a part of a protein complex that includes the huntifmtiding protein optineurifAnborgh
et al., 2005) We have also demonstrated that genetic deletion of mMGIUR5 in a Q111 mutant
huntingtin knock in mouse model reduces mutant huntingtin aggregate size and improves disease

pathology(Ribeiro et al., 2014)The prolonged pharmacological blockade of mGIuR5 $iigiga
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with  the negative allosteric  modulator  CTER{#oro4-[2-[2,5-dimethy}1-[4-
(trifluoromethoxy)phenyl]imidaze#-yllethynyl]pyridine) also improves HD symptoms and
promotes autophagic removal of mutant huntingtin aggregates in the brains of zQ175 HD mouse
model(Abd-Elrahman & Ferguson, 2019; Alieirahman et al., 20177 hese findings indicate that
targeted antagonism of mGIuR5 may be effective for the treatment of HD. However, these studies
were conducted exclusively in male HD mice and the effects of mGIuR5 antagonism on HD

pathology in female mice have not yet bemrestigated.

There is growing evidence that sex may influence HD phenotype and neuropathology in
HD rodent models and patie{Bode et al., 2008; Dorner et al., 2007; Zielonka et al., 20//8)
recently showed that activation of mGIuR2/3 in male and female HD mice led to differential
regulation of cell sigrn#ing pathways and there are sgpecific differences in cell signalling
mechanisms contributing to the pathogenesis of(H2t al., 2021) More importantly, we have
also reported segpecific signding of mGIuR5 in AD micg/Abd-Elrahman et al., 2020a; Abd
Elrahman & Ferguson, 2022)herefore, it is particularly important to study the disease modifying
properties of CTEP and assess the contribution of pathological mGluRSlisgyrta HD

progression in female mice.

Here, we investigated whether targeted antagonism of mGIuR5 using CTEP differentially
improves HD symptoms and neuropathology in male versus female zQ175 HD mice. We find
indeed that chronic treatment with CTEP differentially improves motor and cognéiicitslin
males and females zQ175 mid&/e also find that CTEP reducesHtt aggregate pathology,
neuronal loss and microgliosis in both male and female zQ175 mice. Our findings poiterttal

sexspecific differences in the contribution of mGIuRS5 tD Hathology.
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3.3 Materials and Methods

Reagents

CTEP (1972) was purchased from Axon Medchem (Reston, USA). Rabbitbahti
(Abcam Cat# ab178847, RRID:AB_2832244) was from Abcam (Cambridge, USA). Mouse anti
NeuN (Millipore Cat# ABN78, RRID:AB_10807945) and ahtiintingtin clone mEMA48

(Millipore Cat# MAB5374, RRID:AB_177645) were from Sigafddrich (St. Louis, USA).

Animals

All animal experimental protocols were approved by the University of Ottawa Institutional
Animal Care Committee and were in accordance with the Canadian Council of Animal Care
guidelines. Animals were group caged and housed under a constamtirli&gyht/cark cycle and
food and water were given ad libitum. Wildtype and Heterozygous zQ175 HD mice carrying ~188
CAG repeats expansions were obtained from the Jackson Laboratory and bred to establish
littermatecontrolled male and female wildtype (Wt) and hetggmus zQ175 (zQ175) mice.
Groups of 22 male and female Wt and zQ175 mice were aged to 12 months of age and 12 mice
from each group were treated with either DMSO or CTEP (2 mg/kg; dissolved in 10% DMSO and
then mixed with chocolate pudding; final DMSO camitation was 0.1%) for 12 weeks. This drug
dose was calculated weekly according to weight and was based on our previous studies in male
HD mice and AD mic€Abd-Elrahman et al., 2020a; Adelrahman et al., 2020b; AbIrahman
et al., 2017; AbeElrahman et al., 2018; de Souza et al., 2020; Hamilton et al., .28 §youps
were assessed in a battery of behavioral experiments after 4 weeks and 12 weeks of drug treatment.
At the end of the 1-2veek treatment, mice were sacrificed by exsanguination, and the brains were

collected and randomized for immunostaining.
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Behavioural analysis

All animals were habituated in the testing room for a minimum of 30 minutes before testing.

Al | behavioural tests were performed blindly
Forelimb grip strength

The grip strength of each mouse was measured using the Chatillon DEF 1l Grip Strength
Meter (Columbus Instruments). Mice were held over the grid of the instrument by their tails and
allowed to firmly grip the bar. The mice were then pulled horizontallyyawan the bar using
constant force and at a speed of ~2.5cm/s until they released the bar. Each mouse was tested 8
times with a break of 5s in between each trial and the values of maximal peak force were recorded

(Abd-Elrahman et al., 2017)
Rotarod test

Mice were introduced to the rotarod apparatus (IITC Life Science, Woodlands Hills, CA,
USA) by placing them on the rotarod at rest for 3 minutes on the first day. fouklbng trails
were then performed daily for two consecutive days using an acaedepatitocol (from 5 to 45
RPM in 300 seconds) with 10 minutes of rest between each trial. Any mice remaining on the
rotarod after 300 seconds were removed and the time scored as 300s. Average of the latency to fall

obtained from the four trials of the secbday was used for analy$Abd-Elrahman et al., 2017)
Novel object recognition

Mice were placed in a square arena measuring 45 cm x 45 cm x 45 cm and tracked using
an overhead camera fed to a computer in a separate room. Mice were allowed to explore the empty

arena for 5 min, and 5 min later, two identical objects were placed amg¢ha 5 cm from the edge
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and 5 cm apart. Mice were returned to the arena for 5 min and allowed to explore. The time spent
exploring each object was recorded, and mice were considered to be exploring an object if their
snout was within 1 cm of the object. Twetfibur hours after fist exposure, the experiment was
repeated with one object replaced with a novel object. The time spent exploring each object was
recorded and analyzed using the Noldus EthoVision 10 software. Data were interpreted using the
recognition index (time spent ghoring the familiar object or the novel object over the total time
spent exploring both objects multiplied by 100) and was used to measure the recognition memory
[TAor TB/(TA+ TB)] * 100, whereTl represents the timé\ represents a familiar object, aBd

represents a novel objg&bd-Elrahman et al., 2017)
Immunohistochemistry

One hemisphere of each brain sample was fixed inpdfaformaldehyde and then
transferred to 70% ethanol for storage at 4°C. The samples were embedded in paraffin and then
coronally sectioned through the striatum at a thickness of.55gtions were then incubated with
the mouse monoclonal EM48 antibody 1:100, Neuronal Nuclei (NeuN) antibody at 1:1500, or
Ibal antibody at 1:8000 dilution for 30 minutes at room temperature and staining was done using
Leica Bond IIl automatic stainer using BOND polymelfiRe Detection Kit (Leica Biosystems
Cat# DS9800, RRID:AB_2891238) from Leica Biosystems. Slide were scanned using a Leica
Aperio Slide scanner at 20x and the number of EM positive aggregates, NeuN or Ibal positive
cells were counted in representative 38@3 unt areas of the striatum. Experimenters were
blinded to analysis and six sections per mouse were analyzed and for each section 2 ROIs in the
striatum were quantified using the cell counter tool in Ima@éd-Elrahman et al., 2020b; Abd

Elrahman et al., 2017; AbBIrahman et al., 2022; Li et al., 2021)
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Statistical analysis

Means £ SEM are shown for each of independent experimeift artd0O5was used as the
threshold for statistical significance. Statistical significance was assessed using GraphPad Prism 9
software and was determined by Tway or Threeway Analysis of Variance (ANOVAS) as
appropriate, foll owed etmipe tlessdure odsigniflRantsntera¢lions. t e s

Statistical details of individual experiments are indicated in figure legends.
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3.4Results

3.4.1CTEP treatment differentially rescues motor deficits in male and female heterozygous

zQ175 HD mice.

To investigate potentiabexspecific differences in the contribution of pathological
MGIuRS5 signding to HD progression and pathology, we first assessed whether targeted mGIuR5
antagonism would improve motor deficits in symptomatic heterozygous male and female zQ175
mice. Twelvemonthold male and female wildtype and heterozygous zQ175 mice weredtreate
with either vehicle or CTEP (2mg/kg) every 48 hours and their motor performance was assessed
4 weeks (1dnonthold) and 12 weeks (imonthold) after the initiation of treatmenthe
ANOVA indicated that vehicktreated 13 and 15monthold male and female heterozygous
zQ175 mice showed significant impairment in fore limb grip strength compared-taraysex
matched, vehickk r eat ed wi |l dtype mice, <G@MG&L,fgri13andB0] = 3.
monthold vehicletreated wildtype and zQ175 mice, respectivEliggre 3.1A and 3.1B). After
both 4 and 12 weeks of treatment, the forelimb grip strength varied as a function of the Treatment
x GenotypexSex nt er action, FO6s [1, 80] = 5.298 and 1
weeks, respectively. The folleup tests of the simple effects of this interaction confirmed that
CTEP treatment for either 4 or 12 weeks led to a statistically significambwament in grip
strength in male but not in female heterozygous zQ175 mice when compared to theatceed
vehicletreated heterozygous zQ175 mi¢eg(ire 3.1A and 3.1B). However, as depicted in the
figure, the forelimb grip force of CTEP treated mh&terozygous zQ175 mice remained lower
than that of sexand agematched, vehicktreated wildtypesKigure 3.1A and 3.1B). As such,

the treated male animals did not achieve full recovery.
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Figure 3.1. Effect of chronic administration of CTEP on grip strength in male and female
zQ175 mice.

Mean + SEM of grip strength [graforce (gf)] after 4 week§A) and 12 week$B) of treatment
with either vehicle or CTER2mg/kg/48hours) of tonthold heterozygous zQ175 (zQ175) and
wildtype (Wt) maleand female mice (n=11 for each grou.< 0.05 by Threavay analysis of
variance (ANOVA) and Tukey's multiple comparisons test.
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Vehicletreated (4 weeks and 12 weeks) male and female heterozygous zQ175 mice
remained on the rotarod for a shorter time compared to aagk sexmatched, vehickreated
wil dtypes, Fés [ 1, 8 0] = - angl 158n8nthaldvehidé-tBatedl 5 | p
wildtype and zQ175 mice, respectivelidure 3.2A and 3.2B). After 4 weeks of CTEP treatment,
the rotarod performance varied as a function of the Treatment x Genotype x Sex interaction, F [1,
80] = 4.705, p = 0.0330. Comparisons of the singflects comprising this interaction indicated
that four weeks of CTEP treatment improved the rotarod performance of male heterozygous zQ175
mice so that performance was significantly better than that of aagk sexmatched, vehicle
treated zQ175 countems. However, CTEP failed to elicit any significant improvement in female
heterozygous zQ175 mic&igure 3.2A). A comparable interaction was not apparent after 12
weeks of CTEP treatment, F [1, 80] = 0.5789, p = 0.4490. Specifically, after 12 weeks®f CTE
treatment, both male and female heterozygous zQ175 mice shsigveficantly better rotarod
performance relative to vehicle treated mice of the same sex, F [1, 80] = 21.49, p < Bi@O@L (
3.2B). In effect, CTEP improved the rotarod performance of both male and female heterozygous
zQ175 mice after 12 weeks of treatment. However, as depicted in Big@ethe magnitude of
this effect was larger in the females than in the males, although the interaction involving this
variable was not significant. Collectively, these data indicated that CTEP treatment differentially
rescues motor deficits in female and male heterozygous zQ175 mice and highlight how sex can

influence the efficacy of potential drug candidates in reversing specific HD symptoms.
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Figure 3.2. Effect of chronic administration of CTEP on rotarod performance in male and
female zQ175.

Mean £ SEM of latency to fall (sec) from accelerating rotarod after 4 wWéglsd 12 weekéB)
of treatment with either vehicle or CTEBMg/kg/48hourspf 12-monthold heterozygous zQ175
(zQ175) and wiletype (Wt) male and female mice (n = 11 for each group)x 0.05 by Three
way analysis of variance (ANOVA) and Tukey's multiple comparisons test.
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3.4.2CTEP treatment improves cognitive impairment in male but not female heterozygous
Q175 mice.

HD was associated with cognitive impairment in addition to motor defi@imiere et al.,
2004) We previously reported that CTEP treatment for 12 weeks improved cognitive impairments
in 15-monthold male heterozygous zQ175 mi@bd-Elrahman et al., 2017Yhus, we assessed
whether female heterozygous zQ175 exhibited memory impairment in the novel object recognition
test at the same age and whether CTEP treatment could alleviate the impairment in female mice.
Analysis of the recognition scores revealed a significant interaction between Genotype x
Treat ment, F6s [1, 72] = 90.37 and 22.07, p <
up testsconfirmed that unlike wildtypes, where comparable performance was observed
irrespective of treatment, at 15 months of age, both vetriedded male and female heterozygous
zQ175 mice failed to distinguish between novel and familiar objéasie 3.3A and 3.3B). At
the end of the 12 weeks of CTEP treatment, male heterozygous zQ175 mice regained their ability
to discriminate between familiar and novel objects but female heterozygous zQ175 mice remained
cognitively impaired igure 3.3A and 3.3B). Collectiwely, these data indicated that while both
male and female heterozygous zQ175 mice present with cognitive deficits, mGIuUR5 antagonism

does not rescue these deficits in HD mice on a female background.
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Figure 3.3. Effect of chronic administration of CTEP on novel object recognition in male and

female zQ175 mice.

Mean + SEM of the recognition index, for exploring a novel object versus a familiar object on the
second day of novel object recognition test, after 12 weeks of treatment with either vehicle or
CTEP (2mg/kg/48hours) of #donthold heterozygous zQ175 (zQA)7and wildtype (Wt)male

(A) and femaleg(B) mice (n = 10 for

all groups).P< 0.05 by tweway analysis of variance

(ANOVA) and Tukey's multiple comparisons test.
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3.4.3CTEP treatment reduced huntingtin aggregate number and neuronal loss in both male

and femaleheterozygouszQ175 HD mice

The formation of intranuclear and cytoplasmic mutant huntingtin aggregates are the
pathological hallmark of H¥DiFiglia et al., 1997)We have reported that genetic silencing and
pharmacological blockade of mGIuRS5 reduced the number of mutant huntingtin aggregates in male
Q111 and zQ175 HD mice, respectivélbd-Elrahman et al.,, 2017; Ribeiro et al., 2014)
Therefore, we examined whether chronic CTEP treatment can also reduce the number of mutant
huntingtin aggregates in female zQ175 HD mice. After 12 weeks of CTEP treatment, the number
of mutant huntingtin aggregates in the striatum of both male and feetal®zygous zQ175 mice
were significantly reduced compared to aged sexmatched, vehicktreated heterozygous
zQ175 mice, F [1, 16] = 23.19, p = 0.0062g, 3.4A and 3.4B). Next, we examinedhether the
improvement in motor function and the decrease in aggregate accumulation were associated with
the rescue of neuronal survival. The number of neuronal nuclei (Nexsgit)ve cells in the
striatum of vehicldreated 1&monthold male and female éterozygous zQ175 mice was
significantly lower than that of agand sexmatched, vehickéreated wildtype mice, F [1, 32] =
48.82, p < 0.0001Figure 3.5A-C). Twelve weekireatment with CTEP significantly increased
the number of Neuhpositive striatal nenons of both male and female heterozygous zQ175 mice
compared to agand sexmatched, vehickreated heterozygous zQ175 mice, F [1, 32] =9.361, p
=0.0045, and to values that are not different from: agd sexmatched, vehickreated wildtype
mice Figure 3.5A-C). Collectively, these findings indicate that chronic CTEP treatment can

reduce HD pathology and rescue neuronal loss in both male and female heterozygous zQ175 mice.

98



A
zQ175& striatum zQ1759 striatum

Vehicle - - |[CTEP | [Vehice . ||CTEP

o

Vehicle mm CTEP Vehicle CTEP

®

(0]
o
o
1
®
(o]

g
L ]
®
I
®
g
d,

# EM48 positive aggregates
(per 300*300 um?)

zQ1758 zQ175¢9

Figure 3.4. Effect of chronic administration CTEP on mutant huntingtin aggregates in male
and female zQ175 mouse striatum.

Representative images of staining for mutant Htt aggregates using the antibody(A)Nati
guantification of the number of huntingtin aggregd®sin striatal brain slices from imonth

old male and female heterozygous zQ175 mice after 12 weeks of treatment with either vehicle or
CTEP (2mg/kg/48hours). Scale bar, 500 pm for whole striatum and 100 pum for magnified areas.
Data are quantified fromtwo i f f e r e n t ? sBidad reghbBs®f 6seantions per mouse and
five independent mouse brains from each group were used for analysis. Data are mean2 SEM. *
< 0.05 by tweway analysis of variance (ANOVA) and Tukey's multiple comparisons test.
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Figure 3.5. Effect of chronic administration of CTEP on neuronal survival in male and
female zQ175 mouse striatum.

Representative images of staining for neuronal nuclei (N@oMNitive cells in striatal brain slices

from 15monthold male(A) and femalgB) heterozygous zQ175 (zQ175) and wijghe (W)

mice after 12 weeks of treatment with either vehicle or CTEP (2mg/kg/48hour). Scale bar, 500 pum
for whole striatum and 100 um for magnified ard&). quantification of the number of NeuN
positive cells in striatal brain slices from-frfonth-old male and female zQ175 and Wt mice after

12 weeks of treatment with either vele or CTEP. Data are quantified from two different 300*300

¢ rhstriatal regions of 6 sections per mouse and five independent mouse brains from each group
were used for analysis. Data are mean + SEM<*0.05 by Threavay analysis of variance
(ANOVA) and Tukey's multiple comparisons test.
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3.4.4CTEP treatment reduces microglial activation in heterozygous zQ175 HD mice

Microglia activation has been suggested to contribute to the pathogenesis of several
neurodegenerative diseases, i ncluding AD, Par
and HD(Abd-Elrahman et al., 2023; Perry et al., 2Q10tivation of microglia has been observed
in both presymptomatic HD gene carriers and symptomatic pati@j&rkqvist et al., 2008;
Pavese et al., 2006; Tai et al., 2Q0iMerefore, we assessed the number of activated microglia in
the striatum of our mice by staining for ionized calcibimding adapter molecule 1 (Ibal), a
protein that is specifically expressed during microgli¢kcs et al., 1998) The number of Ibal
positive cells was significantly higher in the striatum ofmiénthold vehicletreated male and
female heterozygous zQ175 mice compared te g sexmatched, vehickéreated wildtypes, F
[1,32] =41.48, p < 0.000F{gure 3.6A-C). Twelve weeks of CTEP treatment reduced the number
of Ibal-positive cells in the striatum of both male and female zQ175 mice, F [1,32] = 6.573, p =
0.0153 Figure 3.6A-C). Once more, as depicted in Fig@r6C, although there was a decrease of
Ibal positivecells in the striatum of CTEReated zQ175 mice, the extent of the decrease was

relatively limited.
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Figure 3.6. Effect of chronic administration of CTEP on microglia activation in male and
female zQ175 mouse striatum.

Representative images of staining for ionized calcium binding adaptor molecule ipdiséie

cells in striatal brain slices from 4fonthold male(A) and female(B) heterozygous zQ175
(zQ175) and wiletype (Wt) mice after 12 weeks of treatment with either vehicle or CTEP
(2mg/kg/48hour). Scale bar, 500 um for whole striatum and 100 um for magnified g(&as.
guantification of the number of Ibgdositive cells in striatal brain slices from-frfonthold male

and female zQ175 and Wt mice after 12 weasfkdseatment with either vehicle or CTEP. Data are
quantified from t woetriathl régiore ofesnsectioBsOplr mdud and five
independent mouse brains from each group were used for analysis. Data are mean P SEM. *
0.05 by Threewvay analysis of variance (ANOVA) and Tukey's multiple comparisons test.
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3.5Discussion

Despite the discovery of its underlying genetic calesmdes ago, the exact mechanism(s)
underlying HD progression remain poorly understood and treatment options for HD patients are
largely symptomatic. Glutamate sidivag plays a significant role in the pathophysiology of HD,
and the pharmacological blockade of mGIuR5 NAMs delays disease progression in male zQ175
HD mice(Abd-Elrahman et al., 2017However, several reports have emerged suggesting that sex
can influence age of onset and disease progression i(Bbi@e et al., 2008; Cao et al., 2018b;
Roos et al., 1991; Zajac et al., 201Burthermore, segpecific difference in mGIuRS5 sighiag
and response to mGIuR5 NAMs have been reported in AD (Aicd-Elrahman et al., 2020a;
Abd-Elrahman &Ferguson, 2022Here, we show that CTEP can indeed improve the performance
of male HD mice in all motor and cognitive tasks but fails to elicit similar outcomes in female HD
mice. We also demonstrate that CTEP reduces mHtt pathology, microgliosis and neuronal death
in both sexes. Our findings point to distinct specific differences in the outcomes of chronic
MGIuR5 blockade between male and female HD mice that warrants investigating the plausible

underlying mechanism(s).

We have previously shown that male heterozygous zQ175 mice at 12 months of age have
significant deficits in both motor and cognitive functions that can be reversed -te€el?
treatment with CTERAbd-Elrahman et al., 2017; Li et al., 202Here, we find that both male
and female heterozygous zQ175 mice presents with significant and comparable impairments in
their grip strength and motor coordination that is consistent with previous findings by our group
and others using the same mouse rh@dled-Elrahman et al., 2017; Li et al., 2021; Menalled et
al., 2012; Smith et al., 2014We also show that the short (4 weeks) and the long (12 weeks)

treatment paradigms are to a great extent equally effective in reversing impairments in grip force
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and motor coordination of male zQ175 mice during rotarod test. Despite bethaagjged male

and female HD mice showing deficits in grip strength and motor function, CTEP was not able to
improve the performance of female zQ175 mice in most of the mota. t&pecifically, CTEP

did not improve grip strength and only longer treatment with CTEP was able to significantly
improve the rotarod performance of female zQ175 mice-dependent differences in the onset

of some motor symptoms were previously repomeshother knockn model of HD, HdhQ350/+
mice(Cao et al., 2018bMoreover, the expression of the brdierived neurotrophic factor (BDNF)

was found to be severely affected in female R6/1 mice compared-toatgked malefZajac et

al., 2010) Therefore, it is possible that motor deficits present earlier in female compared to male
zQ175 mice and extended treatment is required to reverse these impairments. Interestingly,
impairment in precision grip control is an early predictor of diseasdé andenanifest in the pre

HD stage in patientdRao et al., 2011Jhus, it is also possible that deficits in grip force manifests
even earlier than limb coordination and an extended treatment paradigm (beyond 12 weeks) is

required to detect a significant improvement in grip strength in female zQ175 mice.

Progressive cognitive decline is another debilitating symptom of HD and MRI study show
that HD pathology spreads to the hippocampus, a brain regiorkmeedin to be important for
learning and memorgBird & Burgess, 2008; Lemiere et al., 2004; Rosas et al., 2003; van den
Bogaard et al., 2011Additionally, impaired neurogenesis and appearance of mHtt aggregates in
the hippocampus have also been reported in animal models ¢gAbtBEIrahman et al., 2017,
Morton et al., 2000; Simpson et al., 201Here, we show that CTEP reverses cognitive
impairment in the novel object recognition test in male but not female zQ175 mice. Interestingly,
such an observation is consistent with our most recent work showing that CTEP can reverse

deficits in spatial andvorking memory in male but not female AD mi¢&bd-Elrahman et al.,
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2020a) mGIuRS5 signHing is differentially regulated between male and female AD mice due to
sexspecific differences in the compositanabdn of
MGIuR5(Abd-Elrahman et al., 2020a; Adelrahman & Ferguson, 2022)hus, it is possible that
similar to Ab, -spetific pathtlagicab ggiiangsof naGluRSethxat alters the

efficacy of mGIuR5 NAMSs in reversing memory and motor deficits in female HD mice.

Deposition of insoluble mHtt aggregates in the striatum is one of the distinguishing features
of HD pathology and mGIuRS5 is highly expressed in striafiDifiglia et al., 1997; Shigemoto et
al., 1993) We show that mGIuR5 antagonism results in a significant reduction in the number and
size ofmHtt aggregates and rescues neuronal loss in the striatum of both male andzf@hvde
mice. SincemHttis known to alter transcriptional regulation and apopt(3is et al., 2006; Kim
et al., 1999; Rigamonti et al., 20009 is likely that the reduction in mHtt following chronic
MGURS5 inhibition reduces the loss of striatal neurons and nurture the neurotrophic capacity in HD
brains. We have previously reported a similar reduction in apoptotic neuronal loss and mHtt
aggre@tes in male zQ175 mice that was attributed to reactivation of a ZBd@i&déndent
autophagy pathways that facilitate the clearance of mHtt aggregate from the s{Adidim
Elrahman et al., 2017However, ZBTB16 autophagic pathway is regulated in aspexific
manner in zQ175 and AD mice and therefore it is likely that the mechanisms underling such
reduction in mHtt load and neuronal loss after mGIuR5 antagonism are different between both
sexes(Abd-Elrahman et al., 2020a; Li et al., 202Eurther investigation in the mechanism(s)
underlying such reduction in mHtt pathology in CTF&E®ated female zQ175 mice is required in

the future.

Activated microglia and elevated levels of inflammatory cytokines have been found in

the brains of HD patients and are thought to contribute to HD path{Bygskqvist et al., 2008;
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Silvestroni et al., 2009; Tai et al., 200MGIuRS5 is heavily expressed in microglia and the genetic
deletion of mGIuR5 in BACHD mouse model of HD triggers cortical microgli(Biser et al.,

1999; Carvalho et al., 201QVe detected microgliosis in the striatum of both male and female
zQ175 mice that was abrogated by CTEP suggesting that mGIuR5 antagonism can be effective in
reducing neuroinflammation in HD brains of both sexes. It is worth noting that pharmacological
silencing of mGIuR5 using CTEP in amyotrophic lateral sclerosis (ALS) and AD mice, two
neurodegenerative diseases in which glutarmegdiated excitotoxicity plays a crucial role,
reduced the number of activated microdkdod-Elrahman et al., 2020b; Milanese et al., 2021)
Therefore, it is possible that in HD, glutamate excitotoxicity triggers microglial mGIuR5
overactivation leading to microgliosis and exacerbation of neuroinflammation that can be

abolished by mGIuR5 NAMs.

MGIUR5 NAMs remain a promising disease modifying treatment in HD since they are
capable of reversing disease pathology in both sexes, but it is possible that extended treatment in
females is required to accomplish a significant recovery in motor andtivegsymptoms. The
mechanism(s) underlying the ssgecific difference in the efficacy of mGIuR5 NAMs in zQ175
HD mice remains unclear. So far, no differences in the subcellular localization, expression, and
function of mGIuR5 between males and femalesshasen reported in HD. However, mGIuR5
can directly interact with mutant huntingtin in male Q111 HD mice leading to altered receptor
signdling but such interaction has not beevestigated in female HD mig@&nborgh et al., 2005;
Ribeiro et al., 2010Furthermore, membrane estrogen receptors is coupled to mGIuR5 in female
rat striatum and can activate mGIuRS5 sid¢jnglin the presence of estrad{@rove Strawser et al.,

2010) Therefore, it is possible that mGIuR5 interaction with mHtt in HD brain is either

intrinsically different between both males and females or is influenced by the crosstalk between
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MGIuUR5 and sex hormone receptors. Additionally, membrane mGIuR5 forms heterodimers and it
is possible that the composition of this dimers is regulated in -apoific manner leading to
differential binding and/or efficacy of mGIuR5 allosteric ligaifdse et al., 2020; Prinster et al.,

2005)
3.6Conclusion

We demonstrate that mGIuR5 contributes to HD pathophysiology in male and female
zQ175 HD mice and that while mGIuR5 NAMs can reverse neuropathology in both sexes, they
are less efficacious in reversing symptoms in female compared with male mice. Thaugsré¢he
important sexspecific differences in the sighalg pathways downstream of mGIuR5 that
contributes to the pathophysiology zQ175 HD mice that should be investigated in the future. We
also emphasize the importance of designing individualized HDviezas that takes both the sex

and disease stage of the patient into account.
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4.1 Abstract

Huntingtonds Disease (HD) is an inherited
that leads to progressive motor and cognitive impairment due to the expansion of a polyglutamine
(CAG) repeat in the Nerminal region of théuntingtin (Htt) protein. The creation of HD mouse
models represents a critical step in the research for HD treatment. Among the currently available
HD mouse models, the zQ175 knackmouse line is the first to display robust disease phenotype
on a heterpygous background. The newer FDNQ175 mouse model is derived from the zQ175
mouse line and presents a more aggressive phenotype. Moreover, increasing evidence has
implicated sex as a contributing factor in the progression of HD symptoms. Here, we compared
the progression of HD phenotypes in male and female heterozygous FDNQ175 mice. We found
that both male and female heterozygous mice showed deficits in forelimb grip strength and
cognition as early as 6 months of age. However, female FDNQ175 mice weraltessile to
HD-associated decline in limb coordination and movement. Neither male nor female FDNQ175
mice exhibited reduced locomotor activity in the open field or exhibit consistent differences in
anxiety at 612 months of age. Both male and female FDN®hice exhibited incread@umbers
of huntingtin aggregates with age anth8nthold female FDNQ175 mice had significantly more
aggregates than their male counterparts. Taken together, our results provide further evidence that
sex can influence the progression of HD phenotypeddlipical animal models and must be taken

into consideration for future HD research.
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4 .2 Introduction

Huntingtonds disease (HD) is an inherited
characterized by the early loss of medium spiny neurons in the stiistantin & Gusella, 1986)
HD symptoms typically manifests between the age df 30 and includes choreatic movements,
dementia and behavioural difficultig®koos, 201Q) HD is caused by the expansion of a
polyglutamine (CAG) repeat in the-tdrminal region of the huntingtin (Htt) proteiMacDonald
et al., 1993)Mutant Htt with this expanded polyglutamine tract has been shown to be targeted for
proteolysis and the cleavage of Htt at théelkininus results in the formation of cytoplasmic and
intranuclear aggregates that strongly correlate with HD symptoms aedtgéRiFiglia et al.,
1997) Indeed, longer polyglutamine repeats are associated with earlier disease onset and more
severe symptomgAndrew et al., 1993; Furtado et al.,, 1998)espite this weltharacterized
etiology, the underlying molecular mechanism(s) responsible for HD pathogenesis remains poorly

understood and there is no disease modifying treatment currently available.

One important advance in HD research is the creation of genetic mouse models that
replicate the clinical, pathological and biochemical changes observed in HD patients. These
different mouse models present varying degrees of phenotype severity, pathdloggein Based
on the way in which mutant huntingtin is incorporated into the mouse genome, genetic models of
HD can be broadly separated into three categories: i) transgenic mice that expressdaxiaal
fragments of human mutant Htt (mHTtt) in adalitito mouse wildype Hitt, ii) transgenic mice that
express full length human mHtt alongside mouse -tyife Htt, and iii) knockn mice with
expanded CAG repeats in their endogenous Htt (fezreante, 2009)Among the three categories,
knockin mouse lines represent the most genetically accurate models of HD, as they express the

diseasecausing mutant protein in the correct genomic context. zQ175 mouse is aikmoglise
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model of HD that expresses a chimeric Htt protein containing exon 1 of mutated human Htt with
roughly 188 CAG repeats. Importantly, zQ175 mice show robust HD phenotype on a heterozygous
back ground, which closely recapitulates the autosomal dominanttarteeripattern of HD in
humans(Menalled et al., 2012)More recently, the FDNQ175 mouse model was generated to
increase phenotype severity and reduce testing time. These improvements are achieved by
changing the background strain from C57BL/6 to FVB/N and removing the floxed neomycin
resistance gene (Neo)siyg r eam of t he Htt | ocus, which i nci

neurodegeneration and elevated mutant Htt protein levels in thegBaithwell et al., 2016)

The initial assessment of FDNQ175 mice suggests that it is a more suitable model for HD
preclinical testing than zQ175 mice. However, the original study did not distinguish between the
severity and progression of the phenotype in males and females. Jlgeosving evidence that
sex may influence HD phenotype and neuropathology in HD rodent models and [{Bieletet
al., 2008; Dorner et al., 20Q7Therefore, we examined and compared the progression of HD
phenotype in male versus female FDNQ175 mice. We found that female FDNQ175 mice
appeared less vulnerable to HBsociated decline in motor function than male mice. Interestingly,
female wildtype mice developed deficits the novel object recognition test at 8 months of age,
whereas male wikilype mice only showed deficits in the same test at 12 months of age. Moreover,
female FDNQ175 mice appears to have more insoluble aggregates than male mice at younger ages,
but they eventally reach a similar level by 12 momtiof age. Overall, these studies highlight

significant differences in disease progression between male and female FDNQ175 mice.
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4.3 Materials and Methods
Animals

All animal experimental protocols were approved by the University of Ottawa Institutional
Animal Care Committee and were in accordance with the Canadian Council of Animal Care
guidelines. Animals were group caged and housed under a constanurlliyht/cark cycle. Food
and water were givead libitum Wild-type FVB/N mice were from Charles River Laboratory
(#207) and FDNQ175 mice were gifts from Micha
Columbia). Mice were bred to establish littermatamtrolled male and female wildype and
heterozygous FDNQ175 mice. Gr otypp and ffetero®gous 4 ) o f
FDNQ175 mice were aged and tested in a series of behavioural experiments at 6, 8, 10 and 12
months of age. After 12 months, mice werergeed by live cervical dislocation and the brains
were collected for biochemistry and immunohistochemistry. A second group of male and female
wild-type and heterozygous FDNQ175 mice were raised and sacrificed by live cervical dislocation

at 8 months o&ge and the brains were also collected for immunohistochemistry.
Behavioural analysis

All animals were habituated in the testing room for a minimum of 30 minutes before testing.
All behavioural tests were performed blindly
mice were tested separately to prevent change in behaviour. #digtegs performed in the

University of Ottawa Behavior and Physiology Core Facility.
Forelimb grip strength test

The grip strength of each mouse was measured using the Chatillon DEF Il Grip Strength

Meter (Columbus Instruments, Columbus, Ohio). Mice were held over the grid of the instrument
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by their tails and allowed to firmly grip the bar. The mice were then pulled horizontally away from
the bar using constant force and at a speed ofcf2/$ until they released the bar. Each mouse
was tested 8 times with a break of 51 between each trial and the values of maximal peak force

were recorded.

Open field test:

Mice were individually placed in the bottel@ft corner of an opaque and illuminated (~300
lux) open field arena (4&m x 45cm x 45cm) and allowed to explore for 10 min. Activity of the
mice were recorded by an overhead camera connected to a computer outside the room. Total
distance travelled, velocity and time spent in the center versus four corners were calculated using

the Noduls Ehovision 17 software.

Rotarod test:

Mice were introduced to the rotarod apparatus (IITC, Woodlands Hills, CA, USA) on day
one by placing them on the stationary rotarod for 3 minutes. Four trials were then performed daily
for two consecutive days using an accelerating protocol (from 5 tdPA5iR 300 seconds) with
10 minutes of rest between each trial. Any mice remaining on the rotarod after 300 seconds were
scored as 308. If mice fell in the first 10 seconds of a trial, the trial was repeated from the start,

for up to three times. Data atmed from the four trials of the second day were used for analysis.

Horizontal ladder test:

The mice were first trained (1 trial) to traverse a horizontal ladder with a total of 121
regularly (1cm apart) and irregularly (0i152.5cm apart) spaced metal rungs (Ochbin diameter
and 2cm from the bottom of the wall). The mice were then filmed crossing the laddeb finiadls

using highdefinition camera. The number of successful and missed steps for each limb during the
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2 best trials were quantified and interpreted as percentage error.

Novel object recognition

Mice were placed in a square arena measw8gm x28 cm x35cm and tracked using
an overhead camera fed to a computer in a separate room. Mice were allowed to explore the empty
arena for 5 min, and 5 min later, two identical objects were pldieggnallyin the arena 5 cm
from the edge and 5 cm apart. Mice were returned to the arena for 5 min and allowed to explore.
The time spent exploring each object was recorded, and mice were considered to be exploring an
object if their snowgwerewithin 1 cm of the object. Twentfpour hours after first exposure, the
experinent was repeated with one object replaced with a novel object. The time spent exploring
each object was recorded and analyzed using the Noldus EthoVisisoftlvare. Data were
interpreted using the recognition index (time spent exploring the familiar object or the novel object
over the total time spent exploring both objects multiplied by 100) and was used to measure the
recognition memoryTA or TB/(TA + TB)] * 100, whereT represents the timeé\ represents a

familiar object, andB represents a novel olgfgf Abd-Elrahman et al., 2017)

Immunohistochemistry

One hemisphere of each brain sample was fixed ipdetformaldehyde for 48 hours and
then transferred to 70% ethanol for storage A€ 4Thesamples were embedded in paraffin and
then coronally sectioned through the striatum at a thickness of Seetions were then incubated
with themouse monoclonal EM48 antibody (Sigalarich, MAB5374)at 1:100 dilution for 30
minutes at room temperature and staining was done using Leica Bond Il automatic stainer using
BOND polymer Refine Detection Kit (Leica Biosystems Cat# DS9800) from Leica Biosystems.

Slides were scanned using a Leica Aperio Sladaser at 28 and the number of EM48 positive
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aggregates were counted in representative 300 x 3@Caggas of the striatum. Experimenters
were blinded to analysis and six sections per mouse were analyzed and for each section 2 ROIs in
the striatum were quantified using the cell counter tool in Img@dd-Elrahman et al., 2020b;

Abd-El rahman et al . | 2017 ; Abd .El rahman et al . |
Statistical analysis:

Means =SEM for each independent experiment is shown in the various figure legends.
GraphPad Prism software was used to analyze the data for statistical significance. Statistical
significance was determined by a series of 2 (strain) x 2 (sex) or 2 (strain) &) Za(adyses of
variance (ANOVAs), foll owed by Fisheros | eas

significant main effects or interactions.
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4 4 Results

4.41 Male and female heterozygous FDNQ175 mice develop deficits in grip strength at 6

months of age.

It was previously reported that heterozygous zQ175 mice develop deficits in motor
function at approximately 8 months of g@éenalled et al., 2012)n comparison, FDNQ175 mice
showed decline in motor function starting at 6 months of &gathwell et al., 2016)n this study,
we tested both male and female FDNQ175 mice to determine whether they develefatdd
motor impairments in a sespecific manner. At 6 months of age, both male and female
heterozygous FDNQ175 mice showed lower grip strength than agseanthtched wildtype
controls Figure 4.1A). Furthermore, the grip strength of heterozygous FDNQ175 mice continued
to deteriorate as they ajenith additional decline occurring from 6 to 10 monthgy(re 4.1B-

F). Interestingly, we did not observe athar drop in grip strength between the age of 10 and 12
months, suggesting that the loss of grip strength had already plateaued at the 10 months time point
for FDNQ175 mice Kigure 4.1B-F). We also did not observe significant differences in grip
strength between wilthpe male and female mice nor between heterozygous male and female
FDNQ175 mice at each time point tested in this stldgute 4.1G). In conclusion, both male

and female heterozygous FDNQ175 mice exhibited significant decline in their gmgtsirat 6

months of age. Moreover, their grip strength continued to decrease further up to 10 months of age.
However, no evidence of any sepgecific differences in the development of grip strength

dysfunction was observed in FDNQ175 mice.
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Figure 4.1. Fore limb grip strength of male and female wildtype and FDNQ175 mice from 6
to 12 months of age.

Mean £ SEM grip strength [graforce (gf)] of wildtype (+/+) and heterozygous FDNQ175
(FDNQ175/+) male and female mice at 6 months (n-214er groupjA), 8 months (n = 120
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per group)B), 10 months (n = 1:20 per group}C), and 12 montk(n = 1220 per group)D) of
age.(E) Line graph summarizing changes in the mean £ SEM grip strength-fgraen(gf)] of
wild-type (+/+; n = 2€21) and heterozygous FDNQ175 (FDNQ175/+; n 20#male mice from

6 to 12 months of age tested at 2 month inter¢@&)d.ine graph summarizing changes in the mean
+ SEM grip strength [grarforce (gf)] of wild-type (+/+; n = 1114) and heterozygous FDNQ175
(FDNQ175/+; n = 1419) female mice from & 12 months of age tested at 2 month inter¢&.
Combined line graph summarizing changes in the mean = SEM grip strengthf¢gcanigf)] of
wild-type (+/+) and heterozygous FDNQ175 (FDNQ175/+) male and female mice from 6 to 12
months of age tested at 2 month intervalgdicates significant difference (p < 0.05) between
agematched and sematched wildtype (+/+) and heterozygous FDNQ175 (FDNQ175/+) mice.
#indicates significant difference (p < 0.05) as compared witiothold sexmatched wildtype
(+/+) mice. Y indicates significant difference (p < 0.05) as compared witho6thold sex
matched heterozygous FDNQ175 (FDNQ175/+) mice.
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4.4.2Male and female heterozygous FDNQ175 mice develop deficits in limb coordination

and placements in a sexlependent manner.

We previously detected deficits in rotarod and horizontal ladder performance in both male
and female heterozygous zQ175 mice at 13 months dlLageal., 2021, 2022b)Another study
had shown that heterozygous zQ175 mice can develop impairments in rotarod performance as
early as 7 monthéMenalled et al., 2012)in the current study, we examined whether similar
deficits would develop at an earlier age in the heterozygous FDNQ175 mouse model. The rotarod
performance of male heterozygous FDNQ175 mice was significantly worse than that of male wild
type mice at 6 ath8 months of age-{gure 4.2A). In contrast, the rotarod performance of female
heterozygous FDNQ175 mice remained comparable teredehed female wildype controls at
the 6 and 8month time poird (Figure 4.2A and 4.2B). Starting from 10 months of age, both
male and female heterozygous FDNQ175 mice showed significant deficits in rotarod performance
compared to their respective agad sexmatched wildtype controls Figure 4.2C and 4.2D).
Furthermore, the rotarod performance of male and female heterozygous FDNQ175 mice
deteriorates between the age of 6 and 10 moRibarge 4.2E and4.2F). Importantly, the rotarod
performance of agmatched male and female heterozygous FDNQ175 mice were similar at all 4
time points teste¢Figure 4.2G). Instead, female wiltlype mice appeared to perform worse than
agematched male wildype mice. Specifically, the rotarod performance of female-tyipe mice
also shows a downward trend after the8nth time point and is significantly worse than that o
agematched male wildype mice at the *0and 12month time poirg (Figure 4.2C, 4.2D and
4.2G). In fact, 12monthold wild-type female mice showed significant decrease in their rotarod
performance compared to their 6 months daigure 4.2F). However, female wildype mice at

12 months of age still performed significantly better than-rageched female heterozygous
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FDNQ175 miceigure 4.2D and4.2F). Because female witype mice showed a lower starting
level of performance on the rotarod than male Myjoe mice, it is difficult to conclude whether

the development of deficits in the rotarod test isdependent in FDNQ175 mice.
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Figure 4.2. Rotarod performance of male and female wildype and FDNQ175 mice from 6
to 12 months of age.

Mean + SEM latency to fall (s) from accelerating rotarod of swylae (+/+) and heterozygous
FDNQ175 (FDNQ175/+) male and female mice at 6 months (n-211ger groupjA), 8 months
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