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The Role of Galectin-3 in Amytrophic Lateral Sclerd3isease Progression

Amyotrophic lateral sclerosis (ALS), also known astenameuron disease or Lou
Gehrig’s disease, is a neurodegenerative disease tharityiaffects the upper and lower
motor neurons and results in paralysis, and death fronratesy complications. At any
given time, there are approximately 25,000 patientsdiwith ALS in the USA. The
median age of onset is 55 and the lifetime ALS rsskstimated to be between 1/600 and
1/1000 (McGuire et akt al, 1996). There is no effective treatment for theatiseand the
underlying mechanisms that result in motor neuron deggoe are not well understood.
Four major pathological hallmarks of ALS have been ddfimeanimal models of motor
neuron degeneration and these include neuroinflammatgiofamate induced
excitotoxicity, aberrant protein aggregation, and oxidastress. Importantly, the mutant
superoxide dismutase 1 (mSOD1) mouse model of negeodeation replicates important
features of neuroinflammation and oxidative injury that @bserved in both sporadic and
familial forms of the disease. The goal of this disdEm was to increase our
understanding of the molecular pathogenesis of ALS, ubagnSOD1 mouse model at
early, pre-symptomatic stages of the disease proc€ss. method was to use mRNA
microarray time series data of spinal cord in mSOD1 rarchal control mice, and then
identify biological pathways that are involved in tharliest stages of mSOD1 motor
neuron degeneration. Candidate pathways were theiedtusing bothin vitro, andin
vivo models, including human ALS spinal cords to define piatentlevance to ALS

disease progression. We analyzed temporal gene exprpasiems in the spinal cord from



mSOD1 mice from an asymptomatic stage of diseased@tage of the disease, as well as
age-matched controls (36 microarrays). Three protgakgctins -1, -3, and -9, from a
larger galectin family of proteins that bind 3-gat@aie residues on glycoproteins were,
found to be upregulated in the mSOD1 model at estdges, with galectin-3 in particular
showing significant early changes that both antiegpadnd then tracked with disease
progression. Galectin -3 and -9 but not galectin-1 wasddo be increased in post-mortem
autopsy tissue from patients with the sporadic formAbE. Galectin-3 was the only
galectin found to be upregulated at an asymptomadiges{by 10-fold relative to non-
disease controls) of disease progression and predottyiriocalized to microglia in the
mSOD1 mouse. The role of galectin-3 is not well definedthe CNS but both
neuroprotective roles and neurotoxic roles have begbusittd to its presence in the CNS.
Following this preliminary data, th@verriding hypothesisf this proposal is that galectin-3
plays both neuroprotective and neurotoxic roles in thergssgn of ALS, and that these
roles may be stage-specific and drive or dictate symgto

To identify the role of galectin-3 in ALS disease pesgion, we bred diseased
SODT**** mice to galectin-3 knockout mice (GalJ3 to yield SOD£**”/ Gal-3" double
transgenic mice. Relative to SOB1*/ Gal-3" mice, SOD¥%**/ Gal-3™ mice performed
better in functional neurological tests and had §igamtly increased survival (slower
progression through disease). In addition, SE¥Y Gal-3"* mice exhibited a decreased
state of neuroinflammation as evidenced by lower esgmwa of ectodermal dysplasia 1
(ED1) (a microglial activation marker) and TNE-SODF*** / Gal-3"* mice also
exhibited a decrease in neurodegeneration which ceithcidth a decrease in oxidative

stress as measured by levels of protein carbonyl roatiins.



Excitotoxicity is known to be a major pathological featof ALS, and recent data
suggest a strong interplay between both excitotoxanty inflammation in the disease. We
next explored the neuroprotective functions of galectwithin the context of excitotoxic
insult by glutamate, and the neuroimmunomodulatorgcesfon glutamate uptake, which
have been shown to limit and exacerbate excitotoxic dgam#&e found that galectin-3
protects against excitotoxicity, and that such newteption is associated with altered
glutamate uptake, potentially through the regulatibnspecific glutamate transporters
glutamate transporter 1 (GLT-1) and glutamate ageattansporter (GLAST), whose
expression at the cell surface of astrocytes is dyregitered by galectin-3. We also
determined that galectin-3 was neuroprotective agakwstotoxic insults, even in isolated
motor neurons that have no glial interaction. We psed that this protective effect is
likely mediated, at least in part, through the gale8taarbohydrate-binding domain.

To identify galectin-3 binding partners in the mSGEt model of motor neuron
degeneration, we combined immunoprecipitation togedhtr subcellular proteomics, to
identify proteins that interact with galectin-3. Wiemtified 31 proteins that were uniquely
expressed in SOFT* / Gal-3"™* mice and 21 proteins that were uniquely expressed in
non-diseased controls. Of the 52 proteins, we clmsaplore the expression profile of 3
proteins using immunoblot analysis. These proteinsided Stra6, nucleolin, and NIrp6,
and were chosen for validation based on their potentiavarce to ALS disease
progression. We found that only NIrp6, which was desed in the diseased transgenic
models compared to wild-type controls, was diffdediyt expressed in a non-galectin-3
mediated manner. NIrp6 is a component of the inflammasonmnplex involved in acute

and chronic inflammation. Because inflammation isaeased in the mSOD1 mouse, the



observation that NIrp6 is downregulated in diseasenexpected, and it may mean that

inflammasome mediated inflammation in not an imporactor in ALS.

Our data suggests that galectin-3 may subserve apretective role in ALS, in
part, through modulation of neuroinflammation, excitatitly and oxidative injury and in
part through direct action at motor neurons. In additivsa have established a list of
galectin-3 binding partners that can be further investighte a potential role in ALS
progression. These studies promote evidence thattigaBis a therapeutic target in ALS
and strategies to modulate its expression are dikeet beneficial to ALS. Further, since
galectin-3 is already highly expressed in ALS, it ni@y useful to design galectin-3

mimetics that allow for more efficacious therapeutsutes.
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Amyotrophic lateral sclerosis (ALS), also known astenameuron disease or Lou
Gehrig's disease, is a neurodegenerative disease thmatribyi affects the upper and lower
motor neurons and results in complete paralysis @btukt al, 1982). However, the
muscles that control eye movement and urinary sphmcre spared (Kaminski et at.
al., 2002). On average, patients live 3 to 5 years once acdiage made and death usually
occurs due to respiratory failure (Mulder etedlal, 1986). At any given time, there are
approximately 25,000 patients living with ALS in the AlS'he median age of onset is 55
and the lifetime ALS risk is estimated to be betwed&®@/and 1/1000 (McGuire et @t
al., 1996). ALS is clinically characterized based on s#vactors including known genetic
mutations and age of onséPasinelli and Brownet al, 2006). Although disease
progression can be quite variable (Table 1), iniyahgtoms include muscle weakness in
extremities. In certain cases, symptoms present dblees first as affecting muscles
affecting speech, swallowing, and facial expression. Apprately 70% of presenting
symptoms involve lower motor neuron dysfunction. abidition, patients may exhibit
twitching or cramping in muscles, especially in thosehef hands and feet. The lack of
biomarkers makes it nearly impossible for cliniciamsliagnose ALS in pre-clinical stages
of disease (Rowlandt al, 1998; Swaslet al, 1998) and by the time muscle wasting is
obvious, as many as 80% of anterior horn cells have bestn(Eisenet al, 2009).
Therefore, until better diagnostic tests are discalydreatment strategies should focus on

/



pathways involved in slowing/halting disease progressie well as those involved in

etiological disease onset.
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ALS is classified into different forms based on Wiee a genetic component has
been identified. The familial form of ALS (FALS) accus for 10 to 15% of all cases and
is classified based on known genetic mutations. Mhgrity of ALS cases are sporadic
form and these are cases with no known etiology @aret al, 1991). It is believed that
sporadic form ALS involves both genetic and environtaketiological components. To
date, there is no absolute test or procedure to esttadoh early and definitive diagnosis.
Final diagnosis depends on ruling out other similaeakes or disorders, such as Denny-
Brown Syndrome, Foley syndrome (benign fasciculatigggraneoplastic syndromes,
lymphoproliferative disease, radiation damage, andayidma syndrome (monomelic
amyotrophy) (Rowlanet al, 1998). In this way, discovery of biomarkers that amewe
to ALS is of the utmost importance.

From a research perspective, both the familial @adaslic forms of ALS seem to
converge on similar pathologic pathways (Carri eétahl, 2006). In both forms of ALS
there is dysfunction of lower motor neurons causing faustrophy, cramps, and
fasciculations and dysfunction of upper motor neuroassing muscle spasticity and
pathological reflexes (Muldeat al, 1982; Pasinelli and Browet al, 2006). As the disease
progresses, there is overt loss of motor neurons smttlling of perikarya and proximal
axons. Swelling of axons can be caused by accumulationphraisphorylated
neurofilaments, called Bunina and Lewy bodies, dral daccumulation of ubiquitinated

material (Pasinelli and Browat al, 2006). Similar to the sporadic form, familial ALS
1



shows a loss of as many as 80% of anterior horn cells in tblwéavmotor neuron pool by
the time muscle weakness becomes apparent in thetpdisenet al, 2009). Disease-
related oxidative stress leads to cellular dysfunctiomator neurons and surrounding glia
due to accumulation of reactive oxygen species ggdegated proteins (Beal et at.al,
1997; Ferrante et att al, 1997; Hall et alet al, 1998; Kruman et aét al, 1999; Kato et
al. et al, 2000; Hensley et att al, 2006; Moncada and Bolanetsal, 2006). Aside from
overt neuronal degeneration, glia dysfunction is aly edservation of disease (outlined in

Figure 1).






Figure 1. Pathophysiological pathways involved in motorneuron degeneration
Pathways are listed in the order that they are thaoghtcur based on the mSOD1 mouse
model and immunohistochemical analysis of spinaldcbossue from ALS patients.
Activated microglia and astrocytes are one of thaeesasigns of pathology in the mSOD1
model. Microglia are believed to be a predominant@wf proinflammatory mediators,
ROS and glutamate, all of which, in excess, has bhewrsto cause neuronal insult.
Protein aggregate inclusion bodies are common to bothidaemd sporadic cases of ALS.
Inclusion bodies are often composed of neurofilameoleaules which control rate of
anterograde and retrograde transport in neurons. Motmome are relatively rich in
neurofilaments relative to other neuron types. Inrti2fOD1 model, mSODL1 is often
observed in inclusion bodies as well. mMSOD1 may enzyailgtialter proteins in motor
neurons and glia causing their dysfunction and propersi aggregate. Glutamate
homeostasis is perturbed at onset of disease in sawelsrof MSOD1. There is evidence
that synaptic glutamate accumulation may be due to loss/dysfunéthe EAAT2/GLT-1
transporter. Accumulation of glutamate within the mosynapse leads to increased
activation of glutamate receptors, and increased @ad N& uptake. Intracellular Ga
can cause depolarization of the mitochondria favoringelease of free radicals and pro-
apoptotic signaling molecules. Increased intracellfla® can also activate several
catabolic pathways. Motor neurons may be particuladgcaptible to excitotoxicity
because they express lower amounts 6t Baffering proteins and relatively high amounts
of AMPA receptors. AMPA receptors may confer increlasasceptibility to excitotoxic
injury due to their inherent &5permeable qualities.

8
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Compared to other neurons, motor neurons have sambmknt qualities which
make them more susceptible to early injury than atbbrtypes of neurons. Motor neuron
soma are relatively large (50-G@) with axons that can span one meter in length in
humans (Pamela and Eggettal, 2000). The axons are composed of neurofilaments that
facilitate anterograde and retrograde transport throbgh very long (1 meter) cell
processes, as well as maintain the caliber of theomenton. To meet high energy
demands, motor neurons also have a high concentratiofitaafhiondria. In ALS and in
models of mouse motor neuron disease, mitochondréinaurofilament aggregation and
vacuolation are hallmark pathological observations (@hial.et al, 1995; Wong et akt
al., 1995; Shibata et akt al, 1996; Zhang et akt al, 1997; Chou et akt al, 1998;
Williamson and Clevelanet al, 1999).

Motor neurons contain a higher percentage of calciarmeable alpha-amino-3-
hydroxyl-5-methyl-4-isoxazolepropionic acid-type glutaenseceptors (AMPARS) (Zhao
et al. et al, 2008);(Carriedo et akt al, 1996), which make motor neurons particularly
susceptible to excitotoxicity due to AMPARSs relatinereased Ca permeability (Curtis
and Maliket al, 1985; Pisharodi and Nawttal, 1985; Hugon et akt al, 1989; Urca and
Urcaet al, 1990; Nakamura et at al, 1994; Ikonomidou et akt al, 1996; Kruman et al.
et al, 1999). C& mediated excitotoxicity may be further exacerbateuidor neurons by

their relative lack of Cd buffering proteins (Celi@t al, 1990; Maria E. Alexianet al,



1994). Therefore, these intrinsic qualities of motor aesrmay make them more

vulnerable to external insult.

*2
*3 |

There are several converging molecular mechanismsh#ivat been implicated in
ALS. But, it remains undetermined which, if any, anechanism is ultimately responsible
for the disease. It is likely that the final demisemadtor neurons is dependent on several
converging pathogenic factors.

* 4 $% !

Several studies have showed that isolated mSOD1 ekprassmotor neurons is
not sufficient to cause motor neuron degeneration.mjer determinant of motor neuron
degeneration was mSOD1 expression in neighboring ggitd (Pramatarova et at al,
2001; Lino et al.et al, 2002; Clement et akt al, 2003; Boillee et alet al, 2006;
Yamanaka et akt al, 2008). These studies led to the non-cell- autonomoasytb€ALS.
Chimeric mice that expressed mSOPt or mSODF*R in motor neurons did not
develop motor neuron degeneration if these motor nsus@re surrounded by a sufficient
amount of normal (wild-type) nonneuronal cells (5 t&@@@Clement et aket al, 2003). In
addition, in chimeric mice expressing mSODL1 only iia,ghotor neurons were observed

to accumulate intraneuronal ubiquitinated deposidicating that the mutant-expressing



cells had conferred damage to the wild-type motor neui@lesnent et alet al, 2003).

These data suggest that death of motor neurons in Ab8usnced by surrounding glia.

* 5 "o 6 6

The accumulation of reactive oxygen species (ROS)fag@radicals may be a
leading contributory factor in death of motor neuran&LS (Beckman et akt al, 1994,
Estevez et aket al, 1999). Two likely sources of ROS and free radicatsnaitochondria
and microglia (Goldsteins et att al, 2008). Mitochondrial abnormalities observed in
human sporadic ALS muscle biopsies suggest the patémportance of mitochondrial
dysfunction in ALS (Siklos et akt al, 1996; Beakt al, 2000; Inoue et akt al, 2003;
Goldsteins et alet al, 2008). However, it remains undetermined whethd@oahondria
abnormalities are a cause or an effect of the disdéitechonrial dysfunction in ALS may
also make the neuron more susceptible to apoptosisi¢cMatsumoto and Fridovicet
al., 2002). Evidence of involvement of a mitochonddependent apoptosis pathway has
been shown in the mouse model of ALS. Guegan eealodstrated that the pro-apoptotic
protein Bax translocates from the cytosol to the mitadna, while cytochrome C
translocates from the mitochondria to the cytosol atthg the beginning of apoptotic cell
death. In addition, the pro-apoptotic factor, caspass Shown to be upregulated in the
spinal cord of ALS mice (Guegan et at.al, 2001). Several studies examining autopsy
spinal cord from ALS patients have also found inasas expression of apoptotic factors,
such as caspase 9 and BH3-only pefigfenoe et alet al, 2001; Jiang et akt al, 2005).

It should be noted, the significance of these resuniist be considered in the context that



this tissue was taken a number of hours after dédtter studies examining the cerebral
spinal fluid (CSF) have questioned the importancepaoiptosis in human ALS since no
markers of apoptosis were found in the affected patigizeckaet al, 2007; lizeckaet al,

2008).
* k ( I I

Accumulation of synaptic glutamate is another patholdgitmark of ALS that
occurs at or after the appearance of neurological sympfothstein et alet al, 1992;
Rothstein et alet al, 1995; Shaw et aét al, 1995; Spreux-Varoquaux et at.al, 2002).
During normal neurotransmission glutamate is released the presynaptic neuron and
activates ionotropic and metabotropic glutamate tecgpon the postsynaptic neuron
(Danboltet al, 2001). Activation of ionotropic glutamate receptasults in the influx of
C&* and N4 ions into the cells, leading to cell depolarizatiod generation of an action
potential (Ryan and Grardt al, 2009). Glutamate is then quickly removed from the
synaptic cleft predominantly by nearby astrocytes. éle@w, abnormal accumulation of
glutamate in the synapse leads to overstimulation wtugiate receptors and excitotoxic
mediated neuron degeneration (Coyle and Puttfarekeh, 1993; Lipton and Rosenberg
et al, 1994). Excessive influx of €aions into neurons can result in over activation of
several catabolic enzymes (Rothsteinal, 1996; Van Den Bosch et at al, 2006).
Increased intracellular &acan also cause mitochondrial insult resulting in reledR0OS
and apoptotic factors (Carriedo et @l.al, 2000). The importance of glutamate induced
excitotoxic motor neuron damage is highlighted by the fhet only approved drug,

Riluzole, to treat ALS works by modulating glutamatgion at glutamate receptors and



transporters (Doblet al, 1996; Albo et alet al, 2004). In addition, in patients with
sporadic ALS, an increased accumulation of glutanmatdhe CNS has been observed
which coincides with loss of the astrocytic glutamttssporter, excitatory amino acid
transporter 2 (EAAT?2) (Rothstein et at.al, 1995).

Chronic glutamate accumulation can occur due teceas®d glutamate release from
presynaptic terminals or from decreased reuptake harghate transporters present on
neurons and astrocytes (Gegelashvili eetahl, 1996; Swanson et @t al, 1997; Wang et
al. et al, 1998; Matyja et alet al, 2006). In a rat model of ALS, decreased synaptic
glutamate clearance is aggravated by the selecthgedbastroglial glutamate transporter,
GLT-1(which is a rat ortholog of human EAAT?2) in affected¥i¢gions (Rothstein et al.
et al, 1995; Bruijn et alet al, 1997). In mouse ALS, the glutamate transportef-GLis
oxidatively impaired by mutant SOD1 (Blanc etetl.al, 1998; Lauderback et adt al,
2001). In both am-vitro organotypic spinal cord slice culture model andn-vivomouse
model of motor neuron degeneration, treatment withsamtse oligonucleotides to GLT-1
resulted in decreased transporter protein expressidnsabsequent motor neuron loss
(Rothstein et alet al, 1996; Rao et akt al, 2001). In these models, the greatest inhibition
of motor neuron loss is seen with the addition of aammino-3-hydroxyl-5-methyl-4-
isoxazole-propionate receptor (AMPAr) antagonist,hsas 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX). In addition, AMPA and AMPA receptagonists (quisqualic acid)
induced motor neuron degeneration in animals, wWiilaethyl-D-aspartic acid (NMDA)
failed to damage motor neurons (Pisharodi and Newutd, 1985; Kruman et akt al,

1999). These studies suggest, that at least in tneskels, motor neuron loss is due to



excitotoxic insult mediated mostly through the AMPA poe (Van Damme et aét al,
2003). It remains to be determined whether functiored bf EAATZ2 is a cause of ALS,
however, it is becoming obvious that EAAT2 dysfuncti@s a crucial role in severity of
disease progression (Guo etetlal, 2003).

*-2

Protein aggregation is observed in both mouse madeld.S and in patients with
ALS (Bruijn et al.et al, 1998). It remains unclear whether aggregatioxe tto motor
neurons and/or surrounding glia or just an artifadhefdisease. In mouse models of ALS,
protein aggregation is observed during disease sfagesto motor neuron loss (Johnston
et al.et al, 2000; Wang et akt al, 2002). The mechanism by which protein aggregation
occurs is unknown. Proteins that aggregate can ceelkdar dysfunction for several
reasons including; aberrant chemistry of the aggregate loss of function due to
aggregation; depletion of chaperone proteins; dysfumcof the proteosome; and
dysfunction of organelles (Bruijn et &t al, 1997; Kato et akt al, 2000; Jonsson et &t
al., 2004) (reviewed by (Bruijn et at al, 2004)).

In the mouse model of ALS, aggregates are almostyalfeaind to contain mSOD1
(Bruijn et al.et al, 1997; Johnston et at al, 2000; Wang et akt al, 2002). However, it
is not believed that aggregate formation is due iBpaity to mSOD1 because protein
aggregation (also known as inclusion bodies) isigaibservable in spinal cords of
patients with sporadic ALS (Leigh et at. al, 1988; Lowe et akt al, 1988; Leigh et akt
al.,, 1991; Shibata et abt al, 1996; Bruijn et alet al, 1998). Patients with familial or

sporadic ALS have in common pathological protein aggi@gyawith neurofilament



inclusions (Carpenteet al, 1968; Hirano et alet al, 1984). In approximately 1% of
sporadic ALS cases there are insertion/deletion tioatawithin the multiphosphorylation
sites of heavy chain neurofilaments (Figlewicz etealal, 1994; Tomkins et akt al,
1998; Al-Chalabi et al.et al, 1999), which led to the hypothesis that aberrant
phosphorylation of the C-terminal of heavy and medneurofilaments within the axon
may slow down neurofilament transport and lead toafdament abnormalities (Zhang et
al. et al, 1997; Williamson and Clevelard al, 1999; Sasaki et adt al, 2005) (reviewed
by (Xiao et al.et al, 2006)). Aberrant phosphorylation of neurofilamentAltsS may
happen via a variety of stimuli including oxidativeess, excitotoxicity, and inflammatory
cytokines. (Mielke and Herdegest al, 2000; Tortarolo et akt al, 2003). Inin-vitro
experiments, glutamate excitotoxic challenge led toessed C-terminal phosphorylation
and a resulting decrease in neurofilament mediated bttanaport (Ackerley et akt al,

2000). These findings link two potential pathological hatsms in ALS.

Peripheral immune cells have also been observecain bnd spinal cord of ALS
patients (Lampson et at al, 1990; Troost et akt al, 1990; Kawamata et at al, 1992).
Activated leukocytes are found migrating into posttapil venules in areas of severe
inflammation in autopsy spinal cords from ALS patientaidmata et akt al, 1992). The
majority of leukocyte positive cells immunostain a®8Cand a minority as CD4 cells
(Troost et alet al, 1990; Kawamata et at al,, 1992).

There is growing evidence of both an adaptive and innmataine response during

progression of ALS and mouse models of motor neuegeigeration (Henkel et at al,
A



2004; Henkel et alet al, 2006). In ALS patients, there is an increasecimulating
activated peripheral blood T cells (Katchar eealal, 2001), with the degree of activation
correlated with rate of disease progression (Zhang et al, 2005). In addition, increased
circulating monocytes and their monocyte chemoattragianein-1 (MCP-1) chemokine
receptor CCR2 have been detected, indicating a nrajplunological component of ALS
(Zzhang et alet al, 2006). Peripheral T-cells have been shown to modpkateof the
neuroinflammatory response via CD4+CD25+ regulatorgells (Tregs) (reviewed in
(Miyara and Sakaguclet al, 2007)). These cells regulate immunological sddrtmce
and have been shown to modulate neuroinflammatorpmespand exhibit neuroprotective
effects in mouse models of neurodegeneration (Kipres. et al, 2004; Reynolds et att
al.,, 2007). Mantovani et al. have recently shown thataitients with sporadic form ALS,
there is a significant reduction in CD3+CD25+ Tredsc@\lantovani et alet al, 2009).
Another key biochemical finding consistent with a gigant inflammatory response in
ALS is the marked increase in spinal cord COX-2 le(¢asojima et alet al, 2001). The
increased COX-2 expression was limited to affecteshs of the CNS and was not
observed in unaffected CNS tissue or peripheral tisSBue.significance of infiltrating T-
cells within the CNS remains unknown, however, in the CNSiratfihg T-cells can be the
largest producer of IFN;which is a potent activator of microglia (Young and Haetlgl,

1990; Young and Hardgt al, 1995).

73

Enhanced microglia and astrocyte activation in affec@®5 regions of ALS

patients supports the hypothesis that neuroinflammatiay also be involved during ALS
4



progression. In various murine models of ALS, activateal ajle observed at disease stages
prior to onset of clinical symptoms of disease (talal.et al, 1998; Alexianu et akt al,
2001; Kriz et alet al, 2002; Bolllee et alet al, 2006). At least in the mouse model of
ALS the importance of neuroinflammation is strengthenethb observation that disease
progression is slowed with the administration of antaimimatory drugs such as celecoxib
and minocycline, (Drachman et at.al, 2002; Kriz et alet al, 2002; Van Den Bosch et
al.et al, 2002).

Several intrinsic qualities of activated glia mayteasmotor neuron death due to
chronic glutamate induced excitotoxicity and free raldiattack during ALS disease
progression (Barbeito et abt al, 2004). Inflammatory stimuli can produce bursts of
glutamate from both reactive astrocytes and activatecroglia (Klegeris et alet al,
1997). In addition, the most abundant source of RO#$henCNS are from activated
microglia (Colton and Gilberet al, 1987; Klegeris et akt al, 1997). ROSs can act to
modify proteins via glycation, oxidation, and nitogi reactions; and can modify lipids via
peroxidation reactions. These modifications cause mmaat of glial glutamate
transporters, and mitochondrial function, which amongeroffathophysiological effects,
may further contribute to chronic excitotoxicity aresultant motor neuron degeneration
(Keller et al.et al, 1997; Lauderback et &t al, 2001).

In early stages of ALS, distressed motor neurons lagse mediators responsible
for activation of astrocytes and microglia (Fischealeet al, 2004). One study observed

$°*A mouse occurred

astrocyte and microglia activation around motor neuronisarSOD
just after the onset of distal axon degeneration, atipg the hypothesis that distressed
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motor neurons may activate glia (Fischer eetlal, 2004). In support of motor neuron
mediated glia activation, it has been shown that agiglbegins with denervation and
reinervation events and not the actual loss of motoronsuFischer et akt al, 2004).
Taken together, this evidence suggests that motor nelistess in the absence of cell
death is sufficient to elicit glial activation. Thesedings are relevant because it is quite
likely that the chronic activated neuroimmune respolseurs at time prior to motor
neuron loss, and may be a primary determinant of motoondate. Understanding how to
control glia activation may provide a therapeutic sgyatéat encourages neuronal survival
in a population of viable motor neurons (Barbeito ettadl, 2004).

7 5

Astrocytes may undergo astrocytosis in response deonal insult. Astrocytosis
involves proliferation of astrocytes and adoption oéactive phenotype characterized by
hypertrophic nuclei and cell bodies, including thickenofgastrocytic processes with
increased glial fibrillary acidic protein (GFAP) @reey et alet al, 2001). Under healthy
conditions astrocyte expression of cytokines is lich{feong and Benvenis&t al, 2001).
However, in disease states, such as ALS, Alzheimditdtiple Sclerosis, Parkinson’s, and
brain injury, there is a pronounced astrocytic expressiovarious cytokines (Dong and
Benvenisteet al, 2001). Bothin-vitro and in-vivo studies have shown the ability of
astrocytes to express and secrete inflammatory meslsich as interleukin-1,-3, -6, and -
10; interferon- (IFN- ); colony-stimulating factors GM-CSF, M-CSF, and G-CSNFT ;
TNF- and chemokines including RANTES, IL-8 (intekan 8), MCP-1 and IFN-

inducible protein-10 (IP-10) (for review, see (Benvexgt al, 1997)).
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Some evidence indicates that the cytokines relefisedastrocytes play a role in
excitotoxic induced neuronal death. For instance, adaivatif inducible nitric oxide
synthase (iNOS) in astrocytes by IL-13 has been shovpotentiate NMDA-mediated
neurotoxicity in mixed cortical cultures (Hewett et efl al, 1994). Another example of
astrocyte involvement in neuron degeneration is via astcagyease of TNF-, IL-113, and
IFN- . These cytokines induced the downstream release &f @©X-2 and iNOS, which
in turn have been shown to make neurons vulnerablpadptatic cell death in response to
Fas ligand challenge (Falsig et at. al, 2004). Several studies have demonstrated that
release of INOS due to LPS exposure is requiredrf@strocytic involvement in neuronal
cell death (Dawson et att al, 1994; Skaper et att al, 1995; Chao et akt al, 1996;
Cassina et alet al, 2002). Release of NO and peroxynitrite has beewrstio induce
mitochondrial damage of cultured neurons (Bolanos. et @l, 1995; Stewart et abt al,
2000) and enhance NMDA-induced excitotoxicity (Hewettleet al, 1994). Oxidative
damage to astrocytes themselves is evidenced logwstrhyaline inclusions (Kato et al.
et al, 2000) and other markers of oxidative and nitrate relateslsstAbe et akt al, 1997,
Pedersen et att al, 1998).

7 5

In ALS patients there is evidence of activated miceogh affected spinal cord
tissue (Kawamata et at al, 1992; Schiffer et akt al, 1996; Wiksten et aét al, 2007).
Microglial activation is one of the earliest signs ofhypddgy in the mSOD1 mouse model
of ALS (Hall et al.et al, 1998; Levine et akt al, 1999; Alexianu et akt al, 2001; Kriz

et al. et al, 2002). Although microglial activation may be neuroptte in some
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instances (Beers et @t al, 2006; Li et alet al, 2007) several studies have shown that
microglia may be predominantly neurotoxic in ALS (Zhaaleet al, ; Hermann et akt

al., 2001; Hensley et akt al, 2006; Liu et alet al, 2009). Boilee et al. demonstrated in a
familial model of ALS, that the degree of expression ofanuSOD1 in microglia was
positively correlated to the rate of progression ef disease (Boillee et at al, 2006).
Activated microglia have been shown to release inflammatoediators and other
molecules that act as neurotoxic agents to neighboringmeand astrocytes (Haddad
al., 2002; Hoek and Pastorieb al, 2002; Hensley et abt al, 2003; Zou and Crewet al,
2005).

The SOD¥*** mouse model of ALS replicates important features of
neuroinflammation and oxidative injury that are aled in both sporadic and familial
forms of the disease (Gurney etetlal, 1994; Price et akt al, 1996; Bendotti and Carri
et al, 2004; Hensley et akt al, 2006). Signs of neuroinflammation are initially ebhe&d
when mice are still at an asymptomatic stage oeadis (Alexianu et akt al, 1994; Hall
et al. et al, 1998; Kriz et al.et al, 2002; Boillee et alet al, 2006), and increased
proinflammatory cytokine expression has been detected tmwati@ll stages of disease
progression (Hensley et @t al, 2002; Yoshihara et abt al, 2002; Hensley et aét al,
2003; Chen et akt al, 2004) in this model.

Hensley et al. examined temporal patterns of cytolgeee expression in spinal
cord from the SODT* mouse model of motor neuron degeneration using ritlease
protection assays (RPAs) (Hensley etetilal, 2002). At late presymptomatic stages and
continuing through end stage, SOIT mice expressed a selective subset of macrophage
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derived cytokines including interleukin IL-1IL-13, and IL1Ra (Hensley et at al,
2002). TNF-, was found also to be upregulated at the late asyngbio stage of disease
(Hensley et alet al, 2002).

Increased levels of cytokines temporally correlate witle appearance of
irreversible oxidative protein modifications which awbserved in both murine motor
neuron disease and in ALS (Andrus etetilal, 1998; Hensley et akt al, 2002; Hensley
et al.et al, 2003). In the mutant SOS¥* mouse, increased protein carbonyls, a product
of oxidative stress, correlated with an upregulatiolF- transcripts at an early stage of
disease progression (Hensley eetlal, 2002; Hensley et att al, 2003). In addition, this
study was able to demonstrate that changes in cytokipeession precede protein
oxidation in a mouse model of motor neuron degenerdtitensley et alet al, 2002;
Hensley et alet al, 2003; Hensley et akt al, 2006). This suggests that increased
neuroinflammation may explain the oxidative glial and neardamage observed in ALS.

7 Lo

Neuronal insult and degeneration due to glutamateateedexcitotoxicity was first
evidenced in ALS by the discovery of reduced glutarobgarance in brain tissue of ALS
patients (Rothstein et att al, 1992; Rothstein et aét al, 1995). Glutamate mediated
excitotoxicity can be influenced by neuroinflammatorgtdas that affect glutamate uptake
at EAAT1 (GLAST) and EAAT2 (GLT-1), the major glutateauptake transporters
(Danbolt et al, 2001). Proinflammatory mediators released fromvaigtd glia can

influence the efficiency of glial glutamate uptake (Zhad.edtal, 2004).



The direct influence of pro- and anti-inflammatory maatis on glutamate uptake
were first investigated by exposing primary astrocytkuces to various inflammatory
mediators. TNF- caused a delay in glutamate uptake in primary agegscgnd apparently
alters glutamate uptake via an oxidative-mediated mesma(fiine et alet al, 1996; Hu et
al. et al, 2000; Liao and Cheat al, 2001; Zou and Crewst al, 2005). Several other
studies have shown that TNFalso causes down regulation of GLT-1 mRNA (Szymocha
et al.et al, 2000; Wang et akt al, 2003; Sitcheran et at al, 2005). One other study
however, found that TNF-increases glutamate uptake (Romera etetlal, 2004).
Therefore, in most cases, pro-inflammatory medidthifs- , can perturb glutamate uptake
signifying a link between neuroinflammation and excitotibxim ALS.

7*3 ! 3

Several lines of evidence show that microglia may ls&rumental in protecting
neurons during neuronal insult (Streit al, 2005; Li et al.et al, 2007). The effect of
microglia on neuron survival can be seen by observingditfierence in outcomes of
axotomies performed on motor neurons relative to newbtiege rubrospinal tract. Within
a few days of axotomy of motor neurons, microglia formeasheathment around the
injured neurons with their cytoplasmic processesmFapproximately day 2 to day 4 after
injury, there is a burst of microglia proliferationré@@ber et alet al, 1988; Streit and
Kreutzberg et al, 1988). Microglial activation then subsides once motauron
regeneration is complete (Stret al, 2005). However, axotomy of rubrospinal axons,
where there is an absence of microglial proliferatiditjt® a very different response.

These neurons slowly atrophy and do not regenerateqBet alet al, 1990; Plunet et al.
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et al, 2002). Indeed, it has been shown that, IL-6 and TG#8 microglial-neuron
trophic factors (Krieglstein et at al, 2000), is lower in areas surrounding the rubrospinal
neurons than in areas surrounding motor neurons (Ragtial.et al, 1994; Rabchevsky
and Streitet al, 1997; Rapalino et aét al, 1998, Elkabes, 1996 #252; Streit etedlal,
2000). Rubrospinal neurons can be regenerated with @ngots microglial trophic factors
(Streit et al.et al, 2000), suggesting an important role of microgliairdurneuron

regeneration.

&
& 5

Both sporadic and familial forms of ALS may converge similar neurotoxic
pathways resulting in motor neuron degeneration, artdessame models may be useful to
study both forms of the disease. The most widely ag@nimal model used to study ALS
pathogenesis employs expression of the human mutated df superoxide dismutase
(mSOD1) in mice and rats. SOD1 is a well-charactdrizemodimeric enzyme that is
ubiquitously expressed in the cytoplasm and intermmangspace of the mitochondria of
all cells. The role of SOD1 is to remove physiololijcgenerated superoxide. Buildup of
superoxide can generate reactive oxygen species, hightivesmolecules that can perturb
normal cell function. Thus far, 100 different point atidns in SOD1 have been identified
in families with ALS (Rodriguez et akt al, 2005). Most of the mutations are autosomal
dominant, with only two mutations acting as recessnutations. Despite the fact that ALS
involves increased concentrations of reactive oxygeciss, SOD1 linked familial cases
are known to be caused by a gain-of-function mechanisih,nat a loss of function
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(Rabizadeh et aét al, 1995). Mice in which SOD1 expression has been krbdke/n do
not develop motor neuron disease (Reaume et al, 1996; Bruijn et alet al, 1998).
One study has suggested that mutant SOD1 may causérthation of insoluble
aggregates which hinder intracellular functions (Radeh et alet al, 1995). Indeed, one
of the major pathologies of ALS is protein aggregationeurons and glia (Sasaki etel.
al., 2005).

There are several murine models of ALS that utilixeroexpression of human
mutant SOD1 to promote motor neuron degeneratiorb&&et al, 2001; Weydt et akt
al., 2003; Alexander et att al, 2004, Bendotti and Caret al, 2004; Benataet al, 2007,
Scott et alet al, 2008). The models differ in the type of SOD1 motaexpressed. The
particular human SOD1 mutation expressed determines deamstconsequences of
disease onset, progression, and survival times. For eeamphice expressing the G85R
mutation, progression of the disease occurs at a riastér rate (7-14 days), relative to
mice expressing the G93A mutation (60-110 days) (Shisiaal, 2001). Currently, the
SODI**** mouse is the most widely used model in ALS resedfblre are also subtle
differences between ALS transgenic rodent models vdoenparing the rat versus the
mouse. In SODT*R mice (Bruijn et alet al, 1997) and SOJF* rats (Howland et akt
al.,, 2002) there is significant loss of the GLT-1 $porters (also known as EAAT2 in
humans). In the rats, there is a focal loss ofaghatte transporters around motor neurons at
presymptomatic stages of the disease, and compigteof transporters by end-stage. In
contrast, in the SOD?** mouse transgenic model, there is no loss of thAHA
(GLAST) or EAAT2 (GLT1) transporter at any stagetioé disease (Sasaki et at. al,

/5



2001). Table 2 lists the behavioral and neuropathabgiocogression of disease in the
various murine mSOD1 models, including the SGt¥ 1 mouse model used in this thesis

proposal.

11



+% /

% & & L
$5%
6 %( 7 89 1 = ' D % 8& <'=
1 ( 89 1 * ! 9 ;< =
> 0% 2.7 >5 '8) 1 3 | (7 % I <1g=
>3 5 /% '8) 1 3 | (7 % N <1g=
6 %( ?((8% 89 1 * , D % && <'=
" @ $ AS 89 1 * K *oe =
$ A % % ( 8)9 1 ¥ - ,? d o mn=
( 6%( (8% 6 (# g9 1 * )& D % && <'=
- A g9 1 * )& D % && <'=
oA (7 ( 89 1 * ! <=
% A 8)9 1 ®*- 178! )=
4 8)9 1 *° 90days  B8%B; && <!
( ( 89 1 * &l L% && <'=
5/ &12% 89 1 = &! CilN<)=
5 /% : 89 1 = &l . % 8& <'=
4 -Dg9 1 * Asymp HE(S I <=
Myelin Abnormality - D89 1 3& & 1 @B?@F; ') =
Myelin Lipid Breaddown - D89 1 3& Asymp/Symp /@ B? @ F; I'<) =
* G 8)9 1 * &0+7, % 88 <'=
CF N <,=H: (7 %; ! <1&=H
5 (A 8)9 1 - #(; && < )=
G L4+ 4 8)9 1 = + © G M=H: Gl <)&=
4 A (9 8)9 1 * & 8§ ;I <I=
/ 34 8)9 1 *# & 8% ;N <r=
8 GSE 888 89 1 * & 3 @UFA? A Il<)=
5 (A '8) 1 3 ! (7 % 1 <1g=
5 (A 89 1 * n #(; && < )=
- A g9 1 * I #(; && < )=
" 5 /% g9 1 n #(; && < )= ;<=
5/<I 89 1 * ] C <)
#$ @E G 8)9 1 * n (7 % 1 <lg=
o % 89 1 * ! 8% ;<&
5 /% : g9 1 * ! C o l<)=
- A '8) 1 % ! (7 % N <lg=
5 /% .$? 89 1 * ! D %; 88 <'=
($ 7 8)9 1 s ?1 D %; && <'=
/ .4 8)78)9 89 1 * , LG <)&=

17



Table  Behavioral and neuropathological disease progressian murine models of
ALS. Phenotypes and neurobehavioral observations are listedronological orders as

they appear in the mSOD1 murine model of ALS.

/9



& " $%

To date, there have been over 50 publicatabescribing therapeutic agents that can
prolong survival in the mSOD1 model of motor neuron degation (Scott et akt al,
2008), (also reviewed in (Rothste@ al, 2004; Nirmalananthan and Greensnathal,
2005)). However, there are controversies about how thell model works in drug
screening studies. For example, Sattal screened more than 70 drugs which were
previously confirmed to have an effect on survivathe mSOD1 murine model of ALS.
Although, 18,000 mice were used, together with rigorand appropriate statistical
methodologies, the study was unable to observe anyistdtditference in survival for any
of the 70 compounds tested, including several previowgprted to increase lifespan
(Scott et alet al, 2008). The authors identified several variablesghauld be controlled
in order to make cross-laboratory comparisons plessilhese variables include controlled
breeding techniques, quantitative genotyping (mSOD1 cupyber), animal shipping,
husbandry, pharmacology, handling, definition of exclusiiater@, and use of historical
control data (Scott et at al, 2008). As it stands, the field does not use any Stdized
methods to define neurological assessment, exclusi@miayior end-point definition. Nor
are there accepted practices on using historical dena® a repeated reference or
normalizing results to mSOD1 copy number, a varidtde can change from litter to litter.
Survival analysis is used extensively when evaluatireg dfficacy of a proposed drug
treatment. It may be the case that survival analgsizot a useful parameter since the
mSOD1 mouse suffers from a phenotype that is extreaggyessive (Gurnest al, 1994).

Survival analysis may mask a beneficial outcome whewed in isolation. Other
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molecular endpoints should be considered such as nmmoron counts, molecular
biomarkers, body weight, neurological scores, rotaratbpeance, gait analysis, wheel
distance running, etc (Scott etet.al, 2008).

The authors also question whether in some casesetitengnt being investigated in
the mSOD1 model is specific to a non-ALS related gind-or example many of the drugs
deemed to have an efficacious effect on ALS-like dpmg were broad-spectrum
antibiotics and general anti-inflammatory agents. sThaontrols should be implemented
that allow for detection of therapies specific to theake.

The authors raised important considerations that shiocidase the sensitivity of the
mSOD1 model. However, it is worth noting that thiseesh group has yet to report any
positive drugs results in this model. It is possiblat tthere are confounding variables
within the laboratory that may make it difficult toneeve positive results.

& + rol

An in vitro model of glutamate mediated excitotoxicity was dewedopy Dr.
Jeffrey Rothstein and his laboratory to study tliects of excitotoxicity in ALS (Rothstein
et al.et al, 1993; Matyja et alet al, 2006). This model employs the glutamate transport
blocker threohydroxyasparate (THA) to specifically iloih glutamate transport by the
GLT-1 transporter in mice organotypic spinal cordtués. Organotypic spinal cord
cultures are advantageous because they retain thesyaagtic organizational structure
and cell-to-cell contacts as the intact spinal cord. Brtiodel, motor neurons can be easily
identified based on their morphology and their distaxchngement within the ventral horn

region of the culture slice. In addition, motor neuva@bility can be assayed by measuring
14



choline acetyltransferase (ChAT) activity, an enzyspecifically expressed in motor
neurons, or by measuring extracellular levels otalac dehydrogenase (LDH). LDH
concentration in neuronal/glial mixed culture medialteen shown to correlate in a linear
fashion to neuron damage (Koh and Cétoal, 1987). In this model, chronic inhibition of
glutamate transport using THA produced a dose depesetmrdtion of glutamate in the
culture media (Rothstein et @t al, 1993). The increase in glutamate uptake coincided
with a decrease in detection of ChAT within motor oegr Somatostatin, a protein
dominantly expressed in the dorsal grey matter, wwahanged indicating that the THA
induced cell death was selective to mabeurons in the ventral horn. Exposure of ex-
plants with 50QM THA produced motor neuron toxicity after 1 weelr@nic treatment
of organotypic cultures witd00 to 50iM THA also caused the formation of vacuoles
which were limited to motor neurons. Vacuole formatisnan early disease stage
pathology observed in models of ALS and is also obdemveautopsy samples of ALS
patients (Dal Canto and Gurneyal, 1994; Kong and Xet al, 1998; Bendotti et abt
al., 2001; Shibatat al, 2001).

Astrocytic glutamate uptake can further be examinedgugrimary astrocyte
cultures (Zhou and Sutherlaetial, 2004). By utilizing primary astrocyte culturestiead
of organotypic cultures it is possible to determina target compound acts directly at the
astrocyte. To further determine indirect neuronal/micabgiffects on astrocytic cultures,
conditioned media from neuronal and microglial priyanltures can be fed to primary
astrocyte cultures (Tilleux and Hermaes al, 2008). Aspartic acid uptake would be

assayed as described above.



NSC-34 cells are immortalized motor neurons x neurobtastcells developed by
fusing the aminopterin-sensitive neuroblastoma N18T8IR line with motor neuron-
enriched embryonic day 12-14 spinal cord cells (Cashebah et al, 1992). These cells
are able to generate an action potential, express faorents, produce acetylcholine and
cause acetylcholine receptor clustering on mytobulasi{@an et akt al, 1992). Under
reduced serum conditions, these cells can becomedifiérentiated, with expression of
glutamate receptor proteins NMDAR1, NMDAR2A/B, GluR1, GluRuR2/3, GluR4,
GluR6/7, and KA2 (Eggett et at al, 2000). Glutamate mediated neuron cell death can be
easily investigated in these cells, and have beentassddy the role of excitotoxicity in

ALS (Rembach et akt al, 2004; Gomes et at al,, 2008).
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Microarray analysis is an effective high-throughputhteque that allows for
guantitative analysis of several thousand geneseregperiment. There are three different
types of microarray technologies that are used to comgdumme wide analysis of mMRNA
transcripts. These include Affymetrix GeneChips, spotkgbnucleotides, and spotted
cDNA. Each one of these technologies has advantages andaditsagbs. In our studies we
used the Affymetrix GeneChip technology because thisntdogy offers an affordable
reduction in variability at the small cost of losing spediiaf probe compared to the other

two microarray technologies. However, the Affymetrigr@Chips allow up to 1.3 million



different oligonucleotides probes and allows for midtiprobes per mRNA transcript,

including mismatch control probes.

8 $ "9 !
cDNA produced from the biological sample is transcribetb ibiotin labeled

cRNA. The cRNA is then fragmented and hybridizedtihe probe array. Because
hybridization can be assay specific, mismatch probes, ino@aa single base mutation,
are included in the probe sets. Perfect and mismatatidization intensities are combined
to reach a representative “signal” for each gene.€erhes several algorithms that can be
used to compute gene expression signal including; Mas8CHIP difference model,
Probe Profiler PCA, RMA, PLIER, and GC-RMA. Dataeirretation can be changed
based on choice of algorithms, and therefore probaligerithm should be chosen on a

project specific basis (Seo and Hoffnetral, 2006)

8 ( 53

There are important advantages to performing time sef¥A profiling relative
to “snap-shot” gene expression arrays. The primarpratdge is that times series analysis
yields data that can be used for network modeling (Pesteal, 2002). Although time
series mMRNA profiling does not prove causal networksa datlected from time series
analysis can be used to show a phenomenologicabktikeen mRNA expression and a
biological outcome. In this way, time series mMRNA profiling b& used as a starting point
to identify key initiating elements in molecular gingphysiology in diseases such as ALS.
In the mSOD1 model of ALS a time series mMRNA profilauggalysis was performed on

skeletal muscle and compared to data obtained by aydatwiluced denervation. Using
/



MRNA profiling, this study was able to determine a sdpasat of gene regulations that
were both unique to the ALS mouse and common tcakmomy model (Gonzalez de
Aguilar et al.et al, 2007). The results of this study could be usecettebunderstand the

molecular pathophysiologies unique to ALS.

): ;

) -
Hypothesis 1: Time series mRNA profiling of the mSODdinal cord will identify

candidate genes and biochemical pathways that maye dire early molecular
pathophysiology of ALS.

Hypothesis 2: Galectin-3 mRNA, a pro and anti- inflastony factor, was found to be
increased at an asymptomatic stage of disease andadadrethroughout disease
progression. Therefore, we hypothesized that galectirags gboth neuroprotective and
neurotoxic roles in the progression of ALS, and thessnalay be stage specific and play a

dominant role in driving eventual disease symptoms.

)

To show that increased galectin-3 expression in a moroael of ALS modulates
clinical symptoms of ALSClinical assessment of SOE#* / Gal-3™ and SODF*** /
Gal-3" mice will be performed daily, according to a neurofiomal rating scale going
from score 4 to score 0 (Rouaux etedlal, 2007). Weight will be recorded as it is a direct
correlate to disease onset (Boillee eethl, 2006). Locomotor activity will be tested once

a week using rotarod analysis. Grip strength will bgeased once a week, using a grip



strength meter. Serial lumbar spinal cord tissue secfiom L3-L5 spinal cord segments
will be used for motor neuron and microglia analykial and Nissl| staining will be used
to identify microglia and motor neurons, respectivélgtivation state of microglia will be
determined based on ED1 staining (Taylor eetll, 2003; Persson et at al, 2005).

Cells will be counted in the ventral horn from six gpicord sections per animal.
!

To address whether extracellular/secreted galecti@r3nwodulate glial glutamate
uptake in a model of slow glutamate mediated excitotiyxi Spinal cord organotypic
cultures will be prepared from wild-type C57BI/6 micedatreated with recombinant
galectin-3 (rmGal-3) and/or 500um of THA, a glutamat@logue that causes excitotoxic
mediated neuronal cell death. Galectin-3 may indyreicicrease synaptic clearance of
glutamate due to its ability to increase microgliadliferation and cause a subsequent
increase in expression of glutamate transporter3-G(EAAT2) and GLAST (EAAT1),
resulting in decreased probability of glutamate nmediaxcitotoxicity(neuroprotective).
Glutamate uptake will be assayed based on detecticheofjlutamate proxy, DHf]-
aspartic acid. The effect of galectin-3 on the pringdlyamate transporter, GLT-1, will be
determined by assaying BHJ-aspartic acid uptake with or without the additiorGafT-1
inhibitor, DHK, to the uptake assay. The effect of g@e3 on neuronal viability in this
model of excitotoxicity will be determined based on LDH\atgtin culture medium.

Direct effects of galectin-3 on glutamate uptakeabtyocytes and microglia will be
assayed in am-vitro model. Microglia will be purified from primary mixediglcultures

from 7 day old C57BI6 mice and treated with gale&tif2.5ug/mL) for 48 hours.



Subsequently, purified astrocytes will be fed withdibaned or unconditioned microglia
medium. Glutamate uptake will be assayed using the detesfti’H]-d-aspartic acid.
!

To identify galectin-interacting proteins. The activily galectin-3 depends on its
cellular localization. Nuclear galectin-3 has regulatactivities as an mRNA splicing
factor (Patterson et akt al, 2004). Cytosolic galectin-3 can mediate pro- and- a
apoptotic activities (Liu et akt al, 2002). And, Extracellular galectin-3 can enhandke ce
signaling pathways directly by inhibiting cell surfaeeeptor endocytosis (Partridge et al.
et al, 2004). Nuclear and microsomal subcellular fractiatils be enriched from spinal
cord of end-stage animals from three groups: 1) S&H1 Gal-3"; 2) SODY'"/ Gal-
3" 3) soDY'" / Gal-3". Galectin-3 interacting partners will be co-immunojpitated
with galectin-3 and identified using mass spectrometry M&MS). Non-specific binding
will be ascertained by removing proteins that abegaob-immunoprecipitated from

SOD1"" / Gal-3" experimental samples using subtractive proteomics.

ALS is characterized by selective dysfunction andtdeétneurons in the motor
pathway and it is the most common adult motor neuron disElaseselective loss of motor
neurons leads to spasticity, hyperflexia (upper motorams), generalized weakness,
muscle atrophy, and paralysis (lower motor neurdvisjder et al.et al, 1986). Failure of

the respiratory muscles is generally the fatal evertuming within one to five years of

onset of ALS.



Clinical ALS cases are often characterized into tywoups based on the genetic
etiology of the disease. The familial form of ALS, aaating for 10-15% of cases, is
composed of manifestations linked to identified genetiatations. The remaining
approximately 80% of cases have no known etiology aeadclassified as the sporadic
form of ALS (Pasinelli and Browet al, 2006). It is believed that sporadic ALS is the
result of genetic and environmental factors (i.e. expdsu@xins) (reviewed in (Cleveland

et al, 1999)).

ALS is a multifactorial disease and the identificataf pathogenic pathways have
proven challenging. Microarray analysis involving mRNiAd series analysis may help us
identify pathways in ALS. We propose to use mRNA tirseges analysis to identify
candidate genes and biochemical pathways that maye dire early molecular

phathophysiology of ALS.
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Inflammation associated with amyotrophic laterdemsis (ALS) is known to
influence disease onset and progression. In time ssex@ression profiling studies,
expression of several galectins was elevated in tihalsprd during motor neuron disease
progression in the SOB1* mouse model of ALS. Increases in Galectin-3 mRNA an
protein expression were also observed at early prasynapic and at symptomatic stages
of the disease, including end-stage. In contrastiesgipn of MRNA and protein for
galectins-1 and -9 increased only after symptomseagol. Galectin-3 was selectively
upregulated in the spinal cord, rather than in ofbBIS regions or in skeletal muscle.
Galectin-3 expression was also increased in the spaordl of patients with ALS. The
primary source of galectin-3 in the mouse and humas fwom activated microglia, rather
than astrocytes or neurons. mSOD1 mice with galectiefetion (SODY**/YGal-3")
exhibited symptoms of earlier disease onset and exkpin average, 25 days earlier than
did SODF*4Gal-3"* cohorts. Neurobehavioral tests also indicated a reeverely
impaired neurological phenotype in SO / Gal-3" mice during the progression of
disease, relative to SOBT4Gal-3"" mice. SOD¥*** / Gal-3" mice had fewer neurons
compared to SODP*/Gal-3"™, and more activated microglia, which correlated with
increased oxidative injury and expression of TNEt end-stage of disease relative to
SODT**YGal-3" mice. These data suggest that the expression of gaBeiinduced
early in disease progression, and that galectin-3 seaye a neuroprotective function by
limiting microglial activation and related neurodegeation. To our knowledge, this is the

first report to identify galectin-3 as a potential endagsmeuroprotective factor ALS.
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Amytrophic lateral sclerosis (ALS) is one of the masimmon adult-onset
neurodegenerative disesases and is characterized by Iggseofand lower motor neurons.
Loss of motor neurons results in muscle atrophy anchdedtich usually ensues due to
respiratory complications (Pasinelli and Browtnal, 2006). ALS is characterized into the
familial form, accounting for cases with known genetfmises, and the sporadic form,
which are cases with no known etiology. Both formesainically indistinguishable, with
an incidence of 1-2 per 100,000 individuals, with farhiiaS accounting for 10% of all
cases (Bruijn et akt al, 2004).

Several mechanisms are thought to contribute to mmmaron injury in ALS,
including oxidative stress, glutamate mediated exoitotly, and disrupted axonal
transport. Neuroinflamamtion is suggested to be v in many of these potential
pathogenic pathways (McGeer and McGeteal, 2002; Chen et aét al, 2004; Zou and
Crewset al, 2005; Hensley et akt al, 2006; Tilleux and Hermaret al, 2007). ALS is
associated with a marked neuroinflammatory responséstharacterized by proliferation
and activation of microglia (Lampson etetl.al, 1990; Troost et aét al, 1990; Henkel et
al. et al, 2004) and astrocytosis (Kawamata eetll, 1992; Schiffer et akt al, 1996).
Pronounced neuroinflammatory foci often correlate wational motor neuron loss (Ince
et al.et al, 1996; Pedersen et at al, 1998; Shibata et akt al, 2001). The relative
importance of neuroinflammation in ALS is suggestewugh the pronounced state of

neuroinflammation in patients with ALS and in animabdels of ALS at early stages of
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disease progression (Alexianu etetl.al, 1994; Hall et alet al, 1998; Kriz et alet al,
2002). By-products of glial activation in ALS include elegas in inflammatory mediators
and cytokines such as TNF-among others (llzecka et at al, 2002; Henkel et aét al,
2004), as well as production of reactive oxygen spgdiehgi et alet al, 1999; Babu et
al. et al, 2008). In ALS, oxidative damage is suggestedntgart cause decreases in
glutamate uptake (Blanc et at al, 1998; Lauderback et at al, 2001), accumulation of
advanced glycation end products (AGE)s (Clevektral, 1999; Butterfield and Kanskt
al., 2001), as well as other well characterized oxidasivess related insults (Zhao etedl.
al., 2004). A decrease in glutamate uptake by astrocgigses excitotoxic injury to motor
neurons, and is also considered a major pathogenic pathwaiSi(Van Den Bosch et al.
et al, 2006).

The SOD$%** mouse model of ALS results in motor neuron degeioeraiue to
overexpression of human mutant superoxide dismutase&sOQDh) (Gurneyet al, 1994;
Gurney et alet al, 1994). This model replicates important features afaieflammation
and oxidative injury that are observed in both sporadit familial ALS (Gurneyet al,
1994; Price et akt al, 1996; Bendotti and Carett al, 2004; Hensley et aét al, 2006).
Signs of neuroinflammation are initially observed w8@DT*** mice are still at an
asymptomatic stage of disease (Alexianu ettahl, 1994; Hall et alet al, 1998; Kriz et
al. et al, 2002; Boillee et alet al, 2006), and increased proinflammatory cytokine
expression has been detected throughout all stagestof meuron degeneration in this
model (Hensley et akt al, 2002; Yoshihara et adt al, 2002; Hensley et att al, 2003;
Chen et alet al, 2004). Moreover, increased levels of cytokines temiyoccalrelate with
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the appearance of irreversible protein oxidation obgemeboth murine motor neuron
disease and in ALS (Andrus et at.al, 1998; Hensley et akt al, 2002; Hensley et abt
al., 2003). In the mutant SOB¥* mouse, increased protein carbonyls, a product of
oxidative stress, correlated with an upregulation MFT transcripts at an early stage of
disease progression (Hensley etetilal, 2002; Hensley et att al, 2003; Moreau et akt
al., 2005; Kiaei et alet al, 2006). The observation that anti-inflammatory drexfended
survival in mSOD1 mice highlights the potential inpoce of neuroinflammation in
motor neuron degeneration (Drachman eeféll, 2002; Kriz et alet al, 2002; Van Den
Bosch et alet al, 2002).

We used a time series mRNA profiling approach to imgate early and late
differential gene expression in the mSOD1 mouse maidelotor neurodegeneration. We
found several members of the galectin family of pnstéd be increased early in disease

progression, and investigated the role of galectin-3 i8 Aisease progression.



All animal procedures were carried out according to the NIH Guoetefor Animal
Use and Welfare and were approved by institutionainahicare and use committee.
B6SJL or C57BL/6 male mice overexpressing the G93A hurB&@D1 mutation
(SODT***A (Gurney et alet al, 1994) were obtained from Jackson Labs (Bar Harbor,
ME). C57BL/6 SOD$°** male mice were bred with non-littermate wild-typenéges.
C57BL6 galectin-3 knock-out mice (Gal8(Dan Hsu, University of California, Davis)
were bred with C57BL/6 SOFT** mice to yield C57BL/6 SODT**/ Gal-3" transgenic
mice (Figure 30).

Mutant SOD$%** transgenic offspring were genotyped by PCR amplificatiam fro
DNA purified from tail tissue. The primers usedidentify the human mSOF** gene
were 5'CATCAGCCCTAATCCATCTGA-3 (forward) and
5'CGCGACTAACAATCAAAGTGA-3' (reverse). These primersnalify a 242 bp DNA
segment. The reaction components were denatur®$°@tfor 2 mins; the amplification
was performed for 29 cycles, each cycle consistindenfaturation at 95°C for 30 secs,
primer annealing at 50°C for 1 mins and 30 secsgatehsion at 72°C for 30 secs. A final
extension step was carried out at 72°C for 7 mins befompletion. The PCR products
were separated by electrophoresis on a 2% agarosaigelstvith ethidium bromide.

Galectin-3" mice were produced by Hsu et al. by interruptirgrégion coding for
the carbohydrate recognition domain in exon 5, by iimgea neomycine resistant gene in
in a short intro 4-exon 5 segment (0.5 kb) (Hsu eetaél, 2000). The primers used to
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identify galectin-3 deficient mice were 5’GTAGGTGAGAGACAAGCTGGAGGCC-
3’ (binding upstream of intron) and 5GTAGGTGAGAGTCACAAGCTGGAGGGC
(binding upstream of the Neo cassette) and
5'CACTCTCAAAGGGGAAGGCTGACTGTC-3'  (binding common downstream
sequence of exon). Primers were added to reaction in the follonatgy ratio 1:0.3:1
(oligol:oligo2:0ligo3). For galectin-3 sufficient mice, these prsnamplify a 450 bp
fragment. For galectin-3 deficient mice, these primers dnp@li 300 bp fragment.
Heterozygous mice will amplify both a 450 and 300 bp fragments. €hetion
components were denatured at 95°C for 2 mins; thdifarafpon was performed for 35
cycles, each cycle consisting of denaturation at 96f@5 secs, primer annealing at 60°C
for 20 secs, and extension at 72°C for 30 secs. & @rtension step was carried out at
72°C for 7 mins before completion. The PCR products \weparated by electrophoresis
on a 2% agarose gel stained with ethidium bromide.

For the amplification reaction, 10 uL of DNA (1 ug/mL) was adteed5 uL of
master mix containing (final concentrations) 10x PCR buffer (50nm@l, KOmM Tris-
HCl, 1.5mM Mg(OAc)), 0.25mM dNTP mix and 0.75 units of Tag polymerase

(Promega, Madison, WI).

Spinal cords from patients with ALS or from those whed from other causes
were obtained from a post-mortem tissue bank (JeffReghstein, Johns Hopkins
University). Human samples were evaluated in accordancepuinitiples expressed in the

Declaration of Helsinki and following Health InsuranaatBbility and Accountability Act



(HIPAA) regulations. The studies were also suppobg@pproved internal review board
(IRB) protocols at both Johns Hopkins and Children’sdwal Medical Center. Informed
consent was not necessary because the tissue was dglestenortem.

53

Lumbar spinal cords from B6SJL SO transgenic and wild-type mice were
isolated at 28, 42, 56, 70, 98, 112, and 126 days dfne@eper group), ground in a mortar
cooled by liquid nitrogen. RNA was then extracted in Trizalgent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. TBISA was purified using RNeasy
minicolumns (Qiagen, Valencia, CA) and quantifiedhwat spectrophotometer. Integrity
was assessed by agarose gel electrophoresis. Afilesrmaxhibited 260/280 absorbance
ratios of ~2, and intact ribosomal 28S and 18S RNA amén approximate ratio of 2:1
as visualized by ethidium bromide staining. A totallofig of total RNA was reverse
transcribed using oligo-dT-T7 primer and Superscript |erse transcriptase (Invitrogen,
Carlbad, CA) followed by transcription of a secondratr cDNA strand using Superscript
double-stranded cDNA synthesis kit (Invitrogen, Carllia#4l). cDNA was resuspended in
40 pL of RNase-free water and 20 pL of this cDNA waed as template to synthesize
biotin-conjugated UTP and CTP cRNA by in-vitro tramgtion using BioArray high yield
RNA transcript labeling kit T7 (Affymetrix, Santa @& CA). 20 pug of cRNA was
fragmented by incubation at %@ for 35 min and then applied to Mouse 430 2.0
Affymetrix arrays using the Affymetrix 3' Amplificatio and Hybridization Control kit as

specified by the manufacturer (Affymetrix, Santa Cl&a).
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1 pg of total RNA was used to synthesize cDNA ushey $SuperScript 1l First-

Strand synthesis system (Invitrogen, Carlbad, CA). DMiftngrs specific for galectin-3
were designed according to known gene sequences aswsollforward- 5

CGGTCGTAGGTGAGCATCGTTGAC[FAM]G 3 and reverse- 5
CCCTTTGAGAGTGGCAAACCAT 3'. Samples were normalizedthe relative amounts
of reverse transcribed glyceraldehydes 3-phosphate dehydssg¢BAP3DH) for each
sample.Reactions were run using an ABI PRISM 7900HT polyserahain reaction
instrument (Applied Biosystems, Foster City, CA), anditre¢ gene expression levels
were calculated using sequence detection system 2\@a®ef(Applied Biosystems, Foster

City, CA).

Protein homogenates were prepared from spinal cord o#figER lysis buffer and
protein concentration was determined by using BCA protessay kit (both Pierce
Biotechnology, Rockford, IL). 15 pg of protein were resdlem 10% tris-glycine or bis-
tris polyacrylamide gels and electrotransferred tobdétyl ECL membranes (GE
Healthcare, Piscataway, NJ). Blots were blockedaokmng buffer (0.0005% Tween 20
and 5% dried milk powder in 1x phosphate buffered smu{PBS) for one hr, and
incubated with primary antibody for one hr, washeddhimes in 1x PBS 0.005% tween,
and then incubated with anti-HRP conjugated secondarlgodyt for 1 hr. Secondary
antibody was washed three times 1x PBS-tween and tleemated with Enhanced
Chemiluminescence (ECL) detection reagents (GE thimake, Piscataway, NJ), and

exposed to film. Antibodies that were used includet gaaouse or -human galectin-1, -3,
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and -9 (1:500; R&D systems, Minneapolis, MNJactin (1:5000; Sigma-Aldrich, St.Louis,
MO), rabbit -mouse EAATZ2 (1:8000). Secondary antibodies used dechorseradish
peroxidase-conjugated goat anti-mouse @abbit (1:3000; Bio-Rad, Hercules, CA), or

horseradish peroxidase-conjugated donkggpat (1:3000; Santa Cruz, Santa Cruz, CA).

Animals were perfused intra-aortically with PBS followed by 4%

paraformaldehyde to fix tissues. Spinal cords were remoyedt-fixed in 4%

paraformaldehyde overnight af@ and snap frozen in a liquid nitrogen cooled in an
isopentane bath. Later, 2@n sections were cut in a cryostat, mounted onto SupeFhos
slides (Fisher Scientific, St. Louis, MO) and stoetd2(°C. For immunocytochemistry,
the sections were rehydrated in 4% paraformaldehyd&Ofenin, briefly washed in PBS,
and blocked in 5% goat serum in 0.1% triton X-100/R&@SL hr. Primary antibodies were
applied for 2 hr at RT; sections were then washedirarubated with secondary antibody
for 1 hr, washed again in PBS, coverslipped with Fluawamt:G (SouthernBiotech,
Birmingham, Alabama), and viewed with a Bio-Rad MRCAL@®nfocal laser scanning
microscope. Primary antibodies were as followsgalectin-3 (1:500, R&D Systems,
Minneapolis, MN ), -GFAP (astrocyte marker) (1:1000; Sigma Aldrich, IS1tuis, MO) ,
-IBA1 (microglial marker) (1:2000 Wako Chemical, Ricbind, VA), and -ED1
(activated macrophage/microglia marker) (1:350, AbDoter Raleigh, NC). Secondary
antibodies were as follows: Alexa Fluor goatlonkey 488 (1:2000); Alexa Fluor goat

rabbit 568 (1:2000). For Nissl staining, Alexa Fluof €tconjugated Nissl (1:5000) was
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applied to sections for 10 min. Secondary antibodiescanfugated Nissl stain were all
from (Invitrogen, Carlsbad, CA).

&

All tests were performed by an investigator blindedanimal genotype. For
survival assessments, mice remained in the study as “suivindiisthey lost the ability to
right themselves within 3 sec after being placedheir back. At this point, the animal was
removed from the study and categorized as “expired”. rdlegical function was
determined by scores on several independent neurologgtal grip strength, splay test,
rotarod test and open field activity test—described fallows. Grip Strength Test:
Neuromuscular function was assessed with a grip strangter (Columbus instruments,
Columbus, Ohio) which senses the peak amount of famcanimal applies to a hindlimb
pull bar. Animals were held so that only the hindlipgws grasp the specially designed
mouse pull bar assembly and they are pulled forwatd tneir grip is broken. Five
hindlimb measurements were recorded each wk, stariimy Wk 8, until the animal is
removed from the study due to loss of righting refl&he data were normalized to body
weight and expressed as compression/gram of body wé&glaty Test: mice were briefly
suspended in mid-air by the tail and the position argknsion of the forelimbs and
hindlimbs relative to the floor were evaluated.

Activity Test: Animals were placed into a 60 x Gfhtimeter open chamber (divided into
guadrants with floor markings) and allowed to moveth@ut stimulation) as desired for 3
min. The investigator counted the number of times they movedsaeach quadrant of the

chamber and the number of times they sit-up and rear desiptpration. Rotarod
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Analysis: Mice were acclimatized on the rotarod @trevolutions per min (rpm) for 5 min
(Ugo Basile, VA, ltaly) for 5 days before first experimed reading was taken. For testing,
mice were placed on the rotarod, that accelerated 1@no 54 rpm within 5 min. The
time (sec) that each mouse stayed on the rod was recorded datbtineere expressed as a
latency to fall (sec) for each mouse.

A neurological scoring system (0-4) was adapted fromale et al. (Rouaux et al.
et al, 2007), to express neurological function in terms afattie progression. In this scale,
a score of 4= healthy mice with no obvious motor dystion, and no dysfunction on any
neurological test, 3=no obvious motor dysfunction, buédaihe splay test (this test is the
first to detect neurological abnormalities in this mypd2 =mice with obvious locomotor
abnormalities on functional tests (deficiencies in\gpdgip, activity and rotarod tests), but
no visually obvious abnormalities, 1=mice with @y obvious uni- or bilateral paralysis
in addition to locomotor abnormalities on functionaldesbd=mice with a loss of righting
reflex, visually obvious uni- or bilateral paralysisdalocomotor abnormalities on
functional tests.

8>

Surviving motor neurons were assessed by labeling sessegtion from the same
lumbar region of each animal in the study groop6(per group) with FITC-conjugated
Nissl stain. Sections were first viewed with a 10xecbye using a Zeiss Axiovert
microscope to verify the correct lumbar spinal level ardktmeate the ventral motor horn.
For quantification, a standardized representativd fiélthe ventral motor horn region was

imaged with Image J (NIH) software with an additioplaig-in to count cells (Goochee et
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al. et al, 1980). Motor neurons were counted in the pre-defined, ast@indd area
(240unf) of the bilateral ventral gray matter and were idittifbased on size and
morphology. Other sections were stained with either BDIBA1 and the number of cells
that were positively stained were counted as 2 reiffie individual assessments of
microglial staining. The same standardized regionswvieaé used for neuronal counting
were used for microglial counting. A single investigattinded to the experimental

condition performed all quantitative analyses.

)4 /

Cytokines were measured using a Multi-Analyte ELISA (@ABiosciences,
Rockville, MD). Spinal cords from transgenic miwzere homogenized in mPER (Pierce
BioTechnology, Rockford, IL) containing protease inhilstqRoche, Nutley, NJ), as
previously described under Western blotting methodsHE#BA, 150 pg of total protein
homogenate was added to each well of the ELISA pladetlae manufacturer’s protocol
was followed to obtain sample cytokine concentrati®rgefly, protein homogenate was
incubated on ELISA plate for 2 hr, washed and then irtedbfor 1 hr with antibody
against mouse TNF: Following another series of wash steps, samplege weubated
with avidin-HRP for 30 min at room temperature. The & lwells were washed a total of
4 times and then 100 pL of development solution was afidedch sample well. After 15
min the reaction was terminated. Absorbance was réatb@m using a Molecular
Devices ThermoMax plate reader.

Total protein carbonyls were measured using the CetBdProtein Carbonyl

ELISA Kit according to manufacturer protocol (CeibBbs, San Diego, CA). Briefly, 50
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pg of total protein was added to each well on the ELIS#epnd allowed to incubate for 2
hr at 37° degrees celsius. Wells were washed 3 times2b@iL 1xPBS. Samples were
then probed with DNPH (dinitrophenylhydrazine) for dn in the dark. Samples were
then washed with a mixture of 1xPBS/Ethanol (1:1 \Bvjimes. Samples were then
blocked for 1hr followed by incubation with-DNP antibody. Sample wells were washed
one final time with 1xPBS followed by incubation withbstrate solution for 15 min. The
development reaction was terminated with stop swluand absorbance was read at 450
nm using a Molecular Devices ThermoMax plate reader.

<

Data are expressed as the mean * standard error ofethre mhe neurological
scores and survival curve were assessed using a Kaplastiatestical test. Other behavior
tests were assessed with 2-way analysis of varigdld®VA) for the effect of time and

score, and individual post-hotests for each timepoint were calculated.

Microarray data can be obtained from NCBI GEO at seriessaon GSE18597.
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In order to determine candidate genes that are spé&githlS, we performed a
time-series expression analysis on 3 spinal cord lsanfpm diseased mSOB®* and
non-diseased controls at presymptomatic stagessefske (28, 42, 56, 70 days of age);
early and late progression stages of disease (98 a@hdedpectively); and end-stage of
disease (126 days of age). Signals reflective of gepeession were generated using the
PLIER probe set algorithm. Differentially expressed gemere ranked based on their fold
change and p-values. Galectin-3 was found to be ranked antloa¢isp 25 genes with the
highest significant increase in mMRNA as measuredol ¢hange at 98 (Table 3A), 112
(Table 3B), and 126 days of age (Table 3C).

* 66 )

Three genes from the galectin family of proteins were ofqudatt interest based on
their significance (Figure 2). They included galeefin-3, and -9 and their mRNA levels
were progressively elevated as motor neuron diseaseepseg. Only galectin-1 and -3
MRNA was increased during an asymptomatic stage aiskggrogression.

Immunoblot analysis indicated that only galectin-3 t@ro expression was
increased at a relatively early time in disease progress the spinal cord of SOG1**
mice (Figure 3, A-B). Galectin-3 expression in SGB4 mice was approximately 2-fold,
9-fold, and 23-fold greater at 70, 98, or 126 days ef agspectively, compared to age-
matched controls. Real-time RT-PCR data indicategalgctin-3 mRNA was increased as

early as 56 days of age (asymptomatic time pointhénSOD¥*** mouse compared to
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WT controls, and that the mRNA levels were progre$gietevated as motor neuron
disease progressed (Figure 4). These timepoints porrégo distinct functional stages,
where 70 days=asymptomatic disease, 98 days=onsgimgit@ms, and 126 days=end
stage/loss of righting reflex. By comparison, the exgoesof the other galectins was
considerably delayed. Galectin-9 expression was oappately 4-fold higher at 98 days
of age and 2-fold higher at 126 days of age in S8 ice, compared to age-matched
controls, whereas galectin-1 protein expression was exdteld until 126 days age (5-fold
increase).

Because the increase in galectin-3 was the most marked aantbwsistent with an
early involvement in disease, the expression of tHectga was measured in other tissues,
at 126 days of age, when expression levels were likddg toighest. However, galectin-3
expression was not increased in cerebral cortex, cemehelor notably, in the
gastrocnemius muscle (Figure 5).

Galectin-3 protein expression was also ~12-fold grestespinal cords from
patients with sporadic ALS, relative to age-matchentrols who died from other causes
(Figure 6, A-B). Galectin-9 protein expression waso approximately 4-fold higher in
spinal cords from patients with ALS, whereas gatettiexpression was not significantly

altered.
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Group WT, Time 28
Group WT, Time 42
Group WT, Time 56
Group WT, Time 70
Group WT, Time 98
Group WT, Time 112
Group WT, Time 126
Group SOD1, Time 28
Group SOD1, Time 42

Group SOD1, Time 56
Group SOD1, Time 70
Group SOD1, Time 98
Group SOD1, Time 112
Group SOD1, Time 126

19



Figure 2: (A) Heat map of galectin- 1,-3, and -9 transcripts from SODF?** mouse
model of motor neuron degeneration. Each column represenectrgaanscript and each
line represents age in days of mouse (n=3 per genotgppdession signal intensities are

shown in green and red, indicating low and high expressspectively.
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Figure 3: (A-B) Expression of galectin-3 is elevated during earlyamoieuron disease

progression, followed by increases in galectins-9 antlestern blots were prepared from
spinal cord homogenates of 70, 98, and 126 day $&fxhice and age-matched controls
(n=3 per genotype). BlotdB] are quantified A), where optical densities of galectin-3,
galectin-9, and galectin-1 are expressed as a pegeemf age matched contrdfsp <

0.05 **p<0.01; ***p<0.001 compared to age—matched controls by Studéen€s).
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Figure 4. Validation of increased expression of galectin-3 taps Relative mRNA
concentration of galectin-3 was determined by real-timd°RR- in spinal cord tissue from
SODI**** mice (n=3 mice per genotype, (1#%0.001, *p<0.01, or *p<0.05 by Student’s

t-test comparisons).
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Figure 5: Elevated levels of galectin-3 are restrictetb the spinal cord, rather than
other regions of the CNS or muscle. Galectin-3 protein levels were assessed with
western blots of homogenates prepared from the corerebellum, gastrocnemius

muscle, and spinal cord of 126 day old wild-type (WT) &@D1°°** mice (=3 per

genotype).
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Figure 6: Expression of galectins-3 and -9, but not galectia-&levated in spinal cords
from humans with sporadic ALSA] Blots were quantified as optical densities and
expressed as the percentage of immunoreactivity ofregehed controls ( 17<0.01 or
*** n<0.001 by Student's$-test comparisons)B) Western blots prepared from thoracic
spinal cord tissue resected at autopsy from humigjects (=5) with sporadic forms of

ALS and from lumbar spinal cord tissue resected fromAloS human (=4) controls.
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Outside of the CNS, galectin-3 has been detectedriaugacell types including a
wide variety of immune cellsg¢viewed in(Dumic et al.et al, 2006)). To determine the
cell types within the CNS that may be responsibleirioreased galectin-3 expression,
lumbar spinal cord sections from patients with ALS or S&¥1mice were double-stained
with antibodies to galectin-3 and several differeel-type specific marker proteins, and
visualized with a microscope. In the SO mouse, Galectin-3 was primarily expressed
in microglia (Ibal microglial marker), both at 90 (&ig 7) and 130 days of age (data not
shown). Galectin-3 was not frequently expressed no@ges (GFAP- astrocyte marker)
or neurons of the SO mouse. Galectin-3 was primarily expressed by micrpglia
was also occasionally observed in astrocytes (indicatemiows) in post-mortem spinal
cords from patients with ALS (Figure 8). However, é&4ih-3 was not typically expressed

in neurons identified using a FITC-conjugated-Niss| coista
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Figure 7
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Figure 7: Galectin-3 is primarily expressed by micrglia and some astrocytes in
the diseased spinal cordRepresentative images of transverse sections dadlsmrd
from A) 90 day old and B) End-Stage SO transgenic mice and age matched
controls were stained with antibodies for galectifre®l), and with cellular markers
for microglia (Ibal)(green)(row 1), astrocytes (GFAR)ém)(row 2), or with a FITC-
Nissl fluorescent stain for neurons (row 3). Indigabwand merged images are

presented.
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Figure 8: Immunocytochemistry of transverse sectionsf human spinal cords with
double-staining of galectin-3 and cellular marker protens. Galectin-3 (red)
predominantly colocalized with microglia cell marker lifgfeen-top row) in human spinal
cord tissue, rather than with the astrocytic speatfiarker GFAP (green-bottom row).

Arrows represent colocalization of galectin-3 with GFAP.
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To determine the importance of galectin-3 during ALS afise progression,
neurological tests were performed comparing mutant CEFBEODL?** mice that
contained a targeted disruption of the galectin-BegéSODF*** / Gal-3") to mice
expressing the mutant SOB* gene with no disruption of the galectin-3 gene (3658
/ Gal-3"). Western blots of homogenized spinal cords showsetection of galectin-3 in
SODI°** | Gal-3" mice. As expected, galectin-3 was elevated in SOBY Gal-3™
mice (p < 0.0001 by Studentses) (Figure 9).

Disease outcome was assessed by a variety ofuresas A neurological

assessment rating scale was adapted from Rouauxastdstailed in the methods section.
(Rouaux et alet al, 2007). Statistical analysis using Kaplan-Meier cursteswed that
deletion of galectin-3 did not significantly affdbie rate of the first appearance of disease
onset (score 3). However, deletion of galectin-3hm diseased mouse did significantly
hasten the development of early (score 2) and lage stsease (score 1) (Figure 10, A).
Fifty percent of SODY***/ Gal-3" mice reached the early progression stage of disease by
day 132, 17 days sooner than SGB/ Gal-3™ mice. Fifty percent of SOF#** / Gal-
3" mice reached the late progression stage of diseastyby45, which was 22 days
sooner than SOFE** / Gal-3™ mice. Average lifespan in SOB®" / Gal-3" mice was
163 days which was 26 days shorter than SBt1 Gal-3"". Genetic deletion of galectin-
3 in non-disease mice had no effect on neurobehaviorarog&:

Neuromuscular function was also evaluated using thecakrise activity test,

rotarod analysis test and hind-limb grip strengst. t8ODf*** / Gal-3" mice exhibited

9/



significantly reduced performance relative to S6%4/ Gal-3"" mice on all functional
tests, with deficits becoming apparent from 15-19 week age (Figure 10, B). Body
weight was also recorded as a measure of overalhh@aior to disease onset SCBT/
Gal-3" mice had greater body weight than did S6GB4/ Gal-3’* mice (Figure 10, B).
Starting at week 17 however, SOBY* / Gal-3" mice had an acceleration of weight loss
relative to SODT*" / Gal-3"* mice. Genetic deletion of galectin-3 in non-diseanézk

had no effect on neuromuscular function.
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Figure 9: Immunoblot analysis of galectin-3 expressn in diseased miceGalectin-3
expression was elevated in end-stage SGHY Gal-3™*. As expected, there was no
relevant detection of galectin-3 in age-matched S8#1 Gal-3"; SOD1" / Gal-3"; or

soD1V" / Gal-3" mice.

91



9#

Onset Early Progression

3& 1 +3(? K4

1 3& +3(? K4
?
— = 13& +3(? C1 13& +3(?C1

E & B - - _ . _. = . - S

Late Progression End Stage (Survival)

\ p< 0.0001 Py \
3& 1 +3(? K4 < 0.0001
( —P

— — 138& +3(?C1 \ " — — 13& +3(? C1 —_

m 13& +3(?K4

97



Figure 10A: Progression of motor neuron disease is more rapid antifespan is
decreased in SODY*** / Gal-3" mice compared to SOD%°** / Gal-3"* controls. A
neurological assessment rating scale from score 4vi@iade sign of disease) to 0 was
adapted from Rouaux et al. (Rouaux etedlal, 2007). Each graph represents the % of
mice with scores 3 through O for each group over timegrev 3=altered hind limb
extension on suspension by the tail, but otherwise eppeamal, 2=altered gait on open
field observation, 1=uni- or bi- lateral paralysis, &¥dails righting reflex test. Mice that
received a score of 0, were removed from the studyansidered expired, thus the graph
of mice with score=0 is equivalent to a Kaplan-Mesiervival curve. P values indicate the
level of significance by the Kaplan-Meier test. S68%/ Gal-3™ (n=12) and SOD%™*/

Gal-3" (n=12).
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Figure 10 B: Mean scores of SOOT** / Gal-3" or SOD1°%** | Gal-3"* control mice
over time on individual tests of motor function or baly weight. The vertical rise score
reflects the number of times animals reared up onto their mbsllto explore during 3 min
in an open field chamber. Rotarod and grip strength testsdetailed in Methods.
SODI***/ Gal-3™ (n=12) and SOD1***/ Gal-3" (n=12) (*=p<0.05 by 2-way ANOVA

followed by individual post-hottests for each timepoint).
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The effect of galectin-3 deletion on neuronal survivakwassessed by quantifying
the number of neurons present in the lumbar ventral region at 100 days of age in
SODI°%*/ Gal-3" mice relative to SOOT**/ Gal-3™ mice. Fixed spinal cord tissue was
sectioned and stained with Nissl conjugated FITC totifjeneurons. Motor neurons were
identified based on size, morphology and location withm ventral horn, and counted
using Image J software. One section from the samerrag each animal was counted
ensure that no double counting of motor neurons occuB®® 1" / Gal-3" mice had
significantly fewer neurons at 100 days of age comp&we8ODF*** / Gal-3"™" mice

(Figure 11 A-B).
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Figure 11: Neurodegeneration is increased at 100 dagé age in SOD$*** / Gal-3"
mice compared to SOD$**" / Gal-3"* controls (n=6 for each group). One section
from the lumbar spinal cord of each mouse was stawitd Nissl-conjugated-FITC and
labeled cells within a defined volume of the ventrains Representative photos areAn (
and counts are inBj. Data expressed as mean + SEM (***p<0.005 by Stigléméest

comparison).
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To determine whether galectin-3 may be modulating neflaoaimation during
disease progression, spinal cord sections from thee mvere immunostained for the
microglial marker Ibal, or for the activated macromagcroglial marker ED1. Positive
cells were quantified by an investigator blinded he genotype. At 70 days of age,
SODI°*** | Gal-3" mice exhibited a small but significant decreasex positive cells
compared to SODF** / Gal-3™ controls, but no change in the number of cells sthin
with Ibal (Figure 12 A).

The number of ED1 or Ibal stained cells in both sér&g8ODF*** / Gal-3™ or
SODI°** | Gal-3") was not significantly different from SO controls, suggesting that
SODT****linduced neuroinflammation if not fully underway at @ys of age. At end-
stage (Figure 10 B), the number of cells that stapesitive for either ED1 or Ibal was
higher for both SODT** compared to SO controls. Moreover, the number of ED1 or
Ibal stained cells was markedly elevated in S Gal-3" compared to age matched
SOD1°%*/ Gal-3"™ controls at this time (Figure 12 B).

To determine whether activation of microglia may caesl with enhanced
inflammation, we measured the levels of TN each strain at the end stage of disease.
The levels of TNF- in the lumbar spinal cord of SOE®" / Gal-3" mice were
approximately 1.5-fold higher relative to SOB¥* / Gal-3" controls (Figure 13 A)To
evaluate whether enhanced microglial activation andarimfiation may contribute to

oxidative damage, the level of protein carbonyls were tifie@h Protein carbonyls are



formed through oxidative modification by ROS of specé#mino acids (most commonly
proline, arginine, lysine and threonine), and thus arneatats of oxidative damage. Total
protein carbonyl content was nearly double in SE81/ Gal-3" compared to SOF#**

/ Gal-3" controls (Figure 13 B).
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Figure 12: IBA1 and ED1 positive cells are increasein SOD1°%** / Gal-3" mice
compared to SOD¥%* / Gal-3"* controls at the end stage of motor neuron disease.
One section from eitheAj 70 day old or B) end stage (loss of righting reflex) lumbar
spinal cordsr=6 for each genotype, at each timepoint) were stavigtdanti-IBA1 (red)
or anti-ED1 (green). As in Figure 6, positive celishin a defined volume of the ventral
horns were counted under 100x magnification. Yellow Hoaseas have been digitally
enlarged. (*p<0.05 for SO/ Gal-3" vs. SODF***/ Gal-3" controls at the identical

time point).
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Figure 13 TNF- and protein carbonyls are increased in SE# Gal-3" (n=4) mice
compared to SODFF** / Gal-3" controls (=6)at the end stage of motor neuron disease.
(A) TNF- and(B) protein carbonyls (as markers of oxidative proteodification) were
determined in homogenates from lumbar spinal cords usin@AElassays <0.05,
**np<0.01 by Student’st-test comparison). TNF- levels are expressed as absolute
absorbance values and carbonyl protein levels were deterbyrenparing samples with

a standard curve that was prepared from predetermined deolkidezed BSA standards.
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Time-series expression profiing was used to identifitiatmg pathogenic
pathways in the mSOD1 model of motor neuron degenergfieveral members of the
galectin family of proteins, including galectin -1, -8nd 9, were observed to be
upregulated in the spinal cord in the SGB murine model of ALS. Galectin-3 mRNA
and protein was increased at an early asymptomatge shind progressively increased
throughout disease progression. Increased protein expredgsgatectin-1 and galectin-9
were detected after disease onset. Increased gadestistein expression in the SOBH
mouse was predominantly observed within microglia of gpmal cord as compared to
other CNS and muscle tissue. Galectin-3 is shown todmefisantly elevated in post-
mortem autopsy spinal cord tissue from patients with spofacins of ALS. Expression of
galectin-3 in SODY*** / Gal-3" relative to SODT*** / Gal-3" transgenic mice did not
have an effect on disease onset (score 3). Howeverl$&D Gal-3" mice progressed
faster through late stages of the disease, had skarteval times and performed worse on
neurobehavioral tests relative to SGPt / Gal-3™ mice. SOD£%**/ Gal-3" mice had
fewer motor neurons in a representative lumbar spival slice than did SO / Gal-
3" mice. SOD!®™* / Gal-3" mice also demonstrated an increase in microglia
proliferation, and a corresponding increase in TN&fd protein carbonyl modification.

We did not observe an increase in galectin-1 in patierth ALS, however, Kato
et al. has demonstrated that galectin-1 accumulatespecific regions within isolated
lesions of the spinal cord of both sporadic and famAbE (Kato et al.et al, 2001).

Perhaps we did not detect this because our data was drestern blots, rather than
84



histological sections that can show very localizechgka. Administration of the oxidized
form of galectin-1 improved neurological functiondamcreased survival in a mutant
SOD1 mouse model of ALS (Chang-Hong etatlal, 2005). In addition, galectin-1 is
increased in dorsal root ganglion neurons weeks af@tomy (Imbe et alet al, 2003),
and may promote axon regeneration after transectienush injuries of peripheral nerve
(Horie et alet al, 2004). Together, these data suggest that galectinsbenpgroduced as
an endogenous neuroprotective response to neuronal damage.

Our data identified elevations in galectin-9 bothhe SOD1 mouse model, and
moreover, in human ALS. Indeed, the only CNS disease assbardh galectin-9 to date,
(other than certain cancers) is experimental pneoouat meningitis, where an increase in
galectin -9 mRNA was observed, but a correspondingeaser in the protein was not
(Bellac et alet al, 2007). In vitro, galectin-9 is expressed by astrocytes after sétiou
with 1I-113 , and this effect is abolished by dexamaihaswhich suggests that this galectin
is produced as part of neuroinflammation induced by pitarnmatory cytokines (Yoshida
et al. et al, 2001). Nevertheless, beyond this, the functional roleatd#fcgn-9 in CNS
inflammation, much less in ALS, is unclear.

Increased galectin-3 mRNA expression has already beertedpn mouse models
of ALS. One other study has also reported increasiedtga-1 and -3 mMRNA expression
in mouse models of ALS (Gonzalez de Aguilar etealal, 2007). Our study confirmed

$9°A mice and also

increased expression of galectins -1 and -3 in thmalspord of SOD
demonstrated immunohistochemical evidence that g@gal@ctis expressed at an
asymptomatic stage of disease and predominantly bygtia within the CNS. Contrary
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to the other study, we did not detect galectin-3 engastrocnemius. There may be several
reasons for the differences in our findings includitngiss differences (Bergemalm et at.

al., 2006). It is also worthy of noting that Gonzales deikag et al. did not validate their
expression profiling results and their findings could balsefpositive.

A next step was to investigate the effect of gale8televation on motor neuron
degeneration during disease progression. Since theraiaently no selective inhibitors
for galectin-3, this question was addressed with e genock-out approach. The data
indicate that knock-out of galectin-3 has a marked thegaeffect on neurological
function, disease progression and survival in S 1mice--all test results for these
outcomes were highly significant, which suggests ¢jadéctin-3 has an important role in
the disease process.

In our study, C57BL/6 Galectin‘3mice were crossed with C57BL/6 SCH3Y* /
Gal-3™ mice, to produce a SOB¥"/Galectin-3" mouse. The C57BL/6 x SJL/J hybrid
used in our initial expression studies could not §eduor this study, because the disease
phenotype would be confounded by crossing two differentstdimice.

Common methods used to assess disease stage in &eSndude scoring of
motor deficits based on performance on rotarod, gfrgngth, activity, uni- or bi-lateral
paralysis, and loss of righting reflex tests (Weydilegt al, 2003). Other less commonly
used tests include observations of hind-limb tremsptay test) and gait abnormalities
(Weydt et al.et al, 2003; Gonzalez de Aguilar et &t al, 2007; Rouaux et akt al,
2007). However, the splay test generally detectsomadeéficits much earlier in disease
progression than do the more commonly used tests (Véewdiet al, 2003). In addition,

4.



the disease progression scale recently developed byuRa&baal. (Rouaux et aét al,
2007), represents a specific, standardized way t& ttsease onset and progression that
tests such as rotarod and grip-strength do not. ifhile current study, we used the splay
test and the Rouaux progression scale because incregsesiseon of galectin-3 is an early
event, and we were specifically interested in evalgativhether disease onset and
progression would be altered in galectin-3 knock-outse Standard tests were included as
well to ensure that the behavioral data were exprassad tests that are most familiar to
the ALS research community.

In our study, deletion of galectin-3 was associated oy with worsened
behavioral and survival outcomes, but also withirmnease in microglial activation and
expression of TNF- enhanced production of protein carbonyls, and increased
neurodegeneration. SOBP* galectin-3 deficient mice began to show motor dtsfic
between weeks 15 and 19, a stage of disease thasscciaed with significant
neuroinflammation and a significant loss of motounoas (Hall et al.et al, 1998;
Alexianu et alet al, 2001; Fischer et att al, 2004; Katcet al, 2008) Collectively, these
data indicate that neuroinflammation and oxidativgirin were increased in mSOD1
galectin knockouts relative to wild-type SOD1 contrdlkis suggests that galectin-3 may
subserve an important anti-inflammatory and/or neuropreéemle in the mSOD1 disease
process. This finding is in contrast with data thaggest pro-inflammatory roles for
galectins, (Yamaoka et at al, 1995; Kuwabara and Liet al, 1996; Hsu et alt al,

2000; Jiang et alet al, 2009), but consistent with a recent reports suggesn anti-

4/



inflammatory role for galectin-3 (del Pozo et at al, 2002; Li et al.et al, 2008;
MacKinnon et alet al, 2008).

In conclusion, this study suggests that endogenouiigtion of galectin-3 during
the course of motor neuron disease may subserve apnetactive role, through a

dampening effect on neuroinflammation and oxidative injury
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Excitotoxic and inflammatory mechanisms have been comnimiied in several
neurodegenerative diseases. Galectin-3 is an inflaonynatodulating protein found to be
upregulated in several neurodegenerative conditiomduding ALS. In spinal cord
organotypic models of excitotoxicity, galectin-3 wasirid to increase glutamate uptake
via a mechanism not related to GLT-1. The increaggutamate uptake correlated with a
decrease in neuron death as measured by LDH actraity €ulture media. Galectin-3
acted directly at primary astrocytes to increaseASL, but not GLT-1 uptake and cell
surface expression. Galectin-3 did not induce an inereasiptake by either astrocytic
GLT-1 or GLAST via actions of galectin-3 mediatedcraglial secretion factors.
However, soluble microglial factors released due tteaja-3 exposure did increase
GLAST but not GLT-1 cell surface expression. Thesa date indication that galectin-3
may act differently at microglia and astrocytes twmduolate glutamate mediated
excitotoxicity. Further, galectin-3 appears to be diyaoturoprotective against excitotoxic
insults in isolated motor neurons, at least in pérpugh its carbohydrate recognition

domain.
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In ALS, neuroinflammation and glutamate induced exaiiity are two distinct
pathways involved in causing motor neuron degeneratienvieived by (Tilleux and
Hermanset al, 2007). It has been suggested that neuroinflammation prayote
excitotoxic neuron degeneration because a) microglisivadion proceeds astrocyte
activation (Alexianu et akt al, 2001; Raghavendra et at. al, 2004; Tanga et att al,
2004) and b) cytokine mediated neuronal insults cdaddinhibited with the use of
glutamate receptor antagonists (Willard eetkl, 2000). Proinflammatory cytokines such
as TNF-, interleukin-113, and prostaglandin E2 as well as R€&ased from activated
microglia can exacerbate neurodegenerative outcomesudimgl those caused by
excitotoxicity (Table 4) (Wang et at al, 2004; Zhao et akt al, 2004; Block and Hong
et al, 2005; Moncada and Bolanes al, 2006; O'Shea et abt al, 2006; Tilleux and
Hermans et al, 2007; Namekata et akt al, 2008). The mechanism by which
neuroinflammatory mediators perturb glutamate homssst@mains unclear, however,
there is evidence that cytokine mediated productidR@$ is responsible for a decrease in
astrocytic glutamate uptake and resultant excitotiyx(Eliani et alet al, 1993; Fine et al.
et al, 1996; Hu et aket al, 2000; Liao and Cheet al, 2001; Zou and Crewet al, 2005).

In chapter 2, we demonstrated that galectin-3 is &s&@ in ALS and that galectin-
3 expression in the mSOB®* mouse model of motor neuron degeneration is

$%A mouse coincided

neuroprotective. The genetic deletion of galectin-3he@ mSOD
with an increase in neuroinflammation and oxidatiagiry, as well as a increase in

neurodegeneration.
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Galectin-3 is a member of the galectin family oftpias, which are defined by
their specific binding of [3-galactosides through a aaydrate recognition domain
(Barondes et akt al, 1994). Despite the few studies that have suggested a rolecirga
3 in neuroinflammation (Mok et att al, 2007; Jiang et aét al, 2009; Rotshenkest al,
2009), its role in the CNS remains elusive. In theipbery, galectin-3 can regulate
immune cell activation via its ability to a) supporbss-linking of glycosylated cytokine
membrane receptors (Demetriou etetlal, 2001; Partridge et akt al, 2004; Stowell et
al. et al, 2008); b) regulate pro and anti- inflammatory mexiga(Be'eri et alet al, 1998;
Cortegano et akt al, 1998); and c) regulate pro- and anti-apoptotic patewelated to
immune cell viability (reviewed in (Dumic et &t al, 2006)) (Figure 14).

The C-terminal domain of galectin-3 is composed of ald®0 amino acids
forming the carbohydrate recognition domain (CRD). Mafiythe biological roles of
galectin-3 is mediated through its CRD including thditglto cross-link glycosylated
cytokine and growth factors membrane receptors istrgaheir expression at the cell
surface (Woo et akt al, 1991; Knibbs et alet al, 1993; Demetriou et akt al, 2001;
Partridge et akt al, 2004; Dennis et att al, 2009)

Here, we investigated whether galectin-3 may maduéxpression of glutamate
transporters and thereby alter excitotoxicity throudhraction with glia. In addition, we
evaluated whether galectin-3 may be neuroprotectivaughralirect effects on neurons
themselves. Finally, we performed preliminary experiméntdetermine whether the CRD

binding domain may be important in this process.
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Primary glia cultures were prepared from the cerebmatices of 7-day old
C57BL/6 mice. Tissue was dissociated in Dulbecco’sdifited Eagle Medium
supplemented with fetal bovine serum (Hyclone, Logai) (10%) and penicillin-
streptomycin (50 mg/mL) (Invitrogen, Carlsbard, CB)ssociated cells were centrifuged
at 300g for 5 mins and the cellular pellet was washed twices Wete seeded onto poly-d-
lysine coated ventilated flasks and grown until comftueat 37°C, in humidified
atmosphere containing 5% @'he media was exchanged every four days with complet
DMEM composed of Dulbecco’s Modified Eagle Medium {tragen, Carlsbard, CA)
supplemented with 10% fetal bovine serum (Hycloneabod)T), penicillin-streptomycin

(50 mg/mL), and 2mM glutamine (Invitrogen, Carlsbard, CA).

When mixed glial cultures reached confluence, microglere isolated from
astrocytes by vigorous shaking on an orbital shaker @pg0for 6 hr. Detached cells in
the culture media were centrifuged at 3009 for 5 ram resuspended in the same culture
media used for the original mixed cultures. Aggregatese removed by filtering
microglial suspension through a 70um cell strainer. Turéigd microglia were seeded at
3 x 10 cells/cnf in a 10 crf dish coated with poly-d-lysine (Sigma Aldrich, M@ter 1

hour the media was exchanged with complete DMEM.



Mixed glial cultures were shaken for 6 hr to isolateroyglia as described above.
The original mixed culture flask (undetached celleptaining mostly astrocytes was
placed on orbital shaker for an additional 12 hr &r@® to eliminate residual microglia.
The purified astrocyte culture was then placed hatd incubator. Three days later,
astrocytes were removed (0.25% tryp$mM ethylenediaminetetraacetic acEDTA))
and re-seeded at1@ells/cn? onto plates coated with poly-d-lysine. Media was posed
of complete DMEM. Twenty-four hrs later astrocytefeli€éntiation was initiated by
decreasing serum concentration in media to 3% andadding dbcAMP (R2'-O-
dibutyryladenosine 3':5' cyclic monophosphate) (150ominedia (Schlag et akt al,
1998).

*4

Treatment of astrocytes with conditioned microglia medias adapted from
Hermans et al. (Tilleux and Hermaes$ al, 2008). Twenty-four hrs after microglial
isolation, the medium was changed to 3% serum in a@enimic astrocyte culture
conditions. Microglia culture media was supplementél ar without recombinant mouse
galectin-3 (2.5pg/mL). Control cultures had an equdumwe of phosphate buffered
solution (PBS) added to the medium. Microglia wel@mained for 48 hours and then
media was collected and transferred to astrocyteires! for 72 hr. A second group of
astrocytes was fed with fresh, unconditioned media watlvithout recombinant mouse

galectin-3 (2.5pg/mL) supplemented in media.
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Astrocytes were rinsed with ice-cold PBS containirg g and then were
incubated with Sulfo-NHS-Biotin (Img/mL) suspendedde cold PBS C&/Mg** for 30
mins. The biotin solution was then removed and excess bigis rinsed twice with
quenching solution (PBS &#Mg?* with glycine). Astrocytes were then incubated in
guenching solution for 30 mins on shaker at 4°C, foltbwe two rinses with ice cold PBS
Ca'/Mg?*. Astrocytes were then lysed with RIPA buffer [L50nNACI, 1mM EDTA,
100mM Tris-HCL, 1% Triton, 1% sodium deoxycholate, 0.1% SDS7 giisupplemented
with protease inhibitors on shaker for 1 hr at 4°Glt@e dishes were scraped to remove
remaining adherent cells and cellular debris was rechtwespinning at 12,400 rpm in
microcentrifuge for 20 mins at 4°C. A portion of the total prot&imogenate was set aside
for protein quantification and immunodetection asSdye remaining portion of protein
homogenate was incubated with UltraLink Immobilized Monaenavidin beads (Pierce
Biotechnology, Rockford, IL) overnight at 4°C, followed bgntrifugation at 12,400 rpm
at 4°C in a microcentrifuge. Proteins that were natniooby the Biotin-Avidin complex
were collected from the supernatant. Plasma memlpanteins labeled with the biotin-
avidin bead complex formed a pellet, which was reswdge in RIPA buffer, centrifuged
at 12,400 rpm at 4°C, and washed twice in high sahwbuffer [0.1% Triton, 500mM
NaCl, 5mM EDTA, 50mM Tris, pH 7.5], and once in no-sadtsWw buffer [50mM Tris, pH
7.5]. After these washes, the beads were incubateghiequal volume of 2x sample
loading buffer [4% SDS, 1M Tris (pH 6.8), 1% Bromophenol blue, ZYterol, 2% Beta

Mercaptoethanol] for 30 min at 37°C to dissociate lleads from the biotin-protein



complex. Samples were then centrifuged at 12,400 rprd foin and the supernatant was
collected as the “biotinylated plasma membrane tyacti

7%
Organotypic spinal cord cultures were prepared usingpdu spinal cord slices

from 7-day old C57BL/6 pups. Animal procedures weppraved by the Children’s
National Medical Center Animal Care and Use Commjtend adhered to guidelines set
forth in the National Institute of Health (NIH) Guider fine Care and Use of Laboratory
Animals.

Lumbar spinal cords were sectioned transversely at rB5tervals with a
Mcllwain tissue Chopper. Five slices were placed lan gurface of a 30mm Millipore
Millicell-CM porous (0.4um) membrane. The membranesewsaced in 35-mm culture
wells containing 1mL of incubation medium consisting0% (vol/vol) minimal essential
medium-25mM HEPES, 25% (vol/vol) heat-inactivated horsense25% (vol/vol) Hanks’
balanced salt solution supplemented with d-glucose 1f&$rél), glutamine (2mM), 1%
penicillin/streptomycin and 1% gentamicin at a fiphl of 7.2. Cultures were incubated at
37C in a 5% C@95% air humidified environment. Culture media wasrged three
times a week by replacing half the conditioned media frésh media.

&4 91 1

The following experimental design was adapted from [affrey Rothstein’s
protocol for induction of slow excitotoxicity in spinebrd organotypic slices (Rothstein et
al. et al, 1993). Spinal Cord organotypic cultures were treai#id threohydroxyaspartate

(THA) (Sigma-Aldrich, St. Louis, MO) with or withouhe addition of either 0.5 pg or 2.5
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g mouse recombinant galectin-3 in PBS [3.2 mM Na2#{fib mM KH2PO4, 1.3 mM
KCI, 135 mM NaCl, pH 7.4]. (R&D Systems, MinneapolMN). Control cultures were
treated with an equal volume of vehicle containing only FB& pg/mL of goat-mouse
galectin-3 antibody was added with or without recorabt galectin-3 (2.5ug/mL) to
specifically inhibit actions of galectin-3. At low mecentrations, THA inhibits GLT-1
activity, thereby allowing for neurotoxic buildup of tdmate in the cell culture media.
THA and/or galectin-3 was maintained in cultures lpflerishing them at each change of
the medium which occurred every three days for a tdtaine days.

8 %:"

Motor-neuron toxicity was monitored using the CytoScarHLDItra-sensitive
colometric based assay (Gbiosciences, Maryland HgighD). The Cytoscan-LDH assay
measures the release of the cytosolic enzyme lactayelgenase (LDH) into the media
as an indicator of cell death. 50uL of culture mdrhan each well was assayed for LDH
activity.

) /

Individual chronically treated galectin-3 and contoofjanotypic slices were cut
away from the Millicel-CM membranes (Millipore, Billica, MA) and incubated in
200pL of KRH/C&' [120mM NaCl, 4.7mM KCI, 1.2mM KpPQ,,10mM MgSQ 7H,0,
10mM HEPES, pH 7.4] buffer supplemented with dexti@s®&mng/mL) for 10 minutes at
37°C in a 5% CQ@25% air humidified environment. Half of the sampiesre then
incubated with the GLT-1 inhibitor, Dihydrokainate (DHK) (SigAldrich, St.Louis, MO)
at a final working concentration of 5mM for 10 minut€be uptake assay was initiated by

the addition of’[H]-D-Aspartate (Perkin Elmer, MA) (Specific Activitat a final
.61



concentration of 0.9M). After 10 minutes, the uptake reaction was terminateadding
ice-cold PBS. The slices were washed 3 times wtaté PBS, and cells were then lysed
with 500uL of RIPA buffer (Santa Cruz Biotechnology, a@ruz CA), with protease
inhibitors (Complete Mini Tablets (Roche, Nutley, NIQO L of the cellular lysate was
used to quantitate the protein concentration of eaplrenental well using Micro BCA
Protein Assay Kit (Pierce Protein Research, Rockfiand, 400uL of the lysate was added
to scintillation fluid (Sigma Aldrich, St.Louis, MO)Radioactivity was determined by
liquid scintillation counting. GLT-1 glutamate uggawas estimated by subtracting DHK-

sensitive aspartate uptake from total aspartate uptake

<=

Protein homogenates were resolved on a 10% tris-glycines-tidopolyacrylamide
gel and electrotransferred to a Hybond ECL (GE;d®#&wvay, NJ) membrane. Blots were
blocked in blocking buffer (PBS containing 0.0005% [volfviween 20 [PBST] and 5%
[wt/vol dried milk powder.) Blots were probed withrippary antibody followed by
incubation with anti-HRP conjugated secondary antibodgtib&dies that were used
include: -actin (1:2000; Sigma Aldrich, MO), rabbitmouse EAAT2 (1:2000; Affinity
BioReagents, Golden, CO). Secondary antibodies udadm horseradish peroxidase-
conjugated goat-mouse or -rabbit (Bio-Rad, Hercules, CA). Blot were then inceloat

with ECL chemiluminescent detection reagents (GE aRasay, NJ) and exposed to film.
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Data are expressed as the + standard error of the tdebass otherwise stated,
statistical analysis was performed using Studetdtést and multiple comparisons were

corrected for using the Sidak equation.
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To mimic the effect of secreted galectin-3 on theagyic clearance/uptake of

glutamate, uptake was first assayed in organotypiakcord cultures. Organotypic spinal
cord cultures prepared from P7 C57BL/6 mice were tieatith 2.5 pg recombinant
mouse galectin-3 (rmGal-3). Glutamate uptake waayasksusing the tritiated glutamate
analog, {H]-D-aspartate (hereafter referred to simply astdke”) with or without
exposure to dihydrokainate acid (DHK), a specific GLTrhbibitor. GLT-1 specific
activity was differentially determined by subtragtiuptake from slices treated with DHK,
from total uptake.

In the organotypic spinal cord slices, total uptake mvaasured at approximately 8
cpm/mg of protein (Total Uptake not shown), wher@asantrol cultures (no galectin-3)
incubated with DHK, non-GLT-1 glutamate uptake was agprately 4.5 cpm/mg protein
of protein (checkered bar- Figure 15). Thus, GLT-1 and@bn-1 specific activity was
responsible for approximately 43% (stippled bar) and §&at¥%éckered bar) percent of total
uptake, respectively.

Total uptake was not altered by chronic treatmerspaial cord cultures with 2.5
pg of rmGal-3, nor by treatment with rmGal-3 in thesprece of a galectin-3 neutralizing
antibody (used as a specific inhibitor of galectint8jal uptake not shown). However,
rmGal-3 increased non-GLT-1 transporter uptake to 80%taf uptake (checkered bar)

and decreased GLT-1 uptake to 30% of total uptakpp(etl bar), and this effect was
.68



reversed by the galectin-3 neutralizing antibody, suggeshat the changes in uptake at
the transporters were galectin-3 specific. Incubatiith the galectin-3 antibody alone,
resulted in uptake comparable to control levels, ittiigahat the galectin-3 antibody had
no non-specific effect on glutamate transport (Figude 15

Lysates were prepared from identically prepared organatuyfiieres to determine
whether galectin-3 affects uptake via regulation ahdporter protein expression. This
analysis revealed an increase in total cellular esgmwa of the major non-GLT-1
transporter GLAST (Figure 16 A), but no significantmpa@in GLT-1 after treatment with

rmGal-3 (Figure 16 B).
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Figure 15: Characterization of glutamate uptake in aorganotypic spinal cord model
of synaptic glutamate uptake.rmGal-3 did not affect GLT-1 specific uptake @rad
bar) but did increase non-GLT-1 uptake (checkered Hapsake of glutamate by rmGal-3
was inhibited by addition of-galectin-3 antibody to the culture media. Data shoven a
mean values with error bars representing SEM. (n=5 pariexgntal group, <0.05 by
Student’st-test comparisons followed by Sidak correction for mpldtcomparisons using

raw data).
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Figure 16: Total cellular GLAST and GLT-1 protein expression in spinal cord

organotypic slice cultures treated with rmGal-3. Non-GLT-1 uptake is primarily
completed by the GLAST transporter, therefore a GLA®fibady was used for the
Western blots. rmGal-3 causes an increase in ({@jaGLAST protein expression and
(B) no change in total GLT-1 protein expression. The numiergegathe lanes in the GLT-
1 blot refer to the amount of protein loaded into teke dg-or GLAST, only 15g of protein

was evaluated. The data represent a single experilménttilized combined slices. The

results are from one experiment where 7 slices from teeatment group was pooled.
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To determine the role of galectin-3 on synaptic uptatkean excitotoxic
environment, the effect of galectin-3 was studiedh@ same spinal cord organotypic
culture system, but this time within the context ofastflutamate-mediated excitotoxicity.
This model of cell death was developed by Dr. JeffRothstein at Johns Hopkins
University as a model of excitotoxicity that has patticuelevance to ALS (Rothstein et
al. et al, 1993), rather than excitotoxicity due to acute ins(8tsech as stroke and/or
trauma) (Rothstein et aét al, 1993). In this model, chronic inhibition of glaotate
transport with the GLT-1 antagonist, DL-threo-hydroxyaspaacid (THA) causes a
gradual accumulation of glutamate in the culture imeder time that leads to selective,
slow, degeneration of motor neurons in the spinal caydmamtypic cultures, that resembles
that seen in ALS. This model is in contrast to eieaf acute excitotoxicity that typically
involve a brief pulse of relatively high concentratiaigglutamate or glutamate agonists,
that quickly induces necrosis (Marchetti etedlal, 2004; Fukui et akt al, 2009).

Spinal cord lumbar organotypic slice cultures weeated with 250 uM DL-THA
with or without the addition of rmGal-3. Culturesedted with THA for 9 days
demonstrated a 60% decrease in total glutamate uptakpared to control slicep K
0.0001 total uptake data not shown). In control slices GLAR# non-GLT-1 uptake make
up 30% and 70% of total uptake, respectively. In THA éeatultures, GLT-1 specific
uptake increased to 45% and non-GLT-1 specific updalkeeased to 55% of total uptake
(p<0.001, Figure 1A). There was no significant differemceGLT-1 and non-GLT-1

specific uptake in THA treated cultures supplememgd 0.5 pg/mL rmGal-3 relative to
.5



THA treated cultures (Figure 1A). However, in THA tesh cultures supplemented with
2.5 pg/mL rmGal-3, glutamate transporter uptake patars returned to control like
conditions with GLT-1 and non-GLT1 uptake making up 3@ &0% of total uptake,

respectively [§<0.001, relative to THA treated slices, Figure 1A).
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Figure 17: Galectin-3 modulates glutamate uptake in anodel of glutamate-mediated
chronic excitotoxicity. Organotypic spinal cord slices co-incubated with TfA12) and
galectin-3 (0.5 or 2.59/mL) (n=12) demonstrated mixed effects on GLT-1 djmeci
glutamate uptake and an increase in non-GLT-1 spagitake. Data shown are mean
values with error bars representing SEM. (T1p<0.0lcatds significant difference with
control (non THA and non rmGal-3 treated cultur&g; p<0.001 indicates significant
difference with THA GLT-1 specific uptake; ###0.001 indicates significant difference
with  THA non-GLT-1 uptake by Student'stest comparisons with Sidak multiple

comparison correction on raw data.
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To determine whether the galectin-3 mediated increaseomn-GLT-1 glutamate
uptake is neuroprotective in the slow excitotoxicity mpdell death was assayed on days
3, 6, and 9 of THA incubation. LDH activity accuratibn in the media was used as a
measure of cell death. Cultures treated with THA (n=12) dstradad an increase in LDH
activity relative to control slices (n=12) at day 8dd_.DH remained elevated relative to
controls throughout the THA incubation time course. Howevediaiffrom cultures treated
with both THA and 2.5 pg rmGal-3 contained sigrafidy less LDH activity, relative to

controls at all timepoints (Figure 18).
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Figure 18: In an organotypic model of slow glutamate induced eximtoxicity induced
by THA, treatment with 2.5 g of galectin-3 caused a decrease in neuronal cediath.
Neuronal cell death was measured by detection of BDiVity in the cell media (n=12).
Data shown are mean values with error bars represéEng( **p<0.01and ***p<0.001
indicates significant difference with THA treatedtates) by Student’'stest comparisons

with Sidaek multiple comparison correction.
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N-acetyllactosamine residues (N-Lac) on glycoprotesesve as the preferred
ligand for galectin-3. N-glycans attached to glyadgins form multivalent lattices that
restrict movement of glycoproteins, and may resultjnimbition of their endocytosis
(Demetriou et alet al, 2001; Partridge et att al, 2004). The Golgi enzyme, Mgat5, is
responsible for modifying proteins with N-glycan stires (Cummings et att al, 1982).

In order to determine whether galectin-3 is neuroprotecti& a N- or O-glycan dependent
pathway, Swainsonine and Benzyl-N-acetyl-alpha-D-gasaeninide (BNAG), inhibitors
of N- or O- linked glycosylation, respectively (KangdaElbeinet al, 1983; Srinivasan et
al. et al, 2008) was applied to a motor neuron model of excitotyxzth or without the
addition of rmGal-3.

Excitotoxic motor neuron death was induced by adding 1 afMlutamate to
serum free culture media for 48 hours. Motor neurability was assayed using an MTT
assay which measures the reduction of tetrazolim fiormazan by the cells. In this
model, 1ImM of glutamate caused an approximate 40% akexia NSC-34 cell viability.
When 2.5 g/mL of rmGal-3 was supplemented in the cell medithattime of glutamate
challenge, there was a 20% increase in cell vigbditer controls (Figure 19). When
lactose, a potent inhibitor of the galectin-3 CRD domwas added with galectin-3 to
glutamate challenged motor neurons, the neuroprotectiveseffiegalectin-3 was inhibited
(Figure 19 A). Therefore, galectin-3 neuroprotectianjeast in part, may be conferred

through the CRD domain.



The effects of galectin-3 on motor neuron viabilitgs measured in the presence of
Swainsonine or BNAG. Differentiated NSC-34 motor neudallenged with 1mM
glutamate and treated with 2g/mL and 6 g/mL Swainsonine showed no improvement in
cell viability relative to motor neurons challengedhnvimM glutamate alone (Figure 19
B). In the presence of Swainsonine, galectin-3 washaotoprotective due to excitotoxic
insult. However, in the presence of Swainsonine altivege was significant loss of motor
neurons (Figure 18 B). Although the neuroprotectiffeces of galectin-3 appear to be
partly through a N-glycation pathway, we cannot deigenthat with certainty since
Swainsonine, itself, caused some motor neuron deathinSone demonstrated toxicity
even at concentrations ranging from 4 pg to 0.25 pgt $® likely that another N-
glycosylation inhibitor should be used (Figure 18D).

In motor neurons challenged with glutamate and treaiéid galectin-3, BNAG
(0.5mM) did not reverse the neuroprotective effectgyalectin-3 (Figure 19 C). This

indicates that galectin-3 may be neuroprotective via a baglynediated pathway.
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Figure 19: Galectin-3 is neuroprotective through its ®D via an N-glycan and not O-
glycan mediated pathway.Differentiated NSC-34 motor neurons were challengéd
1mM glutamate with or without rmGal-3 and (A) lacp$B) Swainsonine, or (C) BNAG.
(D) NSC-34 cell viability were measured for range of $wanine doses (4 to 0.25 pg).
Cell viability was measured with MTT after 48 hrs. Xsarepresents cell viability
expressed as % of control. Controls represent no TiHfakectin-3 treatment. Data shown
are mean values with error bars representing SEM ( nwdls per group) Each
experiment was repeated at least twice. p€0.001 indicates significant difference with
control; ### p<0.001 indicates significant difference with glutaendareated cultures.
Statistics were calculated by Studertttest comparison with Sidak multiple comparison

correction where appropriate.

A1



To determine whether extracellular galectin-3 may haveeateffect on glutamate
uptake by astrocytes, uptake was measured in primamgcass with or without the
addition of 2.5 pg rmGal-3 to the culture media. Asttes were treated with 150 uM
dbcAMP, for 48 hrs prior to rmGal-3 treatment, and dbcANME3 maintained in the culture
media during rmGal-3 treatment. Dibutyryl cyclic AMgauses the differentiation of
astrocytes with increased expression of glutamate treesp@Schlag et akt al, 1998)
and some use dbcAMP treated astrocytes as a modsitieated astrocytes (Bochelen et
al. et al, 2000; Daginakatte et at al, 2008; Tilleux and Hermaret al, 2008). Astrocyte
cultures treated with 2.5 pg rmGal-3 demonstrated ramgdh in total glutamate uptake
(total uptake not shown). Total uptake in astrocytes treated with rmGal-3 was
composed of 70% GLT-1 specific uptake and 30% non-Glspekific uptake. In primary
astrocyte cultures treated with 2.5 ug rmGal-3 topghke was composed of 50% GLT-1
specific and 50% non-GLT-1 specific uptake. This egponded with a significant
decrease in GLT-1 specific uptakp<(.05) and a significant increase in non-GLT-1
specific uptaked<0.05) in rmGal-3 treated cultures (Figure 2A).

To identify the source of increased non-GLT-1 asparigptake, cell surface
expression of the GLAST and GLT-1 transporters in arnymastrocyte cultures was
examined. Cell surface proteins were labeled witkirbend purified by separating avidin-
conjugated-biotinylated proteins with centrifugation atmén quantifying transporter

expression with immunoblots (Figure 2B). In astrogyfied with media containing 2.5
17



pg/mL rmGal-3, there was approximately 24p&@.05) and 28%p<0.05) more GLT-1
and GLAST cell surface expression, respectively, coetpar vehicle fed controls (Figure
2C). Optical density of the glutamate transporter encill surface was expressed as a %
of control and was normalized to total glutamate dpanter expression. Fraction purity
was verified by immunoblot analysis of actin expressiith the cell-surface biotinylated
fraction not containing any actin (Davis etetlal, 1998) (Figure 2 D). For this assay it is
important to ensure that biotin has not labeled mmnacellular proteins. These data
suggest that increases in GLAST expression at the céiceumay be responsible for a
galectin-3 induced increase in glutamate uptake candequently, for the neuroprotective

effects of galectin-3 observed in the organotypicitro assay.
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Figure 20: Galectin-3 acts directly at astrocytes to naulate uptake and to increase
both GLT-1 and GLAST cell surface expressionDibutyryl cyclic AMP treated primary
astrocytes were co-incubated with galectin-3 for 72r$10{A) Uptake was measured by
detection of JH]-d-aspartic acid uptake in culture lysates. Uptakexjgessed as counts
per minute per mg protein / per 10 mins as a % af tgitake (n=12 wells per experiment
and each experiment was repeated at least twice).IrfBnunoblots of glutamate
transporters GLT-1 and GLAST isolated using biotirdavienrichment from primary
astrocyte cultures exposed directly to rmGal-3 (rex) (C) optical density of cell surface
GLT-1 or GLAST are expressed as a percentage of asmlrelative to cultures not
treated with galectin-3 and are normalized to t@&lT-1 or GLAST expression. (D)
Subcellular fractions were probed for actin to testpiurity. Since actin is an intracellular
protein it should be absent from the biotinylated mpiasmembrane fraction (T=Total
fraction, C=Cytosolic Fraction, PM=Plasma membranetifva). Data shown are mean
values with error bars representing SEMp<0.05 indicates significant difference

compared to control) by Student:test comparison.
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To determine whether galectin-3 may alter astrocyptake and cell surface
glutamate transporter expression through indirecbgtat microglia, astrocytes were fed,
for 72hrs, with media taken from microglial culturesr{ditioned media). The conditioned
media came from primary microglia that were, or weog exposed to 2.5 ug/mL of
rmGal-3 for 48 hrs.

In astrocytes exposed to the rmGal-3-conditioned mdwige twas no significant
change in total uptake relative to cultures that wesm conditioned microglia with no
rmGal-3 supplementation (Figure 21 A total uptake not showuithermore, there was no
significant difference in GLT-1 nor non-GLT-1 uptalkecultures treated with conditioned
media from rmGal-3 treated microglia relative to dboded media from non-rmGal-3
treated microglia (Figure 21 A- hatched and grey)b&tswever, In astrocytes fed with
rmGal-3-microglial-conditioned media, there was a 5Sii¥#érease in GLAST and no
change in GLTL1 cell surface expression (Figure 21 @ @n At leastin-vitro, it appears
that galectin-3 does not modulate astrocytic glutamptake through release of microglial

soluble factors, despite the observed increase in GLASSwface expression.
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Figure 21: rmGal-3 does not act through microglia toinduce change in astroglial
glutamate uptake Primary microglia were or were not exposed to g.5mGal-3 for 48
hours. Microglia media (conditioned media+rmGal-3 onditboned media(-)rmGAI-3)
was then fed to primary astrocytes for 72 hours faldwA) astrocytic uptake (n=12wells
per condition, and each experiment was repeated st tedce. (B) Immunoblots of
glutamate transporters GLT-1 and GLAST isolated usiiogn-avidin enrichment from
primary astrocyte cultures exposed directly to coongd media (n=3). (C) Optical density
of cell surface GLT-1 or GLAST are expressed as agmage of absorbance relative to
cultures not treated with galectin-3 and are nomedlito total GLT-1 or GLAST
expression. Data shown are mean values with error baresemting SEM (*p<0.01

indicates significant difference compared to controlphydent’s-test comparison.
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In chapter 2, data were presented which indicate thevawbns in the

immunomodulatory protein galectin-3 during motor neutiz@asen vivo may subserve a
neuroprotective function, possibly by diminishing theuroinflammatory response. The
purpose of the present chapter was to explore themetective functions of galectin-3
further, within the context of excitotoxic insult by tdmate, and neuroimmunomodulatory
(astrocyte and microglial) effects on glutamate uptakech have been shown to limit
excitotoxic damage. Excitotoxicity is known to be a magathological feature of ALS,
and recent data suggest a strong interplay betweahbrekoitotoxicity and inflammation in
the disease (Rothstein etal.al, 1993; Rothsteiet al, 1996; Howland et akt al, 2002;
Tilleux and Hermanst al, 2007).

The data from this chapter indicate that galectpreéects against excitotoxicity,
and that such neuroprotection is associated with altgikgdmate uptake, through the
regulation of specific glutamate transporters (AL&nd GLAST), whose expression at
the cell surface of astrocytes is directly altergajalectin-3. However, galectin-3 does not
appear to modulate astrocyte uptake through microggiatetions. Further, galectin-3 is
directly neuroprotective against excitotoxic insultgere in isolated motor neurons that
have no glial interaction, and this protective effesclikely mediated, at least in part,
through the galectin-3 carbohydrate-binding domain.

These studies employed a reductionist approach. In asgao cultures, the
systemic and vascular influences that are involvedseadien vivo are removed, yet the

cultures retain the neuroanatomical pathways and nalighial relationships as they exist



in the spinal cord (Rothstein et at.al, 1993; Matyja et akt al, 2006). This makes them
particularly well suited to use as a model of neuwstgmtion for excitotoxicity. Additional
studies used individual pure cultures of microgliaroastes, and an NSC-34 motor cell
line (because pure primary motor neuron cultures dfieulli to prepare) (Eggett et abt
al., 2000; Gomes et att al, 2008; Matusica et akt al, 2008) to unequivocally tease out
the effects of galectin-3 on each individual cell tyggoth the organotypic slice model of
slow excitotoxicity and the NSC-34 motor cell line Bgweviously been used emsvitro
models relevant to ALS (Rothstein etetlal, 1993; Gomes et at al, 2008).

It is worth noting that galectin-3 had the same effem glutamate uptake in
astrocyte only cultures as it did in the organotwtice, where neuronal-glial contacts were
undisturbed, and where galectin-3 was shown to have aalloseuroprotective effect.
One interpretation is that this shows the importaoicéhe glutamate uptake effect of
galectin-3 in neuroprotection. However, this conidilmss not supported by the evidence
that galectin-3 did not change total uptake, evenghat did alter uptake at specific
glutamate transporters. If the total (overall) uptakas unchanged by galectin-3 it is
difficult to explain how uptake modulation contributesthe observed neuroprotection. It
is worth noting, however, that glutamate transporéeesdifferentially distributed within
the nervous system, and moreover, that their distribpidterns are altered by disease (Li
et al.et al, 1997; Danbolet al, 2001; Ohgoh et akt al, 2002). Thus in regions that
contain an abundance of non-GLT/GLAST transporters,irtbeease in GLAST due to
galectin-3 may significantly change total uptake, with bpposite being true of GLT-1.
Indeed, disparate effects such as this are believeddrlimnthe differential vulnerability
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of various CNS regions to specific disease mechan{8ristol and Rothsteiet al, 1996;
Li et al.et al, 1997; Ohgoh et att al, 2002)

Alternately, it is worth considering that direct protectitfee of galectin-3, both in
organotypic cultures, and in isolated neurons, nuyadly be quite significant, since this
protection was shown in organotypic cultures even windéal glutamate uptake was
unaltered. The observations that galectin-3 was diraethyoprotective evokes completely
novel ways to consider the potential functions okegih-3. Further, the demonstration
that this effect is related to the carbohydrate-rettimgn domain of galectin-3 suggests a
number of possible disease mechanisms that couladered in more detail (discussed
below).

The data showing that galectin-3 effects were notiated through O-glycan
binding are consistent with reports in other celles/pvhich show that galectin-3 prefers
binding to N- rather than O- glycans (Hirabayashalett al, 2002). While we were
unable to demonstrate conclusively that galectineBroprotection involved N-glycan
binding due to the unexpected neurotoxicity of Swainsortime -glycan inhibitor), it
may be useful to attempt this experiment again diffierent, perhaps less toxic, N-glycan
inhibitors. However, in this regard, it has been oesirated that certain mouse strains
(PL/J, SJL, NOD) are deficient in N-acetylglucosantiyisferases I, Il and V, and that
these enzymes are required for the synthesis ofybagt (Lee et akt al, 2007). In the
strain with the greatest deficiency (PJ/L), mice dgwegpontaneous, inflammatory
demyelination, neurodegeneration and progressive pardlyse et alet al, 2007). Thus,
it is possible that the use of N-glycan inhibitors irtu@ may prove neurotoxic regardless
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of the concentration or type of inhibitor used. &y, this underscores the importance of
N-glycans in neuronal survival.

Extracellular galectin-3 is able to modulate cajnsil transduction pathways that
are evoked through N-glycan containing glycoproteins umexd forms a lattice structure
with the glycans that prevents their endocytosis (Deoweet al.et al, 2001; Partridge et
al. et al, 2004). When the receptors do not undergo endsisy their signal transduction
pathways are enhanced (Partridge e¢tahl, 2004). Galectin-3 has the highest affinity for
Mgat5-branched glycans which are added to proteissdban the amino acid sequences,
N-X-S/T (Partridge et akt al, 2004). Thus, we recently used the software modualgpfo
(Emboss) to scan for proteins specifically relateche@aroinflammation and glutamate
homeostasis that contain a relatively high numbelydan motifs (Table 5 A B). The
significance of this rests with the observation tha thotif is particularly enriched in
many of the receptors for cytokines, growth factors and tramsmitters.

Analysis of glycosylation consensus sequences on GoUlGLAST, reveals only
1 and 2 sites, respectively. Thus, galectin-3 is probabtyaffecting GLT1 or GLAST
expression directly. However, GLT1 or GLAST expression lbaninfluenced by glial
secreted cytokines and/or growth factors (Klegerial.ett al, 1997; Suzuki et akt al,
2001; Zhao et akt al, 2004; Block and Hongt al, 2005; Bsibsi et akt al, 2006; Li et
al. et al, 2006; O'Shea et &t al, 2006; Zhou et akt al, 2006; Tilleux and Hermaret
al.,, 2008), and galectin-3 may indirectly modulatetayluate uptake via its interactions
with their receptors. For example, the EGF receptorHit®as 10 to 12 N-glycan
glycosylation consensus sites and has been shown tagyarrdduced receptor endocytosis
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due to galectin-3 binding. (Partridge et efl.al, 2004). Moreover, EGF has previously
been shown to indirectly increase GLT1 and GLAST esgiom at the cell surface of
cultured astrocytes (Suzuki etel.al, 2001; Li et alet al, 2006).

Analysis of N-X-S/T glycosylation sites of astrocytiransmembrane signaling
proteins highlights several receptors that may modglatamate homeostasis (Table 4 B).
Analysis of glycosylation consensus sequences on cygaldceptors with known affects
on glutamate homeostasis revealed several intramefpalthways that may be affected by
galectin-3 expression (Table 4 A B). Notably, TLR3 ahdR7 receptors have 16 and 14
glycosylation consensus sites, respectively. Actwatof TLR3 may have several
downstream neuroprotective effects including decreassugoinflammation via secretion
of IL-10 (Rothwell and Luhestlet al, 2000; Allan and Rothweét al, 2001; Bsibsi et al.
et al, 2006) and/or increasing glutamate uptake (Namekath et al, 2008). Other
studies demonstrate that astrocytic group Il and Idab@ropic glutamate receptors, each
with 5 N-glycosylation consensus sites, can decraasmgrotoxicity in a model of
neuroinflammation (Zhou et adt al, 2006).

In conclusion, our data suggest that elevated galeatiaydbe neuroprotective by
decreasing glutamate mediated excitotoxic insult. Noaytes galectin-3 acts to increase
glutamate uptake by increasing cell surface expressiagiutamate transporters. It is
unclear how extracellular galectin-3 is acting direcy motor neurons to be
neuroprotective against excitotoxic insult, exceptdemonstrating, at in least part, that
galectin-3 protection is mediated through the CRD.Heaurtnvestigation is necessary to
explore the binding relationships of galectin-3 with cetface proteins.

.9



ol

Gal-3 mediated
inhibition of cell surface
receptor endocytosis




Figure 22: Galectin-3 can inhibit endocytosis of ceburface proteins through binding

to extracellular N-glycan sidebranches N-Acetyllactosmaine residues can be added to
cell surface proteins in the endoplasmic reticulum Iay family of N-
acetylglucosaminyltransferases, designated by theie games (Mgatl, Mgat2, Mgat4,

and Mgat5). Galectin-3 has the highest affinity for Nbgatached glycans.
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Table 5: Number of N-X-[S/T] N-glycosylation siteson select proteins that may affect

excitotoxic outcomes during neuroinflammation. (A) Growth factor and

neurotransmitter receptors that contain Mgat5 modifgites. The FASTA mouse protein
library was scanned using fuzzpro software based ort9Mgading consensus sequence
(N-X-S) and/or (N-X-T). Only well-studied growth factand neurotransmitter receptors
with a hit count of greater than 6 are included in thlde. (B) Cytokine and glutamate
receptors that galectin-3 may act to increase non-Gliiediated glutamate uptake.
Galectin-3 is probably not acting at GLT-1 or GLASTedity since there are is a relative

low abundance of N-X-S/T sites.
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Galectin-3 is unique amongst the galectin family otgins due to an atypical N-
terminal protein binding domain. Similar to otheregdins, galectin-3 also contains a C-
terminal carbohydrate recognition domain. Through the aNd C-terminal binding
domains, galectin-3 can interact with proteinsauwesal different compartments of the cell,
including the nucleus, mitochondria, cytoplasm, memd@nd extracellular milieu. Based
on the its cellular localization, galectin-3 canulage transcription, mRNA splicing, pro-
and anti- apoptotic outcomes, as well as inflammado/ scavenging pathways. Recently,
galectin-3 has been implicated in several CNS disorders sedséis including ALS, spinal
cord injury, prion infection, and multiple sclerosisquid chromatography and tandem
mass spectrometry was used to identify differemfaéctin-3 binding partners in nuclear
and microsomal fractions prepared from spinal coréraf-stage mSOD1 mice. Several
novel putative binding partners of galectin-3 wereniified, including nucleotide-binding
domain (NBD), leucine rich repeat protein 6 (NIrp6) aodl@olin (Nuc) in the nucleus and
stimulated by retinoic acid gene 6 (STRAG6) in the rosomal fraction. Western blot
analysis confirmed differential expression of Nirp6diseased mice (both in Géland

Gal” mice) compared to age-matched controls.
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In chapter 2, we showed that galectin-3 is upreguliatedlS, and that galectin-3
expression was neuroprotective in the mSOD1 mouse model of not@nndegeneration.
Galectin-3 expression was shown to coincide with aedeser in neuroinflammation as
measured by microglial numbers and markers for microgti@ation. In addition, genetic
deletion of galectin-3 increased TNHevels and oxidative stress in the mSOD1 mouse. In
chapter 3, we demonstrated that galectin-3 was #bléncrease GLAST mediated
glutamate uptake in astrocytes and this increaseelated with an increase in neuron
viability. We further showed that galectin-3 could drectly at motor neurons to reduce
glutamate mediated excitotoxic insult, and that tigisroprotection was mediated through
its carbohydrate recognition domain.

Galectins are a family of multivalent lectins thag¢ @xpressed in many different
types of cells where they subserve a number of divanskeimportant cell functions.
Galectins bind 3-galactoside residues on glycoprotamgsparticipate in the arrangement
of membrane domains on the cell surface (for review(Bemnic et al.et al, 2006)).
Galectins are secreted via a non-classical pathwaygléo are found intracellularly where
they shuttle between the cytoplasm and nucleus (Gongetiadl 1999).

Galectin-3 is best known as an inflammatory mediatahé periphery (del Pozo et
al. et al, 2002; Almkvist and Karlssoet al, 2004; Stowell et akt al, 2008), where it acts
to recruit neutrophil§Sato et alet al, 2002), facilitate phagocytosis (Rotshenkemal,
2009), and promote inflammatory mediated respiyabarsts (Almkvist and Karlssoet

al., 2004). During bacterial infection, galectin-3 is sé&d and acts as a chemoattractant
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(Rabinovich et alet al, 2002; Rotshenkeet al, 2003; Hsu et alet al, 2009) and
facilitator for neutrophils binding to extracellular tma (Almkvist and Karlssoret al,
2004). Galectin-3 can also decrease inflammatiomnbseasing the threshold of T-cell
activation (Demetriou et akt al, 2001) and by promoting apoptosis of immune cells
(Yang et al.et al, 1996). Recently, galectin-3 was shown to have airol@ternative
activation of macrophages, which is a state of inflaton characterized by a decrease in
expression of some pro-inflammatory mediators (Mackmebal.et al, 2008). However,
the mechanism by which galectin-3 regulates alternatiweation is unknown.

Galectin-3 may bind to different proteins and exerted#ht actions depending on
its subcellular localization. Therefore, we decided toaugeteomic approach to determine
which proteins bind to galectin-3 in subcellular camments prepared from spinal cord
homogenates from mice with end-stage motor neuronsdis@aese data will bring insight

into the role of galectin-3 in ALS.
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Spinal cords were dissected from end-stage miceeifroand crushed into a fine
powder under liquid nitrogen in a mortar. The resgltpowder was resuspended in cell
lysis buffer [0.25M sucrose, 20mM Tris, 25mM KCI, 5mMgCl,] and homogenized.
Then, homogenate was further lysed using a Dounce hoiaegermThe resulting
homogenate was collected and centrifuged at 800 x @5fanins at 4°C to pellet nuclei
and the supernatant was centrifuged at 9000 x g for 23 @i 4°C to pellet the
mitochondrial fraction. The nuclear pellet was resodpd in cold lysis buffer and
homogenized 10 more times before being filtered through andMylon filter. The
mitochondrial pellet was resuspended in ice cold mitochdnésaspension buffer [0.25M
sucrose, 5mM Tris, 1ImM EDTA, protease inhibitors] areldhpernatant was collected for
cytosolic fraction purification. The mitochondrial ¢teon was centrifuged once more at
10,000 rpm, and the mitochondrial pellet was resuspemdettochondrial buffer and the
supernatant was discarded. Remaining supernatant dbgtdsaction) from the first
mitochondrial pelleting step was centrifuged at 100,0@Dfor 1 hr at 4°C to obtain the
purified cytosolic fraction (supernatant) and the nsoroal fraction (pellet). Microsomal

fraction was resuspended in protein extraction buffer (iré&, 2M thiourea, 2% CHAPS].

Immunoprecipitation was facilitated using the Dynal ®1Rnvitrogen, Carlsbard,
CA) particle concentrator. Dynabeads Protein G (InvémgCarlsbard, CA) were

resuspended in their original vial by vortexing for 2 snikifty L of the Dynabead
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suspension was transferred to a test tube at roopetatare. The test tube was placed on
magnet to allow the beads to aggregate and supernedgntemoved. Dynabeads were
then washed 3 times with 500 citrate phosphate buffer. Twenty of goat -mouse
galectin-3 (R&D Systems, Minneapolis, MN) resuspendedxPBS was added to the
beads and the mixture was kept for 1 hr at 4°C to allmwirimunoglobulin capture.
Cellular fraction lysates were then added to Dynalfatkin G- -galectin-3 mixtures and
incubated for 2 hrs at 4°C on a rotator. The samples then placed on a magnet to pull
out the Dynabeads. The Dynabeads were then washed 3uithé&90 | citrate phosphate
buffer containing 0.1% Tween-20. Elution of galectiaf®l galectin-3 interacting proteins
was carried out using a low pH elution buffer (0.1Mat#, pH 3). For this, the wash
buffer was removed and replaced with 200f elution buffer, and the samples were
rotated for 2 minutes at room temperature. The samydes again placed on magnets to
re-concentrate the Dynabeads and the supernatant ntogtdhe eluted sample was

removed and adjusted to physiological pH using 1M Tris pét @ufther analysis.

4.3.3% % % 2'

Galectin-3-coimmunoprecipitated microsomal or nucligactions were loaded
onto 4-15% poly-acrylamide gels and run at a constahv@®s until the dye front reached
the bottom of the gel. Following electrophoresis, ¢jeés were stained using BioSafe
Coomassie stain (Bio-RadHercules, CA) The gel bands were excised, transferred to
Eppendorf tubes, and subjected to in-gel trypsineptgsis. Briefly, each gel sample was
washed in double distilled J (ddHO) once, followed by 2 washes with

ddHO/acetonitrile (ACN) 1:1 (v/v) for 15 minutes. Liquidag removed and acetonitrile
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was added to cover gel piece for 5 mins. The washegigmds were incubated with ACN
for 5 mins after which ACN was discarded and thepgates were rehydrated in 100mM
NH4HCO; for 5 minutes. An equal volume of ACN was added ta:h ratio with
NH4HCO; and incubated 15 mins. All liquid was removed andpigtes were dried in a
vacuum centrifuge.

Dried gel pieces were rehydrated in ROof digestion buffer consisting of
12.5ng/ L of trypsin in 50mM NHHCO; for 45 mins. Excess digestion buffer was
removed and replaced with b of 50mM NH;HCOs and allowed to incubate overnight at
37°C. Peptides were extracted by adding,[l26f 25mM NH;HCO; to the gel pieces and
allowed to incubate for 15 mins, followed by additiof 25 L acetonitrile and an
additional incubation for 15 mins with occasional varg. Supernatant was recovered
and 30| of 5% formic acid and 50% acetonitrile (1:1, wvas added to gel sample tubes.
Supernatant was removed and the peptide recovery sepepeated twice and pooled
with previous fractions. Samples were then driedguaimacuum centrifuge.

**3 9 @44

Nano-LC tandem mass spectrometry was performed obCaRacking system
(DIONEX UltiMate Capillary/Nano LC System, Dionex g Sunnyvale, CA) connected
to a Linear lon Trap (LTQ) mass spectrometer (Thernsxtiln Corporation, San Jose,
CA). Each sample was injected via an autosampler adddoanto a C18 trap column (300

m x 1 mm, LC Packings) for 6 min at a flow rate of 1Omin. The sample was
subsequently separated by a C18 reverse-phase columm (¥35 cm, Vydac, Columbia,

Maryland) at a flow rate of 300 nL/min. The mobile phasassisted of water with 0.1%
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formic acid (A) and 90% acetonitrile with 0.1% fornacid (B). A 90-min linear gradient

from 5 to 50% B was typically employed. After LC segteon, the sample was introduced
into the mass spectrometer via a 10-silica tip (New Objective Inc., Ringoes, NJ)
adapted to a nano-electrospray source (Thermo EleCwgporation, San Jose, CA). The
spray voltage was set at 2.0 kV and the heated agptal60 °C. The LTQ was operated
in data-dependent mode in which one cycle of experimentsstahsf one full-MS survey

and subsequently five sequential MS/MS experiments.tdiigeted ion counts in the ion
trap during ful-MS and MS/MS were 30000 and 10 00@peetively. Peptides were
fragmented in the linear ion trap using collision-ineiclissociation with the collision gas
(helium) pressure set at 1.3 milliTorrs and the norredlizollision energy value set at
35%.

* o

Protein searches were performed with the BioWorks 3.2 sat{¥é&ermo Electron
Corp, San Jose, CA). Each file was searched agamshouse SwissProt databases using
the Sequest search engine set for the variable modificat oxidized Met atl6 Da. The
acceptance criteria for peptide identifications were séillasvs: a DeltaCn (Cn) > 0.1, a
variable threshold ofcorr vs charge stateX¢€orr = 1.9 forz =1, Xcorr = 2.5 forz= 2, and
Xcorr= 3.5 forz 3) and a peptide probability based score wiphvalue < 0.001. The rate
of false positive identification was determined (usihg same filtration criteria) by
searching the files against a reversed mouse NCBIltabase. Using these stringent
filtration criteria, the rate of false positive identi#ton was less than 1.8%, thus increasing

the confidence in the identified proteins.
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Protein homogenates were prepared from spinal cord o#tiER lysis buffer and
protein concentration was determined using the BCA proéssay kit (both Pierce
Biotechnology, Rockford, IL). Fifteen pg of protein weesalved on 10% tris-glycine or
bis-tris polyacrylamide gels and electrotransferredHybond ECL membranes (GE
Healthcare, Piscataway, NJ). Blots were blockedaoking buffer (0.0005% Tween 20
and 5% dried milk powder in 1x PBS) for 1 hr, and incubbateh primary antibody for 1
hr, washed 3 times in 1x PBS 0.005% tween, and tierbated with anti-HRP conjugated
secondary antibody for 1 hr. Secondary antibody wafied8 times in 1x PBS-Tween
and then incubated with Enhanc€&themiluminescence (ECL) detection reagents (GE
Healthcare, Piscataway, NJ), and exposed to film.badtes that were used include: goat

-mouse STARG6 (1:500; Everest Biotech, Oxfordshire, Wyoat -mouse NIrp6 (1:500;
Santa Cruz Biotechnology, Santa Cruz, CA), moussuse C23(nucleolin) (1:500; Santa
Cruz Biotechnology, Santa Cruz, CA), and mousenouse actin (1:5000; Sigma-Aldrich,
St.Louis, MO). Secondary antibodies used include hadssr peroxidase-conjugated goat
anti-mouse (1:3000; Bio-Rad, Hercules, CA), or horseradistxjmlase-conjugated donkey

-goat (1:3000; Santa Cruz, Santa Cruz, CA).
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Nuclear and microsomal fractions were prepared fspmal cord homogenates of
end-stage SOF**/ Gal-3™, SOD'" / Gal-3", and SO / Gal-3" mice (n=1 with 3
pooled spinal cords for each genotype). To separatctgaB and galectin-3 binding
partners, -mouse galectin-3 antibody was bound to Dynabeadsttan incubated with
the fractionation sample to capture galectin-3 anddntmg proteins. Figure 23 shows
SDS-PAGE of microsomal and nuclear immunoprecipitdtase 3 of microsomal and
nuclear fractions represent a negative control. S8D1Gal-3" immunoprecipitates (lane
3 of microsomal and nuclear fractionation) were not expectegbtive significant number
of binding partners, since galectin-3 was is not expresste Gal-3 mouse. Indeed, the
microsomal fraction did not appear to have sigaificnon-specific binding, demonstrating
high fidelity co-immunoprecipitation. The nuclear fraatidhowever, did appear to have
significant non-specific immunoprecipitation, cafjiinto question the quality of results
from that fraction. Protein bands were cut from ge and digested with trypsin and
subjected to LC-MS-MS analysis. Proteins identifiein the SODY" / Gal-3" sample
were subtracted from the SOB#* / Gal-3"" and SODY™ / Gal-3" generated protein
lists, since these represented identified protdias may bind antibody non-specifically.
Protein lists were further filtered to include proteihat had 2 or more peptides identified

by LC-MS/MS analysis. The purity of the fractions waseatained by computing the
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percentage of known proteins from each cellular compart within a specific fraction.
Generally, a 40% enrichment for the targeted subcellulardraist considered a successful

enrichment (Macher and Yet al, 2007; McQuade et at al, 2009).

Using UniProt (www.uniprot.org) cellular compartmenfsdentified proteins was
determined. The microsomal fraction was composed of #i€mbrane proteins, 47%
cytoplasmic proteins, and 12% nuclear proteins (Figd4e The nuclear fraction was
composed of 28% nuclear proteins, 27% mitochondrialepret 22% membrane bound
proteins, and 23% cytosolic proteins (Figure 24). ifledtproteins with greater than 2
peptide ID and greater than 5 N-X-[S/T] glycosylatisiires for the nuclear and
microsomal fraction are shown in (Table 6 A andaBf any known association with
galectin-3 is indicated. Galectin-3 itself was ideatfiin the nuclear fraction of both
diseased and non-diseased mice. Galectin-3 wadatetted in the galectin-3 knockout

control immunoprecipitates.
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Figure 23: Microsomal and nuclear subcellular fragtioSpinal cords from end-stage
SODTI**/ Gal-3"™: soD1'"/ Gal-3"; and SODY™ / Gal-3" mice were homogenized
and purified into nuclear and microsomal fractionale@tin-3 and the proteins that-bound
to it were then immunoprecipitated usinggalectin-3 antibody. The proteins were then
separated using 1D SDS-PAGE and visualized with essia blue stain. Protein bands
were excised from the gel and prepared for identifinausing LC-MS/MS. (n=1; each n

represents 3 pooled spinal cords per genotype).
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Figure 24: Enrichment profile for microsomal and nucledacsllular fractions. Galectin-3
immunoprecipitated proteins from microsomal and nudebcellular fractions were
identified using LC-MS/MS. Each identified protein when classified based on its
cellular localization using the UniProt database. The ddtprotein localization was then

used to determine quality of fractionation protocol.
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Table 6 A
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Alpk3 induction differentiation originator

Apc Isoform 1 of Adenomatous polyposis coli protein
Atp5] ATP SYNTHASE, H+ TRANSPORTING,
C1lgb Complement C1q subcomponent subunit B
Coxb5a Cytochrome c oxidase subunit 5A

Cryab Alpha-crystallin B chain

EG622339 predicted gene, EG622339

Fatl FAT tumor suppressor homolog 1

FInc Isoform 1 of Filamin-C

Gnaol Isoform Alpha-2

Gng13 Guanine nucleotide-binding protein
Hnrnpa Heterogeneous nuclear ribonucleoprot.
Hspbl Isoform A of Heat shock protein beta-1
Immt Isoform 1 of Mitochondrial membrane protein
Krt82 Keratin type Il cuticular Hb2

Lbx1 Transcription factor LBX1

Lgals3 Beta-galactoside-binding lectin (Fragment)
Lmnb2 Isoform B3 of Lamin-B2
LOC632401;H2afj H2A histone family, member J
LOC673002;EG634650;Mpa2| Predicted

Mbp Isoform 7 of Myelin basic protein

Mtapla Isoform 1 of Microtubule-associated
Myh8 Myosin-8

Myh9 Myosin-9

Ncl Nucleolin

Nefm Neurofilament medium polypeptide

NIrp6 NACHT, LRR and PYD-containing protein 6
Pkm2of Pyruvate kinase isozymes M1/M2

Plecl Isoform PLEC-1I of Plectin-1

Plekhgl Protein

Tmod2 Isoform 1 of Tropomodulin-2

/ /
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Table 6B
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1810009J06Rik RIKEN cDNA 1810009J06
5430421N21Rik Keratin type Il

Atpla3 Sodium/potassium-transporting ATPase
Clga Complement C1q subcomponent

Clgb Complement C1q subcomponent

Clgc Complement C1q subcomponent

Cnp Isoform CNPI of 2',3'-cyclic-nucleotide 3'-phosphodiesterase
Dnm1 Isoform 1 of Dynamin-1

Dnm2 Isoform 1 of Dynamin-2

Dnm3 Isoform 1 of Dynamin-3
Glyceraldehyde-3-phosphate dehydrogenase
Krt13 Isoform 1 of Keratin, type | cytoskeletal 13
Krtl4 Keratin, type | cytoskeletal 14

Krt16 Keratin intermediate filament 16a

Krt19 Keratin, type | cytoskeletal 19

Krt2 Keratin, type |l cytoskeletal 2 epidermal
Krt25 Keratin, type | cytoskeletal 25

Krt5 Keratin, type Il cytoskeletal 5

Krt6a Keratin, type Il cytoskeletal 6A

Krt72 Keratin, type Il cytoskeletal 72

Krt79 Keratin, type Il cytoskeletal 79

Krt8 Keratin, type Il cytoskeletal 8

Lgals3 Beta-galactoside-binding lectin (Fragment)
Nefm Neurofilament medium polypeptide

RIKEN cDNA 4732456N10 gene

Stra6 Stimulated by retinoic acid gene 6 protein
Tubala Tubulin alpha-1A chain

Tubb4 Tubulin beta-4 chain

Zcchcell Zinc finger, CCHC domain containing 11
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Table 6: Proteins identified proteins in galectin-3(A) nuclear and (B) microsomal
immunoprecipitates from spinal cords of SOD$%** / Gal-3"* and SOD1"" / Gal-3"*
end-stage mice.Proteins were resolved on SDS-PAGE and trypsinizeidré being
analyzed using LC-MS/MS. Protein ID was identified dsh®n sequences from two or
more peptides using the integrated Qstar software anMARCOT search engine from
Matrix Science. Peptide counts used to identify proteiesndicated for SOt/ Gal-
3"T and sSODY" / Gal-3'". Proteins indentified in SOB1 / Gal-3" mice were
subtracted from the gene list, as they represented non-speigfacting proteins. The lists
were filtered based on proteins with greater thae&ide identifications and 5 or more N-
X-[S/T] N-glycosylation consensus sites. Numerical galuunder genotype column
heading represent peptide count per protein. ND irelicatot determined” for instances

where peptide fragments were not identified for indicatredein.
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The nucleotide-binding domain, leucine rich repeat pnddefNIrp6) was found to
be expressed in the nuclear fraction of S&/ Gal-3™ mice. NiIrp6 was not identified
in the nuclear fraction or microsomal fraction of SBH¥ Gal-3"* mice. Immunoblot
analysis were performed on spinal cord nuclear subaelifraction from end-stage
SODI****/ Gal-3™; SODT***/ Gal-3"; SOD1"" / Gal-3™; and SODY" / Gal-3" mice
(n=3 per genotype- 2 spinal cords were pooled for epmiotype) (Figure 25 A) to
determine the relative expression level of Nirp6 inheaicthese genotypes (Figure 25 B).
NIrp6 levels were approximately 20% (n=p<0.05) and 30% (n=3%<0.01) lower in
SODI*** | Gal-3™* and SOD$*" / Gal-3" mice, respectively, relative to their non-

diseased age/genotype matched controls.
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Figure 25: NIrp6 expression is decreased in diseasadd in diseased galectin-3 mice
relative to age-matched and genotype-matched controldluclear fractions from spinal
cord were probed for NIrp6 protein expression in SEBY Gal-3™*; SODL**/ Gal-3';
SODIVT / Gal-3"; and SODY"/ Gal-3"* end-stage mice. NIrp6 expression is expressed as
the optical volume density as a % of non-diseased wild-type (n=3, each n represents 2
pooled spinal cords.p&0.05 indicates significant difference with wild-g/montrol by

Student’st-test).
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STRA6 expression was identified by LC-MS/MS analysisthe microsomal
fraction of end-stage SOB¥” / Gal-3" mice. STRA6 was not identified in the
microsomal nor the nuclear subcellular fraction of-stadje SODY" / Gal-3"* mice.
Immunoblots were performed on spinal cord micrososodicellular fraction from end-
stage SODT***/ Gal-3"*, SODF***/ Gal-3", SOD1'" / Gal-3"*, and SODY" / Gal-3"
mice (n=3 per genotype- 2 spinal cords were pooleddon genotype) (Figure 26 A) to
determine the relative expression level of STRAG6 in edchese genotypes Although,
there were trends towards elevated STRA6 comparambritrols in both diseased and
diseased mice with galectin-3 knocked down, these tneds not statistically significant

(Figure 26 A).

4.4.4 Expression A B $%

Nucleolin was identified to be expressed in the nucleaidraof SODf**/ Gal-
3" mice. Nucleolin was not identified in the nucleaaction or microsomal fraction of
SoD1" / Gal-3" mice. Immunoblot analysis were performed on spinal cordear
subcellular fractions from end-stage SGBt / Gal-3"™*; SODL*** / Gal-3"; SOD1'" /
Gal-3"; and SODY" / Gal-3" mice (n=3 per genotype- 2 spinal cords were pooled for
each genotype) to determine the relative expressia tdvnucleolin in each of these
genotypes (Figure 26 B). Nuleolin levels were sligketlgvated in the diseased SODT/
Gal-3™ and SODY" / Gal-3" mice relative to non-diseased controls but these resulés wer

not statistically significant.
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Figure 26: Neither STRAT6 nor Nucleolin expression w&s unchanged in diseased
mice relative to age-matched and genotype-matched dools. Subcellular fractions
prepared from spinal cords of end-stage S&#1/ Gal-3™*; SODF*** | Gal-3";
SoD1" / Gal-3", and SODY"/ Gal-3"* mice were immunoblotted for (A) STRAT6
from the microsomal fraction and (B) Nucleolin from theclear fraction. Protein
expression is expressed as optical volume densitg@ndormalized to SOM / Gal-3"™
mice (n=3 each sample consisting of 2 pooled sprals}. No statistical significance was

found amongst groups tested by Studertést.
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Galectin-3 binds target proteins via its C-termin&®BCdomain or its N-terminal
mediated protein-protein interactions (Shalom-Feuergeal.et al, 2008). Galectin-3 is
reported to have different activity, depending onatslization (reviewed by (Dumic et al.
et al). For example, nuclear galectin-3 acts to regutatestription and splicing activities
(Dagher et alet al, 1995; Lin et alet al, 2002), whereas cytoplasmic galectin-3 can act to
regulate pro- and anti-apoptotic pathways (Yang ettadl, 1996; Liu et alet al, 2002;

Yu et al.et al, 2002; Fukumori et aét al, 2003; Fukumori et akt al, 2004, Liu et alet

al.,, 2004, Liu et alet al, 2009). Extracellular galectin-3 has been obsergealt as an
AGE receptor (lacobini et akt al, 2004) and as a modifier of growth factor and/or
cytokine induced intracellular signaling pathways (Deioe et al.et al, 2001; Partridge

et al.et al, 2004).

In chapter 3, data was presented which indicated tha&ctgaB may be a
potentially important neuroprotective factor, throutgheixtracellular actions. In the present
chapter, our goal was to identify proteins thatrexte with galectin-3, and that therefore
may be involved in the functions of galectin-3. Waenbmed immunoprecipitation
together with subcellular proteomics, to identify piede from different cellular
compartments that bind to galectin-3. We used spmals from the end-stage of disease
in each of the 4 genotypes studied in chapter 1 ($&D1Gal-3", SODL***/ Gal-3",

SoDIV"/ Gal-3", sODY"/ Gal-3"7). The ability to use the SOW1/ Gal-3" strain
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is a significant strong point in these experimerdsthay provided an excellent control for

non-specific immunoprecipitation by the galectin-3 lzadly.

Our experiment was designed to use proteomics apathegis-generating tool, so
we elected to investigate relatively novel proteins sehassociation with galectin-3 and/or
ALS was previously undescribed, and could potentiadlye a role in neurodegeneration.
We identified 16 proteins in the microsomal suhdel fraction (Table 6 A) and 17
proteins in the nuclear subcellular fraction (Table 6 B3@DL%*/ Gal-3"* mice that did
not appear in SODY" / Gal-3™ mice. Three of the identified proteins, NIrp6 (nuciear
nucleolin (nuclear) and STRA6 (membrane) were chdseibe further analyzed via
immunoblot analysis for relative expression diffeen@amongst SO / Gal-3™;
SODI****/ Gal-3"; SOD1'" / Gal-3"; and SODY" / Gal-3" mice. STRAG, is a retinol-
binding protein/receptor, that is involved in retinaicid, fibroblast growth factor (FGF),
and Wnt signaling (Blanest al, 2007; Golzio et akt al, 2007). Both Wnt and FGF are
important factors in neuronal cell death, differentiationd developmen{Figueiredo et al.
et al, 2008; Toledo et akt al, 2008; Sanchez-Camacho and Bovolettal, 2009), and
mutations in the STRA6 gene result in a wide grougedfelopmental defects, including
mental retardation(Pasutto et alet al, 2007). Nucleolin was selected for further analysis
because it has recently been shown to be an antiedgoind/or anti-oxidative cell death
factor, through a pathway that involves heat shock jprat@ (Jiang et alet al, 2009;
Zhang et alet al, 2009). In addition, nucleolin expression appears tmdreased in a
number of chronic neurodegenerative conditions, incluéiackinson’s and Alzheimer’s

diseases, Progressive Supranuclear Palsy, and Parkinsgtrophic Lateral Sclerosis of
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Guam (Husseman et at al, 2000; Caudle et aét al, 2009). However, there was no
statistical difference found in expression of STRAG nucleolin amongst the tested
genotypes in our experiment. It is important to notedhly 3 samples were tested with
each sample composed of 2 spinal cords. Thus, itbadlye case that no differences were
found for expression of STRA6 and nucleolin becauséadf of statistical power, in
addition to the observed high variability amongst sasiphlso, the immunoblot analysis
was done on samples that were not co-immunopree@gitaith galectin-3 like the samples
used for proteomic analysis. Thus it may be that tpestins are expressed in relatively
low abundance, and that they are only sequesteredharefore measurable when bound

to galectin-3-but this remains to be explored further.

NIrp6 was chosen for further investigation becausesitai member of the
NALP/PAN/PYPAF family of proteins that assemble irttee inflammasome complex
(Martinon et al.et al, 2002; Jha and Tingt al, 2009). This complex is involved in
inflammation and innate immunity, and is formed irpm@sse to injury or the presence of
infectious agents. Because inflammation is increasdttimSOD1 mouse, the observation
that NIrp6 is downregulated in disease is unexpeeted it may mean that inflammasome
mediated inflammation in not important in ALS. Netheless, there are no previous
reports on the status of NALP/PAN/PYPAF family mensber the role of the

inflammasome in ALS or in the mSOD1 mouse, so thidtresuery intriguing.

NIrp6 is a key component of the inflammasome, a muligimocomplex that can
promote a heightened inflammatory state (Martinor.edtal, 2002). The inflammasome
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consists of caspase 1, apoptosis-associated speck-tkeinpcontaining a C-terminal
caspase recruitment domain (PYCARD), a NALP (sucNlgs6), and sometimes caspase
5 or 11. The exact composition of the inflammasome depamdseotriggering activator
(Jha and Tinget al, 2009). The inflammasome promotes the maturatiorytokimes (IL-

13 and IL-18) from their pro form to their active formginon et alet al, 2002).

The decrease in Nlrp6 observed here was not galedip&ndent since Nlrp6 was
decreased in both the SOB%*/ Gal-3"" and SOD$***/ Gal-3" mice (Figure 25). Thus,
it does not appear that the neuroprotective effegatefctin-3 is acting via this component
of the inflammasome mediated pathway. Nevertheles® #re no previous reports on the
status of NALP/PAN/PYPAF family members or the rotéhe inflammasome in ALS or
in the mSOD1 mouse, so the observation that Nirp@iseegulated in disease is very

intriguing.

This study lacked large enough sample numbers togemolid conclusions from
the galectin-3 co-immunoprecipitation. Sample numbeese limited by the complex
breeding program that is necessary for creating dotralesgenic mice (Figure 27).
Furthermore, because fractionation protocols requi@aling of spinal cord samples to
achieve higher amounts of starting material, even lessats were available to increase
the sample size. It is worth noting that there argulglications to date that have used a
large-scale approach such as proteomics, to evathatewuclear compartment during
disease progression, so this study is relatively nawtlhégh risk. Despite these caveats,
this experiment provides some interesting hypothgmmerating data, particularly with
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regard to the decrease in NIrp6 observed in both $&H1Gal-3™ and SODE***/ Gal-

3" mice. Usingin-vitro models of neurodegeneration, it should be determinbirib is
neuroprotective or neurotoxic. Once NIrp6 is confirmetidwe a potential role in disease
progression, theim-vivo modelof motor neuron degeneration can be used to determine a

more relevant physiological role of Nlrp6.

Finally, the difficult breeding program to obtain d@bktransgenic mice is
restrictive making it difficult to obtain enough expeental samples. Because protein-
protein binding relationships are pH dependent it negessamptimize the conditions that
favor galectin-3 binding. In our findings, there was nrot high degree of co-
immunoprecipitated proteins identified shown previoualy interacting directly with
galectin-3. Thus, our binding conditions may not havenbegtimal to ascertain all

galectin-3 binding relationships.
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ALS is a debilitating disease with no effective curetr@atment. The specific
mechanism that culminates into motor neuron degenerasionnknown. However,
pronounced oxidative stress and an early activation woirdlammatory and excitotoxic
pathways, seem to converge to result in the degenemaitimotor neurons (reviewed by
(Bruijn et al.et al, 2004)).

As described in chapter 2, we used time-series mRigfipg from spinal cord in
the mSOD1 mouse to identify initiating pathogenic mali@cfactors that may be involved
in ALS etiology Our studies are the first to showegth-3 as a very early marker of
disease in the mSOD1 mouse model of ALS, and theimow s1creased galectin -3 and -9
expression in the spinal cords of patients with spordd.S (Figures 2-4 and 6). In
mSOD1 mice, elevated galectin-3 was found specificallyesged in the spinal cord as
compared to other CNS tissue and the gastrocnefimisré 5). Galectin-3 expression was
found predominantly localized to the microglia in botlte and humans (Figure 7 and 8).
We also showed a biological role for galectin-3 in ause model of motor neuron
degeneration through targeted validations ianditro experiments. Study of SOB¥* /
Gal-3" relative to SODT*** / Gal-3" mice showed that galectin-3 was associated not
only with improved behavioral and survival outcomes (Fediy, but also with a decrease
in neuroinflammation and neurodegeneration. Specificgljectin-3 did not alter the age
of onset between these two mSOD1 transgenic gréigyever, SODT*"/ Gal-3" mice
progressed faster through the disease, reaching eatllate stage progression before the

majority of SODF** / Gal-3" mice. The various stages of the disease were basad on
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scoring system defined in chapter 2. On average §8H1 Gal-3™ mice lived
approximately 30 days longer than SOPt / Gal-3" mice which is quite significant
when viewed in terms of the total life span of mSGB¥ mice (~180 days) (Figure 10
A). Neuromuscular function was also tested usingrool, activity tests, and grip strength
tests. In general, SOB¥*/ Gal-3" mice performed better than SCB31*/ Gal-3" mice

on all functional tests (Figure 10 B). Immunohistocleahianalysis of the number of
motor neurons in the lumbar spinal cord of transgenic @gimevealed that SOB¥* /
Gal-3" mice had significantly fewer neurons in the lumbamtral horn region at 100 days
of age than did SOIF?** / Gal-3’* mice (Figure 11). Immunohistochemical analysis of
microglia revealed that at end-stage in SGB1/ Gal-3" mice had significantly higher
numbers of microglia compared to SGIT' / Gal-3"* mice. In addition, in SOIF** /
Gal-3" mice a larger ratio of microglia were positive fotieation marker, ED1 (Figure
12). This observation coincided with an increase inFTNlevels and an increase in
oxidative stress as measured by protein carbonyl roatighs in SODT>**/ Gal-3" mice
(Figure 13). Taken together, the data presentedsrttiasis work suggests that galectin-3
may be involved in neuroprotection by decreasing neuaonmhation and their related
pathways.

In chapter 3, we explored the potential role of gale®tiln mediating
excitotoxicity. Neuroinflammation may contribute to #gatoxic outcomes (Kawamata et
al. et al, 1992; Hall et alet al, 1998; Alexianu et akt al, 2001; Wiksten et akt al,
2007), and we wanted to determine whether galectin-3neasoprotective by decreasing
glutamate mediated excitotoxicity. In a spinal cordaomgypic model of glutamate
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mediated excitotoxicity, we showed that galectin-&eased neuron viability (Figure 18)
with a concomitant increase in non-GLT-1/GLAST glutamataekgand decrease in GLT-
1 specific uptake (Figure 17). We further showed thdecga-3 directly increased
astrocytic surface expression of GLAST (Figure 20)ALS, there is some indication of
GLT-1 dysfunction and resultant excitotoxicity (Rothstet al.et al, 1993; Howland et al.
et al, 2002), therefore, galectin-3 may be exerting a neatective effect by increasing
GLAST mediated glutamate uptake. However, we did neende a galectin-3 mediated
increase in total glutamate uptake, and therefors likely the case that galectin-3 is
neuroprotective via an alternative mechanism. Indeedilso demonstrated that galectin-3
could be neuroprotective in cultures of isolated magurons (NSC-34 cells) challenged
with glutamate induced excitotoxic insult (Figure IBhe CRD domain of galectin-3 may
be important in conferring neuroprotective properties oéa@ai-3 since inhibition of the
CRD with lactose reverses galectin-3 neuroprotedftogure 19 A). Since, galectin-3 has
been shown to mediate intracellular signaling by binding extuaeN-glycosylation sites
on cell surface proteins (Partridge et etl.al, 2004), we used N- and O-glycosylation
inhibitors to determine whether galectin-3 was actira this mechanism. Addition of O-
glycosylation inhibitor, BNAG, to glutamate challedgenotor neurons treated with
galectin-3, did not have any effect on galectin-3 iated neuroprotection (Figure 19 B).
Addition of N-glycosylation inhibitor, Swainsonine der similar conditions, did in part,
inhibit galectin-3 mediated neuroprotection. Howe®wainsonine, by itself was toxic to
motor neurons, and therefore it was not possibleedonclude whether galectin-3 is
neuroprotective via a N-glycosylated mediated path¢agure 19 C). As discussed in
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Chapter 3, further studies are needed to confirm whegectin-3 is neuroprotective via
this mechanism.

In chapter 4, to further investigate potential pathagpathways galectin-3 may be
involved in during motor neuron degeneration in the mSODQOus®, we identified
intracellular and extracellular proteins that bindgdectin-3 in diseased mice (Table 6).
We combined immunoprecipitation together with subcatlybroteomics, to identify
proteins from different cellular compartments thatdbto galectin-3. We identified 31
proteins that were uniquely identified in SCBY / Gal-3™ mice and 21 proteins that
were uniquely identified in non-diseased controls.tdnmics profiling, as with any
genome-enabled profiling, is subject to false postivand it is therefore important to
conduct validations through other methods (immunoblot, immaimasg, or other targeted
experiments). Of the 52 differentially bound proteins, weeted to focus validation efforts
on three proteins, based on their potential for kegsrol the disease; Stra6, nucleolin, and
NIrp6. Stra6 was chosen for its role in cell deatth differentiation pathways through Wnt
and FGF signaling (Figueiredo et ak al, 2008; Toledo et alet al, 2008; Sanchez-
Camacho and Bovolentat al, 2009). Nucleolin, a protein elevated in other
neurodegenerative diseases (Husseman et al., 2000; Caudle et akt al, 2009), was
chosen for its involvement in anti-apoptotic and/ati-axidative cell death pathways
(Jiang et alet al, 2009; Zhang et akt al, 2009). Nlrp6 was chosen for validation because
it is a member of the NALP/PAN/PYPAF family of proteitisat assemble into the
inflammasome complex (Martinon et at al, 2002; Jha and Tingt al, 2009). Of these
3, only the expression of NIrp6 was validated by an peddent method. NIrp6 was
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decreased in SOBT" / Gal-3™ mice relative to SODY' / Gal-3"™ controls. The
presence or absence of galectin-3 had no effect on thessiqoref Nlrp6, as shown by our

double transgenic studies (Figure 26).

5.2.

Galectins are secreted from the cell via a non-dakgiathway which does not
involve the endoplasmic reticulum-Golgi apparatusetecy system (Hughest al, 1999).

In the extracellular space, galectins bind to andsztimk multiple glycoconjugates found
on the cell surface or in the extracellular matrix (Rabich et al, 1999). Most galectins

preferentially bind to glycoconjugates containing igadcharide N-aceytllactosamine
[GalR13GIcNAc or Gal31-4GIcNAC] and repeating chainkamces the binding affinity

(Rabinovich et alet al, 2007).

The structure of galectin-3 is unique relative to otieectins (Houzelstein et &t
al., 2004). Galectin-3 has a single polypeptide chain hwfoems two structurally distinct
domains, the N-terminal domain (ND), and the carbddtgdrecognition domain (CRD).
The ND of galectin-3 is a relatively flexible structw@mposed of 110 to 130 amino acids
and is highly conserved (Roff and Waagal, 1983; Seetharaman et at al, 1998).
Aside from participating in oligosaccharide binding amdtimer lattice formation, the ND
confers the ability of galectin-3 to be secreted fthmcell (Gong et akt al, 1999) and to
confer anti-apoptotic activites (Yoshii et ak al, 2002). The cleavage of galectin-3 by
MMP-2 and MMP-9 increases the carbohydrate bindingiaffof galectin-3, but reduces
self-association reactions (Shekhar eteslal, 2004). The knockdown of MMP-9 in the

mSOD1 mouse attenuated motor neuron loss, decreased aN&+asL and resulted in
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increased survival of diseased mice (Kiaei eehl, 2007). These results suggest that the
self-association properties of galectin-3 may be m@portant attribute in galectin-3
mediated neuroprotection.

The preferred binding carbohydrate of galectin-3-achtyllactosamine (Sato and
Hugheset al, 1992; Agrwal et alet al, 1993). Binding of galectin-3 to carbohydrate
moieties is regulated via several mechanisms. Pbogption of galectin-3 on Ser
strongly affects its ability to bind carbohydrate ligaron glycoproteins (Mazurek et at.
al., 2000; Mazurek et akt al, 2005). Galectin-3 may also be inhibited from binding
carbohydrate ligands through competitive binding by ogaectins (Dumic et akt al,
2006). In this way, it may be interesting to study the neuraginateeffects of galectin-3 in
the presence of galectin-1 and/or galectin-9 inhibitors.

Galectin-3 has been shown to act as both a positive ¢Cefral.et al, 1998; Hsu
et al.et al, 2000) and negative (Demetriou etedlal, 2001; Fukumori et akt al, 2003;
Partridge et alet al, 2004) mediator within inflammatory pathways (reveeMby (Dumic
et al. et al, 2006)). In the periphery, galectin-3 actions are ipeto the cell type
expressed (reviewed in Figure 27). Notably, there ammesaeneral biochemical
characteristics of galectin-3 that make it partiduleelevant to immunomodulation. First,
galectin-3 can bind N-glycosylation residues on esdtalar domains of immune
modulating receptors and enhance their signaling potéBiemetriou et alet al, 2001,
Partridge et alet al, 2004). This is relevant in ALS, because severakays and growth
factors have been shown to affect glutamate transpooteeostasis (Figiel et att al,
2003; Sitcheran et akt al, 2005). Second, galectin-3 can contribute topiesistence of
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inflammation by acting as an anti- and pro-apoptotatofaand thereby promoting the
survival of inflammatory cells (Yang et &t al, 1996; Hoyer et akt al, 2004). And third,
galectin-3 can regulate alternative activation of mplcages (MacKinnon et aét al,
2008). Alternative activation is one of several broaaksis of activated macrophages
which are defined phenotypically (reviewed by (Gordein al, 2003)). Alternative
activation is associated with IL-4 or IL-13 activatfMunder et alet al, 1999), which is
accompanied by a weak proliferative effect, and maeetacrease in respiratory bursts as
compared to classical activation. (Mclnnes and Ré&neical, 1988). The role of
alternative activation in ALS is understudied, and fitstudies should examine the
whether the state of microglial activation is an in@or determinant of disease

progression.
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Figure 27: The effects of galectin-3 on immune cells. Top row destrate anti-
inflammatory actions of galectin-3. Bottom row demonsgadro-inflammatory of

galectin-3.
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There are several pathways in which galectin-3 may be iedalthich can result in
neuroprotection (summarized in figure 28). We observed atigaBmediated decrease in
microglial proliferation and activation which coinem with increased survival. Galectin-3
may be acting to subdue neuroinflammation and therebiybiinpro-inflammatory
molecules that may cause neurodegeneration. Our obses/ati a galectin-3 mediated
decrease in microglial activation and proliferationncmed with a decrease in TNF-
expression and a decrease in oxidative stress leseladi&cated by protein carbonyl
modifications. Supporting evidence that galectin-3aymbe acting to decrease
neuroinflammation is seen by observing the effe€tgatectin-3 on macrophages in the
periphery. Activated macrophages, which originate from theedmeage as microglia, can
be switched from an activated state (M1) to a remoiustate (M2) through a pathway
regulated in part by galectin-3 (MacKinnon etedlal, 2008). While the M2 phase is by
no-means a deactivated state of inflammation, its&te of inflammation that is marked
by weak macrophage proliferation, decreased respiratorystamdta decrease in release of
TNF (Mclnnes and Renniait al, 1988; Gordort al, 2003).

In ALS, it is thought that motor neurons are primarily spsible to necrotic cell
death pathways (llzecket al, 2007; Mattson et akt al, 2007). TNF- released in part
from microglia during neuroinflammation can contribtdea TNFR1 mediated production
of ROS in motor neurons and resultant neuronal nearelicleath (Kim et alet al, 2007,
Morgan et al.et al, 2008). A galectin-3 mediated decrease in TNfay result in a

decrease in TNF-mediated necrotic cell death. Therefore, it may bedse that galectin-



3 is subserving to decrease the state of neuroinflammiatithe mSOD1 mouse resulting
in a decrease in neuroinflammatory mediated neurosaltiduring disease progression.

We also found that galectin-3 could act directly attoan neurons to exert a
neuroprotective effect. Since galectin-3 was nonhibto be expressed in motor neurons
themselves, it may be the case that galectin-3 isattteg with extracellular cell surface
receptors. Other studies showed that galectin-3 binds extfac®&hglycosylation residues
on cell surface proteins to prolong their cell scefaéexpression and enhance signaling
(Demetriou et alet al, 2001; Partridge et akt al, 2004). In this way, galectin-3 may be
enhancing signaling of cell surface proteins that @opfotection to motor neurons by
binding N-glycan motifs on their extracellular domains. Chgesved increase in glutamate
uptake and GLAST expression may be mediated in thisnera Galectin-3 is shown to
increase EGF receptor signaling via a N-glycosylatediated pathway (Partridge et .
al., 2004). Activation of the EGF receptor is shown toseaan increase in glutamate
uptake and transporter expression (Zelenaia edtal, 2000; Figiel et alet al, 2003).
Therefore, we provide evidence that in ALS, galectim8y be increasing glutamate
transport indirectly by increasing cell surface expogssf growth hormone receptors, like
EGF.

Finally, galectin-3 may be neuroprotective by féaiing microglial phagocytosis
of degenerating myelin, a precursor step necessargeimron regeneration after insult.
Galectin-3 is thought to complex with K-Ras-GTP andibt its formation which in turn
enhances K-Ras-GTP activation of PI3K. Activated PI8K microglia promotes
phagocytosis of myelin through an undetermined pathwaglieoker et akt al, 2008).
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One of the main limitations of this study was the unalgity of specific galectin-
3 inhibitors. The galectin-3 inhibitors that are itatzsle lack specificity and the ability to
cross the blood brain barrier. Therefore, to studydheof galectin-3n-vivo, we relied on
a model of motor neuron disease where the galectim& gas genetically disrupted and
not expressed. There are several limitations to ukisgnodel. First, absence of galectin-3
may alter development of the mouse in ways which affestase outcome that are not
specifically relevant to the human condition of AL&though other studies using the
galectin-3 knockout mouse have not reported any signifidevelopmental issues with
these mice (Hsu et abt al, 2000; lacobini et alkt al, 2004), it is nevertheless worth

keeping in mind.

Another limitation related to using the mouse modeinotor neuron disease was
the extensive breeding program required to maintainl@gaf transgenic mice. Since
only mSOD1 males are fertile, transgenic males toadbe bred to wild-type females
yielding a litter of ~50% mSOD1 mice. Of the 50% mSOMite only the males were
included in studies because there are sex-relatedepi@swies in mSOD1 disease
progression (Veldink et akt al, 2003; Heiman-Patterson et @l.al, 2005). The breeding
strategy was further complicated by breeding mSODZEsnaith Gal-3 females to yield
large enough quantities of SOB1* / Gal-3" males. This breeding strategy is outlined in
Figure 27. Added to the breeding issues is the lengtimef it takes to complet@ vivo
studies to end-stage, which is at least 4 months #fee mice are born. Thus, these

experiments required large amounts of colony spacspamndry efforts (including
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extensive genotyping), and financial resources to waint To help overcome these

limitations, we utilized several afi-vitro models relevant to ALS.

Another limitation related to the use of the mSOD1 seomodel is the lack of
standardization of neurobehavioral functional tests astorgboratories. Although
neurobehavioral outcome measures have been standardizgier mouse models of
neuromuscular disease (Spurney ettll, 2009), in the ALS literature, there is a wide
variation in tests that are used as functional outcamasures and for staging of the
disease. This makes it difficult to compare or condiithelings across laboratories. We
implemented a rating scale described by Rouaux et arelia disease progression is
defined into 4 stages (onset, early progressionplatgression, and end-stage) (Rouaux et
al. et al, 2007), and suggest that implementation of this type of staging Wweuddneficial

for the field.

--0 %
Our data identify galectin-3 as a potentially impottdactor in ALS and

neuroprotection. Thus, these data raise many ititegeguestions. Possibly, galectin-3
could be evaluated as a prospective biomarker to diagkidSeat an early disease stage.
ALS is often only diagnosed after other neuromuscutsases are ruled out (Eisenal,
2009), yet early treatment may help to prolong livesl a cure is found. Since we
observed that galectin-3 was elevated early in theadie process in the mSOD1 mouse, it

would be interesting to see whether galectin-3 is séxreted into/elevated in the cerebral
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spinal fluid and/or possibly blood, at an asymptoenstiage of disease. If so, studies in

humans could be planned to test this hypothesis further.

It would also be interesting to further evaluate tHeotfof galectin-3 levels on
outcomes in the mouse mSOD1 model, as was done ftectfa  Galectin-3 was already
expressed prior to disease onset and this expresstamie even greater although disease
still progressed. Therefore, it remains to be determimbdther achieving still higher
concentrations of galectin-3 through exogenous adnatimtr will have any effect on
outcome. Alternatively, it would also be interestingexpand chapter 2 studies in mSOD1
mice that are bred as heterozygous (-/+) for theciat8 gene—to determine whether the

severity of the phenotypes reflects the endogenous coatentof galectin-3.

Galectin-3 mimetics as therapeutic agents should also/bstigated. With regard
to this, it will be important to further characterite neuroprotective pathways that may
involve galectin-3, and to study which biochemical elteristics of galectin-3 result in
neuroprotection. Developing an understanding of thevites conferred by the CRD
and/or N-terminal domains will allow the design of egain-3 mimetics tailored

specifically to their intrinsically unique actions.

The number of cell surface intracellular signalingteins that galectin-3 may
interact with is expansive. The list of potential gtle3 targets may be concentrated by
analysis of the N-glycan glycosylation consensus sifeall CNS cell-surface signaling

proteins. As discussed previously, there are many receptgts|a@and neurons with a high
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number of N-glycan glycosylation consensus sites tan affect cell survival based on
their enhanced surface expression. Studies on the fdegb/cans and glycosylation
status in cell signaling and survival are in relative infancywlllilikely expand in coming
years, thanks to recently developed tools (i.e. gismeomics, new tagging/activity labels)
that will finally allow the complex structures and natetions of these carbohydrates to be

evaluated in detail.

We observed an increase in galectin-1 and galectinti®ei murine model of motor
neuron degeneration. As noted in chapter 1, sountgesthave begun to examine the role
of galectin-1 in ALS, but the role galectin-9 in AL&nhd/or neurodegeneration is
completely unstudied. While this role may be simiargalectin-3, that remains to be
proven. Galectin -1 and -9 may have synergistic (rmkety) or antagonizing effects on
galectin-3 with regards to motor neuron survival and Adrf] this remains to be studied as

well.
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Figure 28: Proposed model of galectin-3 in ALSGalectin-3 may be acting to decrease
neuroinflammation and expression of related proinflatany cytokines, such as TNF-
The observed galectin-3 decrease in TNifray reduce the incidence of TNFAmediated
necrotic cell death and oxidative stress. We observed dige3amediated increase in non-
GLT-1/GLAST uptake and an increase in GLT-1 and GLA&I surface expression.
Since GLT-1 function may be impaired during diseaserpssipn, an increase in GLAST
expression and uptake would be beneficial for moguron survival. Galectin-3 may be
regulating neuroprotective pathways via enhancement ept@ccell surface expression
on glia and motor neurons, themselves. This reguléyogalectin-3 has been shown with
the EGF receptor, a receptor shown to have positigete on glutamate uptake. Neuronal
repair pathways may be enhanced through galectin-3 iztdibih of K-Ras-GTP, a
complex necessary for PI3K activation of phagocytosigagBcytosis of degenerating

microglia is necessary precursor stem to axon regeneration
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