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LAY ABSTRACT

Lysosomal storage disorders are a group of neurological diseases that are
debilitating and often fatal at a young age. Two diseasé this group TaySachs
disease and Sandhoff diseageare similar in their causes and symptoms. Current
treatments forthese disease®nly slow or stall an inevitable decline in healttlew
targets for treatment are required, and we provide data suggesting severatipsothat
may fit this criterionWe also provide evidence of the discovery of a new form of one of
these proteins, which is found in high levels in the disease, indicating it may be
important in these and other neurodegenerative diseadégally, we prome findings
indicatingthat a certain cell type, which is largely ignored in current researchtf@se
diseases may be imprtant in the disease progress. These findings increase our
knowledge of Taysachs disease and Sandhoff disease, and open new eweiou

medicinal intervention.



ABSTRACT

Lysosomal storage disorders aayroup of rareneurodegenerative diseases that
are collectivelycommon sharingmany aspects with other neurodegenerative disorders,
including substrate buildp and neuroinflammationThe GM2 Gangliosidoses, Tay
Sachs disease and Sandhoff disease, pathologically overlapping lysosomal storage
disorders, with high prevdence within specific ethnicities Their effects are
neurologicallydevastating and often fatal at young ag€xurrent treatments only slow
or stall an inevitable decline in healthovel treatment targets are needed fdhese
disorders, andothers with similar pathologiesin these workswe demonstrate the
negativeeffect the inflammatory cytokine tumour necrosis factpha has on survival
of a model of Sandhb disease We demonstrate its role in the upregulation of
astrogliosis, andapoptosis and we present evidence that this effect on astrogliosis
occurs through an upreguian of the JAR/STAT3 pathwayl houghfruitful, a singular
focus on inflammation/gliosis in these disead®ess lefta vacuum in the research into
neuron specifi molecular processedVe observethe development ofinflammation,
astrogliosis and neuronal processgsour mode] and demonstrate a bphasic disease
progression, in which early onset microgliosis precedes terminal astrogliosis, apoptosis,
and a declinen excitatory gltamate receptors, sggestingneuronspecific malfunction
Furthermore, weshow that knockout of the synaptic protein neuronal pentraxin 1
retards neurodegeneration and extends the lifespan of Sandhoff disease, mice

independent of inflammationor astrogliosis Through electrophysiology, wprovide



evidenceof dysregulationof glutamate receptoran Sandhoff disease, arshow that
knockout of neuronal pentraxin 1 provides rescue from this dysregulafibis work
expandson researchinto gliosisin GM2 gangliosidoses, presents the finding of a novel
protein isoform, and presents a new focus on rnglial disease mechanisms and

treatments for these and other neurodegenerativealigers.
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CHAPTER 1: Introduction
1.1 Neurodegenerative Diseases

As the average age of the global population grows, neurodegenerative diseases
are progressively more common, and the cedisth financial and personahre also
increasing. In Canada, the percentage of Canadians aged 65 years or higher is expected
to shift from 15% to 23% during the period of 2012031 (The Government of Canada
and Neurological Health Charities Canada, 20Atcording to a report by the World
| SFfGK hNAFYATFGA2Y Ay wnnannX !'f1 KSAYSNDa
world population approximately 11.16 million disabHagjusted life years (DALY, a
measure of the cumulative number of years lost doepoor health and death{The
World Health QOganization, 200% More than 340,000 Canadians currently suffer from
1 f T KSAYSNRA RA&aSIaSz yR ynxtnann /[ lFylFIRAIYA
2031, these numbers are expected to grow to 674,000 and 163,700, respeclivhely
Government of Canada and Neurological Health Charities Canadg, Z0&lburden of
neurological conditions extends beyond the patient. According to data published by the
Governmentof Canada and Neurological Health Charities Canada in 2011, 28% of
informal caregivers to people with neurological conditions in Canada reported distress,
versus 13% for caregivers to people without neurological conditions. In 2011, 39.6% of
Canadians wit a neurological condition received informal assistance. Aside from quality
of life costs, there are also financial costs; for British Columbia alone during the period of

2010H A MME GKS O02aiG 2F RANBOG OIFNB F2NJ LI GAS



Ph.D. Thesis A. Hooper; McMaster UniversityBiology

G2GFt €t SR FLIWNREAYIGSt& PpHTEndnZnnnz YR
that our understanding of neurological disorders remains on par with advances in
medicine which result in increased longevity, in order to maintain quality of dife f
patients, families, and caretakers.
1.2Lysosomal Storage Disorders

The lysosome is a subcellular organelle responsible for the degradation of
biomoleculesIn a normally functioning cell, lysosomal enzymes are translated through
translocons into the Imen of the rough endoplasmic reticulum (RER) as either a soluble
or membrane bound protein.Here, they receive a mannosentaining N-linked
oligosaccharideThe hydrolasethen move to the Golgi apparatus where theannose is
phosphorylated ina reaction with uridine diphosphateN-acetylglucosamine N-
acetylglucosamind-phosphotransferasg I VR l-Nyacetylgldcosaminyl
phosphodiesteraséReitman and Kornfeld, 1981inthe trans-Gogli network the M6P is
recognized by a M6P receptor (M6PR). Clathrin coated vesicles form, carrying the
hydrolases to endosomes. Protmump ATPases then reduce the pH of the lysosomal
lumen to pH 4.6.0, which activates the low p#kependent hydrolases which are then
able to degrade their target substrate@Kornfeld and Mellman, 1989Saftig and
Klumperman, 2000 Lysosomal storage disorders (LSD) are a group of
neurodegenerative diseases including, Neim#&heok, type C, Gaucher disease, Fabry
diseaseTaySachs disease, and Sandhoff disease, all characterized by the inability of the

lysosome to properly degrade substrates, leading to their build up within the cell. This

t
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generally occurs due to a reduction or lack in specific hydrolase enzyme furdii®ng
genetic defects. Individually, these diseases are -rargh specific LSDs rates am
Australian studyranging from 1 in 57,000 live births to 1 in 4.2 million live bitngt
collectively, they occur at a rate of up to 1 in 7,700 live bifMsikle et al.,1999. Tay
Sachs disease occurs at a high rate in certain populations (a carrier frequency of 1 in 31
North American Jews)Petersen et al.,, 1993 Since these diseases often share
characteristics, such as substrate buildup, hindrance of the protein synthesis pathways,
and neurological symptoms, research into one disease may also be beneficial to our
understanding of others. Due to the buildup of strages within the CNS, LSDs are in
a2YS glea aArAYATIFIN 02 Y2NB LINBGFtSyd RA&SH
mouse models for a subset of LSB#2 gangliosidosesntraneuronal amyloie o!li 0z
and gangliosid® 2 dzy R Al 0 @ PNE T swdayeKeilan2et al. @Q@ABoth of
these ©OdzYdzf A2y & | NBE OKINIOGSNAAGAO 2F ! 1K
their pathogenese¢yanagisawa etal., 1985 D! i gl & | f a2 ¥F2dzyR (2
in the frontal cortex of the brains of human GMangliosidosis patients.
1.3GM2 Gangliosidoses

GM2 gangliosidoses are a group of similar LSDs related by the inability to
degrade the ganglioside GM2 to GM3. This substrate accumulates in the cell, leading to
a plethora of detrimental effects. These disea occur through malfunction of the
Syl e RS E2&lI YAYARI 48 6KAOK A& O02YLRasSR 27F |

F2dzy R 2y GKS KdzYly OKNRY2 a2 Y Sfoundpor Mughaza S OK |
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OKNRBRY242YS pkY2dzaS O Kshinit xantiMsSa M2oadtiator¢ KS  h
protein binding site, which presents GM2 and allows for its hydrolyzation to GM3. The
hj Aaz2l @YS -hedosainiyiidageyA (HEXA),iand is responsible for cleavage of
N-acetylglucosamine and-Bcetylgalactosamine residues from the gangtiesGM2. The
i1 A&zl & Y®exdsaminidasé B (SEXB)i the enzyme responsible for cleavage of
NI OSdet3rtlrOdz2al YAYS NB&AARdMzZSa FTNRY (GKS 3Ly
A a2 1 ahéed®saminidase S), has no currently known function.
1.3.1TaySachs Disease

TaySachs disease (TSD) is caused by a mutation of theHiexathe product of
g KA OK  A3adzo id#/ 3-hexosarfinidase A. There are fourrfs of TaySachs
disease, characterized by the period of onset. In the infantile form, patients are
unaffected at birth, but develop a slew of symptoms & &onths, including mild motor
weakness, hypotonia, poor head control, decreasing attentiveness and a chdrspot
around the fovea. Motor, mental and visual abilities decline after 10 months and
patients suffer from seizures and macroencephaly by year 2. Within 4,yesirsnts fall
to a vegetative state and expire. In the Juvenile form, sufferers developormot
symptoms with 26 years, loss of speech, seizure, loss of vision, dementia and spasticity
by year 10. The vegetative state and death occur withidl30years. Chronic onset
patients adopt an abnormal gait and posture within 5 years, and live to appabeiyn
40, with neurological symptoms, although intelligence remains intact. Adult onset

sufferers begin mimicking neurological disorders in their 20s, dlike those with
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chronic onsetintelligence isnot affected(Kolter and Sandhoff, 2006Diagnosis of the
disease can be performed via enzymatic assays. HEXA is heat labile at 50C, while HEXB is
not. By measuring the difference in enzyme activity on a common substsate,
YS i Kef dzy o-8-acktyfgiuSoNdninidei MUG), before and after exposure to
heat, it is possible to estimate the enzymatic contribution of each enzijnaekis et al.,
1997). Genetic testing for common mutations is also an efficient way to identify disease
carriersand sufferers. The most common allele for TSD idop FATC insertion in exon
11 of theHEXAgene, which produces a premature stop cod&oles and Proia, 1995
This mutation represents approximately 79%I&D alleles in Ashkenazi Jewish carriers
a particularily atrisk group but as low as 16% percent of T&leles in norJewish
carriers (Paw et al., 1990 TriggsRaine et al., 1990 French Canadians are also
commonly affected, and the most common mutation in the French Canadian population
is a 7.6kb genomic deletion involving the HEXA promoter and exon 1; no mRNA is
produced by this allel@Myerowitz and Hogikyan, 1986
1.3.2Sandhoff Disease

Sandhoff disease (SD) is catidy a mutation of the genelEXBthe product of
GKAOK A& || adzo#bkE2 aRFAWRRI &aB¢dssminidaseiB. | f & 2
Patients with this disease suffer slar symptoms as those with T&8achs, with the
following caveats: infant sufferers havwganomegaly and slight bone deformation;
juvenile onset type is typified by slurred speech, cerebellar ataxia, psychomotor

retardation, normal vision, spasticity and mental deterioration witi@Byears of life;
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adult sufferers have an buidp of unchargd enzyme substrate@olter and Sandhoff,
2006).
1.4 Animal Models

Mouse models have been developed on C57BL/6 backgrounds that mimic TSD
and SD, through knockouts of the orthologottexa and Hexb genes respectively
(Phaneuf et al., 1996 The Hexa gene was disrupted by insertion of a neomycin
resistance gene cassette in exon 11, atekbby insertion of a neomyciresistance
gene cassette in exon Mexd mice are largely symptomatic however, due to an
alternative metabolic pathway which allows conversion of GM2 to GA2 by the enzyme
sialidase, which can then be metabolised to lactosylceranf@ingo et al., 1995A
similar effect has been produced in human neuroglia via upregulation of sialidase via an
exogenous cDNA expression vecfldoura et al., 1999 SomeHexd™ mice develop
clinical symptoms, including tremors, within2lyears, in particular females who have
bred, and this coincides with a reduction of HEXB expregdeyakumar et al., 2002
The Hext™ mice accumulate gangliosides in the CNS and other tissues including the
testis and epididymis, and have symptoms involving slow movement, muscle weakness,
ataxic gait, and inability to rightelves, onset at -8 months. Death occurs within 6
weeks of onset, after development of tremors, myoclonus and spastic quadraparesis
(Adamali et al., 1999%Phaneuf et al., 195). Hext/™ mice display cognitive dysfunction
presenting as hypoactivity and increased thigmotaxis, considered a measure of anxiety

in mice (Gulinello et al., 2008Simon et al., 1994 These mice also presented with
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memory deficits, presenting as a reduction in novel objecognition. SD mice respond

to a calorie restricted diet, with improved survival and performance on behaviour tests,

and reduced inflammation, despite no marked difference in brain lipids, suggesting an
avenue for treatmen{Denny et al., 2006 SD mice accumulate not only GM2 and GA2,

0 dzi  s® ¥ @0 fr S Asyhucleiy, Rresynaptic proteins related to the cytoskeleton

(Suzuki et al., 200® -synuclein accumulates in neurons of maegions of the brain,

including the cingulate gyrus, subiculum, striatum terminus, olfactory bulb, thalamus,

the deep cerebral cortex, the dentate gyrus, and @A3 NBIA 2y 2F (GKS KA LI
aeydzOf SAy &akKIFNBa Ylye Lsyiicleis, bud i paSidolbdNG & & A 2
accumulates in the cingulum, pontine gyrus, and granule cell layer of the cerebellum. As
previously mentioned, SD mice also accumulate amylokl | Yy R 3d /@R 218IARS
020K (G@LIAOIKEt 2F 20KSNJ ySdz2NP R SIddeasdKdilanih S RA
et al., 2012 Yanagisawa et al., 1995A reduction in phospholipid metabolism is seen in

Hext~ mice, which is consistent with observation in human SD patiBuscoliero et

al., 2004 Sandhoff et al., 1971 SDmice show heavy involvement of inflammation in the
progression of the diseasd¢iexti™ mice present with infiltration of peripheral blood
mononuclear cells (PBMC) into the CiK@rkanides et al., 2008They also suffer from

thymic involution (shrinking of the thymus), occurring at eppmately 15 weeks of age,

due to apoptosis, which correlates with an increase in corticosterone |¢Metsuoka

et al., 2011h. Interestingly, induced pluripotent stem cells (iPSC) ftdexty” mice are

impaired in their ability to differentiate to early neural precursors, and fewer neurons
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develop from these precursors, relative to WT iPEZgmwa et al., 20)3Hippocampal
neurons fromHextd~ mice also have reduced axonal and minor process growth in
culture, and retinal ganglion cells of SD mice show reduced numbers of neurite
outgrowths relative to WT cell§Pelled et al., 2003bSango et al., 2005 This could
indicate that nairological issues in SD are not just due to neuronal death, but also a
decreased ability to gemate new neurons and processes.
1.5Neuroinflammation, Neurodegeneration, and Sandhoff Disease

Neuroinflammation has been indicated in many neurodegenerativeeaties,
adzOK a !'f1 KSAYSNDa RAASFAS o0!50X |yR t I NJ
but also an exacerbating factqAkiyama et al., 20Q0Teismann andSchulz, 200¢
Microglial activation has been shown be an important element of Sandhoff disease
progression in mouse models, with intense inflammation foregoing neurodegeneration
an effect suppressed via bone marrow transplantation fretex’* mice, despite no
changes in GM2 storad®#/ada et al., 2000 As microglia take up GM2, they are unable
G2 YSGlo2ftAaS Al RdzS -hemsamifidase M) lehding to RSiF A OA S
demise, and the continuation of the inflammatory respon@e®ntaine et al., 2002
Skaper, 200) CD45 positive cells are also shown to be increased in number in the
brains ofHexli™ mice relative to WT mice, suggesting an increase in the infiltration of
peripheral blood mononuclear cells in the Sandhoff disease afflicted brain. Knockout of
the CGchemokine receptor CCR2 reduced the infiltration of PBMCs, and delayed the

onset behaviaral deficits inHexty™ Ccr2™ mice relative toHext™ mice (Kyrkanides et
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al., 2008. Microglial activation can lead to the release of various cytokines, including
interleukin6 (IL6) and tumour necrosis factbrt LJK | 6¢bCh0OX HKAOK Y
apoptotic pathway in neurons, thus proliferating the respor{sentaine et al., 2002

Shishodia and Aggarwal, 2Q0Apoptosis has indeed been identified in the course of SD

(Huang et al., 1997 Astrocytes appear to also play a role in neurodegeneration in
Sandhoff disease. Theumber of glial fibrillary acidic protein (GFAP) positive calls

marker for activated astrocytesvas shown to be increased in the brainsHexb™ mice

relative to WT mice, suggesting an activation of astrocytes in the brains of mice with
Sandhoff disase(Kyrkanides et al., 2008Astrogliosis and development of astrocyte

based glial scars after neurodegeneration may inhibit the regeneration of neurite
outgrowth, limiting recoveryBovolenta et al., 1993 Knockout of sphingosine kinase 1

(Sphk)} in Hextd~ mice resulted in a reduction of astrocyte activation and improved

survival and increased body weighftVu et al., 2008 There is evidence that ése

microglial and astroglial processes are increased through communication between the
astrocytes and microglia/peripheral macrophages. It has been shown that macrophage
infiltration into the brain from the periphery coincides with an increase in theesgion

of macrophagenflammatory protein 1 alpha (MHh 0 o6& I aGNROeGtSad Yy
Mh NBRdzOS&a (GKS AYyFAELONI GA2Yy 2F YI ONRLIKI 353
the lifespan oHextd™ mice (Wu and Proia, 2004Nonglial immune systems also appear

to be involved in the Sandhoff diseastexti” mice produce antGM2 and antGA2 1gG

antibodies in later stages of the disease, detectable in serum, and present on the
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Perkinje cells of the cerebellum, and in the thalamus. Knockout of the antibiodijng
CO NI OS LJi 20 I O\2yY Yo2G/O wimgroves Yifesgab and Beliagiour despite
no change in GA2 or GM2 accumulations, verifying the involvement of adaptive
immunity against gangliosides in the diseg¥@amaguchi et al., 20Q4Furthermore,
Hexld"C O mice have a decreased CD@DS ratio relative to CD4CD8 and CD4
/CD8 relative toHext" C O W and Hexty"C O1vrhice, indicating a shift towards mature
populations of Icells in SD mice, with rescue towards WT phenotype by knockout of
C O viKanzaki et al., 20J0SD mice develop thymic involution at later ages due to
apoptosis, and this is suggested to occur through autoimmunity against T cells that
produce gangliosides, such as GA2. This autoimmunity may then lead to an immune
response against neurons which ajg@duce GAZKanzaki et al., 201Matsuoka et al.,
2011h. Due to the havy involvement of inflammation in the disease, many
inflammation related proteins have been suggestecbamarkers for gangliosidoses in
human patients including EN78, MCPL, MIPmM h 5 -vai 15t | Y Utz &tmIC 2045
1.6 Glutamate as an Excitatory Transmitter and Involvement in Excitatdy

Glutamate acts in the CNS as an excitataeurotransmitter by acting upon
various glutamate receptors. Excitotoxicity is the process involving overstimulation of
various glutamate receptors leading to a high influx of?Gans into the cytosol.
Overstimulation of these receptors may have mangtriinental effects, including
production of free radicals and expression of ®ath transcription factor§Wwang and

Qin, 2010. Excitotoxic death appears to occur as a mixture of both necrosis and

10
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apoptosis depending on the glutamate receptors involved and surrounding tissue
conditions (Martin et al., 1998 It has been demonstratedhat apoptosis is indeed

increased in tissues across the CNS of SD mice relative to WT mice, adding clout to the
hypothesis that this may be a pathway of neurodegeneration irfF&ang et al., 1997

The four AMPA receptor subunits (GLURXhat are sensitive to AMPA are permeable

to Ca influx with the exception of the commoBLUR2(RWwhich limits the permeability

of the heterotetramers when in complex via a positively charged arginine. It has been
shown that the ratio of GLUR1 6LUR2 in a cell membrane affects the excitotoxic
vulnerability of rat neurons through Canflux, with higher GLUR1 levels being
associated withhigher excitotoxicity occurrencfKim et al., 2001l Glutamate receptors

have also been connected to neurodegeneration in tibough the influx of Cdeading

to excitotoxicity (Hynd et al., 200 L O KIF & | f a2 oSSy akKz2gy I
excitotoxicity in the rat hippocampus by inhibiting glutamate uptake by glutamate
transporters, leading to overstimulation df-methylD-aspartate receptors (NMDAR)

which allows Naand C&?ions to enter the cell, with the presence of NR2A or NR2B
subunits being the determining factors in increased ion permeability. AMPARS do not
appear to be a major factor for excitotoxicity in this cgdS¢anika et al., 200%ou and

Crews, 2008 ¢ KA A& Yl & y24 lFfglea oS GKS OlFasS Kz
cause localization of GLUR1 to at the cell membrane in dissociated rat hippocampal
neurons, thereby increasing the risk of excitotoxi¢®goshi et al., 2005It is unknown

how this localization occurs, and this could occur through interaction with Np1.

11
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1.7 Regulation of Glutamate Exation via Neuronal Pentraxins

Neuronal pentraxins are a family of calckgependant lectins which can form
heteromultimers, and togetér bind the snake venom taipox{Kirkpatrick et al., 2000
Xu et al., 2008 Neuronal pentraxins contain highly conserved structures between
species, including a-terminal 'pentraxin domain' that mediated binding to AMPA
receptors, 2 coilegoil domans, and 3 Merminal cysteine residues, responsible for
inter-pentraxin disulphide linkage@®meis et al., 1996 Neuronal pentraxin 1 (NP1),
neuronal pentraxin 2 (NARP) ankde neuronal pentraxin receptor (NPR) have been
shown to celocalize and cause the clustering of AMPA receptors (AMRA&$ponsible
for binding glutamate and acting as an ion channel fof, g and C&- and are thus
involved in postsynaptic shaping.afyy appears to be more efficient at clustering
AMPARSs, but is found in lower numbers in the @N8iva Clustering appears to be
more efficient when pentraxins are found on adjacent cells to those containing AMPARS
(Xu et al., 2008 Both NP1 and Narp are expected to be soluble proteins, while NPR
contains a transmembranedomain that may anchor the neuronal pentraxin
heterocomplexes to the cellular membrane. It has been shown that cleavage of NPR by
the metalloprotease TNElpha converting enzyme (TACE) can lead to colocalization of
NPR with AMPAR within endosomes, resgitin depression of synapse excitabili§ho
et al., 2008. Thus pentraxins may play a role in both increasing and decreasing synapse
strength.

1.8 Roles of NeuronbPentraxin 1 in Neuronal Death

12
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Npl has beershown as directly responsible for activation of apoptosis in rat
cerebellar granule cells, and is implicated with excitotoxic neuronal death through
GLUR1/AMPA during hypoxgchemic injury in nematal rats(DeGregorieRocasolano
et al., 2001 Hossain, 2008YesteVelasco et al., 20080n the other hand, neuronal
pentraxins could be protective against excitotoxicity, through emtimgis of AMPARS,
and phagocytosis of synaptic contents by glia, through interaction with C1q complexes
(Gasque et al., 200Kreutzberg et al., 198%tevens et al., 2007These findingsnay
suggest that NP1 is either positively or negatively acting in TSD and SD as a regulatory
mechanism for AMPA induced excitotoxicify recent study has found a role for NP1 in
relating low neurmal activity to the process of induciiBCL2 associated X proteBAX-
dependant mitochondrial fragmentation and therefore apoptogayton et al., 2012
NP1 has also recently been shown to be expressed in astrocytes, where it may have any
number of unexplored role@Vang et al., 201
1.9 Available Treatments

Treatments for lysosomal storage disorders can generally be catagorized into six
major groups; gene therapy, enzyme replacement, substrate reduction, bone marrow
transplantation, pharmalogical chaperones, and treatment of secondédegtst
1.9.1Gene Therapy

Gene therapies aim to correct the original cause of lysosomal storage disorders,
which is a malfunctioning or neiunctioning enzyme gene product. By introducing and

expressing a functional version of the enzymes, the affectdd skbuld be restored to a

13
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relatively normal function. Recombinant adeagsociated viruses (rAAV) are the
expression vector of choice for gene therapies due to their low immunogenicity, that
they do nd integrate into the genomeand they are able to infect postmitotic cells.
Expression of HexA and HexB in mice via the recombinant smksuwiated virus
rAAV2/1, has been shown to reduce the loss of neurons in the thalamus of SD mice,
after injection into the striaturna neighboumg brain structurgSargeant et al., 2031
rAAV9 expressing HexB has also been gsedesfully in neonatal SD mide increase
lifespan and reduce GM2 in the brain, via intravenous injec{\Malia et al., 201p
Another virus often used for this pupge AAVrh8 is a vector isolated from rhesus
monkeys, which is able to cross the blood brain barrier and displays reduced peripheral
tropism, making it a good candidate for CNS specific geaepy (Giove et al., 2010
Yang et al., 2004 Use of AAVrh8 vectors and speespgcific hexosaminidase enzymes
produces a lessened (though measurable) immune reaction in the form oector
antibodies, compared to AAV1 vectors expressing human hexosaminidase enzymes
(Bradbury et al., 2013 AAVrh8 has been used to express feline HexA and HexB in cat
models of SD via thalamic and intracerebroventricular injections, resulting in reduced
GA2 and GM2 levels in the brain, reduced tremors at predetegthiendpoint, and
improved behaviour scorefMcCurdy et al., 201,5Rockwell et al., 2005 This is a
promising step from smaller organisms, such as mouse models, towasgdSachs and
Sandhoffdiseasepatients. Although a promising technology for treatment, gene therapy

has its caveats. Use of gene therapy appears to be most effective when administered

14
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early in life, as evidenced by mouse models. After 12 weeks of life before treatment,
there is no appeent difference in the survivability of mice treated with HexA and HexB
expressing rAAV2/1 vectors and mice that were untreated. Myelination is also affected
early on, and cannot be fully rescued, even with treatment administered at ages as early
as 4 week (CachorGonzalez et al., 20)4This means that treatment by this method
may only be useful in those where the disease is detected as early as possible. Gene
therapy is also a controversial technique with ethical considerations anddpxblic
opinion, which will not be expanded upon here.
1.9.2Enzyme Replacement Therapy

By replacing the dysfunctional hexosaminidase enzymes with modified and/or
functional equivalents, enzymatic activity can be restored, leading to a reduction of
built-dzLJ DaHk D! HZ | YR | f S&aSy Ahedsatididased Ydsli 2 Y 4 &
been produced in yeast, and bound with manng&sphosphate (M6P) to allow its
transportation to the lysosomal through the cell. This recombinant enzyme was
successfly taken up by TSD and SD patiesrived fibroblass through surface M6P
receptors, and reduced accumulated GMRkeboshi et al., 2007 Introduction of
replacement enzymes to the CNS can be difficult, due to the blood brain barrier, as well
as immune responses to the introduced enzynj@dé&ng et al.,, 2008 Enzymes can be
administered via intracerebroventricular injection to bypass the blood brain barrier, as
has been performed on a SD mouse mddiétsuoka et al., 2010a

1.9.3Substrate Reduction Therapy

15
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The primary result of the dysfunction of HexA and HexB, isrttralysosomal
buildup of gangliosides in theells of theCNS. By reducing the upstream metabolites
that would later be converted to GM2 and GA2, the burden on the CNS can be relieved.
This principle is validated by the increased lifesparHekli~ GalINAcT mice These
micef I O1 | T dzyNesicetyBajadtdsaminyltrangfaraseessentially preventing
the generation of the HexB target substratésu et al., 1999 One inhibitor of the
biosyrthesis of gangliosides has been heavily studidutyldeoxynojirimycin B-DNJ,
Migulstat).NB-DNJ is an inhibitor of glucosylceramide synthase, a precursor of GM2 and
GA2, and has been used in the treatment of patients with other lysosomal storage
disorders, including adults with type | Gaucher disease and NierRackdisease, types
C.NB-DNJ has been used to treat several teenage patients with Sandhoff disease with at
least some success, followed by stability of weight and slowing of disease
progressiom(Tallaksen and Berg, 200@/ortmann et al., 2000 A larger study 20 adults
with late-onset TaySachs disease treated wiB-DNJ found no difference between the
treatment group and 10 control patientShapiro et al., 2009NB-DNJ also has several
side effects at high doses including weight loss, and bowel irritdorersson et al.,
2004 Platt et al., 1997 Shapiro et al, 2009 Another iminosugar, N-
butyldeoxygalactonojirimycinNB-DGJ) has been shown to be effective in reducing the
accumulation of GM2 imexti™ mice via inhibition of glucosylceramide synthase with
fewer adverse side effect, relative NB-DNJBaek et al., 2008 Intraperitoneal injection

with NB-DNJ was found to be more effective than intracranial transplantation of-wild
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type neural stem cells at reducing GM2, with no additive effect between the two
treatments (Arthur et al., 2012 These studies were conducted in earbspnatal mice
however (up to p and pl5, respectively), antbng term effects require further
research.
1.9.4Bone Marrow Transplantation

Sincemacrophages of TSD and SD patients are unable to metabolize &2
peripheral macrophages are able to infiltrate the brains of SD srebone marrow
transplantation (BMT) of healthy cells may be a viable option for treatr(\atda et al.,
2000). It has been shown that exposure to the bone marrowHeikt Tnf~ mice, can
improve the lifespan of SD mice, suggesting the benefits are not entirely due to the
improved metabolism of gangliosides, but also to an improved cytokine p{étieOuf
et al., 2013. BMT has been performed as a treatment for several lysosomal storage
disorders, including Gaucher disease and mucopolysaccharidoses, with encouraging
results (Hoogerbrugge et al., 1995Bone marrow transplantation between WT mouse
R2Yy2N&R YR {5 Y2dzaS NBOALASyila KIFra oSSy
though not to wildtype levels. In fact, ctreatment with the ceramide
glucosyltransferase inhibitoNB-DNJ further increases the life span of the SD mice,
indicating that the bone marrow transplant is not a complete treatment on its own
(Jeyakumar et al., 2001This is also a painful and potentially dangerous measure, and so
may not be a suitable treatment for many patients.

1.9.5Pharmacological Chaperones

17
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HexA and HexBre produced in the ER and transported via the Golgi apparatus
to the lysosome. When misfolding occurs, the enzymes are degraded by the
endoplasmic  reticulum  associated protein degradation pathway (ERAD).
Pharmacological chaperones are small molecutes tan bind to misfolded proteins to
either restore enzyme activity, or to aid in their transportation out the ER to their target
destination, where any residual activity can be of benefit. Often, only partial return of
enzyme function is required to inease prognosis. For HEXA, this level has been cited as
low as 510% HEXA activity, with apparently healthy individuals observed in clinic with
activity levels as low as 10@reyfus et al., 1977 One such pharmacological chaperone
that has been studied for use in GManglisidoses is pyrimethamine (PYR), which
functions to increase HexA activity. This drsigprally administered and is able to cross
the blood brain barrier to some exterfiVeiss et al., 1988 Phase I/l clinical trials found
increased HexA activity in TSD and SD patient at ésshelow those that cause side
effects, with varying levels of activity increase, depending on the mut@Zianke et al.,
2011). However, fibroblasts from several SD patients treated with P¥R able to
hydrolyze artificial test substrates, but not natural GM2, indicating it is not a-allire
treatment (Chiricozzi et al., 20)4An issue with chaperones, including PYR, is that they
need to be validated for each mutation, which there are at least 86 known variants
for TSD, and 22 for §Maegawa et al., 20QMahuran, 1999 Chaperones will also not
work on nonsense mutations where functional regions of the enzyme are missing, or

where no protein is produced.
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1.9.6Treatmentof Secondary Effects
As inflammation is a major factor in the decline of patient health in those with
TSD and SDpathways involved in inflammatiomay be considered asherapeutic

7 A

targets (Jeyakumar et al., 2008 wSRdzOGA 2y 2F ¢bCh KIF&a oSSy
fATSaLIry 2F {5 YAOSE FIyR GKSNX IINF Ylyeé R
thalidomide, and bupropion(Abo-Ouf et al., 201%Brustolim et al., 2006 Sandhoff
disease mice also respond well to nonsteroidal -amtammatory drugs (NSAIDs),
including indomethacin, ibuprofen and aspirin, showing approximatel3% increase
in lifespan(Jeyakumar et al., 20040ne benefit of these treatments is that drugs for the
reduction of inflammation are abundant anddtoughly tested, and many are approved
by food and drug administrations, meaning they may be immediately prescribed for off
label use by physicians.
1.10Rationale and Objectives

Since TSD and SD are relatively rare disorders, much less is known about them
NBfFGAGS G2 20KSNJ ySdzZNBRSIASYSNI GAGBS RA&SH
research on TSD and SD involve the study of inflammatory processes and the treatment
of these mthways. Other potential neurodegenerative pathways which are being
investigated for other neurodegenerative diseases, including excitotoxicity, and
apoptotic pathways have been ignored. There is a need for new treatment avenues, as

current attempts are inomplete, intrusive, or have unwanted sigéfects. By analyzing

the order and mechanisms of neurodegenerative processes in mouse models of TSD and
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SD, we may illuminate new areas for exploitation in the treatment of said diseases. As
TNF is central to idmmatory, apoptotic and even survival pathways, its pluralistic role
may make it a fareaching target for therapies. Similarly, the dualistic roles of NP1 in
both upregulation and downregulation of excitatory synapses, as well as its potential
role in amptosis, make it a completely unknown variable and an interesting potential
candidate for treatment targeting. As several pathological pathways are involved in the
disease (microgliosis, astrogliosis, and perhaps others), knowledge of the precise timing
of the onset of these can be useful in designing treatment courses to take before critical
events in the progression of the disease, and to avoid treatments before they are
required.

1.10.10bjectives:

1. To examine the effects o NC hdepletion ona SD mouse model in order to
identify the interactive effects on microglia, astrocytes, and apoptosis. We will knockout
¢bCh FTNRBY {5 YAOS:I YR O2YLINB S@gSta 27
tissues of the brain and spine. Wall measure the coinciding apoptosis at these sites to
determine what effect any changes in glia have on the health of surrounding neuronal
tissues.

2. To investigate the developmental progression rofcrogliosis and asogliosis

over the lifetime of SD mice. By measuring protein levels and activation of glia in the
CNS of WT and SD mice, we intend to compare the onset of various inflammation

markers, with neuronal and apoptotic markers at a greater resolution thaasmed in
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the literature. We aim to identify the interaction between molecular pathways, as well
as identifying critical stages of the disease, and the pathways responsible for each.

3. To establish a role for neuronal pentraxins and the regulation of drcyta
synapses in the decline of neurons in. 8@ockout otthe regulatory protein NPin an
SDmouse modelwill enable us toobserve the effects on synaptic proteins such as
GluR1, GIluR2, and NMDARilthe CNS We also intend to observe the effects on
neurodegeneration by measuring apoptotic markers. An overall detrimental or
beneficial effect on the mice will be quantified by behaviour, body mass and lifespan

measurements.
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2.1 Preface

Alexander Hooper performed the immunohistochemistry experiments (Figure
2.5, 2.7), the TUNEL experiments (Figure pi@pared tissues for the slides used in the
immunofluorescence experiments (Figure 2.6F), assisted with bone marrow isolation,
and performed the statistical analysis of bone marrow transplantation results (Table
2.1), western blot results (Figure 2.9),Hasviour (Figure 2.1), immunohistochemistry
(Figure 2.5¢E, Figure 2.7£), and TUNEL experiments (Figure LA

Hatem AbeOuf performed the behaviour testing (Figure 2.1), Ganglioside assays
(Figure 2.2, 2.3), gPCR (Figure 2.4), and bone marrow trahgplpariments (Table 1).
Hatem AbeOuf and Helena Janse Van Rensburg worked together on the western blots
(Figure 2.5M, 2.6AE, 2.9AD). Elizabeth White performed the immunofluorescence

experiment (Figure 2.6F).
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Deletion of tumor necrosis factor-a ameliorates
neurodegeneration in Sandhoff disease mice
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Sandhoff disease (SD) is a lysosomal storage disorder caused by a lack of a functional g-subunit of the p-hex-
osaminidase Aand B enzymes, leading to theaccumulation of gangliosides in the central nervous system (CNS).
The Hexb’~ mouse model of SD shows a progressive neurodegenerative phenotype similar to the human
equivalent. Previous studies have revealed that Hexb~~ mice suffer from chronic neuroinflammation character-
ized by microglial activation and expansion. Tumor necrosis factor-« (TNF«), a key modulator of the CNS
immune response in models of heurodegeneration, is a hallmark of this activation. In this study, we explore
therole of TNF« in the development and progression of SDin mice, by creatinga Hexb ~ Tnfo-”~ double-knock-
out mouse. Our results revealed that the double-knockout mice have an ameliorated disease course, with an
extended lifespan, enhanced sensorimotor coordination and improved neurological function. TNF«-deficient
SD mice also show decreased levels of astrogliosis and reduced neuronal cell death, with no alterations in neur-
onal storage of gangliosides. Interestingly, temporal microglia activation appears similar between the
Hexb /" Tnfa~/~ and SD mice. Evidence is provided for the TNF« activation of the JAK2/STATS pathway as a
mechanism for astrocyte activation in the disease. Bone marrow transplantation experiments reveal that both
CNS-derived and bone marrow-derived TNFx have a pathological effect in SD mouse models, with
CNS-derived TNF« playing a larger role. This study reveals TNF« as a neurodegenerative cytokine mediating
astrogliosis and neuronal cell death in SD and points to TNF« as a potential therapeutic target to attenuate
neuropathogenesis.

known as Tay—Sachs disease. Mutations in the HEXB gene en-
coding the B-subunit, on the other hand, give rise to a deficiency
in both Hex A and HexB isozymes, clinically known as Sandhoff
disease (SD). Tay—Sachs and SD display similar clinical symp-

INTRODUCTION

Lysosomal storage disorders are all characterized by the intra-
lysosomal buildup of undegraded substrates due to the defi-

ciency of one or more lysosomal enzymes and/or their cofactors
(1). GM2 gangliosidoses are inherited storage diseases resulting
from a functional deficiency in the lysosomal hydrolase
B-hexosaminidase (2). B-Hexosaminidase removes terminal
N-acetylgalactosamine from the GM2 ganglioside. The two
major isoforms of (3-hexosaminidase, HexA and HexB, are
made up of distinct combinations of homologous & and {3 subu-
nits. The heterodimer, Hex A (af), is capable of cleaving termin-
al N-acetylgalactosamine from GM?2, while the HexB
homodimer (3B) is not (1,3). Mutations in the HEXA gene en-
coding the a-subunit lead to a deficiency in HexA, clinically

toms of neurodegeneration including motor function distur-
bances, spasticity, ataxia, seizures, visual loss and deafness.
The high turnover of gangliosides in the central nervous
system (CNS) accounts for the primarily neurological phenotype
associated with these diseases. Both diseases are generally ter-
minal in early childhood (2). The age of onset and severity of
the diseases depends on residual enzyme activity, with null
mutations giving rise to the more severe infantile phenotypes
(1,4). Our understanding of the GM2 gangliosidoses has been
greatly advanced by the development of authenfic animal
models. In keeping with the progressive neurodegenerative
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course of SD, the Hexb 7 mice develop severe motor impair-
ments by 3 months of age, with death usually ensuing 4-6
weeks after symptom onset (5). Unexpectedly, however, the
Hexa mice have a normal lifespan and show no obvious
neurological impairments until at least 1 year of age (6). Current-
1y, the Hexb knockouts are used as a model of the acute forms of
both GM2 gangliosidoses, while the Hexa knockouts serve as a
model for late onset variants of the diseases (7).

Several recent reports have implicated neuroinflammation as
the driving force behind neurodegeneration in Hexh /" mice
(8,9). Neuroinflammation is an intricate process which involves
the participation of various cellular types of the immune system
(macrophages, neutrophils, mast cells, lymphocytes, platelets,
dendritic cells), localized CNS cells (microglia, astrocytes,
neurons) and cellular products (adhesion molecules, cytokines
and chemokines) (10,11). Not only do neurons, astrocytes,
microglia and oligodendrocytes generate inflammatory media-
tors but also they constitutively express cytokine receptors
(12). Cytokines—including interleukin-1 alpha (IL-1e), IL-1p3
and IL-6 (12), transforming growth factor-p and tamor necrosis
factor-a (TNFo)—are considered crucial players in the estab-
lishment of neuroinflammation (13,14). It is believed that acti-
vated microglia and astrocytes are the main sources of
cytokines and chemokines. Activated microglia secrete multiple
inflammatory factors including TNFe, IL-1, [L-6, 1L-12, che-
mokines, proteases, glutamate, free radicals and redox proteins
via autocrine and paracrine mechanisms (15). In addition, glial
cell-derived neurotrophic factor is released from activated glia
cells and serves as a potent inflammatory factor that supports
neuronal repair. An extensive expansion in the activated microglia
in the brain of SD mice is observed prior to a wave of apoptosis,
and neuronal apoptosis is also evident in patient brain samples
(16,17). Although it is clear that the buildup of undegraded gan-
glioside substrates is the primary insult to neurons, the exact mo-
lecolar sequence that converts this primary insult to neuronal
apoptosis remains poorly understood (18). The bioactivity of
TNFo has beneficial or deleterious consequences on neuronal
tissues, and the expression of TNFa has been shown to increase
sharply between 10 and 17 weeks of age in the brains of SD
mouse models (19-21). To further explore the potential role of
TNFa inthe neurodegenerative process, we genetated a Hexh /
Tnfo " double knockout. Here, we present evidence that deple-
tion of TNFa in SD mice results in improved neurological func-
tion, decreased levels of asfrogliosis and reduced neural cell
death. Bone marrow transplantation (BMT) experiments reveal
that both CNS-derived as well as bone marrow-derived TNFe
play a pathological role during SD progression. We also present
evidence that the NF-kappa-B-inducing kinase (NIK)/non-
canonical nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) pathway is activated in SD and reduced in the
absence of TNFe. Our findings demonstrate that neurological im-
provement through reduced neuro-inflammatory condition can be
achieved without correction of neuronal ganglioside storage.

RESULTS
Deletion of TNFo improves the clinical course of SD in mice

Previous studies have established that SD mice exhibit an
up-regulation in TNFo expression which coincides with neuronal
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apoptosis (16). To elucidate the importance of TNFa in the neuro-
degenerative course of SD mouse models, we generated Hexb /
Tnfoe 7 double-knockout mice. Hexb ~ Tnfee ©  mice show
significantly higher body weights compared with Hexb /
Tnfo™™ and Hexb™™ Tnfor™™ mice (Fig. 1A). While Hexb *
Tnfa™'™ mice exhibit disease phenotypes first at 85-90 days
and reach a moribund endpoint state at a median of 124
days (Fig. 1B). Hexp / Tnfa / mice show longer lifespan,
with a median endpoint of 143 days. The Hexh ~ Tnfat’
mice followed a similar trend to Hexb Tnfoﬁpr mice
where the loss of a single copy of Tnfa only extended their
life expectancy by several days (data not shown). To
monitor motor function, three behavioral tests were per-
formed, namely, righting reflex, rotorod and wire-hang
experiments. The righting reflex was measured beginning at
12 weeks of age during acute neurodegeneration (Fig. 1F).
The righting reflex times of Hexb * Tnfee / mice are com-
parable to the wild-type (WT) mouse times at 17 weeks of
age. At this age, latency of Hexb 4 Tnfoﬁ/ T mice to right
themselves is ~3 times greater than Hexb  Tafo 7 mice
(£ < 0.03).

Inprevious studies, Hexb / mice showed severe impairment
in rotorod analysis indicating deterioration in sensorimotor co-
ordination (5). In fact, the progressive loss in sensorimotor co-
ordination started at 9 weeks of age. In this study, rotorod
performance scores for Hexb 4 Tnfa /" mice were higher
than Hexb / Tufo™ mice after 90 days. In fact, Hexb *
Info 4 outperformed Hexb 4 Tnfa” * mice in the rotorod
test at 100 (P << 0.005) and 120 (P < (.03) days old (Fig. 1C).
Furthermore, wire hang scores of Hexb / Tnfe /" mice were
significantly higher at 100 (£ << 0.001) and 116 EP << 0.05)
daysold incomparison withscores of Hexb * Tnfo™ Tmice, in-
dicating that Hexb 4 Tnfo /" mice show improved motor
function relative to Hexhb ~ Tnfo™™ mice. Performance on
erip strength tests, which typically assess muscle strength, is
similar between Hexb © Tnfa™™ and Hexb © Tnfa 7 mice
but significantly lower than WT mice at 116 days (P << 0.05).
There is however, a non-significant trend for Hexb * Tnfor
performing better at this age relative to Hexb / Tnfaf” * mice.

TNF« does not change glycolipid storage within
the CNS of SD mice

The B-hexosamindase A and B deficiencies in SD produce sig-
nificant accomulations in GM2 ganglioside and GA2 glycolipids
inthe CNS(16). In order to evaluate ifthe neurological improve-
ment observed in double-knockout mice are atfributed to
reduced the storage of GM2 and GA2 glycolipids in the CNS,
cerebrum and cerebellum from 17-week-old WT, SD and
double-knockout mice were analyzed for glycosphingolipid
content (22). In the cerebrum and cerebellum from SD mice,
the GM2 and GA?2 storage was higher than their WT controls,
but the degree of accumulation did not differ significantly
from that seen in Hexb 7 Tnfo /7 mice (Figs 2A—C and
3A—C). These results indicate that the neurological improve-
ment observed in Hexb / Tnfoe / mice is independent of gan-
glioside storage.
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Figure1. TNFa alters body weights, lifespan and motorbehavior in SD mice. (A) Hexh / Tnfar * mice show significantly increased weightsat 120 (P = 0.02) and
125 (P = 0.0002) days old, compared with Hexb * Tnfa™+ and Hexb ™ Tnfa™ mice (2 = 3—15 mice per group). (B) Influence of TNFa on the survival of SD
mice (2 = 11-31 mice per group}. The absence of TNFa in SD mice significantly extended their lifespan by 19 days (P < 0.005). (C) Rotorod test of WT, SD, and
Hexb ' Tnfe © mice. Means of latency to fall are presented (n = 3—17 mice per group). The rotorod times for Hexb / Tnfor © mice were longer than Hexb
Tnfot'™ mice at 101, 110, 119 days of age. (D) Wire hang times of Hexh * Tnfa / mice were compared to Hexh * Tnfa™+ mice. n = 3—18 mice per group.
Hexb ' Tnfe * had significantly better times at 100 and 116 days old, than Hexb  Tnfa™™. (E) Grip strength of Hexb * Tnfa © mice were compared to
Hexb * Tnfot'* mice. n = 3—17 mice per group. Hexb * Tnfer *  had significantly better perfomance at 116 days old (P < 0.05, than Hexb / Tnfa™™. (F)
Righting response of WT, SD, and Hexb * Tnfa © mice(n=6-12). Hexb ' Tnfa / mice show asignificant improvement in righting reflex time as compared
to the Hexk / Tnfa™™ mice (P = 0.03). Error bars = + SE.
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Figure 2. TNFa doesnot alter GM2 and GA2 gangliosidosis in the cerebrum of 1 7-week-o0ld SD mice. Ganglioside fractions from cerebral lysates were analyzed by
TLC. (A} Representative TLC distribution of ganglioside accumnulation in the cerebrum (1 = 3 experiments}. The GM?2 fraction was undetectable in WT mice. Sulfa-
tides, cerebrosides and GM1 bands were not changed across the lanes. (B) Densitometric quantification of GA2 shows that it was significantly higher in SD and
Hexb ' Tnfee © gsenotypes, relative to their WT controls. (C) Densitometric quantification of GM2 faction shows significantly higher levels in SD and Hext ~
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TNF« deletion attenuates the expression of markers of
gliosis and oxidative stress

Utilizing mRNA isolated from the cerebella of Hexh ™ Tyfor ™™,
Hexb™ Tnfe™ ™" and Hexb ™™ Thfer ’~ mice, quantitative real-
time reverse transcription polymerase chain reaction (QRT—PCR)
was conducted to assess the expression level of the following
genes: glial fibrillary acidic protein (Gfap), macrophage antigen
alpha (Mac-I«), monocyte chemotactic protein-1 (Mep-1), gluta-
thione reductase (Gisr), nucleoredoxin (Ax#), peroxiredoxin 1
(Prdx!) and prostaglandin-endoperoxide synthase 1 (Prgs!).
Our data indicate that Hexh ™ Tnfa ™" mrice show significant
increases in the mRNA levels of Gfap, Mac-1« and Mep-I
genes, a significant decrease in G expression and no change in
the expression of Mxn, Prdx ! and Ptgs! genes (Fig. 4). In compari-
son with Hexh™ " Trfa™ " mice, Hexb ™~ Tnfa™ ™ mice show
significant increases in the mRNA levels of Gfap and Mep-!
genes, a significant decrease in Nxn expression and no significant
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genotypes (2 = 3} when compared with control mice. *P < 0.05, **P < 0.01. Error bars, + SE.

change in the expression of Mac-I o, Gsr, Prelx] and Ptgs! genes
(Fig. 4). The only gene product that appears to be affected by the
absence of TNFa is Nxn which is significantly reduced in
Hexb™ " Tnfoc '~ mice in comparison with Hexb™ ™ Tfa ™™
mice.

TNFe deletion does not affect microgliosis in SI mice

In order to examine the molecular events leading to microglia
activation, we examined the expression levels of MAC3
(CD107 antigen-like family member B) in the cerebellum of
WT and Hexh ™~ Tufa™’™ mice, relative to Hexh ™ Tnfa
mice (at 120 days of age). Our results indicate a significant
up-regulation of cerebellar MAC?3 expression levels in Hexb ™~
Tnfor” " and Hexb™ ™ Tnfoa ™™ in comparison with WT mice
(Fig. 5A and B). To investigate the role of activated microglia
as a possible pathogenetic mechanism that might be affected
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Figure3. TNFu doesnot alter GM2 and GA2 gangliosidosis in the cerebella of 1 7-week-old SD mice. Ganglioside fractions from cerebellar lysates were analyzed by
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nificantly higherin SD and Hexb * Trfor

genotypes, relative to their WT controls. (C) Densitometric quantification of GM2 faction shows significant increases in

SD and Hexh © Tnfee © mice (n = 3 foreach genotype) in comparison with WT control mice. *P < 0.03, **P < 0.01, Error bars, + SE,

by TNFa deletion, we examined the frequency of activated
microglia (MAC3-positive cells), in the cerebellum, cerebral
cortex and spinal cord. Qur results indicate that microglia/
macrophage numbers are similar in the cerebella and cerebral
cortices of Hexb™  Tufa™"+ and Hexb™ Tnfa™'~ mice,
despite a trend of lower levels in Hexb ' Tufa ’~ mice
{Fig. 5C,Dand F—H). This suggests that either there is no differ-
ence in the regulation of microglia in Hexh ™ Tafa ™" and
Hexb™ ™ Tufa /~ mice or microgliosis occurs at a lower rate
in Hexhb™ ™ Tnfo ™™ mice relative to Hexbd '~ Tnfo ™™ mice,
but by 17 weeks a maximal level of microgliosis is reached in
the brain tissues of Hexb™ ™ Tufer™ ™ mice and appears similar
to levels observed in Hexd ' Tafer 7~ mice. In the spinal
cord, microglia/macrophage numbers are not significantly dif-
ferent between Hexbh ' Tnfa ™™ and Hexh ' Tufa ’~ mice,
although there again appears to be a trend in the three spinal
regions toward elevated levels in Hexhb ™ Tnfor ™ mice

(Fig. 5E and F). Qur findings indicate that TNFa may not be a
major player during the recruitment and/or activation of micro-
glia‘/macrophages in the CNS to sites of neuroinflammation.

Astrogliosis is decreased with TNFo deletion in SD mice

To examine the level of GFAP expression as ameasure of active
astrogliosisin the SD pathology, we used western blot analysis of
cerebellum lysates from 17-weekold Hexh™ ™ Tufa™,
Hexb™ Tnfa™™ and Hexb™ ™ Tnfo "~ mice (Fig. 6A and E).
GFAP expression in Hexb ™ Tnfar™" mice was significantly
(P < 0.01) higher than Hexh™ ™  Tufe™™ mice. Notably,
GFAP expression in the cerebellum of Hexh ™~ Tufa '~ mice
was significantly lower (P << 0.05) than the GFAP level in
Hexh ™ Tnfa”™ ™" mice (Fig. 6A and E). Little is known about
the signal transduction pathways that are involved in the activa-
tion/proliferation of astrocytes (23). However, the increased
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Figure 4. Expression levels of the genes involved in gliosis and oxidative stress
pathwa?fs_ mRNA isolatad from the cerebella of 15-week-old Hexb™ " Tnfar™'™"
Hexb ” Tnfe™ and Hexh * Twfxe ' mice was assessed using gPCR for the
level of the expression of the following genes: Gfap, macrophage-a antigen
(Mac- ey, monocyte chemoattractant protein-1 (Mep-1), Gsr, Nigr, Prdx] and
Pigsi. Thebar graph represents the mean expressionmeasured in three independ-
ent quantitative real-time PCRs for each gene + standard error bars. All plotted
datarepresent gene expression levels relative to gene expression in the cerebella
of age-matched Hexb"' " Tnfo™" animals. The on.l)i gene that appears to be
affected by the absence of TNFo in Hexk | Thfer mice is Nxn, which was
significantly reduced in Hexd * Tnfxr © mice in comparison with Hexb *
Tnfoﬁpr mice. *P = 0,05 and ** P < 0.01. Error bars, 4+ SE.

expression of GFAP in response to the activation of the IL-6/
pSTAT3 pathway is considered the cardinal indication of react-
ive astrogliosis (23). To address the mechanisms underlying
astrocyte activation, we examined the levels of [L-6 expression,
JAK?2 and STAT3 phosphorlyation and found no change in I1L.-6
or pJAK2 levels but a significant decrease in pSTAT3 in
Hexh™ ™ Tnfa’ ™ compared with SD mice (Fig. 6A—D). To de-
termine if STAT3 was present in the astrocytes of our mouse
models, we double-labeled brains of 17-week-old Hexh™™
Tufe™™, Hexh™  Tnfo™ and Hexb™ ™ Tnfa™' ™ mice with
immunofluorescent antibodies for STAT3 and GFAP
(Fig. 6F). Analysis of confocal optical slices reveals that
STATS3 localizes within nuclei of GFAP-positive astrocytes in
the cerebellum ofthese mice, adding credence to its role in astro-
cyteactivation. Astrogliosis, inthe CNS, has typicallybeen iden-
tified morphologically by the presence of hypertrophic
astrocytes with increased process ramifications and immunohis-
tochemically by the presence of increased expression of GFAP
(Fig. 7). The number of GFAP-positive astrocytes in the cerebel-
lum was found to be significantly higher in Hexb ™™ Tnfa™™
and Hexb™ ™ Tnfa™’~ mice relative to WT (Fig. 7A). Notably,
there were significantly fewer GFAP-positive astrocytes in the
cerebella of Hexh ™ Tnfa ™™ micerelative to Hexh ™ Tnfat'™
mice. In the cerebral cortex, there was a trend toward lower
numbers of GFAP-positive astrocytes in Hexb '~ Tnfer 7 mice
relative to Hexh ™~ Tnfo™ ™ mice (Fig. 7B and D—F). These find-
ings suggest that the onset of astrogliosis was delayed in Hexbd ™~
Tnfa™' ™ mice. Additionally, astrocyte proliferation may occur at
an accelerated rate in Hexh ' mice due to up-regulated TNFa
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expression. Furthermore, we examined the GFAP expression in
the spinal cord using sections from the thoracic, cervical and
lumbar regions from Hexb™ ™ Tnfa ™™, Hexb™ Tufer™™ and
Hexb™ ™ Tnfa™ ™ mice at 17 weeks of age (Fig. 7C and G-I).
Qur results reveal that astrocyte numbers were significantly
higher in the thoracic and lumbar spinal cord of Hexh ™ Trfert'™
mice compared with Hexh ™™ Tnfe ™~ mice, with a similar trend
visible in the cervical region. This indicated that TNFa was
involved in increasing the recruitment or differentiation of astro-
cyte precursors in the spinal cord of SD mice. Thus, the deletion
ofthe Trfex gene in Hexh ™~ mice reduced the level of astrogliosis
markers in the cerebellum and spinal cord. Our data indicate that
the absence of TNFe activity in Hexh ™~ mice results in a less
severe neurodegenerative course that is associated with reduced
astrogliosis.

Apoptotic neuronal death is decreased with deletion
of TNFe in 8D mice

We investigated if the deletion of TNFa could modulate neuron-
al apoptosis in Hexh ™~ Tnfa ™ mice. There were significantly
higher numbers of apoptotic cells in the cerebella of Hexb™ ™
Tnfo™™ mice relative to both Hexh ™ Tnfa™ ™ and Hexb ™'~
Tufa ™™ mice (Fig. 8A and I)). This significant difference was
also observed in the cervical region of the spine (Fig. 8C and
F), with similar trends in the thoracic and lumbar regions of
the spine, and in the cerebral cortex (Fig. 8B and E). These
data suggest that apoptosis was reduced in the CNS of Hexb™"™~
Tnfor” micerelative to S mice. In agreement with our previ-
ous result that GFAP immunoreactivity is significantly reduced
in the cerebellum and spine of Hexb ™"~ Tnfor "~ mice inrelation
to Hexb ™'~ Tnfa™™ mice, we detected reduced neuronal cell
death in the same regions of the CNS in the Hexb ™™ Tnfa™ "~
mice (Fig. 8). Essentially, we found extensive apoptosis coin-
cided with increased astrocyte activation. Our results raise the
possibility thatastrocytes residing in the spinal cord and cerebel-
lum might play an important role in the apoptosis-mediated
pathogenesis of SD.

It has been shown that NF-«kB activation in microglia can be
detrimental to neuronal cell survival via the release of excitotox-
ins and oxygen-free radicals (24). Nucleoredoxin, which we see
to be down-regulated in Hexb '~ Tnfa "~ mice (Fig. 4), is
shown to enhance TNFa- and NIK-induced activation of
NF-kB pathways, sugpesting that a reduction in the non-
canonical NF-kB pathway in Hexb ™~ Thfe:” '™ mice may be a
factor in their improved survival/behavioral performance
(25,26). To explore this, the relative expression of TRAF3,
NIK and RelB——components of the NIK/mon-canonical NF-kB
pathway—were determined by western blot (Fig. 9). The
results revealed a significant decrease in TRAF3 expression
(P << 0.05) in Hexb '~ Tufa™’~ mouse cerebella relative to
SDmice (Fig. 9A and B). Furthermore, NIK expression was sig-
nificantly reduced in both Hexd™ ™ Tufar™ " and Hexb™ ™
Tufa™™ mice relative to SD mice (Fig. 9A and C). The level
of RelB was significantly lower in both Hexh ™ Tifa ™™ and
Hexb™ ™ Tufer '~ mice in comparison with SD mice (Fig. 9A
and D; P << 0.05). These data suggest that the NIK/non-
canonical NF-«kB pathway is activated in SD and is limited by
the deletion of Thfe.
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Figure 5. The effect of TNFa deletion on MAC3 expression in the CNS of SD mice. (A} MAC3 expression in the cerebellum was evaluated in 17-week-old
Hexb™ ™ Tnfo™™", Hexb * Tnfoa™+ and Hexb ' Tnfa ’ mice by westernblotting. An equal amount of sample protein was loaded in each lane. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. (B) Densitometric quantification of MAC3 expression in the cerebella of Hexb *
Tnfe™'* mice show significantly higher expression relative to Hexb ' Tnfa '™ mice. Decreased MA C3 expression in the double knockout mice is only a trend.
(C—E)Quantification of MAC3-immunoreactive cells in the cerebellum, cerebral cortex and spine of Hexb '+ Tnfa™'* Hexb ¢ Tnfa™* and Hexb ' Tnfa
mice. Macrophage numbers were similar in the cerebella, cerebral cortex and spines of Hexb * Tnfa™+and Hexb / Tnfa  mice. (F—K)Images of the cere-
bral cortex illustrating differences in MAC3-immunoreactive microglia levels between Hexb™ T Tnfa™", Hexb  Tnfa™* and Hexb ' Tnfa ' mice.
Images of spine sections illustrate MAC3 staining in the anterior horn. Scale bars indicate 20 pm. # = 3—5 mice per study. *P << 0.05. Error bars, + SE.
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optical slice in the cerebellum of Hext™ ™ Tnfa™+, Hexb * Tnfa™" and Hexb / Tnfoe © mice, showing double staining for GEAP-positive astrocytes (red) and
STATS3 (green). Note that STAT3 is present in astrocytes and, in some cases, localizes with nuclei (arrows). Bars represent 10 pm.
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Figure 7. TNFa deletion in SD mice reduces CNS GFAP immunoreactivity. (A—C) Quantification of GEAP positive cellsinthe cerebellum, cerebral cortex and spine
of Hexb '+ Tnfat'* Hexb ' Tnfa*'* andHexb / Tnfa /' mice. The number of GEAP positively cells is significantly lowerin the cerebella and lumbar region of

the spine in Hexb * Tnfae ' micerelative to Hexb
between Hexh ™t Tnfo' Hexb * Tnfat’* and Hexb

T;zfoz*” * mice. (D—F)Images of the cerebral cortex illustrating differences in GFAP-positive astrocyte levels
Tnfee © mice. (G—T)Spine images showing GFAP staining in the anterior horm. Intense GFAP expression
is clearly visible in Hexp * Tnfoa ™+ mice and markedly reduced in Hexb * Tnfor *

mice, indicating reduced astrogliosis. Hexb ™™ Tnfa™'* mice show little to no

GFAP staining across tissues of the CNS. Scale bars indicate 20 pm. # = 35 mice per study. *P < 0.05. Error bars, + SE.

Both CNS-derived and bone-marrow-derived TNF« play
key roles in the pathogenesis of SD

In order to decipher the contribution of blood-derived versus
CNS-derived TNFa in the neuroinflammatory cascade in vivo,
we performed BMT of either Hexb ™™ Tnfa™'™ or Hexb ™~
Tnfo ™’ bone marrow into either Hexb ™~ Tnfa ™ orHexh ™~
Tnfo ™'~ mice. Behavioral tests were performed as previously
described above to assess neurological function as a measure
of disease progression (Table 1). Tests were performed at 100
days, with the exception of righting reflex, which was measured
at 120 days, near endpoint for Hexb’~ mice. Recipient mice

who ex;)ressed neither endogenous nor transplanted TNFa
(Hexb ™~ Tnfa™™ into Hexb™'~ Tnfa™’™) performed the best
of all groups, on all tests. Those expressing both blood-derived
and CNS-derived TNFo (Hexb'~ Tnfa ™" into Hexb '~

Tnfo ™) had the worst performance on all tests, as expected if
TNFa has a pathological effect. Interestingly, mice expressing
only blood derived TNFa (Hexh ™™ Tnfa ™" into Hexb™~

Tnfa™’” ) had slightly longer lifespans relative to those expres-
sing only CNS-derived TNFo (Hexb ™~ Tnfo '™ into Hexb ™'~

Tnfo ™), as well as significantly better performance on rotorod
and wire hang tests. This suggests that CNS-resident microglia
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Figure 8. Apoptosis is reduced in the CNS of Hexb © Twfe © mice. (A—C) Quantification of TUNEL positive cells in the cerebellum, cerebral cortex and spine of

Hexb' Tofa ™™ Hexb ' Tnfot" andHexb * Tnfo * mice. There are significantly higher numbers of cellsundergoing apoptosis in Hexh

and cervical spine tissues, relative to both Hexb™ " Frfer ™ and Hexb © Tnfer *

" Tnfat' cercbella

mice. A similar trend is seen in the cerebral cortex and thoracic and lumbar spine

regions. (D—F) Images show examples of TUNEL positive cells in the cerebellum, cerebral cortex and spine, respectively. Apoptotic nuclei are small and stained
brown. Scale bars indicate 20 pm. » = 3 -5 mice per genotype. *P << 0.05. Error bars, + SE.

play alarger role in TNF« secretion relative to than those migrat-
ing from the blood.

DISCUSSION

The pathogenesis of neurodegeneration in SD} is complex and
involves various cellular changes as well as a profound disturb-
ance ofneuronal and glial homeostasis (27). Neuronal inflamma-
tion, glial activation and cytokine up-regulation are considered
among the most prominent convergent points among various
neurodegenerative diseases (13). TNFa is up-regulated in
various neurodegenerative diseases including SI), suggesting a
significant role for this cytokine in modifying the neurodegen-
erative process (28,29). A critical question has been the extent
to which TNFa-mediated neuroinflammation contributes to
the neurodegeneration in these disorders. In this study, we
have provided direct evidence that TNFe plays a major role in
the activation and expansion of the astrocytes populations and
that this process accelerates the neuronal cell death. Genetic de-
letion of TNFu revealed that the Hexb '~ Tnfe © mice gained
neurological function leading to a delayed neurodegenerative
cascade compared with SD mice.

The SD mouse model is considered an ideal prototype of a
sphingolipidosis pathology that ultimately leads to neurodegen-
eration (30,31). In Sandhoffmice, abnormal storage is detectable
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in multiple CNS locations, including the cerebrum, cerebellum
and spinal cord (17,32). Whether a neurological improvement
of Sandhoff pathology necessitates a detectable global or loca-
lized correction of glycolipid storage in the CNS region has
been less clear. In this neurodegenerative model, it is expected
that a critical threshold of GM; and GA, storage is the driving
force behind neuronal apoptosis (22,30,32,33). In fact, it was
demonstrated that neurological amelioration has been achieved
via areduction in the primary injury of neuronal storage (22,32).
However, some therapeutic strategies such as BMT were bene-
ficial to suppress neurological deterioration without the detect-
able reduction in GM, in Sandhoff brain cells (34). While it
was demonstrated that TNFa mcreases GM, production via
the induction of GM, synthase in tumor cells (35), our study
did not find differences in the levels of GM,/GA, storage in
SD and Hexbh™ ™ Tufa™"™ cerebella, suggesting that the neuro-
protective effect of TNFa depletion is not mediated via glycoli-
pid storage.

The early signs of cerebellar dysfunction in SI} mice, ie.
ataxia and tremors, were monitored effectively using the behav-
ioral tests conducted in our study. These neurological and behav-
ioral tests made it possible to relate the effects of TNF deletion
in SD mice to cerebellar neuron function, neuronal signaling and
motor behavior. Our data pointed to an improvement to the func-
tion of the basal ganglia and cerebellum neurons which reflect
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Figure 9. Differential activation of the NF-<B non-canonical pathway in Hexb * Twfee © mice. (A) TRAF3, NIK and RelB expression were assessed in the cerebella

of 17-week-old Hexh ™  Tufe™™, Hexb * Frfe™ " and Hexb  Tufer *

mice using western blot analysis. GAPDH was used as a loading control. (B) Densito-

metric quantification of TRAF3 shows a modest trend of up-regulation in SD mice and down-regulation in Hexk  Thfe © mice in comparison with WT mice.

TRAF3 expression was significantly reduced in Hexb * Tufe
significant increase in its expression in the cerebellaof SDand Hexd  Trfar
inthe Hexb  Thfer

cerebellum relative to SD cerebellum. (C) Densitometric quantification of NIK demonstrates a
mice relative to WT mice. However, NIK expression shows a substantial reduction
cerebellum relative to SD cerebellum. (D} Densitometric quantification of RelB expression shows a significant reduction in Hexh 7

Tnfer

mice relative to SD mice. RelB expression in SD cerebellum was highly up-regulated compared to WT controls. # = 3 mice per group. *P = 0.05. Errorbars, +SE.

motor function aswell as animprovement to muscle strength and
coordination, which reflect spinal motor neurons and possible
neuromuscular junctions.

The mechanism by which the TNFao signal is translated into a
pathophysiological effect remains to be determined. This study
provides a new view of neurodegeneration in which TNFa
may induce neuronal death indirectly through its effect on astro-
cytes. We examined the GFAP expression in the spinal cord of
Hexh™ " Tufa™t and Hexb™ Tufe”~ mice. Astrogliosis
was significantly reduced in the spinal cord and cerebellum of
Hexh™ ™ Tnfa™ ™ mice. A similar trend was observed in the
cerebral cortex. Our data indicated that the absence of TNFu
resulted in a less severe neurodegenerative course that is asso-
ciated with reduced astrogliosis. Microglia, the main producers
of TNFa, have deleterious and/or protective effects on neurons
in the course of neurodegenerative disease. Activated microglia
have been shown to be involved in the progression of neuronal

cell death in GM2 gangliosidosis (18). To investigate the role
of activated microglia as a possible pathogenetic mechanism
that might be affected by TNF« deletion, we immunostained
CNS mouse samples for the microglial marker, MAC3. Qur
data show a trend toward a reduction in the number of
MAC3-immunoreactive macrophages in the cerebellum, cere-
bral cortex and spine of Hexb ™ Tnfa '~ mice relative to
Hexb ™™ Tnfo ™ mice, pointing to a reduction in the severity of
inflammation in this region due to the absence of TNFa. The
lack of statistical significance here may be due to amaximal thresh-
old in microglial numbers reached early on by Hexb ™ Tnfo ™™
mice that is approached at 17 weeks by Hexb ™ Tnfo™"™ mice,
despite a lower overall rate of microglial activation/proliferation
over the course of the disease.

SD shares many features with other neurodegenerative disor-
derssuch asincreased reactive astrocytic pathology and astroglio-
sis (36). Recent studies have suggested that proinflammatory
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behavior of Hexb ™~ mice

Bone marrow recipient mice

A B C D
Genotype
Donor Hexh™  Tnfoa™"~ Hexb™ ™ Tnfa™'+ Hexb™ ™ Tnfa™™ Hexh™ ™ Tnfe'™*
Recipient Hexh™  Tnfa™"~ Hexbh™' ™ Tnfa ™'~ Hexbh™ ™ Tufa*'* Hexh™ ™ Tnfet'*
Total 12 [ 4 6
Survival 145 +2.83 1394 + 5.96 1305 + 0.87* 121.7 +1.8*°
Behavioral test
Rotorod 1454 +47.78 623 + 5.56 4517 + 4.12*° 35+ 9.96%"°
Wire hang 60 +0.00 60+ 0.00 45.8 £ 6.02*° 329 +13.2%°
Righting reflex 0.5+ 0.00 05+ 0.00 6+641 9+893

Tests were performed at 100 days, except for the righting reflex test which was performed at 120 days. £ < 0.05.

*Significantly different than group A.
*Significantly different than group B.
“Significantly different than group C.

cytokines such as TNFa can frigger and modulate astrogliosis
(37,38). The impact of TNFa on the induction of astrogliosis
has been observed in several studies (38). It was reported that
TNFo microinjected into neonatal brain can elicit extensive
GFAP immunoreactivity (38). Furthermore, astroglial response
to  1-methyl-4-phenyl-1,2,3 6-tetrahydropyridine  neuronal
injury was almost completely mhibited in mice-deficient in
both TNFR1 and TNFR2 (1). Besides these iz vive studies,
TNFa is reported to increase GFAP expression in vitro (39). It
18 possible that the regulatory JAK2/STAT?3 axis of astrogliosis
is broadly applicable to other neurodegenerative disorders.
STAT3 is a crucial transcription factor involved in several mo-
lecalar and cellular responses including neuroinflammation,
cell proliferation and survival (40). Recent study has reported
that cytokine-induced activation of STAT3 is controlled by
glycogen synthase kinase-3 (GSK3p) in astrocytes (41). Inter-
estingly, recent work hasreported that STAT3 can elicit an atyp-
ical cell death mechanism via lysosomal membrane
permeabilization that leads fo leakage of lysosomal proteases
into the cytosol (42). It has been found that STAT3 phosphoryl-
ation, accompanied by toxic gliosis, is associated with various
neurodegenerative diseases such as spinal cord injury and neuro-
pathic pain (40). It has also been reported that activated
JAK2-STAT3 signaling results in the increased expression of
IL-6 and IL-10 and that IL-6 is considered an important
STAT3 activator (43,44). Thus, it was reasonable to hypothesize
that decreased GFAP expression, as well as astrocytic prolifer-
ation, in Hexb * Tnfo 7 brains is due to the decreased phos-
phorylation of STAT3. Our data provide a direct clue that
inhibition of the JAK-STAT3 signaling pathway may preventre-
active astrogliosis in Sandhoff. Although we found no difference
in IL-6 or pJAK2 expression between Hexb 4 Tnfoﬁ/ * and
Hexb 7 Tufer ' mice, other molecules, upstream to STAT3
and downstream of TNFe signaling—such as leukemia inhibi-
tory factor and oncostatin M—could mediate this STAT3 activa-
tion (45,46). Recent work has demonstrated that TNFRI1
associates with JAK? constitutively to form a complex and
TNF recruits additional molecules of JAK2 (47). Furthermore,
the activation of STAT3 can be performed by the TNFRI1/
JAK2 complex (48). We also observe nuclear localization of
STAT3 within astrocytes, which is consistent with activation of
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STAT3. These findings may explain the increased phosphorylation
of STAT3 in Sandhoff brains compared with the reduced levels
of pSTAT3 observed in Hexb / Tnfa 7 mice.

Unlike the canonical NF-kB pathway, which relies on IkBa
activation, the non-canonical pathway relies on inducible pro-
cessing of pl00 (49). We investigated the role of the non-
canonical NF-kB pathway in SD mice in the presence or the
absence of TNFa. Our results show the down-regulation of
TRAF3, NIK and RelB in Hexb ” Tnfa © mice compared
with SD mice. [thasbeenreported that TRAF3 degradation is es-
sential to trigger the TNFR2-receptor mediated activation of
NIK and the nuclear translocation of p52/RelB heterodimers
into the nucleus (50,51). Our results indicate that TNF« utilizes
the NIK-mediated NF-kB pathway to elicit an immune response
in SD but the stabilization of NIK appears independent of
TRAF3 levels. Our results demonstrate that TNFa depletion in
SD cerebellum down-modulates non-canonical NF-kB signal-
ing. Whether there is an IKK a.-dependent feedback that controls
the magnitude and kinetics of the pathway is still an open
question.

An intriguing finding was the extensive level of apoptosis oc-
curring in the spinal cord of SD mice which coincided with
increased activation of astrocytes. Alongside the reduction in
astrogliosis seen in the spinal cord of Hexb * Tnfor / mice
relative to Hexh Tnfoﬁ/ " mice, there was a reduction in apop-
totic cells. The results indicate that astrocytes residing in the
spinal cord may play an important role in the apoptosis-mediated
pathogenesis of SD. Our BMT experiments to identify sources of
pathological TNFa have demonstrated that both CNS-derived
and bone marrow-derived sources of TNFa have similar
pathological effects in the progression of SD in our mouse
model—though CNS-derived TNFa appears to be of larger influ-
ence—and therefore represent important potential targets for treat-
ments in patients. Treatments with TNFa inhibitors should be
designed to penefrate the blood-brain barrier for optimal effect.
Previous studies involving BMT of wild-type bone marrow into
Hexb / mice have shown improvements in lifespan and neuro-
motor function, and reduction in microgliosis, without changes
in ganglioside accumulation (30,32,52). That we see an improve-
mentwhen transplanting Hexb ~ Tnfa ” bone marrow—swhich
can have no effect on ganglioside accumulations or on possible



Ph.D. Thesis A. Hooper; McMaster UniversityBiology

3972 Human Molecular Genetics, 2013, Vol. 22, No. 19

alternate functions of hexosaminidase B—speaks to the import-
ance of inflammation in the pathology of this disease and provides
further evidence that TNFe is an important detrimental factor
in SD.

Our study points to the cytokine, TNFa, as a potential thera-
peutic target to slow the rapid neurodegenerative process SD.
Given that the multifaceted therapeufics fo neurodegenerative
diseases have gained a growing appreciation and provide a
promising avenue to improve prognosis of neurodegeneration,
our study also identifies the STAT3 pathway as a target to
achieve a better outcome for the disease pathology.

MATERIAL AND METHODS
Mice

The SD model mice {(Hexb 4 ) were a generous gift from Dr
R. Gravel (University of Calgary, Canada). TNFea-deficient
mice were purchased from the Jackson Laboratory (Bar
Harbor, MA, USA) and were backcrossed 10 times onto a
C57Bl/6 background in house. Since both fransgenic strains
are on a C57BIl6 genetic background, the Hexb mice were
crossed with Tnfer © mice to generate doubly heterozygous
(Hexb# 'Tnfae” ") mice. These doubly heterozygous mice were
mated with Thio /" mice to generate Hexb™ Tnfa " miee.
Subsequently, Hexb™ Tnfe 7 mice were mated with each
other to generate doubly null (Hexh * Twfoe © ) mice. Geno-
types were confirmed by PCR using tail DNA.

PCR genotyping

The genotype of the Tnfa locus was determined by PCR from tail
DNA. A single set of primers was used, 5-GAAAAGCAAG
CAGCCAACCAG-3 and 3-GTCCAACCCACGGCTTC-3,
vielding a 646 bp product for the wild-type gene and a 1357 bp
product for the knockout gene. Primers for detection of Hexb
wild-type sequence were primer 5-GGTTTCTACAAGAGA
CATCATGGC-3' and primer vielding 141 bp products for the
wild-type gene and primer ¥-CAATCGGTGCTTACAGG
TTTCATC-3 and primer 5-GATATTGCTGAAGAGCTTGG
CGGC-3 inneo to give 700 bp for the Hexd knockout gene.

Behavioral tests

An Animal Utilization Proposal (AUP) was established which is
in accordance with the Ontario Animals for Research Act
requirements and the standards of the Canadian Council on
Animal Care (CCAC). The lifespan, body weight and neuro-
logical function of each group of mice were monitored by
using modified [rwin (53) and McDaniel and Moser (54) obser-
vational test batteries (7). Motor function was evaluated by
means of the rotorod, the wire hang, grip strength and righting
reflex behavioral tests which were conducted weekly subsequent
to weaning.

Rotorod

Therotorod test measured the latency to fall offarotating rod and
infrared photo cells captured exact fall time (7). The Accuscan
EZ-Rod and companion computer software EZ rod version
1.20 were used. Predetermined program involved placing the

nice on a prespinning rod, which gradually accelerated from
4rpm to a maximum of 40 rpm over the 6 min test. Each
mouse was given three trials, the best of which was included in
the data set.

Wive hang

A wire mesh was utilized to conduct the wire hang test. Mice
were inverted 20 cm above a padded surface and forced to use
their four 1imbs to hold their body suspended upside down for
a maximum of 60 s. The test was conducted in triplicate for
each mouse and the highest time was recorded.

Grip strength

A digital force gauge meter (Chatillon Ametek Inc.) was used to
measure the peak grip strength (7). This is the amount of force in
kilograms exerted by the two front limbs of the mouse grasping a
metal rod as the mouse is pulled away from the rod atf a constant
force.

Righting reflex

The righting reflex was conducted by placing a mouse on its
back on a solid surface and recording the amount of time
taken for the mouse flip back over to stand on all four limbs.
Each mouse was given three reflex trials and the best of these
was included in the data. Mice were left on their back to a
maximum of 30 s which is indicative of Sandhoff endpoint in
our AUP. Data were analyzed using the Student #-test to evaluate
statistical significance. A P-value of << 0.05 was considered stat-
istically significant.

Brain glycosphingolipid isolation and thin layer
chromatography

The Hexb™' ™ Tnfa™ ", Hexb ' Tafat’'™, Hexb * Tnfa™ and
Hexb * Tnfa " mice were sacrificed at 17 weeks of age. GA2
and GM2 extracts were determined in 430 mg of cerebral cortex
and 70 mg of cerebellum, by thin layer chromatography (TLC).
Gangliosides frommice braintissue were extracted and analyzed
as described previously (55). Briefly, brain samples were lysed
and sonicated (Sonicator XL 2020, Heat systems Inc.) with
chloroform/methanol/water (C:M:W, 10:10:1, v/v/v) for 1 h.
The upper phase containing the gangliosides was separated
from the lower phase after mixing and low-speed centrifugation.
The vpper phase was applied slowly to a Sephadex G-30 column
at a steady rate. The collected eluate was adjusted to C:M:W
(30:60:8) and applied slowly to a column of DEAE-Sepharose.
The eluted gangliosides and neutral glycolipids were subjected
to dry air to evaporate all liquids then adjusted to C:M:0.1M
KC1 (2:48:47). The mixture was applied to Sep-Pack C-18
reverse phase column and the collected eluate was evaporated
and adjusted to C:M:W (10:10:1, 200 pl). Using a Hamilton
syringe, glycolipids brain exfracts were spotted onto TLC
Silica gel 60 F254 plates (EMD Chemicals Inc., Silica Gel 60,
5715-7). TLC plates were air-dried, and developed, using
C:M:CaCl, (60:35:8), for 2.5 h then sprayed with orcinol/sul-
phuric acid [0.2% (w/v), 1M] and heat-treated (110°C for
20 min). The digital image of the TLC plate was captured
using via flatbed scanner and Photoshop v6.0 (Adobe).
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Quantitative RT-PCR

SYBR green assays were performed with SYBR green PCR
master mix (Applied Biosystems, #4309155) using cDNA
obtained from the cerebella of Hexb™ ™t Tnfa™™, Hexb /
Tnfa™™* and Hexb ” Tnfee © mice.

Primers were as follows:

Gfap Forward 5-CACGAACGAGTCCCTAGAGC
Reverse 5'-ATGGTGATGCGGTTTTCTTC
Muac-IaForward 5-GACTCAGTGAGCCCCATCAT
Reverse 5-AGATCGTCTTGGCAGATGCT

Mep-1 Forward 5’ -ATGGTCAAGAGTTTGCAGCTT
Reverse ¥-CCTGAATTTTGGGAGAGTGTGAT
Gsr Forward 5-GACACCTCTTCCTTCGACTACC
Reverse ¥-CACATCCAACATTCACGCAAG

Nxn Forward 5 -GTGGTAGCTTTGTACTTTGCGG
Reverse 5'-CCGTCTGCCGACACGAAAA

Prdx] Forward 5 -AATGCAAAAATTGGGTATC
Reverse 5'-CGTGGGACACACAAAAGT

Ptgs! Forward 5-ATGAGTCGAAGGAGTCTCTCG
Reverse 5'-GCACGGATAGTAACAACAGGGA

Samples, master mix and primers were added to a MicroAmp
Optical 96-well Reaction plate (Applied Biosystems, #4316813).
The plate was spun down quickly to remove bubbles and placed
ina 7900HT Sequence Detection System (Applied Biosystems).
Thermocycling conditions were as follows: 50°C, 2 min, 95°C,
10 min, 40 cycles of 95°C, 15 g; 60°C, 1 min. SDSv2.3 (SABios-
ciences) was used to analyze all gene expression data.

‘Western blotting

Mice were anesthefized with ketamine/xylazine. Blood was
obtained by cardiac puncture. Mice were perfused with
phosphate-buffered saline (PBS) through the left ventricle of
the heart. The cerebellum was harvested into lysis buffer con-
taining protease inhibitors (Roche, #14791200) and sonicated
at 20% pulse for 10 s. Laemmeli sample buffer (2x) was
added to the lysate and boiled for 5 min before storage at
—20°. Boiled samples were equally loaded info a 10% sodium
dodecyl sulfate (SDS)-polyacrylimide (BioRad) gel and trans-
ferred at 120 V for 70 min onto a nitrocellulose membrane.
Membranes were blocked using 5% non-fat milk {Carnation) in
Tris-buttered saline containing 0.5% Tween-20 (TBST) before
probing with antibody suspended i 5% milk in TBST and mncu-
bated overnight at 4°C. After washing in TBST five times, mem-
branes were blotted with secondary horseradish peroxidase
conjugated Immunoglobulin G conjugated antibodies in 5% milk
in TBST (1:10000, Santa Cruz Biotechnology, goat anti-rabbit:
#sc-2004, goat anti-mouse: #sc-2005, goat anti-rat: #sc-2006,
donkey anti-goat: #sc-2020) for 1 h at room temperature, followed
by five washes in TBST. Blotted membranes were incubated with
Amersham ECL western blotting detection reagents (GE Health-
care, #RPN2106) and exposed on Amersham Hyperfilm ECL
film (GE Healthcare, #28906839). Loading was normalized using
an anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
antibody (1:1000, R+D Systems, #AF5718). Protein levels were
analyzed using the Bio Rad DC Protein Assay (#500-0116). Mem-
branes were stripped of secondary antibodies between blotting
using a stripping buffer at a pH 2.0 composed of 1.5% glycine,
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0.12% SDS and 0.1% Tween-20. The following antibodies were
vsed in this study: antimouse GFAP monoclonal antibody
(1:5000, Sigma Aldrich, #G3893), anti-MAC-1a polyclonal anti-
body (1:300, Sigma Aldrich, #G9269), anti-[L-6 antibody (1:500,
Santa Cruz Biotechnology, #sc-7920), anti-pSTAT-3 antibody
(1:1000, Cell Signaling, #91458), anti-STAT-3 antibody (1:1000,
Cell Signaling, #49048), anti-TRAF3 anfibody (1:1000, Cell Sig-
naling, #4729), anti-NIK antibody (1:1000, Cell Signaling,
#4994P) and anti-RelB antibody (1:1000, Cell Signaling, #4922).
For quantification of western blot analysis, X-ray films were
scanned and saved as .JPEG files and analyzed using ImageJ
(NIH). Image color was inverted and background was subtracted
at 50 pixels. Using the fiee hand tool, bands were outlined, and
the area, mean density and integrated density were calculated.
The integrated densities of each band were divided by the corre-
sponding value for GAPDH to represent normalized protein
levels. Student’s t-test was used to determine the significant differ-
ence of the means at £ << 0.05.

Immunchistochemistry

Hexb ™ Tt Hexb 7 Tnfe™ and Hexb © Thfar ' mice
were harvested at 17 weeks of age, perfused with PBS, and fixed
with 3.7% formaldehyde. The brain and spine were harvested
and embedded in paraffin wax. Five-micrometer thick coronal
brain sections and cross-sectional spine sections were cut from
the blocks and mounted on slides. Samples underwent a xylene/
ethanol rehydration series, quenching of endogenous peroxidise ac-
tivity with 1%H,0,, blocked with 10% goat serum for 15 min and
were immunolabeled for 1.5 h at 37°C with primary antibodies—
mouse monoclonal anti-GFAP (1:150, Sigma, #G3893) for react-
iveastrocytes and rat monoclonal anti-MAC3 (1:300, BD Pharmin-
gen, #553322) for reactive microglia/macrophages. Biotinylated
secondary antibodies were applied, followed by anavidin/HRP-
bound biotin solution for signal amplification (Santa Cruz,
Mouse ABC Staining System #sc-2017, Rat ABC Staining
System  #sc-2019).  Samples  were  stained  with
¥ 3’-diaminobenzadine in the presence of 0.01% H,0,, and coun-
terstained with methylene blue. Microwave antigen retrieval in
12 mu citric acid buffer was performed on MACS3 slides prior to
the application ofthe primary antibody. All washes were performed
with Tris-buftered saline (0.1% Tween-20). Random field images
were captured of the cerebral cortex and cerebellum at 400 x mag-
nification, via Zeiss Axiovert 200 microscope, equipped with a
Zeiss AxioCamMRc Camera. Areas of images were calculated
using AxioVision 4.7 software (Zeiss, Oberkochen, Germany).
Positively stained cells were quantified from images. Images of
spinal sections were captured, and areas measured with Axiovision
4.7, and positively stained cells were quantified under 400 x mag-
nification. All statistical analyses were performed using SPSS v16
(SPSS Inc., Chicago, IL, USA). One-way analysis of variance
(ANOVA) performed on sets of data with three or more groups
followed by Tukey’s post hoc were used for all data with high
normality and equal variance amongst groups. For groups of
unequal variance, Dunnett’s T3 test was used to determine the sig-
nificant difference of the means at £ << 0.05.

TUNEL analysis

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) was performed on the previously described formalin-
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fixed, paraffin-embedded CNS samples, according to the manu-
factorer’s instructions using the ApopTag Peroxidase fn Situ
Apoptosis Detection Kit (Millipore, #S7100). Sections were
subjected to a xylene/ethanol rehydration series, followed by
treatment with proteinase K for 10 min. After blocking for
endogenous peroxides activity with 3% hydrogen peroxide,
the samples were incubated with terminal deoxynucleotidyl
transferase enzyme at 37°C for 1h. Sections were then
treated with anti-digoxigenin-peroxidase and reacted with
3,3’-diaminobenzadine in the presence of 0.01% H50,. Nuclei
were then counterstained with methyl green. All washes were
performed with PBS. Areas of the cerebral cortex, and entire
cerebella were measared using AxioVision 4.7 and positive
cells were quantified at 400 x magnification. Images of spinal
sections were captured, and areas measured with Axiovision
4.7 (Zeiss), and positively stained cells were quantified under
400 x magnification. The number of all astrocytes in a specific
spinal tissue type were counted and divided by the total area of
all sections of that type, for each mouse. All statistical analyses
were performed using SPSS v16 (SPSS Inc. Chicago, IL, USA).
One-way ANOVA (performed on sefs of data with three or more
groups) followed by Tukey’s post hoc were used for all data with
high normality and equal variance amongst groups. For groups
of unequal variance, Dunnett’s T3 test was used to defermine
the significant difference of the means at P < 0.05.

Immunofluorescence

Brains from Hexb™* Tnfat'™, Hexb * Tnfe™™ and Hexb /
Tnfa /" mice were harvested at 17 weeks of age and embedded
in paraffin as described above. Samples underwent a xylene/
ethanol rehydration series, and microwave antigen retrieval
was performed in 12 m cifric acid buffer. Tissues were
blocked with 10% goat seram for 15 min and double-labeled
with mouse anti-GFAP (1:150, Sigma, #G3893) and rabbit anti-
STAT3 (1:150, Cell Signaling, #49048) antibodies. Slides were
then double-labeled with goat anti-mouse Alexa Fluor 594
(1:400, Invitrogen, #A-11005) and Goat anti-rabbit Alexa
Fluor 488 (1:400, Invitrogen, #A-11008). Slides were mounted
with ProLong Gold antifade reagent (Invitrogen, #P36930).
Confocal microscopy optical slices were performed with
Argon 488, and HeNe 594 excitation lasers on a Leica TCS
SP5 confocal microscope, using Leica Application Suite
Advanced Fluorescence software.

Bone marrow transplantation

BMT was performed as described previously (32). Transplanta-
tions included Hexb ~ Tnfat’* bone marrow donors into
Hexb ' Tnfo 7 tecipients, Hexb / Tnfa™™ bone matrow
donors into Hexb ” Tnfa™'™ recipients, Hexb 4 Tnfa /

bone marrow donors into Hexb ~ Fnfa™* rcci})ienﬁs and
Hexb / TInfo * bone marrow into Hexb Tnfa /

recipients (# = 4—35). All recipient mice were females at ~2
months of age. Briefly, donor mice were euthanized by cervical
dislocation. Humiri, tibia and femurs bones were dissected from
each donor mouse under sterile conditions, and bone marrow
was flushed with Iscove’s medium (Lonza, 12-722F), supple-
mented with r-glutamine (Gibeo, 25030). Cells were passed
through a cell strainer (0.45 pm) and red blood cells were

lysed with cold ammonium chloride potassium (ACK) lysis
buffer. Cells were stored on ice until injection. Bone marrow re-
cipient mice were given sterile chow and Septra water for 1 week
prior to irradiation. Irradiation of bone marrow recipient mice
was broken into two treatments, with one dose of 7 Gy, followed
by asecond dose of 4 Gy within4 h. Under anesthesia, mice were
mjected intravenously with ~6—10 x 10% cells. The recipient
niice recovered in autoclaved cages with sterile gel and Septra
water.
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3.1 Preface

All of the following work was performed by Alexander Hooper.
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3.2 Abstract
Microgliosis and astrogliosis are known to be exacerbating factors in the

progression of the lysosomal storagksorder Sandhoff disease. We have also found
evidence for excitotoxicity via glutamate receptors in Sandhoff disease. To view the
interaction of these cascades, we measured cerebellar expression of markers for gliosis,
apoptosis, and excitatory synapse#o the disease course in a Sandhoff disease mouse
model. We observe a-&age model, with initial activation of microgliosis as early as 60
days of age, followed by a later onset of astrogliosis, caspes#ated apoptosis, and
reduction in GIuR1 at appxamately 100 days of age.
3.3Introduction

Sandhoff disease (SD) is caused by a mutation inHiweb gene, the product D
which is a subunit of two lysosomal enzymes-hexosaminidase A and -
hexosaminidase -Bwvhich leads to accumulations of the gangliosides GM2 and GA2 in
neuronal tissues(Itoh et al., 1984 Sandhoff et al., 1971Hext~ mice are well studied
and are representative of Sandhoff disease and the closely relateéd@ys disease
(TSD), with mice displaying motorneuronal and behavioural deficits, reaching endpoint
at approximately 1719 weekgPhaneuf et al., 1996

The disease is largely viewed as perpetuated through the activation of
microglia/central nervous system (CNS) infiltratpeyipheral blood mononuclear cells
(PBMChand astrocytes, with many genes related to gliosis upregulated in the disease in

both humans and mouse modeldeyakumar et al., 2003Myerowitz et al., 2002
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Sargeant et al., 20)2It has been observed that microgliosis occurs before neuronal
apoptosis in the brainstem and spinal cord of SD mind,thus it is suggested that the

chronic accumulation of microglia and macrophagdsemselves unable to process
gangliosides leads to increased neurotoxicity (Wada et al., 2000
Microglial/macrophage contributions to the disease have been shown to be lessened in
double knockouts (DKO) involving inflammatory genes includitexti Ccr2”, Hext'”

a A LIudnhdHext ¢ y ¥, resulting in increased lifespans of SD mouse ma@dis-Ouf

et al., 2013Kyrkanides et al., 2008Vu and Proia, 2004 Related proteins, macrophage
inflammatory proteinl alpha and beta (MR hNIPmMi 0 | YR (Gdzy2dzNJ ySO
receptor 2 (TNFR2) have been identified as strong biomarkers for gangliosidoses in
human patients(Utz et al., 2015. Interestingly, ablatingCcr2provoked infiltration of

t.a/la oadzmaSlidsSSyidte t2gSNAYy3I (GKS ydzYo SNI 2
appears to have no effect on apoptotic pathways or astrocyte activdignkanides et

al., 2008. This is surprising sineeicroglial activation can lead to the release of various
cytokines, including interleukifi (IL6) and tumounecrosis factot f LK 6 ¢ b Ch 0 X
may induce an apoptotic pathway in neurons, and since we ourselves have observed a
reduction in astrocytes andpoptosis in the cerebellum ddexti ¢ y ¥ hice relative to

Hexb'™ mice (Abo-Ouf et al., 2013Shishodia and Aggarwal, 2Q0% is possible that the

reYl Ay Ay 3 HeTer? rhige is sufficient for the astroglial and apoptotic
pathways, or the effect is tissue specifiestrogliosis appears to be driven by one or

more pathways involving Sphk1/S1P receptors, and ERK (but not AKT), and ganglioside
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buildup in SD astrocytes is sufficient to activate proliferatigawashima et al., 2009
Kyrkanides et al., 2008Vu et al., 2008 While the importance of microgliosis and
astrogliosis in SD are clear, their relationship to each other during their progression in
the development of the disease is not, warranting further study.
Because of the importance of gliosis in SD, neuronal aspects of disease progression

have been largely ignored in favor of inflammatory mechanisms. However, in
l f T KSAYSNRAE RAaSIFaSY t!tat!w ReaNBIdA I GAZ2Y
excitotoxicity, and &dhoff patients have been shown to share common traits with
lfT KSAYSNDaA RAaASI&AST AyOfdzRAY3 AYyUNY ySdzNBRYy
amyloidbeta (Abad et al., 2006Hynd et al., 2004Keilani et al., 200 ¢bCh Kl a o
shown to increase insertion of both calciymermeable GIuR1 in hippocampal pyramidal
neurons, and calciurmpermeable GIuR2 in motor neuro(@goshi et al., 20Q3Rainey
Smith et al., 2010 Increased neuronal activity through calcip®rmeable AMPARS can
cause exitotoxicity, while decreased neuronal activity can lead to caspaediated
apoptosis in cerebellar granule neuroflayton et al., 203,2/an Damme et al., 2007
5dz2S G2 GKS Ay@2t @dSYSyid 2F ¢bCh Ay {53 | yF
AMPARSs such as GluR1 make interesting targets for.study

Immunohistochemical time course experiments have been performed in the
brainstem and spinal cord of SD mice for glial and apoptotic markers, but did not include

measurement of molecular expression levels, and this study seeks to expand on that

work (Wada et al., 2000 To identify key developmental time points for various aspects
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of SD including gliosis, neurological markers, and neuronal death have analysed
expression of disease markers over the progression of the illness in mouse models. We
demonstrate a twestage model of Sandhoff disease, with an early onset of microgliosis
followed by a later increase in astrogliosis and apoptosis, and a reduction in GluR1.
3.4 Materials and Methods
3.4.1 Mice

Hext~ mice were generated as previously described, on a C57BL/6 background.
Control wildtype (WT) mice are C57BL(Bhaneuf et al., 1996
3.4.2Genotyping

Genotyping of mice was performed via PCR on tail samples, using the following
primers at previously described: Fblexb HexbR: CAATCGGTGCTTACAGGBTTIC
HexbWTF: GGTTTCTACAAGAGACATCATGGC, HexbKO
GATATTGCTGAAGAGCTTGGCGGC.
3.4.3Behaviour testing

HexB” and Hexli™ female mice were tested at 8, 11, 14 and 17 weeks of age, to
observe changes in behaviour during the expected major period of decline in the health
of Hexli™. Only female mice were used in order to control for effects that natural
differences in body mass between sexes would have on physical performance tasks.
Measurements were taken of wire hang, rotarod, righting reflex, and body mass. Wire
Hang: Mice were [laced on top of a wire mesh, which was then inverted, 30 cm above a

padded surface. Hang time was measured from the point of inversion, until time to fall
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to a maximum of 5 min. The best time of 3 consecutive trials was used. Rotarod: Mice
were placed ora rotating rod (Accuscan EzRod with EzRod v.120 software), and time to
fall was measured via photeensors. Rotarod rotations were increased from 0 rpm to a
maximum of 40 rpm over 360 sec. Mice were placed on the rod at 4 rpm. The best time
of 3 consecutig trials was used. Righting Reflex: Mice were positioned on their backs
(with a slight tilt to the left and then repeated to the right) on a solid surface, and time
for mouse to right itself onto its feet was measured. The average of measurements for
the left side and right side righting reflex was used a measurement of cerebellar, pons,
and mesencephalon function.
3.4.4Western blot

The cerebella of female WT ahtéxli™ mice at 60, 80, 100, and 120 days were lysed
via sonication in proteinase inhibitaontaining RIPA. Laemmli sample buffer (6X) was
added to the lysates and the samples were heated #C9tor 5 min. Samptewere
resolved on a 10% SIPAGE gel, and blotted on nitrocellulose membrane. Membranes
were blocked with 5% cow milk in PBS, and stained with the antibodies for the following
proteins: MAC3 (BD Pharminge553322) GFAP (Sigmdlrich G3893), GIuR1 (Cell
Signaling, 8850), Cleaved casp@s€ell Signaling, 9501), RSD(Cell Signaling, 3409S),
synaptophysin (Cell Signaling, 5461), neurofilaref@ell Signaling, 2837and GAPDH
(R+D Systems, AF5718). Detection was performed vianeeld chemilumescence using
Amersham ECL Western Blotting Detection Reagents (GE Healthcare, Cat. No RPN2106).

3.4.5Immunohistochemistry

46



Ph.D. Thesis A. Hooper; McMaster UniversityBiology

Wild-type and HexB™ mice wereprocessed as previously describ@bo-Ouf et
al., 2013. Briefly: mice were harvested at 60, 80, 100, and 120 days, perfused with PBS,
and fixed with 3.7% formaldehyde, and embedded in paraffin wax.-rRigemetre
thick coronal cerebellar sections were sliced, and mounted on glass slides. The samples
were then subjected to a xylene/ethanol/water rehydration series. Endogenous
peroxidase was quenched with 1%Q041 Samples to be stained for MAC3 underwent
microwave antigen retrieval in 12 mM citric acid buffer. Samples were blocked with 10%
goat serum, and immunolabeled with monoclonal antibodies against GFAP {Sigma
Adlrich, G3893), and MAC3 (BD Pharmm&®&3322. Tissues were then incubated with
biotinylated secondary antibodies, followed by an avidin/Hi®Bnd biotin solution
(Santa Cruz, Mouse ABC Staining Syster2@5€, Rat ABC Staining System-2Bt9).
{ YL Sa ¢ SNFB (K Sdiamidobienzadih@Rhe prasénke ob0DhY6RE,,
and counterstained with methylene blue. For each slide, 20 random field images of the
cerebellum were captured at 400X magnification, centred on the Perkinje layer. The area
of the images was calculated using AxioVision 14 §oftware (Zeiss, Oberkochen,
Germany). For each sample, positively stained cells microglia/macrophages and
astrocytes were quantified as (the total count per 20 random fields)/(total area of the 20
fields).
3.4.6Data Analysis

All statistical analyses were performed using SPSS v16 (SPSS Inc. Chicago, IL). T

tests were used to compare means between data containing 2 groOpeway ANOVA
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OLISNF2NXYSR 2y | fIFNASNJ aSdé 2F RIFGlI gAGK o
used for all data with high normality and equal variance amongst groups. For groups of
dzy SljdzZl £ @I NAI yOSsS 5dzyySidiaQa ddiffeié8éidithes I & dza
means at P<0.05. Graphs were generated using GraphPad Prism 5 v5.00 (La Jolla, CA,
USA).
3.5Results
3.5.1Behaviour

As a disease that affects neuromuscular function, Sandhoff disease progression can
be measured in mice as a function dfet ability to perform several well established
behavioural testgWu et al., 2008 Wu and Proia, 2004 We sought to observe the
stages of critical decline in otttexti” mice, generally observed between-1¥ weeks of
ace (AboOuf et al., 2018

Significant reductions in peripheral strength and coordinationHeikt'~ mice

occur between 11 and 14 weeks, as demonstrated by decreases in performance in wire
hang and rotarod tests (Fig8.1A,B). Righting reflex, orhé other hand, declines
between 14 and 17 weeks (Fi§.1C). The righting reflex requires less peripheral
strength and coordination than the wire hang and rotarod tests, and therefore may be
less sensitive at earlier stages of the disease, but therefatieates a period of extreme
disease severity (prolonged righting reflex is used as an endpoitie®l ™ mice). No
significant differences were found with respect to body mass between genotypes (Fig.

3.1D). From these data, it appears that there areicait cellular events occurring in
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HexB ™ mice in the time between 11 and 14 weeks of age, which lead to the final stages
of the disease. Treatment of these events just prior to their initiation could be an
efficient method to delay the ultimate decline 8andhoff disease sufferers. In order to

determine which molecular pathways are activated or altered during this period, we
performed Western blots and immunohistochemistry for various glial, neuronal, and

apoptotic markers in the cerebellum across thesed points.
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Figure 3.1. Decline iSandhoff disease wusebehavioural performanceoccurs during
specific time mint.

Hext ™ mouse deterioration in wire hangh) and rotarod(B) performances occur
during the same 1114 week period, and closely precede the loss of the righting reflex
(indicating endpoinf)C). Body mass is not significéntaffected during this time

period(D). Bars = mean + SEteBts, n = 3 for each group, *P < 0.05.
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Figure 3.1
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3.5.2Gliosis/Inflammation

Studies have previously measured the progression of microglial activation in the
brains stem and spinal cord of SD mouse models, showing an increase in activation from
1-4 months(Wada et al., 2000 Since the cerebellum is known to be a majorly affected
site in the disease, is brain structure involved the aforementioned affected
behaviours, and the precise relationship between microglial activation and
astroglial/astrocyte activation in the SD cerebellum is not known, we sought to observe
these processes at a higher temporal resolution than previoosgsured. In order to
assess changes in the levels of activated glia over the course of Sandhoff disease, we
performed western blots to determine the protein levels of MAC3 (a marker for
activated microglia/macrophages) and GFAP (a marker for activatestgi®s) on the
cerebella of WT and SD mice at 60, 80, 100, and 120 days of age. The cerebellum was
chosen since we have previously found significant increases in MAC3 and GFAP positive
cells in the cerebella of 120 SD mice, relative to AJo-Ouf et al., 2018 MAC3 levels
do not coincide with GFAP changes, and are significantly higher in SD relative to WT as

early as 80 days with a trend to this effect set©0 days (Fi.2A).
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Figure 32. Developmental progression of microgliosis in Sandhoff disease mouse
cerebella

Cerebella from female WT and Sandhoff Disease mice at indicategoays
were blotted for the microglial marker MAC3. MAC3 is significamtijper in SD mice
relative to WT mice as early as 80 days, with a trend towards this at 6QAayars =
mean * SE.-ests, n = 3 for each group, *P < 0.05. Cerebellar sections from C57BL/6 and
Hexb™ mice at 60, 80, 100, and 120 days of age werénetafor MAC3E). The total
number of MAC3 positively stained cells, from 20 random field images per section,
centred on the Perkinje layer, were quantified and normalized to a@ean(= 3 for each
genotype in each age group. Microgliosis is signiflgdntreased itHexti” mice as early
as 60 days. *P < 0.05. Scale bar = 50fimows indicate examples of positively stained

microglia.
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Figure 3.2
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Figure 3.2 (continued)
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GFAP is not significantly different in SD relative to WT until 100 days, when it
increases sharply (Fig3.3A). This incongruity between microglial and astroglial
regulation suggests the two populations are under unrelated controls, or that
astrogliosis islependent on a threshold not reached until 100 days of age. To further
verify this and to determine if there is merely an upregulation of these markers within
already activated microglia and astrocytes, or an increase in the number of activate cells,
we gained paraffin embedded sections of cerebella from WT and SD mice at 60, 80, 100,
and 120 days of age, and quantified the number of positively stained cells from random
fields. Consistent with the protein data, microglia are seen to be activated at high
numbers in the SD mice, relative to WT mice, as early as 60 day3.ZB§.). Activated
astrocytes numbers are not significantly higher in SD mice compared to WT mice, until

80 days (Fig3.3B-C).
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Figure 3.3.Developmental progression of astrogliosis in Sandhoff disease mouse
cerebella

Cerebella fom female WT and Sandhoff Disease mice at indicatedpaggs
were blotted for the astroglial marker GFAP. GFAP increases significantly in SD mice at
approximately 100 days of ag8)( Bars = mean + SEteBts, n = 3 for each group, *P <
0.05. Cerebellasections from C57BL/6 ardexti” mice at 60, 80, 100, and 120 days of
age were stained for GFAB)( The total number of positively stained cells from 20
random field images per section, centred on the Perkinje layer, were quantified and
normalized toarea ). n = 3 for each genotype in each age group. Astrogliosis is not
significantly increased until 80 day¥? < 0.05. Scale bar = 50pmArrows indicate

examples of positively stained astroglia.
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Figure 3.3
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Figure 3.3 (continued)
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3.5.3Neuronal Markers

Based on the involvement of AMPA receptors in other neurodegenerative
diseases, we observed expression levels of the AMPAR GIluR1 in the cerebella of WT and
SD micdHynd et al., 2004 GIluR1 displays a sharp and significant decline at 100 days of
age in the cerebellum of SD mice with a similar trend at 120 days, coinciding with the
observed increase in GFAP levels (B#A). Since neuronal death the ultimate result
of SD, we felt it important to observe changes in neuronal and synaptic markers
particular the 75kDa form of neurofilament (NUf as a general measure of neurons,
synaptophysin as a measure of synapses, and-93SBs a marker forexcitatory
synapses. Despite neuronal death occurring, none of the general synaptic and neuronal
markers measured (PSI», synaptophysin, or NE) appear to change within the

cerebellum over the development of the disease (BigB-D).
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Figure 34. Developmental differences of synaptic and neuronal markers in wige
and Sandhoff csease mouse erebella

Cerebella from female WT and Sandhoff Disease mice at indicategoays
were blotted for GIuR1A), the excitatory synaptic marker PSB (B), the general
synaptic marker synaptophysit©)(and for the neuronal marker neurofilameht O).
Despite a measured increase in cerebellar cell death in SD relative to WT, no changes are
seen in PSD5, synaptophysin, or neurofilamet GIuR1 drops sigméntly in SD
relative to WT cerebella at a100 days of age, indicating dysregulation and/or specific loss

of GIuR1 excitatory neurons. Bars = mean + $&st3, n = 3 for each group, *P < 0.05.
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Figure 3.4 (continued)
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3.5.4Apoptosis

Despite previous studies showing no increase in apoptosis in the cerebellum of
SD mice, our lab has previously found significant increases in TUNEL positive cells in this
region of the SD brain at 120 daysbo-Ouf et al.,, 2013Wada et al., 2000 This
suggested that we observe protein levels in the cerelelto determine the onset of
apoptotic pathways. Observing classical apoptotic pathways we find that cleaved
caspase9 is significantly higher in SD cerebella relative WT, beginning at 100 days (Fig.
3.5). Activation of the caspase cascade is consistetit miodels of excitotoxic death,
and its onset at 100 days suggests that it may be related to the astrogliosis spike and the

decline of GIuR1 at the same time point.
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Figure 35. Apoptosis in Sandhoff disease mouserebella

Cerebdl from female WT and Sandhoffsdasemice at indicated aggoints
were blotted cleaved caspask Apoptosis appears to become highly upregulated in SD
at 100 days as indicated by a significant increase in cleaved ca@pegels relative to

WT. Bars = mean = SHe$ts, n = 3 for each grpu*P < 0.05.
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Figure 3.5
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3.6 Discussion
3.6.1A Two Stage Model of Sandhoff Disease

The data presented suggests that there are at least 2 stages of disease development.
The first involves early activation of microglia, indicated by MAC3 upregulation, and an
increase in the density of MAC3 positive cells in the cerebellum. Previous
immunohstochemical studies have shown an increase in activated microglia beginning
at 2-3 months of age in the brain stem and spinal cord of SD mice relative to controls,
with a sharp increase at 3 month®Vada et al., 2000 Our data suggest that this
increase begins occurring prior to 2 months in the cerebellaarlier than implied by
the previous research from other tissues, which had fewer time points in thisaagge.
The second stage begins at approximatelyl80 da/s coinciding with the onset of
behavioural symptoms in the SD micend involves the onset of heavy astroglial
activation, a reduction in GluR1, and the invocation of caspasdiated apoptosis.
Similarity in SD and WT GFAP levels demonstrated via wdsiarin mice at 80 days
when microgliosis has already occurrediggests that astrocytes are not influenced by
the same stimuli activating the microglia, and may be stimulated by an effect of the
YAONRIAf Al (GKSYaSt@Sa &dzOKirmédaby they/siriNdity mSR ¢ b
numbers of activated astrocytes in SD and WT cerebella at 60 days of ag&3Pbjg.
While this is earlier than the observed upregulation of GFAP in the cerebellum, the
number of positively stained cells does not directly rdfldgee amount of the marker

protein within each cell. As well, random fields do not necessarily account for specific
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groupings of astrocytes that may be present at specific structures within the cerebellum.
The extended lifespan oHext™ mice via knockoutof Sphk and subsequent
downregulation of astrocyte activation relative tblextd™ mice, suggests that the
astrogliosis is not merely a reaction to the end stages of the disease, but rather, one of
its causegWu et al., 2008 It has been suggested that the abnormal proliferation of
astrocytes, due to their internal accumulation of GM2/GA2, may be specifically involved
in the damaging of neurons, and these findings support {Kawashima et al., 2009
Whether playing a supportive role or detrimental role, astrocytes activation is
correlative to the severity of the disease progression as indicated by behaviour testing
detriments, and serves as a good marker for disease progression. It is recommended
that micoglia and astrogliathough interconnectedshould be treated and studied with
their temporal separation in mind.

That GIuR1 levels are lower in SD mice at 100 days, despite steady detectable levels
of neuronal markers PS®@b, synaptophysin, and neurofiteent (70kDa), suggests that
AMPARs are somehow specifically involved in the disease. Sinc@5P&@ only
associates with AMPA receptors, but alsemithylD-aspartate receptors (NMDARS),
and potassium channels, levels may remain unaltered if the focubhefdisease is
neurons containing specific receptor subtypéise same may apply for the ubiquitous
synaptophysin. One might expect levels of-IN&nd the synaptic markers to drop as
neurons undergo apoptosis, however, these are abundant proteins andai@ation of

protein loading may compensate for this if all the cell types (including glia) in the CNS
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face similar declines in number. If excitotoxicity is in fact one of the pathways leading to
the apoptosis observed in SD cerebella, then we could expesge levels of GIuR1 drop
as internal pools of AMPARSs are used up, and/or as GluR1 containing neurons succumb
to the disease at a faster rate than other neurons of the cerebellum. We observe
caspasanediated apoptosis and the activation of astrocytestlsis stage, coinciding
with GIuR1 decline. These events may not be trivial, as astrocytes have been shown to
be involved with the regulation of AMPAR subunit composition in motor neurons of the
spinal cord a region previously shown to be highly affectegd SD(Abo-Ouf et al., 2013
Huang et al., 199%an Damme et al., 2007

In conclusion, we have observed &tage model of Sandhoff disease progression
in the cerebella oHex™ mice (Fig:3.6). There is an initial activation of microgliosis,
followed by a late onset of astrogliosis, caspasediated apoptosis, and a reduction in
GIuR1. These findings have opened many paths to be examined. The factors that initiate
the second stage of the ilss require investigation as their manipulation may stay the
final declining stages of the disease. Astrogliosis may also be a more sensitive indicator
towards signalling the endpoint of the disease, relative to microgliosis. As well,
excitotoxicity as a aurce of neuronal death in SD is possible, as excitotoxicity is
observed in other diseases involving the bidild 2 F YSGl 602t AGSazx adz0
Disease, and this needs to be considered as a mechanism in this d{sasket al.,

2004).
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Figure 36. Schematic of pathological events in the cerebella of Sandhoff disease.m

Using data from protein markers, approximate levels of glial, apoptotic, and
GluR1receptors are plotted relative to those found in WT mice at the respective ages.
There appears to be a threshold or event between 80 and 100 days of age, which
initiates an increase in astrogliosis and apoptosis, and a decrease in GIuR1 (indicated by
vertical dottedline). Microgliosis may also increase, however it is already demonstrably

upregulated by 60 days (indicated by horizontal dottieet).
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Figure 3.6
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4.1 Preface
All work was performed by Alexander Hooper except the following:
Rosemarie Venier performed thgRFPCR (Figure 4.1A)avier Alamilla performed the

electrophysiology experiments (Figure 4.6).
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4.2 Abstract

GM2 gangliosidoses are a group of lysosomal storage disorders which include
Sandhoff diseasand TaySachs disease. Dysregulation of glutamate receptors has been
recently postulated in the pathology of Sandhoff diseasglutamate receptor
association with neuronal pentraxins 1 and 2, and the neuronal pentraxin receptor
facilitates receptor potentiation and synaptic shapimg.this study, we have observed
an upregulation of a novel form of neuronal pentraxin 1 (KBB) in the brains of a
mouse model of Sandhoff disease and -Baghs disease. In order to determine the
impact of NP1 on the pathophysiology of Sandhoff diseaseis®a models, we have
generated anNp1’'Hexti~ double knockout mouse, and observed extended lifespan,
improved righting reflex and enhanced body condition relativéext™ mice, with no
effect on gliosis or apoptotic markers in the CNS. Sandhoff mioizse slices reveals a
reduction in AMPA receptemediated currents, and increased variability in total
glutamate currents in the CA1 region of the hippocampNpl’ Hexti™ mice show a
correction of this phenotype, suggesting NB& may be interfering wh glutamate
receptor function. In fact, some of the psychiatric aspects of Sandhoff and Tay Sachs
disease (particularly late onset) are likely due to a dysfunctional hippocampal
glutamatergic system. Our work highlights a potential role for synaptieing such as
NP1 and glutamate receptors in lysosomal storage diseases.

4 3Introduction
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The GM2 gangliosidoses are a group of lysosomal storage disorders containing
Sandhoff disease (SD) and -Bachs disease (TSD). Both diseases present fomms th
vary in severity and onset of symptoms, depending on the spenifiations involved.
TaySachs disease consists of infantile, juvenile, chronic anebladet TaySachs disease
(LOTS) formgLeinekugel et al., 1992 Sandhoff disease also presents with infantile,
juvenile and adult forms of the disea@ditsuo et al., 1990Utsumi et al., 200R These
diseases present with a plethora of symptoms including cognitive deficits, muscle
weakness and ataxiéBley et al., 2011Grunseich et al., 20)5Lateonset TaySachs
disease patients can develggsychiatric symptomsi.e., schizophrentike and bipolar
diseasedlike symptomgqStendel et al., 201%aroff et al., 200¢

Sandhoffdisease ixaused by accumulation of the gangliosides GM2 and GAZ2 in
the central nervous system. This is due to mutations inHexbgene, which encodes
the betasubunit of the lysosomal enzymésK SE2 & | YA y A Fhéxds8minidasé y R |
B.Hexl{™ mice are well recgnized to represent Sandhoff disease and-Saghs disease.
Hextd™ mice display motorneuronal and behavioural deficits, reaching endpoint at
approximately 1719 weekdltoh et al., 1984Sandhoff et al., 1971 Previous studies on
Sandhoff disease have focused on gliosis as a phenomenon common with other
YSdzZNPRSISYSNI GADPS RA&2NRSNE (Téisténk and Schulzf T K S A
2004 Tuppo and Arias, 2005 Microglial activation appears to precede astroglial
activation and is induced via pathways involvir@ Chemokine receptor type 2 (CCR2),

macrophageh VY F€ | YYI 02 NE -uINB Y SKY R MU dz2d A dzNI oy¢SbOTNROE A
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(Abo-Ouf et al., 2013Kyrkanides et al., 2008V/u and Proia, 2004 Astrogliosis, on the
other hand, coincides with an increase in caspfsactivation, suggesting astrocytes
may be crucial to the end stages of the dise@$eoper and Igdoura, 20).6Studies have
shown that ganglioside accumulation is sufficient to activate astrocytes in SD cells;
however, we have also shown a reduction in astrogliosis via kBadki 2 F ¢b Ch Ay
mouse model, suggesting that cytokine induction is an important faotastrogliosis at
the organismal scal@awashima et al., 20Q9u et al., 2008

'y AYONBlIFaS Ay aSONBGSR ¢bcCh KFIA 0SSy &Kk
microglia, facilitating excitoxicity- a neurodegenerative process that involves
overstimulation of neurons resulting in toxic levels of intracellular calcium(ibaiseuchi
et al., 2006. Alterations in glutamate receptors, and an increase in apoptosis, may be
indicative of this process as it has been demonstrated I G ¢ b Ch SELJR & dzZNB O
recruitment of the AMPA receptor GIuR1 to the cell membrane in dissociated rat
hippocampal neurons, as well as inhibit the uptake of synaptic glutamate, enhancing the
likelihood of excitotoxicityf{Ogoshi et al., 20055ama et al., 2032Vang and Qin, 2010
Zou and Crews, 2008 ¢ KS Y SOKI y A dnduced 2ebilitiiehtioft GIURD i€ b
currently unknown, and this could potentially occur through regulation by neuronal
pentraxins.

Neuronal pentraxin 1 (NP1) has been indicated as directly involved with activation of
an apoptotc pathway in rat cerebellar granule cells, and is involved with AMPA induced

neuronal death by GIuR1 during hypeigchemic injury in nematal rats(DeGregorie
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Rocasolano et al., 200Hossain, 2008YesteVelasco et al., 2008Contrarily, neuronal
pentraxin complexes, consisting of NP1, neuronal pentraxin 2 (NARP) and the neuronal
pentraxin receptor (NPR), could gmibly protect from excitotoxicity, via a role in
endocytosis of AMPARSs. Long term depression in cerebellar Perkinje cell cultures, and in
the hippocampus has be shown to be induced via cleavage of the NPR via the matrix
metalloprotease (MMP) tumor necrasfactorr  O2 Yy S NI A Yy 3 (CRoyet a&,YS o6 ¢!
2008. NP1 has also been suggested to be involved in the elimination of synapses
through binding of the complement protein Clqg, causing synaptic removal via
phagocytosis by gli€tGasque et al., 20Q0reutzberg et al., 198%tevens et al., 2007
Establishing a beneficial or detrimental role for NP1 in Sandhoff disease may open
avenues for treatmentof neurodegenerative diseases, and point to the study of
pathways beyond those established with respect to gliosis.

We observe increased expression of a novel form of NP1-88pPin our
Sandhoff disease mouse model. We also demonstrate increased survival and function of
the Sandhoff disease model after knockoutNyg#1, suggesting that NP1 or its alternative
form contributes to disease progression.

4.4 Methods and Materials
4.4.1Mice

Mouse work was conducted under an animal utilization protocol (AUP) in
accordance with Ontario Animals for Research Act requirements, and the standards of

the Canadian Gmcil on Animal Care (CCAEExH ™ mice on a C57BL/6 background
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were donated generously by Dr. R. Gravel (University of Calgary, Calgary, AB, Canada),
and have been previously characterized and descr{Bédneuf et al., 1996Np1’ mice
were generated as previously described, on a C57BL/6 background via-BpRGK
replacement of the signal peptideearing exon XKirkpatrick et al., 2000 These mice
are asymptomatic up until at least the normidexti™ endpoint (126130 days), and so
are not expected to contribute to pathologyerely by virtue of their knockoutNp1’
mice were crossed withlexti” mice to generateNpl”HexB’” mice. These were then
self-crossed to obtaifNp1’ HexB' breeders, which were setfrossed to producépl’
HexB™ andNp1''Hext~ experimental mice.
4.4.2Genotyping

Hexb Genotypes were verified with the following primers: Warward,
GGTTTCTACAAGAGACATCATGGC:Forwand, GATATTGCTGAAGAGCTTGGCGGC;
Reverse, CAATCGGTGCRGAITTCATQpl Genotypes were verified with the
following primers: PGKprt Insert Forward, CCTACCGGTGGATGTGGAATGTFET; WT
CGTTAGGCGTGCAGCCCGGACCGTGC; Reverse, CGGGCAAGAACACGATGGGCGA!
Absence of NP1 and N8 protein inNp1’~ mice has been verified by western blot.
4.4.3Cell Culture

Normal and TSD cerebellar cells were obtained from Dr. S Brooks at the
Kingsbrook Jewish Medical Centre in New York. Cells were cultured in a 37°C humidified
incubator with 21% @and 5% COF Y R Odzf G dzZNBR Ay 5dzf 6 SO02Qa

(Invitrogen, #12800017) supplemented with 15% fetal calf serum (Invitrogen,

78



Ph.D. Thesis A. Hooper; McMaster UniversityBiology

#12483020), 1% penicillin/streptomycin (Invitrogen, #15140122) and 0.1% fungizone
(Invitrogen, #15290018).
4.4.4RNA lIsolation ashReverse Transcription

For cell culture, total RNA from confluent cells was isolated by scraping cells in
f @aAa odzF TS Nhe@aptpdihanolyairdypassing tysate through an 18% gauge
needle, followed by and purification using the Purelink RNAatieol Kit (Ambion,
#12183018A) or the Total RNA Purification Kit (Norgen, #17200).

RNA was reverse transcribed with okd® or random primers according to the
Superscript Il protocol (Invitrogen Superscript 111, #18088). RNA, dNTPs, and primers
were incubated at 65°C for 5 min, then on ice for 1 min. First strand buffer, DTT, RNase
OUT and Superscript Il were added to the mixture and incubated at 25°C for 5 min, if
random primers were used. Then, the mixture was incubated at 50°C for 1 hour and
inactivated at 70°C for 15 min.

4.4 .5Quantitative RTIPCR

gRTFPCR was performed on normal and TSD cerebellar cell cDNA Tasjimgn
gene expression master mix (Applied Biosystems, #4370048). @R28Anixed with
master mix and gene specific probes, and added to a MicroAmp Optived®&eaction
Plate (Applied Biosystems, #4316813). The plate was spun down quickly to remove
bubbles and placed in the 7900HT Sequence Detection System (AppliedteBiayys
Thermal cycling conditions were as follows: 50°C for 2 min, 95°C for 10 min, then 40

cycles of 95°C for 15 sec, 60°C for 1 min. A standard curve was used and final values are
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expressed as relative gene of interest divided by the endogenous cor@#iPDH
Primers and probes used were as followdPTX1Hs00159652 m1, and GAPDH
Hs99999905 ml (Applied Biosystems).
4.46 Western Blot

Western blots were performed on cerebellar lysates frotex8™ and Hexty”
mice at 120 days of age. Mice were perfused via intracardiac injection with PBS, and
then cerebella were harvested intoicrocentifuge tubes, and placed directly into liquid
nitrogen. Cerebella were lysed in RIPA buffer (50mM tris, 165mM NaCl, 1% Nonidet P
40, 0.01% sodium dodecyl sulfate, 0.5% Sodium deoxycolate, pH 8.0) containing
protease inhibitors, via sonication (Soaior XL 2020, Heat Systems Inc., Duty 20%,
Output 4). Protein was measured using the Bio Rad DC Protein AssayO@i®)0
Samples were diluted to equal protein concentrations with RIPA buffer, and Laemmli
sample buffer (6X) was added. Samples were heatdgbC for 20mins, and then placed
on ice. Samples were run on a 10% -bIgacrylamide gel (90V), and transferred to a
nitrocellulose membrane (100V, 1lhr). Membranes were blocked with 5% cow milk
(Carnation) in Tribuffered saline containing 0.5% Twe2@ (TBST), before overnight
incubation with mouse primary antibodyanti-NP1 (BD Transduction Labs, #610369)
suspended in 5% milk in TBST, at 4C. After washing in TBST five times, membranes were
blotted with secondary goat anthouse (Santa Cruz Biotechogl, se2005) IgGHRP
conjugated antibodies in 5% milk in TBST for one hour at room temperature, followed by

five washes in TBST. Blotted membranes were incubated with Amersham ECL Western
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Blotting Detection Reagents (GE Healthcare, #RPN2106) and exposAdca&rsham
Hyperfilm ECL film (GE Healthcare, #28906839). Densitometry was measured using the
gel analysis feature in ImageJ (v1.46r, NIH, USA), and normalized to respective GAPDH
measurements.
4.47 Deglycosylation of Np1
Deglycosylation was performed on cerebellar lysates from 126otthfemale wildtype,
Hexb'", and Np]f' mice, via overnight incubation of samples with recombinant E. coli N
glycosylase F (Roche, Ref. 11365169001) at 38°C. Samples were then resolved by SDS
PAGE, blotted, and stained for NP1 as described (see Western Blot methods).
4.4 8 Immunoprecipitation of Np1

Cerebella fromHexb/- andHexb/-Npl-/- mice were lysed via sonication on ice,
in Triton X-100 buffer (50mM TrisHCI, 150mM NaC| pH 7.4, 1% Triton X100).
Samples were spun at 12, 000g for 10min at 4°C, and the pellet was removed. The
supernatant was precleared with 100uL of Dynabeads Protein G/1mL sample (Invitrogen,
#100.041) and prenmune mouse IgG (Active Motif, #101226), anrotator for 1hr at
4°C at 15rpm. Beads were removed with a magnet, and mouseRihprimary antibody
(BD Transduction Labs, #610369) was incubated in the sample overnight at 10ug/uL
sample. Dynabeads Protein G were added to the sample at 200ulL/mLe samapl
incubated on a rotator for 1hr at 4°C at 15rpm. The Dynabeads Protein G were isolated
via magnet and the supernatant removed. Samples were washed 5 times with 1mL lysis
buffer, and then suspended in Laemmli sample buffer. Samples were heated &ir65°C

20min, Dynabeads Protein G were removed and the samples underweRASIESand
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western blotting on PVDF, followed by staining with a mouse- Rt primary antibody
(BD Transduction Labs, #610369) followed by secondary goatnamtise (Santa Cruz
Biotechnology, se2005) IgGHRP conjugated antibodies (Sékstern Blot
4.49 Behaviour

HexB", Np1'"HexB"", Hexti”, and Np1’'Hexli~ female mice were observed at
intervals no greater than 7 days, beginning at approximately 7 weeks of age (before the
detriments are normally observed in SD mice), until endpoint was reached (i.e. mouse
can no longer right self in less than 45s on eaclke)sieasurements were taken of
bodyweight, lifespan, righting reflex, wire hang, and rotarod teRighting ReflexMice
were positioned on their backs (with a slight tilt to the left and then repeated to the
right) on a solid surface, and time for mougeright itself onto its feet was measured.
The average of measurements for the left side and right side righting reflex was used a
measurement of cerebellar function/proprioception. Endpoint was reached when mice
could not right themselves for 2 conseargi days on both the right and left sides.
SurvivalLifespan was measured from date of birth until endpoint measured by righting
reflex as described abov&Vire Hang:Mice were placed on top of a wire mesh, which
was then inverted, 30 cm above a paddedfaoe. Hang time was measured from the
point of inversion, until time to fallto a maximum of 5 minutes. The best time of 3
consecutive trials was usedotarod: Mice were placed on a rotating rod (Accuscan

EzRod with EzRod v.120 software), and time tbwials measured via photsensors.
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Rotarod rotations were increased from Orpm to a maximum of 40 rpm over 360 sec.
Mice were placed on the rod at 4rpm. The best time of 3 consecutive trials was used.
Body masses were recorded from another cohort of mige$a66120 days of age for
HexB"", 100120 days forNpI’HexB™, Hexti", and Npl’'Hexti™ mice), and their
respective brain masses were measured after whole animal intracardiac perfusion with
phosphate buffered saline (PBS).
4.410 Immunohistochemistry

HexB™, Npl'HexB”, Hexti, and NpI’Hexli~ mice were processed as
previously describedAbo-Ouf et al.,, 2018 Mice were harvested at 17 weeks of age,
perfused with PBS, fixed with 3.7% formaldehyde, and embedded in paraffin wax. Five
micrometre thick coronalcerebellar and cerebral cortex sections were sliced, and
mounted on glass slides. The samples were then subjected to a xylene/ethanol/water
rehydration series. Endogenous peroxidase was quenched with 1% H202. Samples to be
stained for MAC3 underwent micr@ve antigen retrieval in 12 mM citric acid buffer.
Samples were blocked with 10% goat serum, and immunolabeled with monoclonal
antibodies against GFAP (SigAddrich, G3893), and MAC3 (BD Pharmingen, 553322).
Tissues were then incubated with biotinylatedcendary antibodies, followed by an
avidin/HRFbound biotin solution (Santa Cruz, Mouse ABC Staining SysteR®#gcRat
ABC Staining System#sai M0 @ { | YLI S& ¢ S NHBlianinkleyzadmel | A y SR
in the presence of 0.01% H202, and counterstawét methylene blue. For each slide,

10 random field images of the cerebellum and cerebral cortex were captured at 400X
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magnification, centred on the Perkinje layer. The areas of the images were calculated
using AxioVision 4.9.1 software (Zeiss, Oberkoch@ermany). For each sample,
positively stained cells microglia/macrophages and astrocytes were quantified as the
total count per 10 random fields/total area of the 10 fields.
4411 TUNEL

Terminal deoxynucleotidyl transferase dUTiRk end labeling (TUNEL) was
performed as previously described on formdiiked, paraffinembedded cerebellar,
OSNBoNIt O2NISE |yR &LAYyLE (GraadzsSaz | 002N
ApopTag Peroxidase In Situ Apoptosis Detection Kitighte, #S7100§Abo-Ouf et al.,
2013. Sections were subjected to a xylene/ethanol rehydration series, and then with
proteinase K for 10 min. After blocking endogenous peroxides activity with 3% hydrogen
peroxide, the samples were incubated with terminal deoxynucleotidyl transferase (TdT)
enzyme at 37 °C for 1 h. Sections were incubated with-digtbxigeninperoxidase and
NBI OG SR - damnifobenaabioeQin presence of 0.01%O0H Nuclei were
counterstained with methyl green. All washes were performed with PBS. Areas of the
cerebral cortexand entire cerebella were measured using AxioVision 4.7 and positively
stained cells were quantified at 400X magnification. Images of spinal sections were
captured, and areas measured with Axiovision 4.7 (Zeiss, Oberkochen, Germany), and
positively staied cells were quantified under 400X magnification. The number of all
astrocytes in a specific spinal tissue type were counted and divided by total area of all

sections of that type, for each mouse.
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4.412 Electrophysiology

Ex vivobrain slices were obtained from &R day oldHexB", Np1'HextB",
Hext", and NpI’Hexd~ mice. Briefly, the mouse was deeply anesthetized and
intracardially perfused with artificial cerebwpinal fluid (aCSF) containing, in mM:
NMDG, 93; HCI, 9KCl, 2.5; NadPQ, 1.2; NaHC® 30; HEPES, 20; glucose, 25; sodium
ascorbate, 5; thiourea, 2; sodium pyruvate, 3; MgSKD; CaGJ 0.5; 306310 mOsm; pH
7.4 with 10 N HCIl. NMD&CSFRwvas used for slicing and recovery. Transverse slices
containing the hippocampus were obtained at 300 wsing a vibrating microtome.
Slices were allowed to recover for 1 hr at 37° C in an oxygenated, humidified interface
chamber before being transferredta recording chamber and continuously perfused
with oxygenated recording aCSF solution-852 C in bath) containing, in mM: NaCl,
124; KCI, 2.5; NaRQ, 1.2; NaHC$) 24; HEPES, 5; Glucose, 12.5; Mg30CagG| 2;
300-310 mOsm; pH 7-3.4 adjusted with/NaOH or HCI. A borosilicate glass stimulating
St SOGNRRS oM aXu O2ydFAyAy3a F/{C -0l 8O02NRA\
pathway. CA1 pyramidal cells were identified, usindpI® optics, by morphology and
position within the hippocampus. Wholeell patch recordings were made using
borosilicate glass patch pipettes (l5¢p a K0 FAEE SR gA0GK Ay dSNy!
mM: D-gluconic acid, 64; CsOH, 64; EGTA, 11; CsCl, 56; MgCl,,1t;,GH#EPES, 10; GTP
Na, 0.3; ATiMg, 4; QX314, 5. Series resace was compensated (80 %) and the seal
monitored throughout the experiment, and recordings were aborted if input resistance
gl a KAIKSNI GKFY mMpn aK 2N I O00Saa NBaradalyo
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%. GABAergic responses were inhibited by &oldibf the GABA receptor antagonist
picrotoxin (50 uM) to the perfusate, and pyramidal neurons of the CA1 region of the
hippocampus were voltagelamped at +40mV to measure total glutamate currents, and
at -60mV to measure the contribution of AMPA receptarrents. Specificity of the
glutamate currents was confirmed by bath application of the NMDA and AMPA receptor
antagonists PAPV (50 pM) and CNQX (5 uM). To guard against possible bias, slice
preparation, electrophysiological recording, and analysis walteperformed by an
experimenter blind to genotype. To account for pseudoreplicates, the measurements for
each individual animal were averaged, and then statistics were performed by animal,
rather than by neurorfLazic, 2010Walcott et al., 201}
4.4.13 Statistical Software

For data sets with 2 groups;tests were used to test for differences between
means at P < 0.05. For data sets with 3 or more groupsw@yeANOVA was used to
G6Sad F2NJ RAFFSNByOSa o6SisSSy YStya a t f
hoc for all data with high normality and equadriance amongst groups. For groups of
dzy Sljdzl £ @FNAIyOSs 5dzyySiiaQa ¢o GSaid 6 a dza
unequal variance ahunequal sample sizes, Kruskdallis test was used for pairwise
comparison. Equality of variances was calduiR A GK [ S@SySQa GSa
analyses were performed using SPSS v16 (SPSS Inc. Chicago, IL).
4.5Results

4 5 1ldentification of a Novel Form of NP1
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GIuR1 expression is lowered towards endpoint in ourd8aff disease mouse
model, and is known to be under the control of neuronal pentraxin 1. In order to detect
alterations of NP1gene expression in lysosomal storage disorders, we measured the
expression levels diP1mRNA in human TSD cerebellar cells ajaimose of normal
human cerebellar celld={g. 41A). There is a significant increase in the mRNARItIn
the human TSD cerebellum relative to normal. This suggests an involvement of neuronal
pentraxin 1 in these lysosomal storage disorders.

We then performed western blots to determine the temporal expression of NP1 protein
in the cerebellum of our WT anidexty” mice. No changes in the expression of ~50kDa
NP1 were found, relative to control&iy. 41B). However, we observed a ~38kDa band
that was upregulated in the SD mice as early as 60 days of age (currently labeled with
the placeholder name NP38) Fig. 41C,4.2A). Inquiry into whether both are forms of
NP1 is warranted as discovery of an unexplored regulatory form of neuronal pentraxin
could provide great insight into synaptic regulation and disease. To this end, we crossed
Hext~ and Np1’~ mice, both on a C57BL/6 background, to obtiipl’ Hext~ double-
knockout (DKO) mice. Indeed, the 38kDa band is absent from the DKO mifyengexi
relationship to NP1 Kig. 42B-C). Immunoprecipitation with an aANP1l antibody
isolates two bands iflexli” mice- at 50kDa and 38kD#hat are absent fromNp1’ Hexb

'~ mice Fig. 42B). Since both forms are able to bind the antibody under-dematuring

conditions, it is suggestive of a lack of large conformational changes in the 38kDa

protein, at least in the region that the antibody binds towards the centre of the primary
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aminoc-acid sequence (Rat NP1, aa.i®[2). NP1 is known to be-gNycosyated, so WT,
SD, and DKO cerebellar lysates were treated witfiydosidase F, and it was found that
the both the 50kD and the 38kDa bands are similadglydosylated Kig. 42C). If the
38kDA band is a modified form of NP1, then any alterations in theepr likely do not

affect the glycosylation sites.
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Figure 4.1Expression levels of NP1 in F&achs and Sandhoff cerebella (47kDa and
38kDa).

A. mRNA expression MP1lis significantly increasl in cerebellar cells of a Tay
Sachs disease patient relative to normal cdlsCerebellar lysates from WT aitext”
mice at varying ages were probed for NP1 by western blotting. The full length NP1
shows no variation in expression betweenB20 daysC.Developmental western blots
for a smaller form of NP1 (NFZB) show that it is upregulated as early as 60 daysen th
cerebella oHex ™ mice, relative to WT mice (*P < 0.05. Data are mean valueSE-/n

= 3 for each group.).
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Figure 4.1
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Figure 4.2ldentification and characterization of a new form of neuronal pentraxid®l
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Figure 4.2
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4.5.2Knockout of Np1 Improves Behaviour and Survival of Sandhoff Disease Mice

Since NPB8 is upregulated early in the disease, indicating potential contribution
of NP1 and/or NP-B8 to disease progression, we sought to elucidate the overall effect
of NP1 isoforms on the health and behaviourHgx™ mice by knocking out the gene
for Npl

Np1’"Hext™ mice show an improvement in some behavioural tests dvyexty”
mice Fig. 43). In particular, the DKO mice show a statistically significant increase in
lifespan. DKO mice also have a significantly improved righting reflex at 17 and 18 weeks
of age, with a similar trend at 19 weekspl’Hexti” mice perform similarly tdHext”
mice in all other tests including rotarod time and wire hang. These findings indicate that
the increase in survival and righting reflex in the DKO mice is not due to a universal
peripheral neuromuscular mechanism which would affect rotarod and wire hang
performance, but perhaps due to an effect exclusive to the cerebellum, pons, and
mesencephalon which are responsible for coordinating the righting reflex behaviour.
Rear leg stiffness also increasesiexli” mice with age, and knocking out Np1 may have

some effect on this detriment.
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Figure 4.3. Developmental Behaviour iexh/’- and Np1’ Hext'~ Miced
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Figure 4.3
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