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The Role of Galectin-3 in Amytrophic Lateral Sclerosis Disease Progression 

Amyotrophic lateral sclerosis (ALS), also known as motor neuron disease or Lou 

Gehrig’s disease, is a neurodegenerative disease that primarily affects the upper and lower 

motor neurons and results in paralysis, and death from respiratory complications. At any 

given time, there are approximately 25,000 patients living with ALS in the USA. The 

median age of onset is 55 and the lifetime ALS risk is estimated to be between 1/600 and 

1/1000 (McGuire et al. et al., 1996). There is no effective treatment for the disease, and the 

underlying mechanisms that result in motor neuron degeneration are not well understood. 

Four major pathological hallmarks of ALS have been defined in animal models of motor 

neuron degeneration and these include neuroinflammation, glutamate induced 

excitotoxicity, aberrant protein aggregation, and oxidative stress.  Importantly, the mutant 

superoxide dismutase 1  (mSOD1) mouse model of neurodegeneration replicates important 

features of neuroinflammation and oxidative injury that are observed in both sporadic and 

familial forms of the disease. The goal of this dissertation was to increase our 

understanding of the molecular pathogenesis of ALS, using the mSOD1 mouse model at 

early, pre-symptomatic stages of the disease process.  Our method was to use mRNA 

microarray time series data of spinal cord in mSOD1 and normal control mice, and then 

identify biological pathways that are involved in the earliest stages of mSOD1 motor 

neuron degeneration.  Candidate pathways were then studied using both in vitro, and in 

vivo models, including human ALS spinal cords to define potential relevance to ALS 

disease progression. We analyzed temporal gene expression patterns in the spinal cord from 
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mSOD1 mice from an asymptomatic stage of disease to end-stage of the disease, as well as 

age-matched controls (36 microarrays). Three proteins, galectins -1, -3, and -9, from a  

larger galectin family of proteins that bind ß-galactoside residues on glycoproteins were, 

found to be upregulated in the mSOD1 model at early stages, with galectin-3 in particular 

showing significant early changes that both anticipated and then tracked with disease 

progression. Galectin -3 and -9 but not galectin-1 was found to be increased in post-mortem 

autopsy tissue from patients with the sporadic form of ALS. Galectin-3 was the only 

galectin found to be upregulated at an asymptomatic stage (by 10-fold relative to non-

disease controls) of disease progression and predominantly localized to microglia in the 

mSOD1 mouse. The role of galectin-3 is not well defined in the CNS but both 

neuroprotective roles and neurotoxic roles have been attributed to its presence in the CNS.  

Following this preliminary data, the overriding hypothesis of this proposal is that galectin-3 

plays both neuroprotective and neurotoxic roles in the progression of ALS, and that these 

roles may be stage-specific and drive or dictate symptoms.  

To identify the role of galectin-3 in ALS disease progression, we bred diseased 

SOD1G93A mice to galectin-3 knockout mice (Gal-3-/-)  to yield SOD1G93A / Gal-3-/- double 

transgenic mice. Relative to SOD1G93A / Gal-3-/- mice, SOD1G93A / Gal-3+/+ mice performed 

better in functional neurological tests and had significantly increased survival (slower 

progression through disease).  In addition, SOD1G93A / Gal-3+/+ mice exhibited a decreased 

state of neuroinflammation as evidenced by lower expression of ectodermal dysplasia 1 

(ED1) (a microglial activation marker) and TNF-� . SOD1G93A / Gal-3+/+ mice also 

exhibited a decrease in neurodegeneration which coincided with a decrease in oxidative 

stress as measured by levels of protein carbonyl modifications.  
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Excitotoxicity is known to be a major pathological feature of ALS, and recent data 

suggest a strong interplay between both excitotoxicity and inflammation in the disease. We 

next explored the neuroprotective functions of galectin-3, within the context of excitotoxic 

insult by glutamate, and the neuroimmunomodulatory effects on glutamate uptake, which 

have been shown to limit and exacerbate excitotoxic damage. We found that galectin-3 

protects against excitotoxicity, and that such neuroprotection is associated with altered 

glutamate uptake,  potentially through the regulation of  specific glutamate transporters 

glutamate transporter 1 (GLT-1) and glutamate aspartate transporter (GLAST), whose 

expression at the cell surface of astrocytes is directly altered by galectin-3. We also 

determined that galectin-3 was neuroprotective against excitotoxic insults, even in isolated 

motor neurons that have no glial interaction. We proposed that this protective effect is 

likely mediated, at least in part, through the galectin-3 carbohydrate-binding domain.  

To identify galectin-3 binding partners in the mSOD1G93A model of motor neuron 

degeneration, we combined immunoprecipitation together with subcellular proteomics, to 

identify proteins that interact with galectin-3. We identified 31 proteins that were uniquely 

expressed in SOD1G93A / Gal-3+/+ mice and 21 proteins that were uniquely expressed in 

non-diseased controls. Of the 52 proteins, we chose to explore the expression profile of 3 

proteins using immunoblot analysis. These proteins included Stra6, nucleolin, and Nlrp6, 

and were chosen for validation based on their potential relevance to ALS disease 

progression. We found that only Nlrp6, which was decreased in the diseased transgenic 

models compared to wild-type controls, was differentially expressed in a non-galectin-3 

mediated manner. Nlrp6 is a component of the inflammasome, a complex involved in acute 

and chronic inflammation. Because inflammation is increased in the mSOD1 mouse, the 
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observation that Nlrp6 is downregulated in disease is unexpected, and it may mean that 

inflammasome mediated inflammation in not an important factor in ALS.    

Our data suggests that galectin-3 may subserve a neuroprotective role in ALS, in 

part, through modulation of neuroinflammation, excitotoxicity and oxidative injury and in 

part through direct action at motor neurons. In addition, we have established a list of 

galectin-3 binding partners that can be further investigated for a potential role in ALS 

progression. These studies promote evidence that galectin-3 is a therapeutic target in ALS 

and strategies to modulate its expression are like to be beneficial to ALS. Further, since 

galectin-3 is already highly expressed in ALS, it may be useful to design galectin-3 

mimetics that allow for more efficacious therapeutic results.  
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1. AGE- Advanced glycation endproduct 

2. AGEr- Advanced glycation endproduct receptor 

3. ALS- Amyotrophic Lateral Sclerosis 

4. AMPA- � -amino-3-hydroxyl-5-methyl-4-isoxazole-propionate 

5. AMPAR- � -amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptor 

6. ANOVA- Analysis of variance 

7. BNAG- Benzyl-N-acetyl-alpha-D-galactosaminide 

8. ChAT- Choline acetyltransferase 

9. CNQX- 6-cyano-7-nitroquinoxaline-2,3-dione 

10. COX-2 Cyclooxygenase-2 

11. CNS- Central nervous system 

12. CRD- Carbohydrate recognition domain 

13. dbcAMP- (N6,2'-O-dibutyryladenosine 3':5' cyclic monophosphate) 

14. DNPH- (dinitrophenylhydrazine) 

15. EAAT2-�Excitatory amino acid transporter 2 

16. ED1- Ectodermal  Dyslpasia 1 

17. EDTA- ethylenediaminetetraacetic acid   

18. EGFr- Epidermal growth factor receptor 

19. ELISA- Enzyme-linked immunosorbant assay 

20. FALS- Familial form ALS 
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21. FITC- Fluorescein isothiocyanate 

22. Gal-3- Galectin-3 

23. GAP3DH- Glyceraldehyde 3-phosphate  dehydrogenase 

24. GFAP- Glial fibrillary acidic protein 

25. GFP- Green fluorescent protein 

26. GLAST- Glutamate-aspartate transporter 

27. GLT-1- Glutamate transporter 1 

28. GM-CSF- Granulocyte macrophage stimulating factor 

29. HIPPA- Health Insurance Portability and Accountability  Act 

30. IFN- ���� - Interferon gamma 

31. IL- Interleukin 

32. iNOS- inducible nitric oxide synthase 

33. KO- Knockout 

34. LC- Liquid Chromatography 

35. LCA- Leukocyte common antigen 

36. LDH-  Lactate dehydrogenase 

37. LPS- Lipopolysaccharide 

38. M-CSF- Macrophage colony stimulating factor 

39. MALDI-TOF MS-  matrix assisted laser desorption ionisation time-of-flight mass 

spectrometry 

40. MAPK- Mitogen activated protein kinase 

41. MCP-1- monocyte chemotactic protein-1 
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42. Mgat5- mannosyl (alpha-1,6-)-glycoprotein beta-1,6-N-acetyl-

glucosaminyltransferase. 

43. MHC-  Major histocompatibility complex  

44. MS/MS- (tandem) mass spectrometry 

45. MS-  Multiple Sclerosis 

46. mSOD1- Mutant superoxide dismutase 1 

47. N-Lac- N-acetyllactosamine 

48. NMDA- N-methyl-D-aspartic acid 

49. ND- N-Terminal domain 

50. NO- Nitric Oxide 

51. PBMC- Peripheral blood mononuclear cell 

52. PBS- Phosphate buffered solution 

53. pNF- Phosphorylated neurofilament 

54. PYCARD- apoptosis-associated speck-like protein containing a C-terminal caspase 

recruitment domain 

55. RIPA- radioimmunoprecipitation assay 

56. ROR- Reactive oxygen radical 

57. ROS- Reactive oxygen species 

58. SOD1- Superoxide dismutase 1 

59. RT-PCR- Reverse transcriptase polymerase chain reaction 

60. TFA- Trifluoroacetic acid 

61. THA-   threo-beta-hydroxyaspartate 
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62. TNF-� - Tumor necrosis factor alpha 

63. TNF-ß- Tumor necrosis factor beta 
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Amyotrophic lateral sclerosis (ALS), also known as motor neuron disease or Lou 

Gehrig’s disease, is a neurodegenerative disease that primarily affects the upper and lower 

motor neurons and results in complete paralysis (Mulder et al., 1982). However, the 

muscles that control eye movement and urinary sphincters are spared (Kaminski et al. et 

al., 2002). On average, patients live 3 to 5 years once a diagnosis is made and death usually 

occurs due to respiratory failure (Mulder et al. et al., 1986). At any given time, there are 

approximately 25,000 patients living with ALS in the USA. The median age of onset is 55 

and the lifetime ALS risk is estimated to be between 1/600 and 1/1000 (McGuire et al. et 

al., 1996). ALS is clinically characterized based on several factors including known genetic 

mutations and age of onset� (Pasinelli and Brown et al., 2006). Although disease 

progression can be quite variable (Table 1), initial symptoms include muscle weakness in 

extremities. In certain cases, symptoms present themselves first as affecting muscles 

affecting speech, swallowing, and facial expression. Approximately 70% of presenting 

symptoms involve lower motor neuron dysfunction.  In addition, patients may exhibit 

twitching or cramping in muscles, especially in those of the hands and feet. The lack of 

biomarkers makes it nearly impossible for clinicians to diagnose ALS in pre-clinical stages 

of disease (Rowland et al., 1998; Swash et al., 1998) and by the time muscle wasting is 

obvious, as many as 80% of anterior horn cells have been lost (Eisen et al., 2009). 

Therefore, until better diagnostic tests are discovered, treatment strategies should focus on 
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pathways involved in slowing/halting disease progression as well as those involved in 

etiological disease onset. 
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ALS is classified into different forms based on whether a genetic component has 

been identified. The familial form of ALS (FALS) accounts for 10 to 15% of all cases and 

is classified based on known genetic mutations. The majority of ALS cases are sporadic 

form and these are cases with no known etiology (Kurtzke et al., 1991). It is believed that 

sporadic form ALS involves both genetic and environmental etiological components. To 

date, there is no absolute test or procedure to establish an early and definitive diagnosis. 

Final diagnosis depends on ruling out other similar diseases or disorders, such as Denny-

Brown Syndrome, Foley syndrome (benign fasciculation), paraneoplastic syndromes, 

lymphoproliferative disease, radiation damage, and Hirayama syndrome (monomelic 

amyotrophy) (Rowland et al., 1998). In this way, discovery of biomarkers that are unique 

to ALS is of the utmost importance.  

From a research perspective, both the familial and sporadic forms of ALS seem to 

converge on similar pathologic pathways  (Carri et al. et al., 2006).  In both forms of ALS 

there is dysfunction of lower motor neurons causing muscle atrophy, cramps, and 

fasciculations and dysfunction of upper motor neurons causing muscle spasticity and 

pathological reflexes (Mulder et al., 1982; Pasinelli and Brown et al., 2006). As the disease 

progresses, there is overt loss of motor neurons with swelling of perikarya and proximal 

axons. Swelling of axons can be caused by accumulation of phosphorylated 

neurofilaments, called Bunina and Lewy bodies, and the accumulation of ubiquitinated 

material (Pasinelli and Brown et al., 2006). Similar to the sporadic form, familial ALS 
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shows a loss of as many as 80% of anterior horn cells in the involved motor neuron pool by 

the time muscle weakness becomes apparent in the patient (Eisen et al., 2009). Disease-

related oxidative stress leads to cellular dysfunction of motor neurons and surrounding glia 

due to accumulation of reactive oxygen species and aggregated proteins (Beal et al. et al., 

1997; Ferrante et al. et al., 1997; Hall et al. et al., 1998; Kruman et al. et al., 1999; Kato et 

al. et al., 2000; Hensley et al. et al., 2006; Moncada and Bolanos et al., 2006). Aside from 

overt neuronal degeneration, glia dysfunction is an early observation of disease (outlined in 

Figure 1).  
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Figure 1: Pathophysiological pathways involved in motor neuron degeneration. 

Pathways are listed in the order that they are thought to occur based on the mSOD1 mouse 

model and immunohistochemical analysis of spinal cord tissue from ALS patients. 

Activated microglia and astrocytes are one of the earliest signs of pathology in the mSOD1 

model. Microglia are believed to be a predominant source of proinflammatory mediators, 

ROS and glutamate, all of which, in excess, has been shown to cause neuronal insult.  

Protein aggregate inclusion bodies are common to both familial and sporadic cases of ALS. 

Inclusion bodies are often composed of neurofilament molecules which control rate of 

anterograde and retrograde transport in neurons. Motor neurons are relatively rich in 

neurofilaments relative to other neuron types.  In the mSOD1 model, mSOD1 is often 

observed in inclusion bodies as well. mSOD1 may enzymatically alter proteins in motor 

neurons and glia causing their dysfunction and propensity to aggregate. Glutamate 

homeostasis is perturbed at onset of disease in some models of mSOD1. There is evidence 

that synaptic glutamate accumulation may be due to loss/dysfunction of the EAAT2/GLT-1 

transporter. Accumulation of glutamate within the motor synapse leads to increased 

activation of glutamate receptors, and increased Ca2+ and Na+ uptake. Intracellular Ca2+  

can cause depolarization of the mitochondria favoring the release of free radicals and pro-

apoptotic signaling molecules. Increased intracellular Ca2+ can also activate several 

catabolic pathways. Motor neurons may be particularly susceptible to excitotoxicity 

because they express lower amounts of Ca2+ buffering proteins and relatively high amounts 

of AMPA receptors. AMPA receptors may confer increased susceptibility to excitotoxic 

injury due to their inherent Ca2+ permeable qualities. 



�

4�
�

 

����	��
�
���1������
��� ��������
������

Compared to other neurons, motor neurons have several inherent qualities which 

make them more susceptible to early injury than other sub-types of neurons. Motor neuron 

soma are relatively large (50-60� m) with axons that can span one meter in length in 

humans (Pamela and Eggett et al., 2000). The axons are composed of neurofilaments that 

facilitate anterograde and retrograde transport through the very long (1 meter) cell 

processes, as well as maintain the caliber of the motor axon. To meet  high energy 

demands, motor neurons also have a high concentration of mitochondria. In ALS and in 

models of mouse motor neuron disease, mitochondrial and neurofilament aggregation and 

vacuolation are hallmark pathological observations (Chiu et al. et al., 1995; Wong et al. et 

al., 1995; Shibata et al. et al., 1996; Zhang et al. et al., 1997; Chou et al. et al., 1998; 

Williamson and Cleveland et al., 1999).  

Motor neurons contain a higher percentage of calcium permeable alpha-amino-3-

hydroxyl-5-methyl-4-isoxazolepropionic acid-type glutamate receptors (AMPARs) (Zhao 

et al. et al., 2008);(Carriedo et al. et al., 1996), which make motor neurons particularly 

susceptible to excitotoxicity due to AMPARs relative increased Ca2+ permeability (Curtis 

and Malik et al., 1985; Pisharodi and Nauta et al., 1985; Hugon et al. et al., 1989; Urca and 

Urca et al., 1990; Nakamura et al. et al., 1994; Ikonomidou et al. et al., 1996; Kruman et al. 

et al., 1999). Ca2+ mediated excitotoxicity may be further exacerbated in motor neurons  by 

their relative lack of Ca2+ buffering proteins (Celio et al., 1990; Maria E. Alexianu et al., 
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1994). Therefore, these intrinsic qualities of motor neurons may make them more 

vulnerable to external insult.  
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There are several converging molecular mechanisms that have been implicated in 

ALS. But, it remains undetermined which, if any, one mechanism is ultimately responsible 

for the disease. It is likely that the final demise of motor neurons is dependent on several 

converging pathogenic factors.   

��*���4�������$%���
����
����!��������������
�������� ������

Several studies have showed that isolated mSOD1 expression in motor neurons is 

not sufficient to cause motor neuron degeneration. The major determinant of motor neuron 

degeneration was mSOD1 expression in neighboring glial cells (Pramatarova et al. et al., 

2001; Lino et al. et al., 2002; Clement et al. et al., 2003; Boillee et al. et al., 2006; 

Yamanaka et al. et al., 2008). These studies led to the non-cell- autonomous theory of ALS. 

Chimeric mice that expressed mSOD1G93A or mSOD1G37R in motor neurons did not 

develop motor neuron degeneration if these motor neurons were surrounded by a sufficient 

amount of normal (wild-type) nonneuronal cells (5 to 20%) (Clement et al. et al., 2003). In 

addition, in chimeric mice expressing mSOD1 only in glia, motor neurons were observed 

to accumulate intraneuronal ubiquitinated deposits, indicating that the mutant-expressing 
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cells had conferred damage to the wild-type motor neurons (Clement et al. et al., 2003). 

These data suggest that death of motor neurons in ALS is influenced by surrounding glia.  
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The accumulation of reactive oxygen species (ROS) and free radicals may be a 

leading contributory factor in death of motor neurons in ALS (Beckman et al. et al., 1994; 

Estevez et al. et al., 1999). Two likely sources of ROS and free radicals are mitochondria 

and microglia (Goldsteins et al. et al., 2008). Mitochondrial abnormalities observed in 

human sporadic ALS muscle biopsies suggest the potential importance of mitochondrial 

dysfunction in ALS (Siklos et al. et al., 1996; Beal et al., 2000; Inoue et al. et al., 2003; 

Goldsteins et al. et al., 2008). However, it remains undetermined whether mitochondria 

abnormalities are a cause or an effect of the disease. Mitochonrial dysfunction in ALS may 

also make the neuron more susceptible to apoptosis (Okado-Matsumoto and Fridovich et 

al., 2002). Evidence of involvement of a mitochondrial dependent apoptosis pathway has 

been shown in the mouse model of ALS. Guegan et al. demonstrated that the pro-apoptotic 

protein Bax translocates from the cytosol to the mitochondria, while cytochrome C 

translocates from the mitochondria to the cytosol indicating the beginning of apoptotic cell 

death. In addition, the pro-apoptotic factor, caspase 9, is shown to be upregulated in the 

spinal cord of ALS mice (Guegan et al. et al., 2001). Several studies examining autopsy 

spinal cord from ALS patients have also found increases in expression of apoptotic factors, 

such as caspase 9 and BH3-only peptide�(Shinoe et al. et al., 2001; Jiang et al. et al., 2005). 

It should be noted, the significance of these results must be considered in the context that 
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this tissue was taken a  number of hours after death. Other studies examining the cerebral 

spinal fluid (CSF) have questioned the importance of apoptosis in human ALS since no 

markers of apoptosis were found in the affected patients (Ilzecka et al., 2007; Ilzecka et al., 

2008).  
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Accumulation of synaptic glutamate is another pathologic hallmark of ALS that 

occurs at or after the appearance of neurological symptoms (Rothstein et al. et al., 1992; 

Rothstein et al. et al., 1995; Shaw et al. et al., 1995; Spreux-Varoquaux et al. et al., 2002). 

During normal neurotransmission glutamate is released from the presynaptic neuron and 

activates ionotropic and metabotropic glutamate receptors on the postsynaptic neuron�

(Danbolt et al., 2001). Activation of ionotropic glutamate receptors results in the influx of 

Ca2+ and Na+ ions into the cells, leading to cell depolarization and generation of an action 

potential (Ryan and Grant et al., 2009). Glutamate is then quickly removed from the 

synaptic cleft predominantly by nearby astrocytes. However, abnormal accumulation of 

glutamate in the synapse leads to overstimulation of glutamate receptors and excitotoxic 

mediated neuron degeneration (Coyle and Puttfarcken et al., 1993; Lipton and Rosenberg 

et al., 1994). Excessive influx of Ca2+ ions into neurons can result in over activation of 

several catabolic enzymes (Rothstein et al., 1996; Van Den Bosch et al. et al., 2006). 

Increased intracellular Ca2+ can also cause mitochondrial insult resulting in release of ROS 

and apoptotic factors (Carriedo et al. et al., 2000). The importance of glutamate induced 

excitotoxic motor neuron damage is highlighted by the fact the only approved drug, 

Riluzole, to treat ALS works by modulating glutamate action at glutamate receptors and 
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transporters (Doble et al., 1996; Albo et al. et al., 2004). In addition, in patients with 

sporadic ALS, an increased accumulation of glutamate in the CNS has been observed 

which coincides with loss of the astrocytic glutamate transporter, excitatory amino acid 

transporter 2 (EAAT2) (Rothstein et al. et al., 1995).  

Chronic glutamate accumulation can occur due to increased glutamate release from 

presynaptic terminals or from decreased reuptake by glutamate transporters present on 

neurons and astrocytes (Gegelashvili et al. et al., 1996; Swanson et al. et al., 1997; Wang et 

al. et al., 1998; Matyja et al. et al., 2006). In a rat model of ALS, decreased synaptic 

glutamate clearance is aggravated by the selective loss of astroglial glutamate transporter, 

GLT-1(which is a rat  ortholog of human EAAT2) in affected CNS regions (Rothstein et al. 

et al., 1995; Bruijn et al. et al., 1997). In mouse ALS, the glutamate transporter, GLT-1, is 

oxidatively impaired by mutant SOD1 (Blanc et al. et al., 1998; Lauderback et al. et al., 

2001). In both an in-vitro organotypic spinal cord slice culture model and an in-vivo mouse 

model of motor neuron degeneration, treatment with anti-sense oligonucleotides to GLT-1 

resulted in decreased transporter protein expression and subsequent motor neuron loss 

(Rothstein et al. et al., 1996; Rao et al. et al., 2001).  In these models, the greatest inhibition 

of motor neuron loss is seen with the addition of an � -amino-3-hydroxyl-5-methyl-4-

isoxazole-propionate receptor (AMPAr) antagonist, such as 6-cyano-7-nitroquinoxaline-

2,3-dione (CNQX). In addition, AMPA and AMPA receptor agonists (quisqualic acid) 

induced motor neuron degeneration in animals, while N-methyl-D-aspartic acid (NMDA) 

failed to damage motor neurons (Pisharodi and Nauta et al., 1985; Kruman et al. et al., 

1999). These studies suggest, that at least in these models, motor neuron loss is due to 
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excitotoxic insult mediated mostly through the AMPA receptor (Van Damme et al. et al., 

2003).  It remains to be determined whether functional loss of EAAT2 is a cause of ALS, 

however, it is becoming obvious that EAAT2 dysfunction has a crucial role in severity of 

disease progression (Guo et al. et al., 2003).  
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Protein aggregation is observed in both mouse models of ALS and in patients with 

ALS (Bruijn et al. et al., 1998). It remains unclear whether aggregation is toxic to motor 

neurons and/or surrounding glia or just an artifact of the disease. In mouse models of ALS, 

protein aggregation is observed during disease stages prior to motor neuron loss (Johnston 

et al. et al., 2000; Wang et al. et al., 2002). The mechanism by which protein aggregation 

occurs is unknown. Proteins that aggregate can cause cellular dysfunction for several 

reasons including; aberrant chemistry of the aggregate and loss of function due to 

aggregation; depletion of chaperone proteins; dysfunction of the proteosome; and 

dysfunction of organelles (Bruijn et al. et al., 1997; Kato et al. et al., 2000; Jonsson et al. et 

al., 2004) (reviewed by (Bruijn et al. et al., 2004)). 

 In the mouse model of ALS, aggregates are almost always found to contain mSOD1 

(Bruijn et al. et al., 1997; Johnston et al. et al., 2000; Wang et al. et al., 2002). However, it 

is not believed that aggregate formation is due specifically to mSOD1 because protein 

aggregation (also known as inclusion bodies) is readily observable in spinal cords of 

patients with sporadic ALS (Leigh et al. et al., 1988; Lowe et al. et al., 1988; Leigh et al. et 

al., 1991; Shibata et al. et al., 1996; Bruijn et al. et al., 1998). Patients with familial or 

sporadic ALS have in common pathological protein aggregation with neurofilament 
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inclusions (Carpenter et al., 1968; Hirano et al. et al., 1984). In approximately 1% of 

sporadic ALS cases there are insertion/deletion mutations within the multiphosphorylation 

sites of heavy chain neurofilaments (Figlewicz et al. et al., 1994; Tomkins et al. et al., 

1998; Al-Chalabi et al. et al., 1999), which led to the hypothesis that aberrant 

phosphorylation of the C-terminal of heavy and medium neurofilaments within the axon 

may slow down neurofilament transport and lead to neurofilament abnormalities  (Zhang et 

al. et al., 1997; Williamson and Cleveland et al., 1999; Sasaki et al. et al., 2005) (reviewed 

by (Xiao et al. et al., 2006)). Aberrant phosphorylation of neurofilaments in ALS may 

happen via a variety of stimuli including oxidative stress, excitotoxicity, and inflammatory 

cytokines. (Mielke and Herdegen et al., 2000; Tortarolo et al. et al., 2003). In in-vitro 

experiments, glutamate excitotoxic challenge led to increased C-terminal phosphorylation 

and a resulting decrease in neurofilament mediated axonal transport (Ackerley et al. et al., 

2000). These findings link two potential pathological mechanisms in ALS.  
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Peripheral immune cells have also been observed in brain and spinal cord of ALS 

patients (Lampson et al. et al., 1990; Troost et al. et al., 1990; Kawamata et al. et al., 1992). 

Activated leukocytes are found migrating into postcapillary venules in areas of severe 

inflammation in autopsy spinal cords from ALS patients (Kawamata et al. et al., 1992). The 

majority of leukocyte positive cells immunostain as CD8 and a minority as CD4 cells 

(Troost et al. et al., 1990; Kawamata et al. et al., 1992).   

There is growing evidence of both an adaptive and innate immune response during 

progression of ALS and mouse models of motor neuron degeneration (Henkel et al. et al., 
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2004; Henkel et al. et al., 2006). In ALS patients, there is an increase in circulating 

activated peripheral blood T cells (Katchar et al. et al., 2001), with the degree of activation 

correlated with rate of disease progression (Zhang et al. et al., 2005). In addition, increased 

circulating monocytes and their monocyte chemoattractant protein-1 (MCP-1) chemokine 

receptor CCR2 have been detected, indicating a major immunological component of ALS 

(Zhang et al. et al., 2006).  Peripheral T-cells have been shown to modulate part of the 

neuroinflammatory response via CD4+CD25+  regulatory T-cells (Tregs) (reviewed in 

(Miyara and Sakaguchi et al., 2007)). These cells regulate immunological self-tolerance 

and have been shown to modulate neuroinflammatory response and exhibit neuroprotective 

effects in mouse models of neurodegeneration (Kipnis et al. et al., 2004; Reynolds et al. et 

al., 2007). Mantovani et al. have recently shown that in patients with sporadic form ALS, 

there is a significant reduction in CD3+CD25+ Treg cells (Mantovani et al. et al., 2009).  

Another key biochemical finding consistent with a significant inflammatory response in 

ALS is the marked increase in spinal cord COX-2 levels (Yasojima et al. et al., 2001). The 

increased COX-2 expression was limited to affected areas of the CNS and was not 

observed in unaffected CNS tissue or peripheral tissue. The significance of infiltrating T-

cells within the CNS remains unknown, however, in the CNS, infiltrating T-cells can be the 

largest producer of IFN-� , which is a potent activator of microglia (Young and Hardy et al., 

1990; Young and Hardy et al., 1995). 
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Enhanced microglia and astrocyte activation in affected CNS regions of ALS 

patients supports the hypothesis that neuroinflammation may also be involved during ALS 
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progression. In various murine models of ALS, activated glia are observed at disease stages 

prior to onset of clinical symptoms of disease (Hall et al. et al., 1998; Alexianu et al. et al., 

2001; Kriz et al. et al., 2002; Boillee et al. et al., 2006). At least in the mouse model of 

ALS the importance of neuroinflammation is strengthened by the observation that disease 

progression is slowed with the administration of anti-inflammatory drugs such as celecoxib 

and minocycline,  (Drachman et al. et al., 2002; Kriz et al. et al., 2002; Van Den Bosch et 

al. et al., 2002). 

Several intrinsic qualities of activated glia may hasten motor neuron death due to 

chronic glutamate induced excitotoxicity and free radical attack during ALS disease 

progression (Barbeito et al. et al., 2004). Inflammatory stimuli can produce bursts of 

glutamate from both reactive astrocytes and activated microglia (Klegeris et al. et al., 

1997). In addition, the most abundant source of ROS in the CNS are from activated 

microglia (Colton and Gilbert et al., 1987; Klegeris et al. et al., 1997). ROSs can act to 

modify proteins via glycation, oxidation, and nitration reactions; and can modify lipids via 

peroxidation reactions. These modifications cause impairment of glial glutamate 

transporters, and mitochondrial function, which among other pathophysiological effects, 

may further contribute to chronic excitotoxicity and resultant motor neuron degeneration 

(Keller et al. et al., 1997; Lauderback et al. et al., 2001).  

In early stages of ALS, distressed motor neurons may release mediators responsible 

for activation of astrocytes and microglia (Fischer et al. et al., 2004). One study observed  

astrocyte and microglia activation around motor neurons in the SOD1G93A mouse occurred 

just after the onset of distal axon degeneration, supporting the hypothesis that distressed 
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motor neurons may activate glia (Fischer et al. et al., 2004).  In support of motor neuron 

mediated glia activation, it has been shown that astrogliosis begins with denervation and 

reinervation events and not the actual loss of motor neurons (Fischer et al. et al., 2004). 

Taken together, this evidence suggests that motor neuron distress in the absence of cell 

death is sufficient to elicit glial activation. These findings are relevant because it is quite 

likely that the chronic activated neuroimmune response, occurs at time prior to motor 

neuron loss, and may be a primary determinant of motor neuron fate. Understanding how to 

control glia activation may provide a therapeutic strategy that encourages neuronal survival  

in a population of viable motor neurons (Barbeito et al. et al., 2004). 
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Astrocytes may undergo astrocytosis in response to neuronal insult. Astrocytosis 

involves proliferation of astrocytes and adoption of a reactive phenotype characterized by 

hypertrophic nuclei and cell bodies, including thickening of astrocytic processes with 

increased glial fibrillary acidic protein (GFAP) (Feeney et al. et al., 2001). Under healthy 

conditions astrocyte expression of cytokines is limited (Dong and Benveniste et al., 2001). 

However, in disease states, such as ALS, Alzheimer’s, Multiple Sclerosis, Parkinson’s, and 

brain injury, there is a pronounced astrocytic expression of various cytokines (Dong and 

Benveniste et al., 2001). Both in-vitro and in-vivo studies have shown the ability of 

astrocytes to express and secrete inflammatory mediators such as interleukin-1,-3, -6, and -

10; interferon-�  (IFN-� ); colony-stimulating factors GM-CSF, M-CSF, and G-CSF; TNF-� ; 

TNF-ß and chemokines including RANTES, IL-8 (interleukin 8), MCP-1 and IFN-� -

inducible protein-10 (IP-10) (for review, see (Benveniste et al., 1997)).  
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Some evidence indicates that the cytokines released from astrocytes play a role in 

excitotoxic induced neuronal death. For instance, activation of inducible nitric oxide 

synthase (iNOS) in astrocytes by IL-1ß has been shown to potentiate NMDA-mediated 

neurotoxicity in mixed cortical cultures (Hewett et al. et al., 1994). Another example of 

astrocyte involvement in neuron degeneration is via astrocytic release of TNF-� , IL-1ß, and 

IFN-� . These cytokines induced the downstream release of IL-6, COX-2 and iNOS, which 

in turn have been shown to make neurons vulnerable to apoptotic cell death in response to 

Fas ligand challenge (Falsig et al. et al., 2004). Several studies have demonstrated that 

release of iNOS due to LPS exposure is required for an astrocytic involvement in neuronal 

cell death (Dawson et al. et al., 1994; Skaper et al. et al., 1995; Chao et al. et al., 1996; 

Cassina et al. et al., 2002). Release of NO and peroxynitrite has been shown to induce 

mitochondrial damage of cultured neurons (Bolanos et al. et al., 1995; Stewart et al. et al., 

2000) and enhance NMDA-induced excitotoxicity (Hewett et al. et al., 1994). Oxidative 

damage to astrocytes themselves is  evidenced by astrocytic hyaline inclusions (Kato et al. 

et al., 2000) and other markers of oxidative and nitrate related stress (Abe et al. et al., 1997; 

Pedersen et al. et al., 1998).  
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In ALS patients there is evidence of activated microglia in affected spinal cord 

tissue (Kawamata et al. et al., 1992; Schiffer et al. et al., 1996; Wiksten et al. et al., 2007). 

Microglial activation is one of the earliest signs of pathology in the mSOD1 mouse model 

of ALS (Hall et al. et al., 1998; Levine et al. et al., 1999; Alexianu et al. et al., 2001; Kriz 

et al. et al., 2002). Although microglial activation may be neuroprotective in some 
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instances (Beers et al. et al., 2006; Li et al. et al., 2007) several studies have shown that 

microglia may be predominantly neurotoxic in ALS (Zhao et al. et al., ; Hermann et al. et 

al., 2001; Hensley et al. et al., 2006; Liu et al. et al., 2009). Boilee et al. demonstrated in a 

familial model of ALS, that the degree of expression of mutant SOD1 in microglia was 

positively correlated to the rate of progression of the disease (Boillee et al. et al., 2006). 

Activated microglia have been shown to release inflammatory mediators and other 

molecules that act as neurotoxic agents to neighboring neurons and astrocytes (Haddad et 

al., 2002; Hoek and Pastorino et al., 2002; Hensley et al. et al., 2003; Zou and Crews et al., 

2005).  

The SOD1G93A mouse model of ALS replicates important features of 

neuroinflammation and oxidative injury that are observed in both sporadic and familial 

forms of the disease (Gurney et al. et al., 1994; Price et al. et al., 1996; Bendotti and Carri 

et al., 2004; Hensley et al. et al., 2006). Signs of neuroinflammation are initially observed 

when mice are still at an asymptomatic stage of  disease (Alexianu et al. et al., 1994; Hall 

et al. et al., 1998; Kriz et al. et al., 2002; Boillee et al. et al., 2006), and increased 

proinflammatory cytokine expression has been detected throughout all stages of disease 

progression (Hensley et al. et al., 2002; Yoshihara et al. et al., 2002; Hensley et al. et al., 

2003; Chen et al. et al., 2004) in this model.   

Hensley et al. examined temporal patterns of cytokine gene expression in spinal 

cord from the SOD1G93A mouse model of motor neuron degeneration using ribonuclease 

protection assays (RPAs)  (Hensley et al. et al., 2002). At late presymptomatic stages and 

continuing through end stage, SOD1G93A mice expressed a selective subset of macrophage 
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derived cytokines including interleukin IL-1� , IL-1ß, and IL1Ra (Hensley et al. et al., 

2002). TNF-� , was found also to be upregulated at the late asymptomatic stage of disease 

(Hensley et al. et al., 2002).  

Increased levels of cytokines temporally correlate with the appearance of 

irreversible oxidative protein modifications which are observed in both murine motor 

neuron disease and in ALS  (Andrus et al. et al., 1998; Hensley et al. et al., 2002; Hensley 

et al. et al., 2003). In the mutant SOD1G93A mouse, increased protein carbonyls, a product 

of oxidative stress, correlated with an upregulation of TNF-�  �transcripts at an early stage of 

disease progression (Hensley et al. et al., 2002; Hensley et al. et al., 2003). In addition, this 

study was able to demonstrate that changes in cytokine expression precede protein 

oxidation in a mouse model of motor neuron degeneration (Hensley et al. et al., 2002; 

Hensley et al. et al., 2003; Hensley et al. et al., 2006). This suggests that increased 

neuroinflammation may explain the oxidative glial and neuronal damage observed in ALS.  
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Neuronal insult and degeneration due to glutamate mediated excitotoxicity was first 

evidenced in ALS by the discovery of reduced glutamate clearance in brain tissue of ALS 

patients (Rothstein et al. et al., 1992; Rothstein et al. et al., 1995). Glutamate mediated 

excitotoxicity can be influenced by neuroinflammatory factors that affect glutamate uptake 

at EAAT1 (GLAST) and EAAT2 (GLT-1), the major glutamate uptake transporters 

(Danbolt et al., 2001). Proinflammatory mediators released from activated glia can 

influence the efficiency of glial glutamate uptake (Zhao et al. et al., 2004). 
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The direct influence of pro- and anti-inflammatory mediators on glutamate uptake 

were first investigated by exposing primary astrocyte cultures to various inflammatory 

mediators. TNF-�  caused a delay in glutamate uptake in primary astrocytes, and apparently 

alters glutamate uptake via an oxidative-mediated mechanism (Fine et al. et al., 1996; Hu et 

al. et al., 2000; Liao and Chen et al., 2001; Zou and Crews et al., 2005). Several other 

studies have shown that TNF-�  also causes down regulation of GLT-1 mRNA (Szymocha 

et al. et al., 2000; Wang et al. et al., 2003; Sitcheran et al. et al., 2005). One other study 

however, found that TNF-�  increases glutamate uptake (Romera et al. et al., 2004).  

Therefore, in most cases, pro-inflammatory mediator, TNF-� , can perturb glutamate uptake 

signifying a link between neuroinflammation and excitotoxicity in ALS. 
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Several lines of evidence show that microglia may be instrumental in protecting 

neurons during neuronal insult (Streit et al., 2005; Li et al. et al., 2007). The effect of 

microglia on neuron survival can be seen by observing the difference in outcomes of 

axotomies performed on motor neurons relative to neurons of the rubrospinal tract. Within 

a few days of axotomy of motor neurons, microglia form an ensheathment around the 

injured neurons with their cytoplasmic processes. From approximately day 2 to day 4 after 

injury, there is a burst of microglia proliferation (Graeber et al. et al., 1988; Streit and 

Kreutzberg et al., 1988). Microglial activation then subsides once motor neuron 

regeneration is complete (Streit et al., 2005). However, axotomy of rubrospinal axons, 

where there is an absence of microglial proliferation, elicits a very different response. 

These neurons slowly atrophy and do not regenerate (Barron et al. et al., 1990; Plunet et al. 
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et al., 2002). Indeed, it has been shown that, IL-6 and TGF-ß, two microglial-neuron 

trophic factors (Krieglstein et al. et al., 2000), is lower in areas surrounding the rubrospinal 

neurons than in areas surrounding motor neurons (Raivich et al. et al., 1994; Rabchevsky 

and Streit et al., 1997; Rapalino et al. et al., 1998, Elkabes, 1996 #252; Streit et al. et al., 

2000). Rubrospinal neurons can be regenerated with exposure to microglial trophic factors 

(Streit et al. et al., 2000), suggesting an important role of microglia during neuron 

regeneration.  
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Both sporadic and familial forms of ALS may converge on similar neurotoxic 

pathways resulting in motor neuron degeneration, and so the same models may be useful to 

study both forms of the disease. The most widely applied animal model used to study ALS 

pathogenesis employs expression of the human mutated form of superoxide dismutase 

(mSOD1) in mice and rats. SOD1 is a well-characterized homodimeric enzyme that is 

ubiquitously expressed in the cytoplasm and intermembrane space of the mitochondria of 

all cells.  The role of SOD1 is to remove physiologically generated superoxide. Buildup of 

superoxide can generate reactive oxygen species, highly reactive molecules that can perturb 

normal cell function. Thus far, 100 different point mutations in SOD1 have been identified 

in families with ALS (Rodriguez et al. et al., 2005). Most of the mutations are autosomal 

dominant, with only two mutations acting as recessive mutations. Despite the fact that ALS 

involves increased concentrations of reactive oxygen species, SOD1 linked familial cases 

are known to be caused by a gain-of-function mechanism, and not a loss of function 
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(Rabizadeh et al. et al., 1995). Mice in which SOD1 expression has been knocked down do 

not develop motor neuron disease (Reaume et al. et al., 1996; Bruijn et al. et al., 1998). 

One study has suggested that mutant SOD1 may cause the formation of insoluble 

aggregates which hinder intracellular functions (Rabizadeh et al. et al., 1995). Indeed, one 

of the major pathologies of ALS is protein aggregation in neurons and glia (Sasaki et al. et 

al., 2005).  

There are several murine models of ALS that utilize over expression of human 

mutant SOD1 to promote motor neuron degeneration (Shibata et al., 2001; Weydt et al. et 

al., 2003; Alexander et al. et al., 2004; Bendotti and Carri et al., 2004; Benatar et al., 2007; 

Scott et al. et al., 2008). The models differ in the type of SOD1 mutation expressed. The 

particular human SOD1 mutation expressed determines downstream consequences of 

disease onset, progression, and survival times. For example, in mice expressing the G85R 

mutation, progression of the disease occurs at a much faster rate (7-14 days), relative to 

mice expressing the G93A mutation (60-110 days) (Shibata et al., 2001). Currently, the 

SOD1G93A mouse is the most widely used model in ALS research. There are also subtle 

differences between ALS transgenic rodent models when comparing the rat versus the 

mouse. In SOD1G85R mice (Bruijn et al. et al., 1997) and SOD1G93A rats (Howland et al. et 

al., 2002)  there is significant loss of the GLT-1 transporters (also known as EAAT2 in 

humans). In the rats, there is a focal loss of glutamate transporters around motor neurons at 

presymptomatic stages of the disease, and complete loss of transporters by end-stage. In 

contrast, in the SOD1G93A mouse transgenic model, there is no loss of the EAAT1 

(GLAST) or EAAT2 (GLT1) transporter at any stage of the disease (Sasaki et al. et al., 
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2001). Table 2 lists the behavioral and neuropathological progression of disease in the 

various murine mSOD1 models, including the SOD1G93A mouse model used in this thesis 

proposal.  
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Table���� � Behavioral and neuropathological disease progression in murine models of 

ALS. Phenotypes and neurobehavioral observations are listed in chronological orders as 

they appear in the mSOD1 murine model of ALS.  
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To date, there have been over 50 publications describing therapeutic agents that can 

prolong survival in the mSOD1 model of motor neuron degeneration (Scott et al. et al., 

2008), (also reviewed in (Rothstein et al., 2004; Nirmalananthan and Greensmith et al., 

2005)). However, there are controversies about how well the model works in drug 

screening studies. For example, Scott et al. screened more than 70 drugs which were 

previously confirmed to have an effect on survival in the mSOD1 murine model of ALS. 

Although, 18,000 mice were used, together with rigorous and appropriate statistical 

methodologies, the study was unable to observe any statistical difference in survival for any 

of the 70 compounds tested, including several previously reported to increase lifespan 

(Scott et al. et al., 2008). The authors identified several variables that should be controlled 

in order to make cross-laboratory comparisons possible. These variables include controlled 

breeding techniques, quantitative genotyping (mSOD1 copy number), animal shipping, 

husbandry, pharmacology, handling, definition of exclusion criteria, and use of historical 

control data (Scott et al. et al., 2008).  As it stands, the field does not use any standardized 

methods to define neurological assessment, exclusion criteria, or end-point definition. Nor 

are there accepted practices on using historical controls as a repeated reference or 

normalizing results to mSOD1 copy number, a variable that can change from litter to litter. 

Survival analysis is used extensively when evaluating the efficacy of a proposed drug 

treatment. It may be the case that survival analysis is not a useful parameter since the 

mSOD1 mouse suffers from a phenotype that is extremely aggressive (Gurney et al., 1994). 

Survival analysis may mask a beneficial outcome when viewed in isolation. Other 
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molecular endpoints should be considered such as motor neuron counts, molecular 

biomarkers, body weight, neurological scores, rotarod performance, gait analysis, wheel 

distance running, etc (Scott et al. et al., 2008). 

The authors also question whether in some cases the treatment being investigated in 

the mSOD1 model is specific to a non-ALS related illness. For example many of the drugs 

deemed to have an efficacious effect on ALS-like symptoms were broad-spectrum 

antibiotics and general anti-inflammatory agents. Thus, controls should be implemented 

that allow for detection of therapies specific to the disease.   

The authors raised important considerations that should increase the sensitivity of the 

mSOD1 model. However, it is worth noting that this research group has yet to report any 

positive drugs results in this model. It is possible that there are confounding variables 

within the laboratory that may make it difficult to achieve positive results.  
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An in vitro model of glutamate mediated excitotoxicity was developed by Dr. 

Jeffrey Rothstein and his laboratory to study the effects of excitotoxicity in ALS (Rothstein 

et al. et al., 1993; Matyja et al. et al., 2006). This model employs the glutamate transport 

blocker threohydroxyasparate (THA) to specifically inhibit glutamate transport by the 

GLT-1 transporter in mice organotypic spinal cord cultures. Organotypic spinal cord 

cultures are advantageous because they retain the same synaptic organizational structure 

and cell-to-cell contacts as the intact spinal cord. In this model, motor neurons can be easily 

identified based on their morphology and their distinct arrangement within the ventral horn 

region of the culture slice. In addition, motor neuron viability can be assayed by measuring 
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choline acetyltransferase (ChAT) activity, an enzyme specifically expressed in motor 

neurons, or by measuring extracellular levels of lactate dehydrogenase (LDH). LDH 

concentration in neuronal/glial mixed culture media has been shown to correlate in a linear 

fashion to neuron damage (Koh and Choi et al., 1987). In this model, chronic inhibition of 

glutamate transport using THA produced a dose dependent elevation of glutamate in the 

culture media (Rothstein et al. et al., 1993). The increase in glutamate uptake coincided 

with a decrease in detection of ChAT within motor neurons. Somatostatin, a protein 

dominantly expressed in the dorsal grey matter, was unchanged indicating that the THA 

induced cell death was selective to motor neurons in the ventral horn. Exposure of ex-

plants with 500µM THA produced motor neuron toxicity after 1 week. Chronic treatment 

of organotypic cultures with 100 to 500µM THA also caused the formation of vacuoles 

which were limited to motor neurons.  Vacuole formation is an early disease stage 

pathology observed in models of ALS and is also observed in autopsy samples of ALS 

patients (Dal Canto and Gurney et al., 1994; Kong and Xu et al., 1998; Bendotti et al. et 

al., 2001; Shibata et al., 2001).  

Astrocytic glutamate uptake can further be examined using primary astrocyte 

cultures (Zhou and Sutherland et al., 2004). By utilizing primary astrocyte cultures instead 

of organotypic cultures it is possible to determine if a target compound acts directly at the 

astrocyte. To further determine indirect neuronal/microglial affects on astrocytic cultures, 

conditioned media from neuronal and microglial primary cultures can be fed to primary 

astrocyte cultures (Tilleux and Hermans et al., 2008). Aspartic acid uptake would be 

assayed as described above.  



�

�.�
�

	
�
�
�
����� 
�������
�����
������
�����
��
���������
���� ���
��������������


NSC-34 cells are immortalized motor neurons x neuroblastoma cells developed by 

fusing the aminopterin-sensitive neuroblastoma N18TG2 cell line with motor neuron-

enriched embryonic day 12-14 spinal cord cells (Cashman et al. et al., 1992). These cells 

are able to generate an action potential, express neurofilaments, produce acetylcholine and 

cause acetylcholine receptor clustering on mytobules (Cashman et al. et al., 1992).  Under 

reduced serum conditions, these cells can become fully differentiated, with expression of 

glutamate receptor proteins NMDAR1, NMDAR2A/B, GluR1, GluR2, GluR2/3, GluR4, 

GluR6/7, and KA2 (Eggett et al. et al., 2000). Glutamate mediated neuron cell death can be 

easily investigated in these cells, and have been used to study the role of excitotoxicity in 

ALS (Rembach et al. et al., 2004; Gomes et al. et al., 2008). 
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Microarray analysis is an effective high-throughput technique that allows for 

quantitative analysis of several thousand genes in one experiment. There are three different 

types of microarray technologies that are used to conduct genome wide analysis of mRNA 

transcripts. These include Affymetrix GeneChips, spotted oligonucleotides, and spotted 

cDNA. Each one of these technologies has advantages and disadvantages. In our studies we 

used the Affymetrix GeneChip technology because this technology offers an affordable 

reduction in variability at the small cost of losing specificity of probe compared to the other 

two microarray technologies. However, the Affymetrix GeneChips allow up to 1.3 million 
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different oligonucleotides probes and allows for multiple probes per mRNA transcript, 

including mismatch control probes.  
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cDNA produced from the biological sample is transcribed into biotin labeled 

cRNA. The cRNA is then fragmented and hybridized to the probe array. Because 

hybridization can be assay specific, mismatch probes, containing a single base mutation, 

are included in the probe sets. Perfect and mismatch hybridization intensities are combined 

to reach a representative “signal” for each gene. There are several algorithms that can be 

used to compute gene expression signal including; Mas5.0 , dCHIP difference model, 

Probe Profiler PCA, RMA, PLIER, and GC-RMA. Data interpretation can be changed 

based on choice of algorithms,  and therefore probe set aligorithm should be chosen on a 

project specific basis (Seo and Hoffman et al., 2006) 
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There are important advantages to performing time series mRNA profiling relative 

to “snap-shot” gene expression arrays. The primary advantage is that times series analysis 

yields data that can be used for network modeling (Dewey et al., 2002). Although time 

series mRNA profiling does not prove causal networks, data collected from time series 

analysis can be used to show a phenomenological link between mRNA expression and a 

biological outcome. In this way, time series mRNA profiling can be used as a starting point 

to identify key initiating elements in molecular phathophysiology in diseases such as ALS. 

In the mSOD1 model of ALS a time series mRNA profiling analysis was performed on 

skeletal muscle and compared to data obtained by axotomy-induced denervation. Using 
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mRNA profiling, this study was able to determine a separate set of gene regulations that 

were both unique to the ALS mouse and common to the axotomy model (Gonzalez de 

Aguilar et al. et al., 2007). The results of this study could be used to better understand the 

molecular pathophysiologies unique to ALS. 
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Hypothesis 1: Time series mRNA profiling of the mSOD1 spinal cord will identify 

candidate genes and biochemical pathways that may drive the early molecular 

pathophysiology of ALS. 

Hypothesis 2: Galectin-3 mRNA, a pro and anti- inflammatory factor, was found to be 

increased at an asymptomatic stage of disease and increased throughout disease 

progression. Therefore, we hypothesized that galectin-3 plays both neuroprotective and 

neurotoxic roles in the progression of ALS, and these roles may be stage specific and play a 

dominant role in driving eventual disease symptoms.   
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To show that increased galectin-3 expression in a murine model of ALS modulates 

clinical symptoms of ALS. Clinical assessment of SOD1G93A / Gal-3+/+ and SOD1G93A / 

Gal-3-/- mice will be performed daily, according to a neurofunctional rating scale going 

from score 4 to score 0 (Rouaux et al. et al., 2007). Weight will be recorded as it is a direct 

correlate to disease onset (Boillee et al. et al., 2006). Locomotor activity will be tested once 

a week using rotarod analysis. Grip strength will be assessed once a week, using a grip 
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strength meter. Serial lumbar spinal cord tissue sections from L3-L5 spinal cord segments 

will be used for motor neuron and microglia analysis. Iba1 and Nissl staining will be used 

to identify microglia and motor neurons, respectively. Activation state of microglia will be 

determined based on ED1 staining (Taylor et al. et al., 2003; Persson et al. et al., 2005). 

Cells will be counted in the ventral horn from six spinal cord sections per animal.  
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To address whether extracellular/secreted galectin-3 can modulate glial glutamate 

uptake in a model of slow glutamate mediated excitotoxicity. Spinal cord organotypic 

cultures will be prepared from wild-type C57Bl/6 mice and treated with recombinant 

galectin-3 (rmGal-3) and/or 500µm of THA, a glutamate analogue that causes excitotoxic 

mediated neuronal cell death. Galectin-3 may indirectly increase synaptic clearance of 

glutamate due to its ability to increase microglial proliferation and cause a subsequent 

increase in expression of glutamate transporters, GLT-1 (EAAT2) and GLAST (EAAT1), 

resulting in decreased probability of glutamate mediated excitotoxicity (neuroprotective). 

Glutamate uptake will be assayed based on detection of the glutamate proxy, D-[3H]-

aspartic acid. The effect of galectin-3 on the primary glutamate transporter, GLT-1, will be 

determined by assaying  D-[3H]-aspartic acid uptake with or without the addition of GLT-1 

inhibitor, DHK, to the uptake assay. The effect of galectin-3 on neuronal viability in this 

model of excitotoxicity will be determined based on LDH activity in culture medium.   

Direct effects of galectin-3 on glutamate uptake by astrocytes and microglia will be 

assayed in an in-vitro model.  Microglia will be purified from primary mixed glia cultures 

from 7 day old C57Bl6 mice and treated with galectin-3 (2.5µg/mL) for 48 hours. 



�

�1�
�

Subsequently, purified astrocytes will be fed with conditioned or unconditioned microglia 

medium. Glutamate uptake will be assayed using the detection of [3H]-d-aspartic acid.  
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To identify galectin-interacting proteins. The activity of galectin-3 depends on its 

cellular localization. Nuclear galectin-3 has regulatory activities as an mRNA splicing 

factor (Patterson et al. et al., 2004). Cytosolic galectin-3 can mediate pro- and anti- 

apoptotic activities (Liu et al. et al., 2002). And, Extracellular galectin-3 can enhance cell 

signaling pathways directly by inhibiting cell surface receptor endocytosis (Partridge et al. 

et al., 2004). Nuclear and microsomal subcellular fractions will be enriched from spinal 

cord  of end-stage animals from three groups: 1) SOD1G93A / Gal-3+/+; 2) SOD1WT / Gal-

3+/+; 3) SOD1WT / Gal-3-/-. Galectin-3 interacting partners will be co-immunoprecipitated 

with galectin-3 and identified using mass spectrometry (LC-MS-MS). Non-specific binding 

will be ascertained by removing proteins that aberrantly co-immunoprecipitated from 

SOD1WT / Gal-3-/- experimental samples using subtractive proteomics.   
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 ALS is characterized by selective dysfunction and death of neurons in the motor 

pathway and it is the most common adult motor neuron disease. The selective loss of motor 

neurons leads to spasticity, hyperflexia (upper motor neurons), generalized weakness, 

muscle atrophy, and paralysis (lower motor neurons) (Mulder et al. et al., 1986). Failure of 

the respiratory muscles is generally the fatal event, occurring within one to five years of 

onset of ALS. 
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Clinical ALS cases are often characterized into two groups based on the genetic 

etiology of the disease. The familial form of ALS, accounting for 10-15% of cases, is 

composed of manifestations linked to identified genetic mutations. The remaining 

approximately 80% of cases have no known etiology and are classified as the sporadic 

form of ALS (Pasinelli and Brown et al., 2006). It is believed that sporadic ALS is the 

result of genetic and environmental factors (i.e. exposure to toxins) (reviewed in (Cleveland 

et al., 1999)).  

ALS is a multifactorial disease and the identification of pathogenic pathways have 

proven challenging. Microarray analysis involving mRNA time series analysis may help us 

identify pathways in ALS.  We propose to use mRNA times series analysis to identify 

candidate genes and biochemical pathways that may drive the early molecular 

phathophysiology of ALS.  
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  Inflammation associated with amyotrophic lateral sclerosis (ALS) is known to 

influence disease onset and progression. In time series expression profiling studies, 

expression of several galectins was elevated in the spinal cord during motor neuron disease 

progression in the SOD1G93A mouse model of ALS.  Increases in Galectin-3 mRNA and 

protein expression were also observed at early presymptomatic and at symptomatic stages 

of the disease, including end-stage.   In contrast, expression of mRNA and protein for 

galectins-1 and -9 increased only after symptoms appeared. Galectin-3 was selectively 

upregulated in the spinal cord, rather than in other CNS regions or in skeletal muscle.  

Galectin-3 expression was also increased in the spinal cord of patients with ALS.  The 

primary source of galectin-3 in the mouse and human was from activated microglia, rather 

than astrocytes or neurons. mSOD1 mice with galectin-3 depletion (SOD1G93A/Gal-3-/-) 

exhibited symptoms of earlier disease onset and expired, on average, 25 days earlier than 

did SOD1G93A/Gal-3+/+ cohorts.  Neurobehavioral tests also indicated a more severely 

impaired neurological phenotype in SOD1G93A / Gal-3-/- mice during the progression of 

disease, relative to SOD1G93A/Gal-3+/+ mice. SOD1G93A / Gal-3-/- mice had fewer neurons 

compared to SOD1G93A/Gal-3+/+, and more activated microglia, which correlated with 

increased oxidative injury and expression of TNF-�  at end-stage of disease relative to 

SOD1G93A/Gal-3+/+ mice. These data suggest that the expression of galectin-3 is induced 

early in disease progression, and that galectin-3 may serve a neuroprotective function by 

limiting microglial activation and related neurodegeneration. To our knowledge, this is the 

first report to identify galectin-3 as a potential endogenous neuroprotective factor in ALS.  
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Amytrophic lateral sclerosis (ALS) is one of the most common adult-onset 

neurodegenerative disesases and is characterized by loss of upper and lower motor neurons. 

Loss of motor neurons results in muscle atrophy and death, which usually ensues due to 

respiratory complications (Pasinelli and Brown et al., 2006). ALS is characterized into the 

familial form, accounting for cases with known genetic causes, and the sporadic form, 

which are cases with no known etiology.  Both forms are clinically indistinguishable, with 

an incidence of 1-2 per 100,000 individuals, with familial ALS accounting for 10% of all 

cases (Bruijn et al. et al., 2004).  

Several mechanisms are thought to contribute to motor neuron injury in ALS, 

including oxidative stress, glutamate mediated excitotoxicity, and disrupted axonal 

transport. Neuroinflamamtion is suggested to be involved in many of these potential 

pathogenic pathways (McGeer and McGeer et al., 2002; Chen et al. et al., 2004; Zou and 

Crews et al., 2005; Hensley et al. et al., 2006; Tilleux and Hermans et al., 2007). ALS is 

associated with a marked neuroinflammatory response that is characterized by proliferation 

and activation of microglia (Lampson et al. et al., 1990; Troost et al. et al., 1990; Henkel et 

al. et al., 2004) and astrocytosis (Kawamata et al. et al., 1992; Schiffer et al. et al., 1996). 

Pronounced neuroinflammatory foci often correlate with regional motor neuron loss (Ince 

et al. et al., 1996; Pedersen et al. et al., 1998; Shibata et al. et al., 2001). The relative 

importance of neuroinflammation in ALS is suggested through the pronounced state of 

neuroinflammation in patients with ALS and in animal models of ALS at early stages of 
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disease progression (Alexianu et al. et al., 1994; Hall et al. et al., 1998; Kriz et al. et al., 

2002). By-products of glial activation in ALS include elevations in inflammatory mediators 

and cytokines such as TNF-� , among others (Ilzecka et al. et al., 2002; Henkel et al. et al., 

2004), as well as production of reactive oxygen species (Tohgi et al. et al., 1999; Babu et 

al. et al., 2008). In ALS, oxidative damage is suggested to in part cause decreases in 

glutamate uptake (Blanc et al. et al., 1998; Lauderback et al. et al., 2001), accumulation of 

advanced glycation end products (AGE)s (Cleveland et al., 1999; Butterfield and Kanski et 

al., 2001), as well as other well characterized oxidative stress related insults (Zhao et al. et 

al., 2004). A decrease in glutamate uptake by astrocytes causes excitotoxic injury to motor 

neurons, and is also considered a major pathogenic pathways in ALS (Van Den Bosch et al. 

et al., 2006).  

The SOD1G93A mouse model of ALS results in motor neuron degeneration due to 

overexpression of human mutant superoxide dismutase-1 (mSOD1) (Gurney et al., 1994; 

Gurney et al. et al., 1994). This model replicates important features of neuroinflammation 

and oxidative injury that are observed in both sporadic and familial ALS (Gurney et al., 

1994; Price et al. et al., 1996; Bendotti and Carri et al., 2004; Hensley et al. et al., 2006). 

Signs of neuroinflammation are initially observed when SOD1G93A mice are still at an 

asymptomatic stage of  disease (Alexianu et al. et al., 1994; Hall et al. et al., 1998; Kriz et 

al. et al., 2002; Boillee et al. et al., 2006), and increased proinflammatory cytokine 

expression has been detected throughout all stages of motor neuron degeneration in this 

model (Hensley et al. et al., 2002; Yoshihara et al. et al., 2002; Hensley et al. et al., 2003; 

Chen et al. et al., 2004). Moreover, increased levels of cytokines temporally correlate with 
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the appearance of irreversible protein oxidation observed in both murine motor neuron 

disease and in ALS (Andrus et al. et al., 1998; Hensley et al. et al., 2002; Hensley et al. et 

al., 2003). In the mutant SOD1G93A mouse, increased protein carbonyls, a product of 

oxidative stress, correlated with an upregulation of TNF-�� transcripts at an early stage of 

disease progression (Hensley et al. et al., 2002; Hensley et al. et al., 2003; Moreau et al. et 

al., 2005; Kiaei et al. et al., 2006). The observation that anti-inflammatory drugs extended 

survival in mSOD1 mice highlights the potential importance of neuroinflammation in 

motor neuron degeneration (Drachman et al. et al., 2002; Kriz et al. et al., 2002; Van Den 

Bosch et al. et al., 2002).   

We used a time series mRNA profiling approach to investigate early and late 

differential gene expression in the mSOD1 mouse model of motor neurodegeneration. We 

found several members of the galectin family of proteins to be increased early in disease 

progression, and investigated the role of galectin-3 in ALS disease progression.   
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All animal procedures were carried out according to the NIH Guidelines for Animal 

Use and Welfare and were approved by institutional animal care and use committee.  

B6SJL or C57BL/6 male mice overexpressing the G93A human SOD1 mutation 

(SOD1G93A) (Gurney et al. et al., 1994) were obtained from Jackson Labs (Bar Harbor, 

ME).  C57BL/6 SOD1G93A male mice were bred with non-littermate wild-type females. 

C57BL6 galectin-3 knock-out mice (Gal-3-/-) (Dan Hsu, University of California, Davis) 

were bred with C57BL/6 SOD1G93A mice to yield C57BL/6 SOD1G93A / Gal-3-/- transgenic 

mice (Figure 30).   

Mutant SOD1G93A  transgenic offspring were genotyped by PCR amplification from 

DNA purified from tail tissue. The primers used to identify the human mSOD1G93A gene 

were 5’CATCAGCCCTAATCCATCTGA-3’ (forward) and 

5’CGCGACTAACAATCAAAGTGA-3’ (reverse).  These primers amplify a 242 bp DNA 

segment.  The reaction components were denatured  at 95°C for 2 mins; the amplification 

was performed for 29 cycles, each cycle consisting of denaturation at 95°C for 30 secs, 

primer annealing at 50°C for 1 mins and 30 secs, and extension at 72°C for 30 secs. A final 

extension step was carried out at 72°C for 7 mins before completion. The PCR products 

were separated by electrophoresis on a 2% agarose gel stained with ethidium bromide.   

Galectin-3-/- mice were produced by Hsu et al. by interrupting the region coding for 

the carbohydrate recognition domain in exon 5, by inserting a neomycine resistant gene in 

in a short intro 4-exon 5 segment (0.5 kb) (Hsu et al. et al., 2000). The primers used to 
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identify galectin-3 deficient mice were 5’GTAGGTGAGAGTCACAAGCTGGAGGCC-

3’ (binding upstream of intron) and 5’GTAGGTGAGAGTCACAAGCTGGAGGCC-3’ 

(binding upstream of the Neo cassette) and 

5’CACTCTCAAAGGGGAAGGCTGACTGTC-3’ (binding common downstream 

sequence of exon). Primers were added to reaction in the following molar ratio 1:0.3:1 

(oligo1:oligo2:oligo3). For galectin-3 sufficient mice, these primers amplify a 450 bp 

fragment. For galectin-3 deficient mice, these primers amplify a 300 bp fragment. 

Heterozygous mice will amplify both a 450 and 300 bp fragments. The reaction 

components were denatured  at 95°C for 2 mins; the amplification was performed for 35 

cycles, each cycle consisting of denaturation at 95°C for 15 secs, primer annealing at 60°C 

for 20 secs, and extension at 72°C for 30 secs. A final extension step was carried out at 

72°C for 7 mins before completion. The PCR products were separated by electrophoresis 

on a 2% agarose gel stained with ethidium bromide.   

For the amplification reaction, 10 uL of DNA (1 ug/mL) was added to 15 uL of 

master mix containing (final concentrations) 10x PCR buffer (50mM KCl, 10mM Tris-

HCl, 1.5mM  Mg(OAc)2), 0.25mM dNTP mix and 0.75 units of Taq polymerase 

(Promega, Madison, WI).   
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Spinal cords from patients with ALS or from those who died from other causes 

were obtained from a post-mortem tissue bank (Jeffrey Rothstein, Johns Hopkins 

University).  Human samples were evaluated in accordance with principles expressed in the 

Declaration of Helsinki and following Health Insurance Portability and Accountability Act 
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(HIPAA) regulations. The studies were also supported by approved internal review board 

(IRB) protocols at both Johns Hopkins and Children’s National Medical Center.  Informed 

consent was not necessary because the tissue was collected post-mortem.  
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Lumbar spinal cords from B6SJL SOD1G93A transgenic and wild-type mice were 

isolated at 28, 42, 56, 70, 98, 112, and 126 days of age (n=3 per group), ground in a mortar 

cooled by liquid nitrogen. RNA was  then extracted in Trizol reagent (Invitrogen, Carlsbad, 

CA) according to the manufacturer’s instructions. Total RNA was purified using RNeasy 

minicolumns (Qiagen, Valencia, CA) and quantified with a spectrophotometer.  Integrity 

was assessed by agarose gel electrophoresis. All samples exhibited 260/280 absorbance 

ratios of ~2, and intact ribosomal 28S and 18S RNA bands in an approximate ratio of 2:1 

as visualized by ethidium bromide staining. A total of 1 µg of total RNA was reverse 

transcribed using oligo-dT-T7 primer and Superscript II reverse transcriptase (Invitrogen, 

Carlbad, CA)  followed by transcription of a second strand cDNA strand using Superscript 

double-stranded cDNA synthesis kit (Invitrogen, Carlbad, CA). cDNA was resuspended in 

40 µL of RNase-free water and 20 µL of this cDNA was used as template to synthesize 

biotin-conjugated UTP and CTP cRNA by in-vitro transcription using BioArray high yield 

RNA transcript labeling kit T7 (Affymetrix, Santa Clara, CA). 20 µg of cRNA was 

fragmented by incubation at 94oC for 35 min and then applied to Mouse 430 2.0 

Affymetrix arrays using the Affymetrix 3’ Amplification and Hybridization Control kit as 

specified by the manufacturer (Affymetrix, Santa Clara, CA).    
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1 µg of total RNA was used to synthesize cDNA using the SuperScript III First-

Strand synthesis system (Invitrogen, Carlbad, CA). DNA primers specific for galectin-3 

were designed according to known gene sequences as follows: forward- 5’ 

CGGTCGTAGGTGAGCATCGTTGAC[FAM]G 3’ and reverse- 5’ 

CCCTTTGAGAGTGGCAAACCAT 3’. Samples were normalized to the relative amounts 

of reverse transcribed glyceraldehydes 3-phosphate dehydrogenase (GAP3DH) for each 

sample. Reactions were run using an ABI PRISM 7900HT polymerase chain reaction 

instrument (Applied Biosystems, Foster City, CA), and relative gene expression levels 

were calculated using sequence detection system 2.2 Software (Applied Biosystems, Foster 

City, CA). 
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Protein homogenates were prepared from spinal cord using mPER lysis buffer and 

protein concentration was determined by using BCA protein assay kit (both Pierce 

Biotechnology, Rockford, IL). 15 µg of protein were resolved on 10% tris-glycine or bis-

tris polyacrylamide gels and electrotransferred to Hybond ECL membranes (GE 

Healthcare, Piscataway, NJ).  Blots were blocked in blocking buffer (0.0005% Tween 20 

and 5% dried milk powder in 1x phosphate buffered solution (PBS) for one hr, and 

incubated with primary antibody for one hr, washed three times in 1x PBS 0.005% tween, 

and then incubated with anti-HRP conjugated secondary antibody for 1 hr. Secondary 

antibody was washed three times 1x PBS-tween and then incubated with  Enhanced 

Chemiluminescence (ECL) detection reagents (GE Healthcare, Piscataway, NJ), and 

exposed to film. Antibodies that were used include: goat � -mouse or -human galectin-1, -3, 
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and -9 (1:500; R&D systems, Minneapolis, MN), � -actin (1:5000; Sigma-Aldrich, St.Louis, 

MO), rabbit � -mouse EAAT2 (1:8000). Secondary antibodies used include horseradish 

peroxidase-conjugated goat anti-mouse or � -rabbit (1:3000; Bio-Rad, Hercules, CA), or 

horseradish peroxidase-conjugated donkey � -goat (1:3000; Santa Cruz, Santa Cruz, CA).  
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Animals were perfused intra-aortically with PBS followed by 4% 

paraformaldehyde to fix tissues. Spinal cords were removed, post-fixed in 4% 

paraformaldehyde overnight at 4°C, and snap frozen in a liquid nitrogen cooled in an 

isopentane bath. Later, 20 � m sections were cut in a cryostat, mounted onto Superfrost Plus 

slides (Fisher Scientific, St. Louis, MO) and stored at -20oC. For immunocytochemistry, 

the sections were rehydrated in 4% paraformaldehyde for 10 min, briefly washed in PBS, 

and blocked in 5% goat serum in 0.1% triton X-100/PBS for 1 hr. Primary antibodies were 

applied for 2 hr at RT; sections were then washed and incubated with secondary antibody 

for 1 hr, washed again in PBS, coverslipped with Fluoromount-G (SouthernBiotech, 

Birmingham, Alabama), and viewed with a Bio-Rad MRC1024 confocal laser scanning 

microscope.  Primary antibodies were as follows: � -galectin-3 (1:500, R&D Systems, 

Minneapolis, MN ), � -GFAP (astrocyte marker) (1:1000; Sigma Aldrich, St. Louis, MO) , 

� -IBA1 (microglial marker) (1:2000 Wako Chemical, Richmond, VA), and � -ED1 

(activated macrophage/microglia marker) (1:350, AbD Serotec, Raleigh, NC). Secondary 

antibodies were as follows: Alexa Fluor goat � -donkey 488 (1:2000); Alexa Fluor goat � -

rabbit 568 (1:2000). For Nissl staining, Alexa Fluor FITC-conjugated Nissl (1:5000) was 
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applied to sections for 10 min. Secondary antibodies and conjugated Nissl stain were all 

from (Invitrogen, Carlsbad, CA).  

����&����"�"��������
����������� ���������

All tests were performed by an investigator blinded to animal genotype. For 

survival assessments, mice remained in the study as “survivors” until they lost the ability to 

right themselves within 3 sec after being placed on their back. At this point, the animal was 

removed from the study and categorized as “expired”. Neurological function was 

determined by scores on several independent neurological tests: grip strength, splay test, 

rotarod test and open field activity test—described as follows. Grip Strength Test: 

Neuromuscular function was assessed with a grip strength meter (Columbus instruments, 

Columbus, Ohio) which senses the peak amount of force an animal applies to a hindlimb 

pull bar. Animals were held so that only the hindlimb paws grasp the specially designed 

mouse pull bar assembly and they are pulled forward until their grip is broken. Five 

hindlimb measurements were recorded each wk, starting from wk 8, until the animal is 

removed from the study due to loss of righting reflex.  The data were normalized to body 

weight and expressed as compression/gram of body weight. Splay Test: mice were briefly 

suspended in mid-air by the tail and the position and extension of the forelimbs and 

hindlimbs relative to the floor were evaluated.  

 Activity Test: Animals were placed into a 60 x  60 centimeter open chamber (divided into 

quadrants with floor markings) and allowed to move  (without stimulation) as desired for 3 

min.  The investigator counted the number of times they moved across each quadrant of the 

chamber and the number of times they sit-up and rear during exploration. Rotarod 
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Analysis: Mice were acclimatized on the rotarod at 10 revolutions per min (rpm) for 5 min 

(Ugo Basile, VA, Italy) for 5 days before first experimental reading was taken. For testing, 

mice were placed on the rotarod, that  accelerated from 10 to 54 rpm within 5 min.  The 

time (sec) that each mouse stayed on the rod was recorded and the data were expressed as a 

latency to fall (sec) for each mouse.  

A neurological scoring system (0-4) was adapted from Rouaux et al. (Rouaux et al. 

et al., 2007), to express neurological function in terms of disease progression. In this scale, 

a score of 4= healthy mice with no obvious motor dysfunction, and no dysfunction on any 

neurological test, 3=no obvious motor dysfunction, but failed the splay test (this test is the 

first to detect neurological abnormalities in this model), 2 =mice with obvious locomotor 

abnormalities on functional tests (deficiencies in splay, grip, activity and rotarod tests), but 

no visually obvious abnormalities,  1=mice with visually obvious uni- or bilateral paralysis 

in addition to locomotor abnormalities on functional tests,  0=mice with a loss of righting 

reflex, visually obvious uni- or bilateral paralysis and locomotor abnormalities on 

functional tests.   

����8�>����� ��������� ��������
��������������������

Surviving motor neurons were assessed by labeling a single section from the same 

lumbar region of each animal in the study group (n=6 per group) with FITC-conjugated 

Nissl stain. Sections were first viewed with a 10x objective  using a Zeiss Axiovert 

microscope to verify the correct lumbar spinal level and to delineate the ventral motor horn. 

For quantification, a standardized representative field of the ventral motor horn region was 

imaged with Image J (NIH) software with an additional plug-in to count cells (Goochee et 
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al. et al., 1980).  Motor neurons were counted in the pre-defined, standardized area 

(240µm2) of the bilateral ventral gray matter and were identified based on size and 

morphology. Other sections were stained with either ED1 or IBA1 and the number of cells 

that were positively stained were counted as 2 different individual assessments of 

microglial staining. The same standardized regions that were used for neuronal counting 

were used for microglial counting. A single investigator blinded to the experimental 

condition performed all quantitative analyses.   
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Cytokines were measured using a Multi-Analyte ELISA kit (SABiosciences, 

Rockville, MD).   Spinal cords from transgenic mice were homogenized in mPER (Pierce 

BioTechnology, Rockford, IL) containing protease inhibitors (Roche, Nutley, NJ), as 

previously described under Western blotting methods. For ELISA, 150 µg of total protein 

homogenate was added to each well of the ELISA plate and the manufacturer’s protocol 

was followed to obtain sample cytokine concentrations. Briefly, protein homogenate was 

incubated on ELISA plate for 2 hr, washed and then incubated for 1 hr with antibody 

against mouse TNF-� . Following another series of wash steps, samples were incubated 

with avidin-HRP for 30 min at room temperature. The ELISA wells were washed a total of 

4 times and then 100 µL of development solution was added to each sample well. After 15 

min the reaction was terminated. Absorbance was read at 450nm using a Molecular 

Devices ThermoMax plate reader. � 

Total protein carbonyls were measured using the OxiSelect Protein Carbonyl 

ELISA Kit according to manufacturer protocol (Cell Biolabs, San Diego, CA). Briefly, 50 
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µg of total protein was added to each well on the ELISA plate and allowed to incubate for 2 

hr at 37° degrees celsius. Wells were washed 3 times with 250µL 1xPBS. Samples were 

then probed with DNPH (dinitrophenylhydrazine) for 45 min in the dark. Samples were 

then washed with a mixture of 1xPBS/Ethanol (1:1 v/v) 5 times. Samples were then 

blocked for 1 hr followed by incubation with � -DNP antibody. Sample wells were washed 

one final time with 1xPBS followed by incubation with substrate solution for 15 min. The 

development reaction was terminated with stop solution and absorbance was read at 450 

nm using a Molecular Devices ThermoMax plate reader. ��

�����<��������������
������

Data are expressed as the mean ± standard error of the mean. The neurological 

scores and survival curve were assessed using a Kaplan-Meir statistical test. Other behavior 

tests were assessed with 2-way analysis of variance (ANOVA) for the effect of time and 

score, and individual post-hoc t-tests for each timepoint were calculated. 

����������
����������
���

Microarray data can be obtained from NCBI GEO at series accession GSE18597. 
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In order to determine candidate genes that are specific to ALS, we performed a 

time-series expression analysis on 3 spinal cord samples from diseased mSOD1G93A and 

non-diseased controls at presymptomatic stages of disease  (28, 42, 56, 70  days of age); 

early and late progression stages of disease (98 and 112, respectively); and end-stage of 

disease (126 days of age). Signals reflective of gene expression were generated using the 

PLIER probe set algorithm. Differentially expressed genes were ranked based on their fold 

change and p-values.  Galectin-3 was found to be ranked amongst the top 25 genes with the 

highest significant increase in mRNA as measured by fold change at 98 (Table 3A), 112 

(Table 3B), and 126 days of age (Table 3C). 

��*����!��
��������� ��
�� ����
�������6���6������)� �

Three genes from the galectin family of proteins were of particular interest based on 

their significance (Figure 2). They included galectin -1, -3, and -9 and their mRNA levels 

were progressively elevated as motor neuron disease progressed. Only galectin-1 and -3 

mRNA was increased during an asymptomatic stage of disease progression.   

Immunoblot analysis indicated that only galectin-3 protein expression was 

increased at a relatively early time in disease progression in the spinal cord of SOD1G93A 

mice (Figure 3, A-B). Galectin-3 expression in SOD1G93A   mice was approximately 2-fold, 

9-fold, and 23-fold greater at 70, 98, or 126 days of age, respectively, compared to age-

matched controls. Real-time RT-PCR data indicate that galectin-3 mRNA was increased as 

early as 56 days of age (asymptomatic time point) in the SOD1G93A mouse compared to 
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WT controls, and that the mRNA levels were progressively elevated as motor neuron 

disease progressed (Figure 4). These timepoints correspond to distinct functional stages, 

where 70 days=asymptomatic disease, 98 days=onset of symptoms, and 126 days=end 

stage/loss of righting reflex. By comparison, the expression of the other galectins was 

considerably delayed.  Galectin-9  expression was  approximately 4-fold higher at 98 days 

of age and 2-fold  higher at 126 days of age in SOD1G93A mice, compared to age-matched 

controls, whereas galectin-1 protein expression was not elevated until  126 days age (5-fold 

increase).  

Because the increase in galectin-3 was the most marked, and was consistent with an 

early involvement in disease, the expression of this galectin was measured in other tissues, 

at 126 days of age, when expression levels were likely to be highest.   However, galectin-3 

expression was not increased in cerebral cortex, cerebellum, or notably, in the 

gastrocnemius muscle (Figure 5).  

Galectin-3 protein expression was also ~12-fold greater in spinal cords from 

patients with sporadic ALS, relative to age-matched controls who died from other causes 

(Figure 6, A-B).  Galectin-9 protein expression was also approximately 4-fold higher in 

spinal cords from patients with ALS, whereas galectin-1 expression was not significantly 

altered.  
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Figure 2: (A) Heat map of galectin- 1,-3, and -9 transcripts from the SOD1G93A mouse 

model of motor neuron degeneration. Each column represents a galectin transcript and each 

line represents age in days of mouse (n=3 per genotype). Expression signal intensities are 

shown in green and red, indicating low and high expression, respectively. 
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Figure 3: (A-B) Expression of galectin-3 is elevated during early motor neuron disease 

progression, followed by increases in galectins-9 and -1. Western blots were prepared from 

spinal cord homogenates of 70, 98, and 126 day SOD1G93A mice and age-matched controls 

(n=3 per genotype).  Blots (B) are quantified (A), where optical densities of galectin-3, 

galectin-9, and galectin-1 are expressed as a percentage of age matched controls (* p < 

0.05; ** p<0.01; ***p<0.001 compared to age–matched controls by Student’s t-test).
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Figure 4: Validation of increased expression of galectin-3 transcript. Relative mRNA 

concentration of galectin-3 was determined by real-time RT-PCR in spinal cord tissue from 

SOD1G93A mice (n=3 mice per genotype, (***p<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 restricted to 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 cortex, cerebellum,  gastrocnemius 

muscle, and spinal cord of 126 day old wild-type (WT) and SOD1G93A mice (n=3 per 

genotype). 
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Figure 6: Expression of galectins-3 and -9, but not galectin-1 is elevated in spinal cords 

from humans with sporadic ALS (A) Blots  were quantified as optical densities and 

expressed as the percentage of immunoreactivity of age matched controls ( **p<0.01 or 

*** p<0.001 by Student’s t-test comparisons). (B) Western blots prepared from thoracic 

spinal cord tissue resected at autopsy from  human subjects (n=5) with sporadic forms of 

ALS and from lumbar spinal cord tissue resected from non-ALS human (n=4) controls.  
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Outside of the CNS, galectin-3 has been detected in various cell types including a 

wide variety of immune cells (reviewed in (Dumic et al. et al., 2006)). To determine the 

cell types within the CNS that may be responsible for increased galectin-3 expression, 

lumbar spinal cord sections from patients with ALS or SOD1G93A mice were double-stained 

with antibodies to galectin-3 and several different cell-type specific marker proteins, and 

visualized with a microscope. In the SOD1G93A mouse, Galectin-3 was primarily expressed 

in microglia (Iba1 microglial marker), both at 90 (Figure 7) and 130 days of age (data not 

shown).  Galectin-3 was not frequently expressed in astrocytes (GFAP- astrocyte marker) 

or neurons of the SOD1G93A mouse. Galectin-3 was primarily expressed by microglia, but 

was also occasionally observed in astrocytes (indicated by arrows) in post-mortem spinal 

cords from patients with ALS (Figure 8). However, Galectin-3 was not typically expressed 

in neurons identified using a FITC-conjugated-Nissl co-stain.  
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Figure 7: Galectin-3 is primarily expressed by microglia and some astrocytes in 

the diseased spinal cord. Representative images of transverse sections of spinal cord 

from A) 90 day old and B) End-Stage SOD1G93A transgenic mice and age matched 

controls were stained with antibodies for galectin-3 (red), and with cellular markers 

for microglia (Iba1)(green)(row 1), astrocytes (GFAP)(green)(row 2), or with a FITC-

Nissl fluorescent stain for neurons (row 3). Individual and merged images are 

presented. 
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Figure 8:  Immunocytochemistry of transverse sections of human spinal cords with 

double-staining of galectin-3 and cellular marker proteins. Galectin-3 (red) 

predominantly colocalized with microglia cell marker Iba1 (green-top row) in human spinal 

cord tissue, rather than with the astrocytic specific marker 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 disease progression, 

neurological tests were performed comparing mutant C57BL/6 SOD1G93A mice that 

contained a targeted disruption of the galectin-3 gene (SOD1G93A / Gal-3-/-) to mice 

expressing the mutant SOD1G93A gene with no disruption of the galectin-3 gene (SOD1G93A 

/ Gal-3+/+). Western blots of homogenized spinal cords shows no detection of galectin-3 in 

SOD1G93A / Gal-3-/- mice. As expected, galectin-3 was elevated in SOD1G93A / Gal-3+/+ 

mice (p < 0.0001 by Student’s t-test) (Figure 9).  

  Disease outcome was assessed by a variety of measures.  A neurological 

assessment rating scale was adapted from Rouaux et al. as detailed in the methods section. 

(Rouaux et al. et al., 2007). Statistical analysis using Kaplan-Meier curves showed that 

deletion of galectin-3 did not significantly affect the rate of the first appearance of disease 

onset (score 3).  However, deletion of galectin-3 in the diseased mouse did significantly 

hasten the development of early (score 2) and late stage disease (score 1) (Figure 10, A).   

Fifty percent of SOD1G93A / Gal-3-/- mice reached the early progression stage of disease by 

day 132, 17 days sooner than SOD1G93A / Gal-3+/+ mice.  Fifty percent of SOD1G93A / Gal-

3-/- mice reached the late progression stage of disease by day 145, which was 22 days 

sooner than SOD1G93A / Gal-3+/+ mice. Average lifespan in SOD1G93A / Gal-3-/- mice was 

163 days which was 26 days shorter than SOD1G93A / Gal-3+/+. Genetic deletion of galectin-

3 in non-disease mice had no effect on neurobehavioral outcomes.  

Neuromuscular function was also evaluated using the vertical rise activity test, 

rotarod analysis test and hind-limb grip strength test. SOD1G93A / Gal-3-/- mice exhibited 



�

9��
�

significantly reduced performance relative to SOD1G93A / Gal-3+/+ mice on all  functional 

tests, with deficits becoming apparent from 15-19 weeks of age (Figure 10, B). Body 

weight  was also recorded as a measure of overall health. Prior to disease onset SOD1G93A / 

Gal-3-/- mice had greater body weight than did SOD1G93A / Gal-3+/+ mice (Figure 10, B). 

Starting at week 17 however, SOD1G93A / Gal-3-/- mice had an acceleration of weight loss 

relative to SOD1G93A / Gal-3+/+ mice. Genetic deletion of galectin-3 in non-diseased mice 

had no effect on neuromuscular function.  
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Figure 9: Immunoblot analysis of galectin-3 expression in diseased mice. Galectin-3 

expression was elevated in end-stage SOD1G93A / Gal-3+/+. As expected, there was no 

relevant detection of galectin-3 in age-matched SOD1G93A / Gal-3-/-; SOD1WT / Gal-3+/+; or 

SOD1WT / Gal-3-/-  mice. 

�



�

97�

	�'����.6���

!"

�!"

�!"

�!"

,!"

�!"

)!"

'!"

 !"

&!"

�!!"

��! ��� ��! ��� ��! ��� �,! �,� ��! ��� �)! �)� �'! �'� � ! � �

9�
!��

	��
���

���
�
	

�1

�
	�:,���;

�1�3&���+�3�(?�K4

�1�3&���+�3�(?��C1

Onset Early Progression

Late Progression End Stage (Survival)

p <  0.005

p < 0.0001

A

!"

�!"

�!"

�!"

,!"

�!"

)!"

'!"

 !"

&!"

�!!"

��! ��� ��! ��� ��! ��� �,! �,� ��! ��� �)! �)� �'! �'� � ! � �

9�
�!�

�	�
���

���
��


	�-

�
	�:,���;

3&���1��+�3�(?��K4

�1��3&���+�3�(?��C1

p <  0.0001

!"

�!"

�!"

�!"

,!"

�!"

)!"

'!"

 !"

&!"

�!!"
'! '�  !  � &! &� �!! �!� ��! ��� ��! ��� ��! ��� �,! �,�

9�
#�

�	�
���

���
��


	�(

�
	�:,���;

3&���1��+�3�(?��K4

�1��3&���+�3�(?��C1
!"

�!"

�!"

�!"

,!"

�!"

)!"

'!"

 !"

&!"

�!!"

'! '�  !  � &! &� �!! �!� ��! ��� ��! ��� ��! ��� �,! �,�

9�
!��

	��
���

���
�
	

��

�
	�:,���;

�1��3&���+�3�(?��K4

�1��3&���+�3�(?��C1



�

99�

 

Figure 10A:  Progression of motor neuron disease is more rapid and lifespan is 

decreased in SOD1G93A / Gal-3-/- mice compared to  SOD1G93A / Gal-3+/+ controls.  A 

neurological assessment rating scale from score 4 (no visible sign of disease) to 0 was 

adapted from Rouaux et al. (Rouaux et al. et al., 2007). Each graph represents the % of 

mice with  scores 3 through 0 for each group over time, where 3=altered hind limb 

extension on suspension by the tail, but otherwise appears normal, 2=altered gait on open 

field observation, 1=uni- or bi- lateral paralysis, and 0=fails righting reflex test.  Mice that 

received a score of 0,  were removed from the study and considered expired, thus the graph 

of mice with score=0 is equivalent to a Kaplan-Meier survival curve. P values indicate the 

level of significance by the Kaplan-Meier test. SOD1G93A / Gal-3+/+ (n=12) and SOD1G93A / 

Gal-3-/- (n=12).�
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Figure 10 B: Mean scores of SOD1G93A / Gal-3-/- or SOD1G93A / Gal-3+/+ control mice 

over time on individual tests of motor function or body weight.  The vertical rise score 

reflects the number of times animals reared up onto their hindlimbs to explore during 3 min 

in an open field chamber.  Rotarod and grip strength tests are detailed in Methods. 

SOD1G93A / Gal-3+/+ (n=12) and SOD1G93A / Gal-3-/- (n=12) (*=p<0.05 by 2-way ANOVA 

followed by individual post-hoc t-tests for each timepoint). 
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The effect of galectin-3 deletion on neuronal survival was assessed by quantifying 

the number of neurons present in the lumbar ventral horn region at 100 days of age in 

SOD1G93A / Gal-3-/- mice relative to SOD1G93A / Gal-3+/+ mice. Fixed spinal cord tissue was 

sectioned and stained with Nissl conjugated FITC to identify neurons. Motor neurons were 

identified based on size, morphology and location within the ventral horn, and counted 

using Image J software. One section from the same region of each animal was counted 

ensure that no double counting of motor neurons occurred. SOD1G93A / Gal-3-/- mice had 

significantly fewer neurons at 100 days of age compared to SOD1G93A / Gal-3+/+ mice 

(Figure 11 A-B).   



�

8.�
�

�

�

	�'����..�

�

�

�$%� ')��� ;�'�� � � ?;? � �$%� ')��� ;�'�� � � �; � �

�$%� ')��� ;�'�� � � ?;? � �$%� ')��� ;�'�� � � �; � �



�

8/�
�

Figure 11: Neurodegeneration is increased at 100 days of age in SOD1G93A / Gal-3-/- 

mice compared to SOD1G93A / Gal-3+/+  controls (n=6 for each group).  One section 

from the lumbar spinal cord of each mouse was stained with Nissl-conjugated-FITC and 

labeled cells within a defined volume of the ventral horns Representative photos are in (A) 

and counts are in (B).  Data expressed as mean ± SEM (***p<0.005 by Student’s t-test 

comparison). 
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To determine whether galectin-3 may be modulating neuroinflammation during 

disease progression, spinal cord sections from the mice were immunostained for the 

microglial marker Iba1, or for the activated macrophage/microglial marker ED1. Positive 

cells were quantified by an investigator blinded to the genotype.  At 70 days of age, 

SOD1G93A / Gal-3-/- mice  exhibited a small but significant decrease in ED1 positive cells 

compared to SOD1G93A / Gal-3+/+ controls, but no change in the number of cells stained 

with Iba1 (Figure 12 A).   

The number of ED1 or Iba1 stained cells in both strains (SOD1G93A / Gal-3+/+ or 

SOD1G93A / Gal-3-/-) was not significantly different from SODWT controls, suggesting that 

SOD1G93A-induced neuroinflammation if not fully underway at 70 days of age. At end-

stage (Figure 10 B), the number of cells that stained positive for either ED1 or Iba1 was 

higher for both SOD1G93A compared to SODWT controls. Moreover, the number of ED1 or 

Iba1 stained cells was markedly elevated in SOD1G93A / Gal-3-/- compared to age matched 

SOD1G93A / Gal-3+/+ controls at this time (Figure 12 B). 

  To determine whether activation of microglia may correlate with enhanced 

inflammation, we measured the levels of TNF-�  in each strain at the end stage of disease.   

The levels of TNF-�  in the lumbar spinal cord of SOD1G93A / Gal-3-/- mice were 

approximately 1.5-fold higher relative to SOD1G93A / Gal-3+/+ controls (Figure 13 A). To 

evaluate whether enhanced microglial activation and inflammation may contribute to 

oxidative damage, the level of protein carbonyls were quantified.  Protein carbonyls are 
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formed through oxidative modification by ROS of specific amino acids (most commonly 

proline, arginine, lysine and threonine), and thus are indicators of oxidative damage.   Total 

protein carbonyl content was nearly double in SOD1G93A / Gal-3-/- compared  to SOD1G93A 

/ Gal-3+/+ controls (Figure 13 B).  



�

81�
�

 

 

�

	�'����./�����

�

                     



�

87�
�

Figure 12: IBA1 and ED1 positive cells are increased in SOD1G93A / Gal-3-/- mice 

compared to SOD1G93A / Gal-3+/+ controls at the end stage of motor neuron disease.  

One section from either (A) 70 day old or (B) end stage (loss of righting reflex) lumbar 

spinal cords (n=6 for each genotype, at each timepoint) were stained with anti-IBA1 (red) 

or anti-ED1 (green).  As in Figure 6, positive cells within a defined volume of the ventral 

horns were counted under 100x magnification. Yellow boxed areas have been digitally 

enlarged. (*p<0.05 for SOD1G93A / Gal-3-/-  vs. SOD1G93A / Gal-3+/+ controls at the identical 

time point).  
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Figure 13: TNF-�  and protein carbonyls are increased in SOD1G93A / Gal-3-/- (n=4) mice 

compared to SOD1G93A / Gal-3+/+  controls (n=6) at the end stage of motor neuron disease. 

(A) TNF-�   and�� (B) protein carbonyls (as markers of oxidative protein modification)  were 

determined in homogenates from lumbar spinal cords using ELISA assays (*p<0.05, 

** p<0.01 by Student’s t-test comparison). TNF-�  levels are expressed as absolute 

absorbance values and carbonyl protein levels were determined by comparing samples with 

a standard curve that was prepared from predetermined reduced oxidized BSA standards. 
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Time-series expression profiling was used to identify initiating pathogenic 

pathways in the mSOD1 model of motor neuron degeneration. Several members of the 

galectin family of proteins, including galectin -1, -3, and 9, were observed to be 

upregulated in the spinal cord in the SOD1G93A murine model of ALS. Galectin-3 mRNA 

and protein was increased at an early asymptomatic stage and progressively increased 

throughout disease progression. Increased protein expression of galectin-1 and galectin-9 

were detected after disease onset. Increased galectin-3 protein expression in the SOD1G93A 

mouse was predominantly observed within microglia of the spinal cord as compared to 

other CNS and muscle tissue. Galectin-3 is shown to be significantly elevated in post-

mortem autopsy spinal cord tissue from patients with sporadic forms of ALS. Expression of 

galectin-3 in SOD1G93A / Gal-3+/+ relative to SOD1G93A / Gal-3-/- transgenic mice did not 

have an effect on disease onset (score 3). However, SOD1G93A / Gal-3-/- mice progressed 

faster through late stages of the disease, had shorter survival times and performed worse on 

neurobehavioral tests relative to SOD1G93A / Gal-3+/+  mice. SOD1G93A / Gal-3-/- mice had 

fewer motor neurons in a representative lumbar spinal cord slice than did SOD1G93A / Gal-

3-/- mice.  SOD1G93A / Gal-3-/- mice also demonstrated an increase in microglia 

proliferation, and a corresponding increase in TNF-�  and protein carbonyl modification.  

We did not observe an increase in galectin-1 in patients with ALS, however, Kato 

et al. has demonstrated that galectin-1 accumulates in specific regions within isolated 

lesions of the spinal cord of both sporadic and familial ALS (Kato et al. et al., 2001).  

Perhaps we did not detect this because our data was from western blots, rather than 
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histological sections that can show very localized changes.  Administration of the oxidized 

form of galectin-1 improved neurological function and increased survival in a mutant 

SOD1 mouse model of ALS (Chang-Hong et al. et al., 2005).  In addition, galectin-1 is 

increased in dorsal root ganglion neurons weeks after axotomy (Imbe et al. et al., 2003), 

and may promote axon regeneration after transection or crush injuries of peripheral nerve 

(Horie et al. et al., 2004).  Together, these data suggest that galectin-1 may be produced as 

an endogenous neuroprotective response to neuronal damage.   

Our data identified elevations in galectin-9 both in the SOD1 mouse model, and 

moreover, in human ALS.  Indeed, the only CNS disease associated with galectin-9 to date, 

(other than certain cancers) is experimental pneumococcal meningitis, where an increase in 

galectin -9 mRNA was observed, but a corresponding increase in the protein was not 

(Bellac et al. et al., 2007).  In vitro, galectin-9 is expressed by astrocytes after stimulation 

with Il-1ß , and this effect is abolished by dexamethasone, which suggests that this galectin 

is produced as part of neuroinflammation induced by pro-inflammatory cytokines (Yoshida 

et al. et al., 2001).  Nevertheless, beyond this, the functional role of galectin-9 in CNS 

inflammation, much less in ALS, is unclear.  

Increased galectin-3 mRNA expression has already been reported in mouse models 

of ALS. One other study has also reported increased galectin -1 and -3 mRNA expression 

in mouse models of ALS (Gonzalez de Aguilar et al. et al., 2007). Our study confirmed 

increased expression of galectins -1 and -3 in the spinal cord of SOD1G93A mice and also 

demonstrated immunohistochemical evidence that galectin-3 is expressed at an 

asymptomatic stage of disease and predominantly by microglia within the CNS.  Contrary 
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to the other study, we did not detect galectin-3 in the gastrocnemius. There may be several 

reasons for the differences in our findings including strain differences (Bergemalm et al. et 

al., 2006).  It is also worthy of noting that Gonzales de Aguilar et al. did not validate their 

expression profiling results and their findings could be a false positive.   

A next step was to investigate the effect of galectin-3 elevation on motor neuron 

degeneration during disease progression.  Since there are currently no selective inhibitors 

for galectin-3, this question was addressed with a gene knock-out approach. The data 

indicate that  knock-out of galectin-3 has a marked negative effect on neurological 

function, disease progression and survival in SOD1G93A mice--all test results for these 

outcomes were highly significant, which suggests that galectin-3 has an important role in 

the disease process.   

In our study, C57BL/6 Galectin-3-/- mice were crossed with C57BL/6 SOD1G93A / 

Gal-3+/+ mice, to produce a SOD1G93A/Galectin-3-/- mouse.  The C57BL/6 x SJL/J hybrid 

used in our initial expression studies could not be used for this study, because the disease 

phenotype would be confounded by crossing two different strains of mice.    

Common methods used to assess disease stage in ALS mice include scoring of 

motor deficits based on performance on rotarod, grip-strength, activity, uni- or bi-lateral 

paralysis, and loss of righting reflex tests (Weydt et al. et al., 2003).  Other less commonly 

used tests include observations of hind-limb tremors (splay test) and gait abnormalities 

(Weydt et al. et al., 2003; Gonzalez de Aguilar et al. et al., 2007; Rouaux et al. et al., 

2007). However, the splay test generally detects motor deficits much earlier in disease 

progression than do the more commonly used tests (Weydt et al. et al., 2003).  In addition, 
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the disease progression scale recently developed by Rouaux et al. (Rouaux et al. et al., 

2007), represents a specific, standardized way to track disease onset and progression that 

tests such as rotarod and grip-strength do not.  Thus in the current study, we used the splay 

test and the Rouaux progression scale because increased expression of galectin-3 is an early 

event, and we were specifically interested in evaluating whether disease onset and 

progression would be altered in galectin-3 knock-outs.  The standard tests were included as 

well to ensure that the behavioral data were expressed using tests that are most familiar to 

the ALS research community.   

In our study, deletion of galectin-3 was associated not only with worsened 

behavioral and survival outcomes, but also with an increase in microglial activation and 

expression of TNF-� , enhanced production of protein carbonyls, and increased 

neurodegeneration. SOD1G93A galectin-3 deficient mice began to show motor deficits  

between weeks 15 and 19, a stage of disease that is associated with significant 

neuroinflammation and a significant loss of motor neurons (Hall et al. et al., 1998; 

Alexianu et al. et al., 2001; Fischer et al. et al., 2004; Kato et al., 2008)  Collectively, these 

data indicate that neuroinflammation and oxidative injury were increased in mSOD1 

galectin knockouts relative to wild-type SOD1 controls. This suggests that galectin-3 may 

subserve an important anti-inflammatory and/or neuroprotective role in the mSOD1 disease 

process.  This finding is in contrast with data that suggest pro-inflammatory roles for 

galectins, (Yamaoka et al. et al., 1995; Kuwabara and Liu et al., 1996; Hsu et al. et al., 

2000; Jiang et al. et al., 2009), but consistent with a recent reports suggesting an anti-
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inflammatory role for galectin-3 (del Pozo et al. et al., 2002; Li et al. et al., 2008; 

MacKinnon et al. et al., 2008).  

In conclusion, this study suggests that endogenous production of galectin-3 during 

the course of motor neuron disease may subserve a neuroprotective role, through a 

dampening effect on neuroinflammation and oxidative injury.   
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Excitotoxic and inflammatory mechanisms have been commonly linked in several  

neurodegenerative diseases. Galectin-3 is an inflammatory modulating  protein found to be 

upregulated in several neurodegenerative conditions, including ALS. In spinal cord 

organotypic models of excitotoxicity, galectin-3 was found to increase glutamate uptake 

via a mechanism not related to GLT-1. The increase in glutamate uptake  correlated with a 

decrease in neuron death as measured by LDH activity from culture media. Galectin-3 

acted directly at primary astrocytes to increase GLAST, but not GLT-1 uptake and cell 

surface expression. Galectin-3 did not induce an increase in uptake by either astrocytic 

GLT-1 or GLAST via actions of galectin-3 mediated microglial secretion factors. 

However, soluble microglial factors released due to galectin-3 exposure did increase 

GLAST but not GLT-1 cell surface expression. These data give indication that galectin-3 

may act differently at microglia and astrocytes to modulate glutamate mediated 

excitotoxicity. Further, galectin-3 appears to be directly neuroprotective against excitotoxic 

insults in isolated motor neurons, at least in part, through its carbohydrate recognition 

domain. 
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In ALS, neuroinflammation and glutamate induced excitotoxicity are two distinct 

pathways involved in causing motor neuron degeneration (reviewed by (Tilleux and 

Hermans et al., 2007). It has been suggested that neuroinflammation may promote 

excitotoxic neuron degeneration because a) microglial activation proceeds astrocyte 

activation (Alexianu et al. et al., 2001; Raghavendra et al. et al., 2004; Tanga et al. et al., 

2004) and b) cytokine mediated neuronal insults could be inhibited with the use of 

glutamate receptor antagonists (Willard et al. et al., 2000). Proinflammatory cytokines such 

as TNF-� , interleukin-1ß, and prostaglandin E2 as well as ROS released from activated 

microglia can exacerbate neurodegenerative outcomes, including those caused by 

excitotoxicity (Table 4) (Wang et al. et al., 2004; Zhao et al. et al., 2004; Block and Hong 

et al., 2005; Moncada and Bolanos et al., 2006; O'Shea et al. et al., 2006; Tilleux and 

Hermans et al., 2007; Namekata et al. et al., 2008). The mechanism by which 

neuroinflammatory mediators perturb glutamate homeostasis remains unclear, however, 

there is evidence that cytokine mediated production of ROS is responsible for a decrease in 

astrocytic glutamate uptake and resultant excitotoxicity (Piani et al. et al., 1993; Fine et al. 

et al., 1996; Hu et al. et al., 2000; Liao and Chen et al., 2001; Zou and Crews et al., 2005).  

In chapter 2, we demonstrated that galectin-3 is increased in ALS and that galectin-

3 expression in the mSOD1G93A mouse model of motor neuron degeneration is 

neuroprotective. The genetic deletion of galectin-3 in the mSOD1G93A mouse coincided 

with an increase in neuroinflammation and oxidative injury, as well as a increase in 

neurodegeneration.  
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Galectin-3 is a member of the galectin family of proteins, which are defined by 

their specific binding of ß-galactosides through a carbohydrate recognition domain 

(Barondes et al. et al., 1994). Despite the few studies that have suggested a role of galectin-

3 in neuroinflammation (Mok et al. et al., 2007; Jiang et al. et al., 2009; Rotshenker et al., 

2009), its role in the CNS remains elusive. In the periphery, galectin-3 can regulate 

immune cell activation via its ability to a) support cross-linking of glycosylated cytokine 

membrane receptors (Demetriou et al. et al., 2001; Partridge et al. et al., 2004; Stowell et 

al. et al., 2008); b) regulate pro and anti- inflammatory mediators (Be'eri et al. et al., 1998; 

Cortegano et al. et al., 1998); and c) regulate pro- and anti-apoptotic pathways related to 

immune cell viability (reviewed in (Dumic et al. et al., 2006)) (Figure 14).  

The C-terminal domain of galectin-3 is composed of about 130 amino acids 

forming the carbohydrate recognition domain (CRD). Many of the biological roles of 

galectin-3 is mediated through its CRD including the ability to cross-link glycosylated 

cytokine and growth factors membrane receptors increasing their expression at the cell 

surface (Woo et al. et al., 1991; Knibbs et al. et al., 1993; Demetriou et al. et al., 2001; 

Partridge et al. et al., 2004; Dennis et al. et al., 2009) 

Here, we investigated whether galectin-3 may modulate expression of glutamate 

transporters and thereby alter excitotoxicity through interaction with glia. In addition, we 

evaluated whether galectin-3 may be neuroprotective through direct effects on neurons 

themselves. Finally, we performed preliminary experiments to determine whether the CRD 

binding domain may be important in this process.  
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Primary glia cultures were prepared from the cerebral cortices of 7-day old 

C57BL/6 mice. Tissue was dissociated in Dulbecco’s Modified Eagle Medium 

supplemented with fetal bovine serum (Hyclone, Logan, UT) (10%) and penicillin-

streptomycin  (50 mg/mL) (Invitrogen, Carlsbard, CA). Dissociated cells were centrifuged 

at 300g for 5 mins and the cellular pellet was washed twice. Cells were seeded onto poly-d-

lysine coated ventilated flasks and grown until confluent, at 37°C, in humidified 

atmosphere containing 5% CO2. The media was exchanged every four days with complete 

DMEM composed of Dulbecco’s Modified Eagle Medium (Invitrogen, Carlsbard, CA) 

supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), penicillin-streptomycin 

(50 mg/mL), and 2mM glutamine (Invitrogen, Carlsbard, CA).  
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When mixed glial cultures reached confluence, microglia were isolated from 

astrocytes by vigorous shaking on an orbital shaker at 200rpm for 6 hr. Detached cells in 

the culture media were centrifuged at 300g for 5 mins and resuspended in the same culture 

media used for the original mixed cultures. Aggregates were removed by filtering 

microglial suspension through a 70µm cell strainer. The purified microglia were seeded at 

3 x 104 cells/cm2 in a 10 cm2  dish coated with poly-d-lysine (Sigma Aldrich, MO). After 1 

hour the media was exchanged with complete DMEM.  
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Mixed glial cultures were shaken for 6 hr to isolate microglia as described above. 

The original mixed culture flask (undetached cells) containing mostly astrocytes was 

placed on orbital shaker for an additional 12 hr at 200rpm to eliminate residual microglia. 

The purified astrocyte culture was then placed back into incubator. Three days later, 

astrocytes were removed (0.25% trypsin 1mM ethylenediaminetetraacetic acid  (EDTA)) 

and re-seeded at 104  cells/cm2  onto plates coated with poly-d-lysine. Media was composed 

of complete DMEM. Twenty-four hrs later astrocyte differentiation was initiated by 

decreasing serum concentration in media to 3% and by adding dbcAMP (N6,2'-O-

dibutyryladenosine 3':5' cyclic monophosphate) (150µm) to media (Schlag et al. et al., 

1998).  
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Treatment of astrocytes with conditioned microglia media was adapted from 

Hermans et al. (Tilleux and Hermans et al., 2008). Twenty-four hrs after microglial 

isolation, the medium was changed to 3% serum in order to mimic astrocyte culture 

conditions. Microglia culture media was supplemented with or without  recombinant mouse 

galectin-3 (2.5µg/mL). Control cultures had an equal volume of phosphate buffered 

solution (PBS) added to the medium.  Microglia were maintained for 48 hours and then 

media was collected and transferred to astrocyte cultures for 72 hr. A second group of 

astrocytes was fed with fresh, unconditioned media with or without recombinant mouse 

galectin-3 (2.5µg/mL)  supplemented in media.  
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Astrocytes were rinsed with ice-cold PBS containing Ca2+/Mg2+ and then were 

incubated with Sulfo-NHS-Biotin (1mg/mL) suspended in ice cold PBS Ca2+/Mg2+ for 30 

mins. The biotin solution was then removed and excess biotin was rinsed twice with 

quenching solution (PBS Ca2+/Mg2+ with glycine). Astrocytes were then incubated in 

quenching solution for 30 mins on shaker at 4°C, followed by two rinses with ice cold PBS 

Ca2+/Mg2+. Astrocytes were then lysed with RIPA buffer [150mM NaCl, 1mM EDTA, 

100mM Tris-HCL, 1% Triton, 1% sodium deoxycholate, 0.1% SDS, pH 7.4] supplemented 

with protease inhibitors on shaker for 1 hr at 4°C. Culture dishes were scraped  to remove 

remaining adherent cells and cellular debris was removed by spinning at 12,400 rpm in 

microcentrifuge for 20 mins at 4°C. A portion of the total protein homogenate was set aside 

for protein quantification and immunodetection assay. The remaining portion of protein 

homogenate was incubated with UltraLink Immobilized Monomeric avidin beads (Pierce 

Biotechnology, Rockford, IL) overnight at 4°C, followed by centrifugation at 12,400 rpm 

at 4°C in a microcentrifuge. Proteins that were not bound by the Biotin-Avidin complex 

were collected from the supernatant. Plasma membrane proteins labeled with the biotin-

avidin bead complex formed a pellet, which was resuspended in RIPA buffer, centrifuged 

at 12,400 rpm at 4°C, and washed twice in high salt wash buffer  [0.1% Triton, 500mM 

NaCl, 5mM EDTA, 50mM Tris, pH 7.5], and once in no-salt wash buffer [50mM Tris, pH 

7.5]. After these washes, the beads were incubated in an equal volume of 2x sample 

loading buffer [4% SDS, 1M Tris (pH 6.8), 1% Bromophenol blue, 20% Glycerol, 2% Beta 

Mercaptoethanol] for 30 min at 37°C to dissociate the beads from the biotin-protein 
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complex. Samples were then centrifuged at 12,400 rpm for 5 min and the supernatant was 

collected as the “biotinylated plasma membrane fraction.” 
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Organotypic spinal cord cultures were prepared using lumbar spinal cord slices 

from 7-day old C57BL/6 pups. Animal  procedures were approved by the Children’s 

National Medical Center Animal Care and Use Committee, and adhered to guidelines set 

forth in the National Institute of Health (NIH) Guide for the Care and Use of Laboratory 

Animals. 

Lumbar spinal cords were sectioned transversely at 350� m intervals with a 

McIlwain tissue Chopper. Five slices were placed on the surface of a 30mm Millipore 

Millicell-CM porous (0.4µm) membrane. The membranes were placed in 35-mm culture 

wells containing 1mL of incubation medium consisting of 50% (vol/vol) minimal essential 

medium-25mM HEPES, 25% (vol/vol) heat-inactivated horse serum, 25% (vol/vol) Hanks’ 

balanced salt solution supplemented with d-glucose (25.6mg/ml), glutamine (2mM), 1% 

penicillin/streptomycin and 1% gentamicin at a final pH of 7.2. Cultures were incubated at 

37°C in a 5% CO2/95% air humidified environment. Culture media was changed three 

times a week by replacing half the conditioned media with fresh media.  
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The following experimental design was adapted from Dr. Jeffrey Rothstein’s 

protocol for induction of slow excitotoxicity in spinal cord organotypic slices (Rothstein et 

al. et al., 1993). Spinal Cord organotypic cultures were treated with threohydroxyaspartate 

(THA) (Sigma-Aldrich, St. Louis, MO) with or without the addition of either 0.5 µg or 2.5 
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µg mouse recombinant galectin-3 in PBS [3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM 

KCl, 135 mM NaCl, pH 7.4]. (R&D Systems, Minneapolis, MN). Control cultures were 

treated with an equal volume of  vehicle containing only PBS. Five µg/mL of goat � -mouse 

galectin-3 antibody was added with or without recombinant galectin-3 (2.5µg/mL) to 

specifically inhibit actions of galectin-3. At low concentrations, THA inhibits GLT-1 

activity, thereby allowing for neurotoxic buildup of glutamate in the cell culture media. 

THA and/or galectin-3 was maintained in cultures by replenishing them at each change of 

the medium which occurred every three days for a total of nine days.   
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Motor-neuron toxicity was monitored using the CytoScan-LDH ultra-sensitive 

colometric based assay (Gbiosciences, Maryland Heights, MO). The Cytoscan-LDH assay 

measures the release of the cytosolic enzyme lactate dehydrogenase (LDH) into the media  

as an indicator  of cell death. 50µL of culture media from each well was assayed for LDH 

activity.  

����)�'�������
�����/
�

 Individual chronically treated galectin-3 and control organotypic slices were cut 

away from the Millicell-CM membranes (Millipore, Billerica, MA) and incubated in 

200µL of KRH/Ca2+ [120mM NaCl, 4.7mM KCl, 1.2mM KH2PO4,10mM MgSO4�7H2O, 

10mM HEPES, pH 7.4] buffer supplemented with dextrose (1.8mg/mL) for 10 minutes at 

37oC in a 5% CO2/25% air humidified environment.  Half of the samples were then 

incubated with the GLT-1 inhibitor, Dihydrokainate (DHK) (Sigma Aldrich, St.Louis, MO) 

at a final working concentration of 5mM for 10 minutes. The uptake assay was initiated by 

the addition of 3[H]-D-Aspartate (Perkin Elmer, MA) (Specific Activity at a final 
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concentration of 0.5� M). After 10 minutes, the uptake reaction was terminated by adding 

ice-cold PBS. The slices were washed 3 times in ice-cold PBS, and cells were then lysed 

with 500µL of RIPA buffer (Santa Cruz Biotechnology, Santa Cruz CA), with  protease 

inhibitors (Complete Mini Tablets (Roche, Nutley,  NJ). 100� L of the cellular lysate was 

used to quantitate the protein concentration of each experimental well using Micro BCA 

Protein Assay Kit (Pierce Protein Research, Rockford, IL) . 400µL of the lysate was added 

to scintillation fluid (Sigma Aldrich, St.Louis, MO). Radioactivity was determined by 

liquid scintillation counting. GLT-1 glutamate uptake was estimated by subtracting DHK-

sensitive aspartate uptake from total aspartate uptake.  
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Protein homogenates were resolved on a 10% tris-glycine or bis-tris polyacrylamide 

gel and  electrotransferred to a Hybond ECL (GE, Piscataway, NJ)  membrane.  Blots were 

blocked in blocking buffer (PBS containing 0.0005% [vol/vol] Tween 20 [PBST] and 5% 

[wt/vol dried milk powder.) Blots were probed with primary antibody followed by 

incubation with anti-HRP conjugated secondary antibody. Antibodies that were used 

include: � -actin (1:2000; Sigma Aldrich, MO), rabbit � -mouse EAAT2 (1:2000; Affinity 

BioReagents, Golden, CO). Secondary antibodies use include horseradish peroxidase-

conjugated goat � -mouse or � -rabbit (Bio-Rad, Hercules, CA). Blot were then incubated 

with ECL chemiluminescent detection reagents (GE, Piscataway, NJ) and exposed to film.  
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Data are expressed as the ± standard error of the mean. Unless otherwise stated, 

statistical analysis was performed using Student’s t-test and multiple comparisons were 

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

glutamate, uptake was first assayed in organotypic spinal cord cultures. Organotypic spinal 

cord cultures prepared from P7 C57BL/6 mice were treated with 2.5 µg recombinant 

mouse galectin-3 (rmGal-3). Glutamate uptake was assayed using the tritiated glutamate 

analog, [3H]-D-aspartate (hereafter referred to simply as “uptake”) with or without 

exposure to dihydrokainate acid (DHK), a specific GLT-1 inhibitor. GLT-1 specific 

activity was differentially determined by subtracting uptake from slices treated with DHK, 

from total uptake.   

In the organotypic spinal cord slices, total uptake was measured at approximately 8 

cpm/mg of protein (Total Uptake not shown), whereas in control cultures (no galectin-3) 

incubated with DHK, non-GLT-1 glutamate uptake was approximately 4.5 cpm/mg protein 

of protein (checkered bar- Figure 15). Thus, GLT-1 and non-GLT-1 specific activity was 

responsible for approximately 43% (stippled bar) and 57% (checkered bar) percent of total 

uptake, respectively.  

Total uptake was not altered by chronic treatment of spinal cord cultures with 2.5 

µg of rmGal-3, nor by treatment with rmGal-3 in the presence of a galectin-3 neutralizing 

antibody (used as a specific inhibitor of galectin-3) (total uptake not shown).  However, 

rmGal-3 increased non-GLT-1 transporter uptake to 80% of total uptake (checkered bar) 

and decreased GLT-1 uptake to 30% of total uptake (stippled bar), and this effect was 
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reversed by the galectin-3 neutralizing antibody, suggesting that the changes in uptake at 

the transporters were galectin-3 specific.  Incubation with the galectin-3 antibody alone, 

resulted in uptake comparable to control levels, indicating that the galectin-3 antibody had 

no non-specific effect on glutamate transport (Figure 15).    

  Lysates were prepared from identically prepared organotypic cultures to determine 

whether galectin-3 affects uptake via regulation of transporter protein expression. This 

analysis revealed an increase in total cellular expression of the major non-GLT-1 

transporter GLAST (Figure 16 A), but no significant change in GLT-1 after treatment with 

rmGal-3 (Figure 16 B).   
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Figure 15: Characterization of glutamate uptake in a organotypic spinal cord model 

of synaptic glutamate uptake. rmGal-3 did not affect GLT-1 specific  uptake (hatched 

bar) but did increase non-GLT-1 uptake (checkered bars). Uptake of glutamate by rmGal-3 

was inhibited by addition of � -galectin-3 antibody to the culture media. Data shown are 

mean values with error bars representing SEM. (n=5 per experimental group, *p<0.05 by 

Student’s t-test comparisons followed by Sidak correction for multiple comparisons 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 GLAST antibody was used for the 

Western blots.    rmGal-3 causes an increase in total (A) GLAST protein expression and 

(B) no change in total GLT-1 protein expression. The numbers above the lanes in the GLT-

1 blot refer to the amount of protein loaded into the gel.  For GLAST, only 15� g of protein 

was evaluated.  The data represent a single experiment, but utilized combined slices. The 

results are from one experiment where 7 slices from each treatment group was pooled.  
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To determine the role of galectin-3 on synaptic uptake in an excitotoxic 

environment, the effect of galectin-3 was studied in the same spinal cord organotypic 

culture system, but this time within the context of slow glutamate-mediated excitotoxicity. 

This model of cell death was developed by Dr. Jeffrey Rothstein at Johns Hopkins 

University as a model of excitotoxicity that has particular relevance to ALS (Rothstein et 

al. et al., 1993), rather than excitotoxicity due to acute insults (such as stroke and/or 

trauma) (Rothstein et al. et al., 1993).  In this model, chronic inhibition of glutamate 

transport with the GLT-1 antagonist, DL-threo-hydroxyaspartic acid (THA) causes a 

gradual accumulation of glutamate in the culture media over time that leads to selective, 

slow, degeneration of motor neurons in the spinal cord organotypic cultures, that resembles 

that seen in ALS.  This model is in contrast to models of acute excitotoxicity that typically 

involve a brief pulse of relatively high concentrations of glutamate or glutamate agonists, 

that quickly induces necrosis (Marchetti et al. et al., 2004; Fukui et al. et al., 2009).  

Spinal cord lumbar organotypic slice cultures were treated with 250 µM DL-THA 

with or without the addition of rmGal-3. Cultures treated with THA for 9 days 

demonstrated a 60% decrease in total glutamate uptake compared to control slices (p < 

0.0001, total uptake data not shown). In control slices GLT-1 and non-GLT-1 uptake make 

up 30% and 70% of total uptake, respectively. In THA treated cultures, GLT-1 specific 

uptake increased to 45% and non-GLT-1 specific uptake decreased to 55% of total uptake 

(p<0.001, Figure 1A). There was no significant difference in GLT-1 and non-GLT-1 

specific uptake in THA treated cultures supplemented with 0.5 µg/mL rmGal-3 relative to 
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THA treated cultures (Figure 1A). However, in THA treated cultures supplemented with 

2.5 µg/mL rmGal-3, glutamate transporter uptake parameters returned to control like 

conditions with GLT-1 and non-GLT1 uptake making up 30 and 70% of total uptake, 

respectively (p<0.001, relative to THA treated slices, Figure 1A).   
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Figure 17: Galectin-3 modulates glutamate uptake in a model of glutamate-mediated 

chronic excitotoxicity. Organotypic spinal cord slices co-incubated with THA (n=12) and 

galectin-3 (0.5 or 2.5� g/mL) (n=12) demonstrated mixed effects on GLT-1 specific 

glutamate uptake and an increase in non-GLT-1 specific uptake. Data shown are mean 

values with error bars representing SEM. (††p<0.01 indicates significant difference with 

control (non THA and non rmGal-3 treated cultures; *** p<0.001 indicates significant 

difference with THA GLT-1 specific uptake;  ### p<0.001 indicates significant difference 

with THA non-GLT-1 uptake by Student’s t-test comparisons with Sidak multiple 

comparison correction on raw data.  
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To determine whether the galectin-3 mediated increase in non-GLT-1 glutamate 

uptake is neuroprotective in the slow excitotoxicity model, cell death was assayed on days 

3, 6, and 9 of THA incubation.  LDH activity accumulation in the media was used as a 

measure of cell death.  Cultures treated with THA (n=12) demonstrated an increase in LDH 

activity relative to control slices (n=12) at day 3, and LDH remained elevated relative to 

controls throughout the THA incubation time course. However, media from cultures treated 

with both THA and 2.5 µg rmGal-3 contained significantly 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 excitotoxicity induced 

by THA, treatment with 2.5 ���� g of galectin-3 caused a decrease in neuronal cell death. 

Neuronal cell death was measured by detection of LDH activity in the cell media (n=12). 

Data shown are mean values with error bars representing SEM ( **p<0.01 and ***p<0.001 

indicates significant difference with THA treated cultures) by Student’s t-test comparisons 

with Sidaek multiple comparison correction.   
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N-acetyllactosamine residues (N-Lac) on glycoproteins serve as the preferred 

ligand for galectin-3. N-glycans attached to glycoproteins form multivalent lattices that 

restrict movement of glycoproteins, and may result, in inhibition of their endocytosis 

(Demetriou et al. et al., 2001; Partridge et al. et al., 2004). The Golgi enzyme, Mgat5, is 

responsible for modifying proteins with N-glycan structures (Cummings et al. et al., 1982). 

In order to determine whether galectin-3 is neuroprotective via a N- or O-glycan dependent 

pathway, Swainsonine and Benzyl-N-acetyl-alpha-D-galactosaminide (BNAG), inhibitors 

of N- or O- linked glycosylation, respectively (Kang and Elbein et al., 1983; Srinivasan et 

al. et al., 2008) was applied to a motor neuron model of excitotoxicity with or without the 

addition of rmGal-3. 

Excitotoxic motor neuron death was induced by adding 1 mM of glutamate to 

serum free culture media for 48 hours. Motor neuron viability was assayed using an MTT 

assay which measures the reduction of tetrazolium into formazan by the cells. In this 

model, 1mM of glutamate caused an approximate 40% decrease in NSC-34 cell viability. 

When 2.5� g/mL of rmGal-3 was supplemented in the cell media at the time of glutamate 

challenge, there was a 20% increase in cell viability over controls (Figure 19). When 

lactose, a potent inhibitor of the galectin-3 CRD domain, was added with galectin-3 to 

glutamate challenged motor neurons, the neuroprotective effects of galectin-3 was inhibited 

(Figure 19 A). Therefore, galectin-3 neuroprotection, at least in part, may be conferred 

through the CRD domain.  
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The effects of galectin-3 on motor neuron viability was measured in the presence of 

Swainsonine or BNAG. Differentiated NSC-34 motor neuron challenged with 1mM 

glutamate and treated with 2.5� g/mL and 6� g/mL Swainsonine showed no improvement in 

cell viability relative to motor neurons challenged with 1mM glutamate alone (Figure 19 

B). In the presence of Swainsonine, galectin-3 was not neuroprotective due to excitotoxic 

insult. However, in the presence of Swainsonine alone, there was significant loss of motor 

neurons (Figure 18 B).  Although the neuroprotective effects of galectin-3 appear to be 

partly through a N-glycation pathway, we cannot determine that with certainty since 

Swainsonine, itself, caused some motor neuron death. Swainsone demonstrated toxicity 

even at concentrations ranging from 4 µg to 0.25 µg, so it is likely that another N-

glycosylation inhibitor should be used (Figure 18D).  

In motor neurons challenged with glutamate and treated with galectin-3, BNAG 

(0.5mM) did not reverse the neuroprotective effects of galectin-3 (Figure 19 C). This 

indicates that galectin-3 may be neuroprotective via a N-glycan mediated pathway.  
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Figure 19: Galectin-3 is neuroprotective through its CRD via an N-glycan and not O-

glycan mediated pathway. Differentiated NSC-34 motor neurons were challenged with 

1mM glutamate with or without rmGal-3 and (A) lactose, (B) Swainsonine, or (C) BNAG. 

(D) NSC-34 cell viability were measured for range of Swainsonine doses (4 to 0.25 µg). 

Cell viability was measured with MTT after 48 hrs. Y-axis represents cell viability 

expressed as % of control. Controls represent no THA or galectin-3 treatment. Data shown 

are mean values with error bars representing SEM ( n=12 wells per group)  Each 

experiment was repeated at least twice.  ***p<0.001 indicates significant difference with 

control; ### p<0.001 indicates significant difference with glutamate treated cultures. 

Statistics were calculated by Student’s t-test comparison with Sidak multiple comparison 

correction where appropriate. 
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To determine whether extracellular galectin-3 may have a direct effect on glutamate 

uptake by astrocytes, uptake was measured in primary astrocytes with or without the 

addition of 2.5 µg rmGal-3 to the culture media. Astrocytes were treated with 150 µM 

dbcAMP, for 48 hrs prior to rmGal-3 treatment, and dbcAMP was maintained in the culture 

media during rmGal-3 treatment. Dibutyryl cyclic AMP causes the differentiation of 

astrocytes with increased expression of glutamate transporters (Schlag et al. et al., 1998) 

and some use dbcAMP treated astrocytes as a model for activated astrocytes (Bochelen et 

al. et al., 2000; Daginakatte et al. et al., 2008; Tilleux and Hermans et al., 2008). Astrocyte 

cultures treated with 2.5 µg rmGal-3 demonstrated no change in total glutamate uptake 

(total uptake not shown). Total uptake in astrocytes not treated with rmGal-3 was 

composed of 70% GLT-1 specific uptake and 30% non-GLT-1 specific uptake. In primary 

astrocyte cultures treated with 2.5 µg rmGal-3 total uptake was composed of 50% GLT-1 

specific and 50% non-GLT-1 specific uptake. This corresponded with a significant 

decrease in GLT-1 specific uptake (p<0.05) and a significant increase in non-GLT-1 

specific uptake (p<0.05) in rmGal-3 treated cultures (Figure 2A).   

To identify the source of increased non-GLT-1 aspartate uptake, cell surface 

expression of the GLAST and GLT-1 transporters in primary astrocyte cultures was 

examined. Cell surface proteins were labeled with biotin and purified by separating avidin-

conjugated-biotinylated proteins with centrifugation and then quantifying transporter 

expression with immunoblots (Figure 2B).  In astrocytes fed with media containing 2.5 
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µg/mL rmGal-3, there was approximately 24% (p<0.05) and 28% (p<0.05) more GLT-1 

and GLAST cell surface expression, respectively, compared to vehicle fed controls (Figure 

2C). Optical density of the glutamate transporter on the cell surface was expressed as a % 

of control and was normalized to total glutamate transporter expression. Fraction purity 

was verified by immunoblot analysis of actin expression, with the cell-surface biotinylated 

fraction not containing any actin (Davis et al. et al., 1998) (Figure 2 D). For this  assay it is 

important to ensure that biotin has not labeled any intracellular proteins.  These data 

suggest that increases in GLAST expression at the cell surface may be responsible for a 

galectin-3 induced increase in glutamate uptake  and consequently, for the neuroprotective 

effects of galectin-3 observed in the organotypic in-vitro assay.  
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Figure  20: Galectin-3 acts directly at astrocytes to modulate uptake and to increase 

both GLT-1 and GLAST cell surface expression. Dibutyryl cyclic AMP treated primary 

astrocytes were co-incubated with galectin-3 for 72 hours. (A) Uptake was measured by 

detection of [3H]-d-aspartic acid uptake in culture lysates. Uptake is expressed as counts 

per minute per mg protein / per 10 mins as a % of total uptake (n=12 wells per experiment 

and each experiment was repeated at least twice). (B) Immunoblots of glutamate 

transporters GLT-1 and GLAST isolated using biotin-avidin enrichment from primary 

astrocyte cultures exposed directly to rmGal-3 (n=3) and (C) optical density of cell surface 

GLT-1 or GLAST are expressed as a percentage of absorbance relative to cultures not 

treated with galectin-3 and are normalized to total GLT-1 or GLAST expression. (D) 

Subcellular fractions were probed for actin to test for purity. Since actin is an intracellular 

protein it should be absent from the biotinylated plasma membrane fraction (T=Total 

fraction, C=Cytosolic Fraction, PM=Plasma membrane fraction). Data shown are mean 

values with error bars representing SEM (*p<0.05 indicates significant difference 

compared to control) by Student’s t-test comparison. 
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To determine whether galectin-3 may alter astrocytic uptake and cell surface 

glutamate transporter expression through indirect actions at microglia, astrocytes were fed, 

for 72hrs, with media taken from microglial cultures (conditioned media). The conditioned 

media came from primary microglia that were, or were not, exposed to 2.5 ug/mL of 

rmGal-3 for 48 hrs. 

In astrocytes exposed to the rmGal-3-conditioned media there was no significant 

change in total uptake relative to cultures that were from conditioned microglia with no 

rmGal-3 supplementation (Figure 21 A total uptake not shown).  Furthermore, there was no 

significant difference in GLT-1 nor non-GLT-1 uptake in cultures treated with conditioned 

media from rmGal-3 treated microglia relative to conditioned media from non-rmGal-3 

treated microglia (Figure 21 A- hatched and grey bars). However, In astrocytes fed with 

rmGal-3-microglial-conditioned media, there was a 51% increase in GLAST and no 

change in GLT1 cell surface expression (Figure 21 B and C). At least in-vitro, it appears 

that galectin-3 does not modulate astrocytic glutamate uptake through release of microglial 

soluble factors, despite the observed increase in GLAST cell surface expression.  
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Figure 21: rmGal-3 does not act through microglia to induce change in astroglial 

glutamate uptake. Primary microglia were or were not exposed to 2.5� g rmGal-3 for 48 

hours. Microglia media (conditioned media+rmGal-3 or conditioned media(-)rmGAl-3) 

was then fed to primary astrocytes for 72 hours followed. (A) astrocytic uptake (n=12wells 

per condition, and each experiment was repeated at least twice. (B) Immunoblots of 

glutamate transporters GLT-1 and GLAST isolated using biotin-avidin enrichment from 

primary astrocyte cultures exposed directly to conditioned media (n=3). (C) Optical density 

of cell surface GLT-1 or GLAST are expressed as a percentage of absorbance relative to 

cultures not treated with galectin-3 and are normalized to total GLT-1 or GLAST 

expression. Data shown are mean values with error bars representing SEM (**p<0.01 

indicates significant difference compared to control) by Student’s t-test comparison. 
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In chapter 2, data were presented which indicate that elevations in the 

immunomodulatory protein galectin-3 during motor neuron disease in vivo may subserve a 

neuroprotective function, possibly by diminishing the neuroinflammatory response.  The 

purpose of the present chapter was to explore the neuroprotective functions of galectin-3 

further, within the context of excitotoxic insult by glutamate, and neuroimmunomodulatory 

(astrocyte and microglial) effects on glutamate uptake, which have been shown to limit 

excitotoxic damage.  Excitotoxicity is known to be a major pathological feature of ALS, 

and recent data suggest a strong interplay between both excitotoxicity and inflammation in 

the disease (Rothstein et al. et al., 1993; Rothstein et al., 1996; Howland et al. et al., 2002; 

Tilleux and Hermans et al., 2007).  

 The data from this chapter indicate that galectin-3 protects against excitotoxicity, 

and that such neuroprotection is associated with altered glutamate uptake,  through the 

regulation of  specific glutamate transporters (GLT-1 and GLAST), whose expression at 

the cell surface of astrocytes is directly altered by galectin-3.  However, galectin-3 does not 

appear to modulate astrocyte uptake through microglial secretions.  Further, galectin-3 is 

directly neuroprotective against excitotoxic insults, even in isolated motor neurons that 

have no glial interaction, and this protective effect is likely mediated, at least in part, 

through the galectin-3 carbohydrate-binding domain.   

These studies employed a reductionist approach.  In organotypic cultures, the 

systemic and vascular influences that are involved in disease in vivo are removed, yet the 

cultures retain the neuroanatomical pathways and neuronal-glial relationships as they exist 
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in the spinal cord (Rothstein et al. et al., 1993; Matyja et al. et al., 2006). This makes them 

particularly well suited to use as a model of neuroprotection for excitotoxicity.  Additional 

studies used individual pure cultures of microglia, astrocytes, and an NSC-34 motor cell 

line (because pure primary motor neuron cultures are difficult to prepare) (Eggett et al. et 

al., 2000; Gomes et al. et al., 2008; Matusica et al. et al., 2008) to unequivocally tease out 

the effects of galectin-3 on each individual cell type.  Both the organotypic slice model of 

slow excitotoxicity and the NSC-34 motor cell line have previously been used as in vitro 

models relevant to ALS (Rothstein et al. et al., 1993; Gomes et al. et al., 2008). 

It is worth noting that galectin-3 had the same effects on glutamate uptake in 

astrocyte only cultures as it did in the organotypic slice, where neuronal-glial contacts were 

undisturbed, and where galectin-3 was shown to have an overall neuroprotective effect.  

One interpretation is that this shows the importance of the glutamate uptake effect of 

galectin-3 in neuroprotection.  However, this conclusion is not supported by the evidence 

that galectin-3 did not change total uptake, even though it did alter uptake at specific 

glutamate transporters.   If the total (overall) uptake was unchanged by galectin-3 it is 

difficult to explain how uptake modulation contributes to the observed neuroprotection. It 

is worth noting, however, that glutamate transporters are differentially distributed within 

the nervous system, and moreover, that their distribution patterns are altered by disease (Li 

et al. et al., 1997; Danbolt et al., 2001; Ohgoh et al. et al., 2002). Thus in regions that 

contain an abundance of non-GLT/GLAST transporters, the increase in GLAST due to 

galectin-3 may significantly change total uptake, with the opposite being true of GLT-1.   

Indeed, disparate effects such as this are believed to underlie the differential vulnerability 
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of various CNS regions to specific disease mechanisms (Bristol and Rothstein et al., 1996; 

Li et al. et al., 1997; Ohgoh et al. et al., 2002)  

Alternately, it is worth considering that direct protective effect of galectin-3, both in 

organotypic cultures, and in isolated neurons, may actually be quite significant, since this 

protection was shown in organotypic cultures even when total glutamate uptake was 

unaltered.  The observations that galectin-3 was directly neuroprotective evokes completely 

novel ways to consider the potential functions of galectin-3.  Further, the demonstration 

that this effect is related to the carbohydrate-recognition domain of galectin-3 suggests a 

number of possible disease mechanisms that could be explored in more detail (discussed 

below). 

The data showing that galectin-3 effects were not mediated through O-glycan 

binding are consistent with reports in other cell types which show that galectin-3 prefers 

binding to N- rather than O- glycans (Hirabayashi et al. et al., 2002).  While we were 

unable to demonstrate conclusively that galectin-3 neuroprotection involved N-glycan 

binding due to the unexpected neurotoxicity of Swainsonine (the N-glycan inhibitor), it 

may be useful to attempt this experiment again with different, perhaps less toxic, N-glycan 

inhibitors.   However, in this regard, it has been demonstrated that certain mouse strains 

(PL/J, SJL, NOD) are deficient in N-acetylglucosaminyltransferases I, II and V, and that 

these enzymes are required for the synthesis of N-glycans (Lee et al. et al., 2007). In the 

strain with the greatest deficiency (PJ/L), mice develop spontaneous, inflammatory 

demyelination, neurodegeneration and progressive paralysis (Lee et al. et al., 2007). Thus, 

it is possible that the use of N-glycan inhibitors in culture may prove neurotoxic regardless 
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of the concentration or type of inhibitor used.  Notably, this underscores the importance of 

N-glycans in neuronal survival.  

Extracellular galectin-3 is able to modulate cell signal transduction pathways that 

are evoked through N-glycan containing glycoproteins because it forms a lattice structure 

with the glycans that prevents their endocytosis (Demetriou et al. et al., 2001; Partridge et 

al. et al., 2004).  When the receptors do  not undergo endocytosis, their signal transduction 

pathways are enhanced (Partridge et al. et al., 2004). Galectin-3 has the highest affinity for 

Mgat5-branched glycans which are added to proteins based on the amino acid sequences, 

N-X-S/T (Partridge et al. et al., 2004). Thus, we recently used the software module fuzzpro 

(Emboss)  to scan for proteins specifically related to neuroinflammation and glutamate 

homeostasis that contain a relatively high number N-glycan  motifs (Table 5 A B). The 

significance of this rests with the observation that this motif is particularly enriched in 

many of the receptors for cytokines, growth factors and neurotransmitters.      

Analysis of glycosylation consensus sequences on GLT1 and GLAST, reveals only 

1 and 2 sites, respectively. Thus, galectin-3 is probably not affecting GLT1 or GLAST 

expression directly. However, GLT1 or GLAST expression can be influenced by glial 

secreted cytokines and/or growth factors (Klegeris et al. et al., 1997; Suzuki et al. et al., 

2001; Zhao et al. et al., 2004; Block and Hong et al., 2005; Bsibsi et al. et al., 2006; Li et 

al. et al., 2006; O'Shea et al. et al., 2006; Zhou et al. et al., 2006; Tilleux and Hermans et 

al., 2008), and galectin-3 may indirectly modulate glutamate uptake via its interactions 

with their receptors. For example, the EGF receptor (EGFr) has 10 to 12 N-glycan 

glycosylation consensus sites and has been shown  to undergo reduced receptor endocytosis 
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due to galectin-3 binding. (Partridge et al. et al., 2004). Moreover, EGF has previously 

been shown to indirectly increase GLT1 and GLAST expression at the cell surface of 

cultured astrocytes (Suzuki et al. et al., 2001; Li et al. et al., 2006).  

Analysis of N-X-S/T glycosylation sites of astrocytic transmembrane signaling 

proteins highlights several receptors that may modulate glutamate homeostasis (Table 4 B). 

Analysis of glycosylation consensus sequences on cytokine receptors with known affects 

on glutamate homeostasis revealed several intracellular pathways that may be affected by 

galectin-3 expression (Table 4 A B). Notably, TLR3 and TLR4 receptors have 16 and 14 

glycosylation consensus sites, respectively. Activation of TLR3 may have several 

downstream neuroprotective effects including decreasing neuroinflammation via secretion 

of IL-10 (Rothwell and Luheshi et al., 2000; Allan and Rothwell et al., 2001; Bsibsi et al. 

et al., 2006) and/or  increasing glutamate uptake (Namekata et al. et al., 2008). Other 

studies demonstrate that astrocytic group II and III metabotropic glutamate receptors, each 

with 5 N-glycosylation consensus sites, can decrease neurotoxicity in a model of 

neuroinflammation (Zhou et al. et al., 2006). 

In conclusion, our data suggest that elevated galectin-3 may be neuroprotective by 

decreasing glutamate mediated excitotoxic insult. At astrocytes galectin-3 acts to increase 

glutamate  uptake by increasing cell surface expression of glutamate transporters. It is 

unclear how extracellular galectin-3 is acting directly at motor neurons to be 

neuroprotective against excitotoxic insult, except for demonstrating, at in least part, that 

galectin-3 protection is mediated through the CRD. Further investigation is necessary to 

explore the binding relationships of galectin-3 with cell surface proteins.     
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Figure 22: Galectin-3 can inhibit endocytosis of cell surface proteins through binding 

to extracellular N-glycan sidebranches . N-Acetyllactosmaine residues can be added to 

cell surface proteins in the endoplasmic reticulum by a family of N-

acetylglucosaminyltransferases, designated by their gene names (Mgat1, Mgat2, Mgat4, 

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

excitotoxic outcomes during neuroinflammation. (A) Growth factor and 

neurotransmitter receptors that contain Mgat5 modifying sites. The FASTA mouse protein 

library was scanned using fuzzpro software based on Mgat5 binding consensus sequence 

(N-X-S) and/or (N-X-T). Only well-studied growth factor and neurotransmitter receptors 

with a hit count of greater than 6 are included in this table. (B) Cytokine and glutamate 

receptors that galectin-3 may act to increase non-GLT-1 mediated glutamate uptake. 

Galectin-3 is probably not acting at GLT-1 or GLAST directly 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 of proteins due to an atypical N-

terminal protein binding domain. Similar to other galectins, galectin-3 also contains a C-

terminal carbohydrate recognition domain. Through the N- and C-terminal binding 

domains, galectin-3 can interact with proteins in several different compartments of the cell, 

including the nucleus, mitochondria, cytoplasm, membrane and extracellular milieu. Based 

on the its cellular localization, galectin-3 can regulate transcription, mRNA splicing, pro- 

and anti- apoptotic outcomes, as well as inflammatory and scavenging pathways. Recently, 

galectin-3 has been implicated in several CNS disorders and diseases including ALS, spinal 

cord injury, prion infection, and multiple sclerosis. Liquid chromatography and tandem 

mass spectrometry was used to identify differential galectin-3 binding partners in nuclear 

and microsomal fractions prepared from spinal cord of end-stage mSOD1 mice. Several 

novel putative binding partners of galectin-3 were identified, including nucleotide-binding 

domain (NBD), leucine rich repeat protein 6 (Nlrp6) and nucleolin (Nuc) in the nucleus and 

stimulated by retinoic acid gene 6 (STRA6) in the microsomal fraction. Western blot 

analysis confirmed differential expression of Nlrp6 in diseased mice (both in Gal+/+ and 

Gal-/- mice) compared to age-matched controls.   
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In chapter 2, we showed that galectin-3 is upregulated in ALS, and that galectin-3 

expression was neuroprotective in the mSOD1 mouse model of motor neuron degeneration. 

Galectin-3 expression was shown to coincide with a decrease in neuroinflammation as 

measured by microglial numbers and markers for microglial activation. In addition, genetic 

deletion of galectin-3 increased TNF-�  levels and oxidative stress in the mSOD1 mouse. In 

chapter 3, we demonstrated that galectin-3 was able to increase GLAST mediated 

glutamate uptake in astrocytes and this increase correlated with an increase in neuron 

viability. We further showed that galectin-3 could act directly at motor neurons to reduce 

glutamate mediated excitotoxic insult, and that this neuroprotection was  mediated through 

its carbohydrate recognition domain. 

Galectins are a family of multivalent lectins that are expressed in many different 

types of cells where they subserve a number of diverse and important cell functions.  

Galectins bind ß-galactoside residues on glycoproteins and participate in the arrangement 

of membrane domains on the cell surface (for review see (Dumic et al. et al., 2006)).  

Galectins are secreted via a non-classical pathway, but also are found intracellularly where 

they shuttle between the cytoplasm and nucleus (Gong et al. et al., 1999).  

Galectin-3 is best known as an inflammatory mediator in the periphery (del Pozo et 

al. et al., 2002; Almkvist and Karlsson et al., 2004; Stowell et al. et al., 2008), where it acts 

to recruit neutrophils� (Sato et al. et al., 2002), facilitate phagocytosis (Rotshenker et al., 

2009), and promote inflammatory mediated respiratory bursts (Almkvist and Karlsson et 

al., 2004). During bacterial infection, galectin-3 is secreted and acts as a chemoattractant 
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(Rabinovich et al. et al., 2002; Rotshenker et al., 2003; Hsu et al. et al., 2009) and 

facilitator for neutrophils binding to extracellular matrix (Almkvist and Karlsson et al., 

2004). Galectin-3 can also decrease  inflammation by increasing the threshold of T-cell 

activation (Demetriou et al. et al., 2001) and by promoting apoptosis of immune cells 

(Yang et al. et al., 1996). Recently, galectin-3 was shown to have a role in alternative 

activation of macrophages, which is a state of inflammation characterized by a decrease in 

expression of some pro-inflammatory mediators (MacKinnon et al. et al., 2008). However, 

the mechanism by which galectin-3 regulates alternative activation is unknown.  

Galectin-3 may bind to different proteins and exert different actions depending on 

its subcellular localization. Therefore, we decided to use a proteomic approach to determine 

which proteins bind to galectin-3 in subcellular compartments prepared from spinal cord 

homogenates from mice with end-stage motor neuron disease. These data will bring insight 

into the role of galectin-3 in ALS.  
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Spinal cords were dissected from end-stage mice, frozen, and crushed into a fine 

powder under liquid nitrogen in a mortar. The resulting powder was resuspended in cell 

lysis buffer [0.25M sucrose, 20mM Tris, 25mM KCl, 5mM MgCl2] and homogenized. 

Then, homogenate was further lysed using a Dounce homogenizer. The resulting  

homogenate was collected and centrifuged at 800 x g for 15 mins at 4°C to pellet nuclei 

and the supernatant was centrifuged at 9000 x g for 20 mins at 4°C to pellet the 

mitochondrial fraction. The nuclear pellet was resuspended in cold lysis buffer and 

homogenized 10 more times before being filtered through a 50 � m nylon filter.  The 

mitochondrial pellet was resuspended in ice cold mitochondrial resuspension buffer [0.25M 

sucrose, 5mM Tris, 1mM EDTA, protease inhibitors] and the supernatant was collected for 

cytosolic fraction purification. The mitochondrial fraction was centrifuged once more at 

10,000 rpm, and the mitochondrial pellet was resuspended in mitochondrial buffer and the 

supernatant was discarded. Remaining supernatant (cytosolic fraction)  from the first 

mitochondrial pelleting step was centrifuged at 100,000 x g for 1 hr at 4°C to obtain the 

purified cytosolic fraction (supernatant) and the microsomal fraction (pellet). Microsomal 

fraction was resuspended in protein extraction buffer [7M urea, 2M thiourea, 2% CHAPS].  

*�����'��
���������������
�����������

Immunoprecipitation was facilitated using the Dynal MPC (Invitrogen, Carlsbard, 

CA) particle concentrator. Dynabeads Protein G (Invitrogen, Carlsbard, CA) were 

resuspended in their original vial by vortexing for 2 mins. Fifty � L of the Dynabead 
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suspension was transferred to a test tube at room temperature. The test tube was placed on 

magnet to allow the beads to aggregate and supernatant was removed. Dynabeads were 

then washed 3 times with 500 � l citrate phosphate buffer.  Twenty � g of goat � -mouse 

galectin-3 (R&D Systems, Minneapolis, MN) resuspended in 1xPBS was added to the 

beads and the mixture was kept for 1 hr at 4°C to allow for immunoglobulin capture. 

Cellular fraction lysates were then added to Dynabead Protein G-� -galectin-3 mixtures and 

incubated for 2 hrs at 4°C on a rotator. The samples were then placed on a magnet to pull 

out the Dynabeads. The Dynabeads were then washed 3 times with 500 � l citrate phosphate 

buffer containing 0.1% Tween-20. Elution of galectin-3 and galectin-3 interacting proteins 

was carried out using a low pH elution buffer (0.1M citrate, pH 3). For this, the  wash 

buffer was removed and  replaced with 200� L of elution buffer, and the samples were 

rotated for 2 minutes at room temperature. The samples were again placed on magnets to 

re-concentrate the Dynabeads and the supernatant containing the eluted sample was 

removed and adjusted to physiological pH using 1M Tris pH 9 for further analysis.  

4.3.3 $�
�%��
���������%��2�'�������������
�����
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 �����
��� �������  

Galectin-3-coimmunoprecipitated  microsomal or nuclear fractions were loaded 

onto 4-15% poly-acrylamide gels and run at a constant 120 volts until the dye front reached 

the bottom of the gel. Following electrophoresis, the gels were stained using BioSafe 

Coomassie stain (Bio-Rad, Hercules, CA). The gel bands were excised, transferred to 

Eppendorf tubes, and subjected to in-gel trypsin proteolysis. Briefly, each gel sample was 

washed in double distilled H2O (ddH2O) once, followed by 2 washes with 

ddH2O/acetonitrile (ACN) 1:1 (v/v) for 15 minutes. Liquid was removed and acetonitrile 
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was added to cover gel piece for 5 mins. The washed gel pieces were incubated with ACN 

for 5 mins after which ACN was discarded and the gel pieces were rehydrated in 100mM 

NH4HCO3 for 5 minutes.  An equal volume of ACN was added to a 1:1 ratio with 

NH4HCO3 and incubated 15 mins. All liquid was removed and gel pieces were dried in a 

vacuum centrifuge. 

Dried gel pieces were rehydrated in 20� L of digestion buffer consisting of 

12.5ng/� L of trypsin in 50mM NH4HCO3 for 45 mins. Excess digestion buffer was 

removed and replaced with 5� L of 50mM NH4HCO3 and allowed to incubate overnight at 

37°C. Peptides were extracted by adding, 25� L of 25mM NH4HCO3 to the gel pieces and 

allowed to incubate for 15 mins, followed by addition of 25� L acetonitrile and an 

additional  incubation for 15 mins with occasional vortexing. Supernatant was recovered 

and 30� l of 5% formic acid and 50% acetonitrile (1:1, v/v) was added to gel sample tubes. 

Supernatant was removed and the peptide recovery step was repeated twice and pooled 

with previous fractions. Samples were then dried using a vacuum centrifuge. 

*���*�3��� ��9��
@4�;4��

Nano-LC tandem mass spectrometry was performed on an LC�Packing system 

(DIONEX UltiMate Capillary/Nano LC System, Dionex Corp., Sunnyvale, CA) connected 

to a Linear Ion Trap (LTQ) mass spectrometer (Thermo Electron Corporation, San Jose, 

CA). Each sample was injected via an autosampler and loaded onto a C18 trap column (300 

� m × 1 mm, LC Packings) for 6 min at a flow rate of 10 � L/min. The sample was 

subsequently separated by a C18 reverse-phase column (75 � m × 15 cm, Vydac, Columbia, 

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

from 5 to 50% B was typically employed. After LC separation, the sample was introduced 

into the mass spectrometer via a 10-� m silica tip (New Objective Inc., Ringoes, NJ) 

adapted to a nano-electrospray source (Thermo Electron Corporation, San Jose, CA). The 

spray voltage was set at 2.0 kV and the heated capillary at 160 °C. The LTQ was operated 

in data-dependent mode in which one cycle of experiments consisted of one full-MS survey 

and subsequently five sequential MS/MS experiments. The targeted ion counts in the ion 

trap during full-MS and MS/MS were 30000 and 10 000, respectively. Peptides were 

fragmented in the linear ion trap using collision-induced dissociation with the collision gas 

(helium) pressure set at 1.3 milliTorrs and the normalized collision energy value set at 

35%.  

*���-�%������
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Protein searches were performed with the BioWorks 3.2 software (Thermo Electron 

Corp, San Jose, CA). Each file was searched against the mouse SwissProt databases using 

the Sequest search engine set for the variable modification of oxidized Met  at16 Da. The 

acceptance criteria for peptide identifications were set as follows:  a DeltaCn (� Cn) > 0.1, a 

variable threshold of Xcorr vs charge state (Xcorr = 1.9 for z = 1, Xcorr = 2.5 for z = 2, and 

Xcorr = 3.5 for z �  3) and a peptide probability based score with a p value < 0.001. The rate 

of false positive identification was determined (using the same filtration criteria) by 

searching the files against a reversed mouse NCBInr database. Using these stringent 

filtration criteria, the rate of false positive identification was less than 1.8%, thus increasing 

the confidence in the identified proteins.�
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Protein homogenates were prepared from spinal cord using mPER lysis buffer and 

protein concentration was determined using the BCA protein assay kit (both Pierce 

Biotechnology, Rockford, IL). Fifteen µg of protein were resolved on 10% tris-glycine or 

bis-tris polyacrylamide gels and electrotransferred to Hybond ECL membranes (GE 

Healthcare, Piscataway, NJ).  Blots were blocked in blocking buffer (0.0005% Tween 20 

and 5% dried milk powder in 1x PBS) for 1 hr, and incubated with primary antibody for 1 

hr, washed 3 times in 1x PBS 0.005% tween, and then incubated with anti-HRP conjugated 

secondary antibody for 1 hr. Secondary antibody was washed 3 times in 1x PBS-Tween 

and then incubated with  Enhanced Chemiluminescence (ECL) detection reagents (GE 

Healthcare, Piscataway, NJ), and exposed to film. Antibodies that were used include: goat 

� -mouse STAR6 (1:500; Everest Biotech, Oxfordshire, UK), goat � -mouse Nlrp6 (1:500; 

Santa Cruz Biotechnology, Santa Cruz, CA), mouse � -mouse C23(nucleolin) (1:500; Santa 

Cruz Biotechnology, Santa Cruz, CA), and mouse  � - mouse actin (1:5000; Sigma-Aldrich, 

St.Louis, MO). Secondary antibodies used include horseradish peroxidase-conjugated goat 

anti-mouse (1:3000; Bio-Rad, Hercules, CA), or horseradish peroxidase-conjugated donkey 

� -goat (1:3000; Santa Cruz, Santa Cruz, CA).  
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Nuclear and microsomal fractions were prepared from spinal cord homogenates of 

end-stage SOD1G93A / Gal-3+/+ , SOD1WT / Gal-3+/+, and SODWT / Gal-3-/- mice (n=1 with 3 

pooled spinal cords for each genotype). To separate galectin-3 and galectin-3 binding 

partners, � -mouse galectin-3 antibody was bound to Dynabeads and then incubated with 

the fractionation sample to capture galectin-3 and interacting proteins. Figure 23 shows 

SDS-PAGE of microsomal and nuclear immunoprecipitates. Lane 3 of microsomal and 

nuclear fractions represent a negative control. SOD1WT / Gal-3-/- immunoprecipitates (lane 

3 of microsomal and nuclear fractionation) were not expected to resolve significant number 

of binding partners, since galectin-3 was is not expressed in the Gal-3-/- mouse.  Indeed, the 

microsomal fraction did not appear to have significant non-specific binding, demonstrating 

high fidelity co-immunoprecipitation. The nuclear fraction, however, did appear to have 

significant non-specific immunoprecipitation, calling into question the quality of results 

from that fraction. Protein bands were cut from the gel and digested with trypsin and 

subjected to LC-MS-MS analysis. Proteins identified from the SOD1WT / Gal-3-/- sample 

were subtracted from the SOD1G93A / Gal-3+/+ and SOD1WT / Gal-3+/+ generated protein 

lists, since these represented identified proteins that may bind antibody non-specifically. 

Protein lists were further filtered to include proteins that had 2 or more peptides identified 

by LC-MS/MS analysis. The purity of the fractions was ascertained by computing the 
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percentage of known proteins from each cellular compartment within a specific fraction. 

Generally, a 40% enrichment for the targeted subcellular fraction is considered a successful 

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

Using UniProt (www.uniprot.org) cellular compartments of identified proteins was 

determined. The microsomal fraction was composed of 41% membrane proteins, 47% 

cytoplasmic proteins, and 12% nuclear proteins (Figure 24). The nuclear fraction was 

composed of 28% nuclear proteins, 27% mitochondrial proteins, 22% membrane bound 

proteins, and 23% cytosolic proteins (Figure 24).  Identified proteins with greater than 2 

peptide ID and greater than 5 N-X-[S/T] glycosylation sitres for the nuclear and 

microsomal fraction are shown in (Table 6 A  and B) and any known association with 

galectin-3 is indicated. Galectin-3 itself was identified in the nuclear fraction of both 

diseased and non-diseased mice. Galectin-3 was not detected in the galectin-3 knockout 

control immunoprecipitates.  
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Figure 23: Microsomal and nuclear subcellular fractions. Spinal cords from end-stage  

SOD1G93A / Gal-3+/+;  SOD1WT / Gal-3+/+; and SOD1WT / Gal-3-/- mice were homogenized 

and purified into nuclear and microsomal fractions. Galectin-3 and the proteins that-bound 

to it were then immunoprecipitated using � -galectin-3 antibody. The proteins were then 

separated using 1D SDS-PAGE and visualized with coomassie blue stain. Protein bands 

were excised from the gel and prepared for identification using 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 nuclear subcellular fractions. Galectin-3 

immunoprecipitated proteins from microsomal and nuclear subcellular fractions were 

identified using LC-MS/MS. Each identified protein was then classified based on its 

cellular localization using the UniProt database. The ratio of protein localization was then 

used to determine quality of fractionation protocol. 
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Table 6 A 

��)(�#,�0#(��(��%�'�%��(�������(����(��'�0�#(���)�,�#� ����%����,���(�#��#,�����.�)0���%��#�&��

����	�
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������

���	��� �1�� 3&���+�3�(?�0+0 �1�� K4�+�3�(?�0+0
�	��
�	&�

�����������

Alpk3 induction differentiation originator /� � /�
Apc Isoform 1 of Adenomatous polyposis coli protein � /� /�
Atp5l ATP SYNTHASE, H+ TRANSPORTING, � � M�

C1qb Complement C1q subcomponent subunit B � /� M�

Cox5a Cytochrome c oxidase subunit 5A /� � /�
Cryab Alpha-crystallin B chain � /� /�
EG622339 predicted gene, EG622339 �!  /�
Fat1 FAT tumor suppressor homolog 1 � � M�

Flnc Isoform 1 of Filamin-C , /� /�
Gnao1 Isoform Alpha-2 � /� /�
Gng13 Guanine nucleotide-binding protein � � /�
Hnrnpa Heterogeneous nuclear ribonucleoprot. /� � M�

Hspb1 Isoform A of Heat shock protein beta-1 � � /�
Immt Isoform 1 of Mitochondrial membrane protein � �� /�
Krt82 Keratin type II cuticular Hb2  � M�

Lbx1 Transcription factor LBX1 /� � /�
Lgals3 Beta-galactoside-binding lectin (Fragment) � � M�

Lmnb2 Isoform B3 of Lamin-B2 /� � /�
LOC632401;H2afj H2A histone family, member J )  M�

LOC673002;EG634650;Mpa2l Predicted /� � /�
Mbp Isoform 7 of Myelin basic protein � ' M�

Mtap1a Isoform 1 of Microtubule-associated � , M�

Myh8 Myosin-8 � � M�

Myh9 Myosin-9 � /� M�

Ncl Nucleolin � /� /�
Nefm Neurofilament medium polypeptide � �&! /�
Nlrp6 NACHT, LRR and PYD-containing protein 6 � /� /�
Pkm2of Pyruvate kinase isozymes M1/M2 � /� /�
Plec1 Isoform PLEC-1I of Plectin-1  /� /�
Plekhg1 Protein /� � /�
Tmod2 Isoform 1 of Tropomodulin-2 /� � /�

.7���

�$���N

�

 

 



�

.14�
�

 

 

 

Table 6B 
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�����������

1810009J06Rik RIKEN cDNA 1810009J06 ) /� /�
5430421N21Rik Keratin type II /� � /�
Atp1a3 Sodium/potassium-transporting ATPase ' /� /�
C1qa Complement C1q subcomponent /� � M�

C1qb Complement C1q subcomponent /� ' M�

C1qc Complement C1q subcomponent /� � M�

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 �� /� 5��@�
Krt13 Isoform 1 of Keratin, type I cytoskeletal 13 � � M�

Krt14 Keratin, type I cytoskeletal 14 � � M�

Krt16 Keratin intermediate filament 16a , /� M�

Krt19 Keratin, type I cytoskeletal 19 �� � M�

Krt2 Keratin, type II cytoskeletal 2 epidermal  ) M�

Krt25 Keratin, type I cytoskeletal 25 /� � M�

Krt5 Keratin, type II cytoskeletal 5 � /� M�

Krt6a Keratin, type II cytoskeletal 6A � /� M�

Krt72 Keratin, type II cytoskeletal 72 � � M�

Krt79 Keratin, type II cytoskeletal 79 �� � M�

Krt8 Keratin, type II cytoskeletal 8 � /� M�

Lgals3 Beta-galactoside-binding lectin (Fragment) /� � �+�
Nefm Neurofilament medium polypeptide � � /�
RIKEN cDNA 4732456N10 gene � /� /�
Stra6 Stimulated by retinoic acid gene 6 protein �� /� /�
Tuba1a Tubulin alpha-1A chain , � /�
Tubb4 Tubulin beta-4 chain � ) /�
Zcchc11 Zinc finger, CCHC domain containing 11 � � /�

.7���
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Table 6: Proteins identified proteins in galectin-3 (A) nuclear and (B) microsomal 

immunoprecipitates from spinal cords of SOD1G93A / Gal-3+/+ and SOD1WT / Gal-3+/+ 

end-stage mice. Proteins were resolved on SDS-PAGE and trypsinized before being 

analyzed using LC-MS/MS. Protein ID was identified based on sequences from two or 

more peptides using the integrated Qstar software and the MASCOT search engine from 

Matrix Science. Peptide counts used to identify proteins are indicated for SOD1G93A / Gal-

3WT and SOD1WT / Gal-3WT.  Proteins indentified in SOD1WT / Gal-3-/- mice were 

subtracted from the gene list, as they represented non-specific interacting proteins. The lists 

were filtered based on proteins with greater than 2 peptide identifications and 5 or more N-

X-[S/T] N-glycosylation consensus sites. Numerical values under genotype column 

heading represent peptide count per protein. ND indicates “not determined” for instances 

where peptide fragments were not identified for indicated protein.  
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The nucleotide-binding domain, leucine rich repeat protein 6 (Nlrp6) was found to 

be expressed in the nuclear fraction of SOD1G93A / Gal-3+/+ mice. Nlrp6 was not identified 

in the nuclear fraction or microsomal fraction of SOD1WT / Gal-3+/+ mice. Immunoblot 

analysis were performed on spinal cord nuclear subcellular fraction from end-stage 

SOD1G93A / Gal-3+/+; SOD1G93A / Gal-3-/-; SOD1WT / Gal-3+/+; and SOD1WT / Gal-3-/- mice 

(n=3 per genotype- 2 spinal cords were pooled for each genotype) (Figure 25 A) to 

determine the relative expression level of Nlrp6 in each of these genotypes (Figure 25 B). 

Nlrp6 levels were approximately 20% (n=3 *p<0.05) and 30% (n=3 p<0.01) lower in 

SOD1G93A / Gal-3+/+ and SOD1G93A / Gal-3-/- mice, respectively, relative to their non-

diseased age/genotype matched controls.  
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Figure 25: Nlrp6 expression is decreased in diseased and in diseased galectin-3-/- mice 

relative to age-matched and genotype-matched controls. Nuclear fractions from spinal 

cord were probed for Nlrp6 protein expression in SOD1G93A / Gal-3+/+; SOD1G93A / Gal-3-/-; 

SOD1WT / Gal-3-/-; and SOD1WT/ Gal-3+/+ end-stage mice. Nlrp6 expression is expressed as 

the optical volume density as a % of non-diseased wild-type mice (n=3, each n represents 2 

pooled spinal cords. *p<0.05 indicates significant difference with wild-type control by 

Student’s  t-test). 
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STRA6 expression was identified by LC-MS/MS analysis in the microsomal 

fraction of end-stage SOD1G93A / Gal-3+/+ mice. STRA6 was not identified in the 

microsomal nor the nuclear subcellular fraction of end-stage SOD1WT / Gal-3+/+ mice. 

Immunoblots were performed on spinal cord microsomal subcellular fraction from end-

stage SOD1G93A / Gal-3+/+, SOD1G93A / Gal-3-/-, SOD1WT / Gal-3+/+, and SOD1WT / Gal-3-/- 

mice (n=3 per genotype- 2 spinal cords were pooled for each genotype) (Figure 26 A) to 

determine the relative expression level of STRA6 in each of these genotypes  Although, 

there were trends towards elevated STRA6 compared to controls in both diseased and 

diseased mice with galectin-3 knocked down, these trends were not statistically significant  

(Figure 26 A). 

4.4.4 Expression�� �����
�����A
��B����
�������
���$%�����
�

Nucleolin  was identified to be expressed in the nuclear fraction of SOD1G93A / Gal-

3+/+ mice. Nucleolin was not identified in the nuclear fraction or microsomal fraction of 

SOD1WT / Gal-3+/+ mice. Immunoblot analysis were performed on spinal cord nuclear 

subcellular fractions from end-stage SOD1G93A / Gal-3+/+; SOD1G93A / Gal-3-/-; SOD1WT / 

Gal-3+/+; and SOD1WT / Gal-3-/- mice (n=3 per genotype- 2 spinal cords were pooled for 

each genotype) to determine the relative expression level of nucleolin in each of these 

genotypes (Figure 26 B). Nuleolin levels were slightly elevated in the diseased SOD1G93A / 

Gal-3+/+ and SOD1WT / Gal-3-/- mice relative to non-diseased controls but these results were 

not statistically significant.  
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Figure 26: Neither STRAT6 nor Nucleolin expression was unchanged in diseased 

mice relative to age-matched and genotype-matched controls. Subcellular fractions 

prepared from  spinal cords of end-stage SOD1G93A / Gal-3+/+; SOD1G93A / Gal-3-/-; 

SOD1WT / Gal-3-/-, and SOD1WT/ Gal-3+/+  mice were immunoblotted for (A) STRAT6 

from the microsomal fraction and (B) Nucleolin from the nuclear fraction. Protein 

expression is expressed as optical volume density and are normalized to SOD1WT / Gal-3+/+ 

mice (n=3 each sample consisting of 2 pooled spinal cords). No statistical significance was 

found amongst groups tested by Student’s t-test.��
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Galectin-3 binds target proteins via its C-terminal CRD domain or its N-terminal 

mediated protein-protein interactions (Shalom-Feuerstein et al. et al., 2008). Galectin-3 is 

reported to have different activity, depending on its localization (reviewed by (Dumic et al. 

et al.).  For example, nuclear galectin-3 acts to regulate transcription and splicing activities 

(Dagher et al. et al., 1995; Lin et al. et al., 2002), whereas cytoplasmic galectin-3 can act to 

regulate pro- and anti-apoptotic pathways (Yang et al. et al., 1996; Liu et al. et al., 2002; 

Yu et al. et al., 2002; Fukumori et al. et al., 2003; Fukumori et al. et al., 2004; Liu et al. et 

al., 2004; Liu et al. et al., 2009). Extracellular galectin-3 has been observed to act as an 

AGE receptor (Iacobini et al. et al., 2004) and as a modifier of growth factor and/or 

cytokine induced intracellular signaling pathways (Demetriou et al. et al., 2001; Partridge 

et al. et al., 2004).   

In chapter 3, data was presented which indicated that galectin-3 may be a 

potentially important neuroprotective factor, through its extracellular actions. In the present 

chapter, our goal was to identify proteins that interact with galectin-3, and that therefore 

may be involved in the functions of galectin-3.   We combined immunoprecipitation 

together with subcellular proteomics, to identify proteins from different cellular 

compartments that bind to galectin-3.  We used spinal cords from the end-stage of disease 

in each of the 4 genotypes studied in chapter 1 (SOD1G93A / Gal-3+/+, SOD1G93A / Gal-3-/- , 

SOD1WT / Gal-3+/+ ,  SOD1WT / Gal-3-/- ).  The ability to use the  SOD1WT / Gal-3-/-  strain  
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is a significant strong point in these experiments, as they provided an excellent control for 

non-specific immunoprecipitation by the galectin-3 antibody. 

Our experiment was designed to use proteomics as a  hypothesis-generating tool, so 

we elected to investigate relatively novel proteins whose association with galectin-3 and/or 

ALS was previously undescribed, and could potentially have a role in neurodegeneration.   

We identified 16 proteins in the microsomal subcellular fraction (Table 6 A) and 17 

proteins in the nuclear subcellular fraction (Table 6 B) in SOD1G93A / Gal-3+/+ mice that did 

not appear in SOD1WT / Gal-3+/+ mice.  Three of the identified proteins, Nlrp6 (nuclear), 

nucleolin (nuclear) and STRA6 (membrane) were chosen to be further analyzed via 

immunoblot analysis for relative expression differences amongst SOD1G93A / Gal-3+/+; 

SOD1G93A / Gal-3-/-; SOD1WT / Gal-3+/+; and SOD1WT / Gal-3-/- mice.   STRA6, is a retinol-

binding protein/receptor, that is involved in retinoic acid, fibroblast growth factor (FGF), 

and Wnt signaling (Blaner et al., 2007; Golzio et al. et al., 2007).  Both Wnt and FGF are 

important factors in neuronal cell death, differentiation, and development �(Figueiredo et al. 

et al., 2008; Toledo et al. et al., 2008; Sanchez-Camacho and Bovolenta et al., 2009), and 

mutations in the STRA6 gene result in a wide group of developmental defects, including 

mental retardation �(Pasutto et al. et al., 2007). Nucleolin was selected for further analysis 

because it has recently been shown to be an anti-apoptotic  and/or anti-oxidative cell death 

factor, through a pathway that involves heat shock protein 70 � (Jiang et al. et al., 2009; 

Zhang et al. et al., 2009).  In addition, nucleolin expression appears to be increased in a 

number of chronic neurodegenerative conditions, including Parkinson’s and Alzheimer’s 

diseases, Progressive Supranuclear Palsy, and Parkinson-Amyotrophic Lateral Sclerosis of 
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Guam (Husseman et al. et al., 2000; Caudle et al. et al., 2009). However, there was no 

statistical difference found in expression of STRA6 or nucleolin amongst the tested 

genotypes in our experiment.   It is important to note that only 3 samples were tested with 

each sample composed of 2 spinal cords. Thus, it may be the case that no differences were 

found for expression of STRA6 and nucleolin because of lack of statistical power, in 

addition to the observed high variability amongst samples. Also, the immunoblot analysis 

was done on samples that were not co-immunoprecipitated with galectin-3 like the samples 

used for proteomic analysis. Thus it may be that these proteins are expressed in relatively 

low abundance, and that they are only sequestered, and therefore measurable when bound 

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

Nlrp6 was chosen for further investigation because it is a member of the 

NALP/PAN/PYPAF family of proteins that assemble into the inflammasome complex 

(Martinon et al. et al., 2002; Jha and Ting et al., 2009). This complex is involved in 

inflammation and innate immunity, and is formed in response to injury or the presence of 

infectious agents. Because inflammation is increased in the mSOD1 mouse, the observation 

that Nlrp6 is downregulated in disease is unexpected, and it may mean that inflammasome 

mediated inflammation in not important in ALS.  Nevertheless, there are no previous 

reports on the status of  NALP/PAN/PYPAF family members or the role of the 

inflammasome in ALS or in the mSOD1 mouse, so this result is very intriguing.   

Nlrp6 is a key component of the inflammasome, a multiprotein complex that can 

promote a heightened inflammatory state (Martinon et al. et al., 2002). The inflammasome 
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consists of caspase 1, apoptosis-associated speck-like protein containing a C-terminal 

caspase recruitment domain (PYCARD), a NALP (such as Nlrp6), and sometimes caspase 

5 or 11. The exact composition of the inflammasome depends on the triggering activator 

(Jha and Ting et al., 2009). The inflammasome promotes the maturation of cytokines (IL-

1ß and IL-18) from their pro form to their active form (Martinon et al. et al., 2002).  

The decrease in Nlrp6 observed here was not galectin-3 dependent since Nlrp6 was 

decreased in both  the SOD1G93A / Gal-3+/+ and SOD1G93A / Gal-3-/- mice (Figure 25). Thus, 

it does not appear that the neuroprotective effect of galectin-3 is acting via this component 

of the inflammasome mediated pathway. Nevertheless, there are no previous reports on the 

status of  NALP/PAN/PYPAF family members or the role of the inflammasome in ALS or 

in the mSOD1 mouse, so the observation that Nlrp6 is disregulated in disease is very 

intriguing.  

This study lacked large enough sample numbers to provide solid conclusions from 

the galectin-3 co-immunoprecipitation. Sample numbers were limited by the complex 

breeding program that is necessary for creating double transgenic mice (Figure 27). 

Furthermore, because fractionation protocols required pooling of spinal cord samples to 

achieve higher amounts of starting material, even less animals were available to increase 

the sample size. It is worth noting that there are no publications to date that have used a 

large-scale approach such as proteomics, to evaluate the nuclear compartment during 

disease progression, so this study is relatively novel and high risk.  Despite these caveats, 

this experiment provides some interesting hypothesis-generating data, particularly with 
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regard to the decrease in Nlrp6 observed in both SOD1G93A / Gal-3+/+  and SOD1G93A / Gal-

3-/- mice. Using in-vitro models of neurodegeneration, it should be determined if Nlrp6 is 

neuroprotective or neurotoxic. Once Nlrp6 is confirmed to have a potential role in disease 

progression, then in-vivo models of motor neuron degeneration can be used to determine a 

more relevant physiological role of Nlrp6.   

Finally, the difficult breeding program to obtain double transgenic mice is 

restrictive making it difficult to obtain enough experimental samples. Because protein-

protein binding relationships are pH dependent it necessary to optimize the conditions that 

favor galectin-3 binding. In our findings, there was not a high degree of co-

immunoprecipitated proteins identified shown previously as interacting directly with 

galectin-3. Thus, our binding conditions may not have been optimal to ascertain all 

galectin-3 binding relationships.  
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ALS is a debilitating disease with no effective cure or treatment. The specific 

mechanism that culminates into motor neuron degeneration is unknown. However,  

pronounced oxidative stress and an early activation of neuroinflammatory and excitotoxic 

pathways, seem to converge to result in the degeneration of motor neurons (reviewed by 

(Bruijn et al. et al., 2004)). 

As described in chapter 2, we used time-series mRNA profiling from spinal cord in 

the mSOD1 mouse to identify initiating pathogenic molecular factors that may be involved 

in ALS etiology  Our studies are the first to show galectin-3 as a very early marker of 

disease in the mSOD1 mouse model of ALS, and then to show increased galectin -3 and -9 

expression in the spinal cords of patients with sporadic ALS (Figures 2-4 and 6). In 

mSOD1 mice, elevated galectin-3 was found specifically expressed in the spinal cord as 

compared to other CNS tissue and the gastrocnemius (Figure 5). Galectin-3 expression was 

found predominantly localized to the microglia in both mice and humans (Figure 7 and 8). 

We also showed a biological role for galectin-3 in a mouse model of motor neuron 

degeneration through targeted validations and in vitro experiments. Study of SOD1G93A / 

Gal-3+/+ relative to SOD1G93A / Gal-3-/- mice showed that galectin-3 was associated not 

only with improved behavioral and survival outcomes (Figure 9), but also with a decrease 

in neuroinflammation and neurodegeneration. Specifically, galectin-3 did not alter the age 

of onset between these two mSOD1 transgenic groups. However, SOD1G93A / Gal-3-/- mice 

progressed faster through the disease, reaching early and late stage progression before the 

majority of SOD1G93A / Gal-3+/+ mice. The various stages of the disease were based on a 
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scoring system defined in chapter 2. On average SOD1G93A / Gal-3+/+ mice lived 

approximately 30 days longer than SOD1G93A / Gal-3-/- mice which is quite significant 

when viewed in terms of the total life span of mSOD1G93A mice  (~180 days) (Figure 10 

A).  Neuromuscular function was also tested using rotarod, activity tests, and grip strength 

tests. In general, SOD1G93A / Gal-3+/+ mice performed better than SOD1G93A / Gal-3-/- mice 

on all functional tests (Figure 10 B). Immunohistochemical analysis of the number of 

motor neurons in the lumbar spinal cord of transgenic animals revealed that SOD1G93A / 

Gal-3-/- mice had significantly fewer neurons in the lumbar ventral horn region at 100 days 

of age than did SOD1G93A / Gal-3+/+ mice (Figure 11). Immunohistochemical analysis of 

microglia revealed that at end-stage in SOD1G93A / Gal-3-/- mice had significantly higher 

numbers of microglia compared to SOD1G93A / Gal-3+/+ mice. In addition, in SOD1G93A / 

Gal-3-/- mice a larger ratio of microglia were positive for activation marker, ED1 (Figure 

12). This observation coincided with an increase in TNF-�  levels and an increase in 

oxidative stress as measured by protein carbonyl modifications in SOD1G93A / Gal-3-/- mice 

(Figure 13).  Taken together, the data presented in this thesis work suggests that galectin-3 

may be involved in neuroprotection by decreasing neuroinflammation and their related 

pathways.  

 In chapter 3, we explored the potential role of galectin-3 in mediating 

excitotoxicity. Neuroinflammation may contribute to excitotoxic outcomes (Kawamata et 

al. et al., 1992; Hall et al. et al., 1998; Alexianu et al. et al., 2001; Wiksten et al. et al., 

2007), and we wanted to determine whether galectin-3 was neuroprotective by decreasing 

glutamate mediated excitotoxicity. In a spinal cord organotypic model of glutamate 
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mediated excitotoxicity, we showed that galectin-3 increased neuron viability (Figure 18) 

with a concomitant increase in non-GLT-1/GLAST glutamate uptake and decrease in GLT-

1 specific uptake (Figure 17). We further showed that galectin-3 directly increased 

astrocytic surface expression of GLAST (Figure 20). In ALS, there is some indication of 

GLT-1 dysfunction and resultant excitotoxicity (Rothstein et al. et al., 1993; Howland et al. 

et al., 2002), therefore, galectin-3 may be exerting a neuroprotective effect by increasing 

GLAST mediated glutamate uptake. However, we did not observe a galectin-3 mediated 

increase in total glutamate uptake, and therefore it is likely the case that galectin-3 is 

neuroprotective via an alternative mechanism. Indeed, we also demonstrated that galectin-3 

could be neuroprotective in cultures of isolated motor neurons (NSC-34 cells) challenged 

with glutamate induced excitotoxic insult (Figure 19). The CRD domain of galectin-3 may 

be important in conferring neuroprotective properties of galectin-3 since inhibition of the 

CRD with lactose reverses galectin-3 neuroprotection (Figure 19 A). Since, galectin-3 has 

been shown to mediate intracellular signaling by binding extracellular N-glycosylation sites 

on cell surface proteins (Partridge et al. et al., 2004), we used N- and O-glycosylation 

inhibitors to determine whether galectin-3 was acting via this mechanism. Addition of O-

glycosylation inhibitor, BNAG, to glutamate challenged motor neurons treated with 

galectin-3, did not have any effect on galectin-3 mediated neuroprotection (Figure 19 B). 

Addition of N-glycosylation inhibitor, Swainsonine under similar conditions, did in part, 

inhibit galectin-3 mediated neuroprotection. However, Swainsonine, by itself was toxic to 

motor neurons, and therefore it was not possible to conclude whether galectin-3 is 

neuroprotective via a N-glycosylated mediated pathway (Figure 19 C). As discussed in 
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Chapter 3, further studies are needed to confirm whether galectin-3 is neuroprotective via 

this mechanism. 

In chapter 4, to further investigate potential pathogenic pathways galectin-3 may be 

involved in during motor neuron degeneration in the mSOD1 mouse, we identified 

intracellular and extracellular proteins that bind to galectin-3 in diseased mice (Table 6). 

We combined immunoprecipitation together with subcellular proteomics, to identify 

proteins from different cellular compartments that bind to galectin-3. We identified 31 

proteins that were uniquely identified in SOD1G93A / Gal-3+/+ mice and 21 proteins that 

were uniquely identified in non-diseased controls. Proteomics profiling, as with any 

genome-enabled profiling, is subject to false positives, and it is therefore important to 

conduct validations through other methods (immunoblot, immunostaining, or other targeted 

experiments).  Of the 52 differentially bound proteins, we elected to focus validation efforts 

on three proteins, based on their potential for key roles in the disease; Stra6, nucleolin, and 

Nlrp6. Stra6 was chosen for its role in cell death and differentiation pathways through Wnt 

and FGF signaling (Figueiredo et al. et al., 2008; Toledo et al. et al., 2008; Sanchez-

Camacho and Bovolenta et al., 2009). Nucleolin, a protein elevated in other 

neurodegenerative diseases (Husseman et al. et al., 2000; Caudle et al. et al., 2009), was 

chosen for its involvement in anti-apoptotic and/or anti-oxidative cell death pathways 

(Jiang et al. et al., 2009; Zhang et al. et al., 2009). Nlrp6 was chosen for validation because 

it is a member of the NALP/PAN/PYPAF family of proteins that assemble into the 

inflammasome complex (Martinon et al. et al., 2002; Jha and Ting et al., 2009).  Of these 

3, only the expression of Nlrp6 was validated by an independent method. Nlrp6 was 
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decreased in  SOD1G93A / Gal-3+/+ mice  relative to SOD1WT / Gal-3+/+  controls.  The 

presence or absence of galectin-3 had no effect on the expression of Nlrp6, as shown by our 

double transgenic studies (Figure 26). 
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Galectins are secreted from the cell via a non-classical pathway which does not 

involve the endoplasmic reticulum-Golgi apparatus secretory system (Hughes et al., 1999). 

In the extracellular space, galectins bind to and cross-link multiple glycoconjugates found 

on the cell surface or in the extracellular matrix (Rabinovich et al., 1999). Most galectins 

preferentially bind to glycoconjugates containing a disaccharide N-aceytllactosamine 

[Galß13GlcNAc or Galß1-4GlcNAC] and repeating chains enhances the binding affinity 

(Rabinovich et al. et al., 2007).  

The structure of galectin-3 is unique relative to other galectins (Houzelstein et al. et 

al., 2004). Galectin-3 has a single polypeptide chain which forms two structurally distinct 

domains, the N-terminal domain (ND), and the carbohydrate recognition domain (CRD). 

The ND of galectin-3 is a relatively flexible structure composed of 110 to 130 amino acids 

and is highly conserved (Roff and Wang et al., 1983; Seetharaman et al. et al., 1998). 

Aside from participating in oligosaccharide binding and multimer lattice formation, the ND 

confers the ability of galectin-3 to be secreted from the cell (Gong et al. et al., 1999) and to 

confer anti-apoptotic activites (Yoshii et al. et al., 2002). The cleavage of galectin-3 by 

MMP-2 and MMP-9 increases the carbohydrate binding affinity of galectin-3, but reduces 

self-association reactions (Shekhar et al. et al., 2004). The knockdown of MMP-9 in the 

mSOD1 mouse attenuated motor neuron loss, decreased TNF-�  and FasL and resulted in 
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increased survival of diseased mice (Kiaei et al. et al., 2007). These results suggest that the 

self-association properties of galectin-3 may be an important attribute in galectin-3 

mediated neuroprotection.  

 The preferred binding carbohydrate of galectin-3 is N-acetyllactosamine (Sato and 

Hughes et al., 1992; Agrwal et al. et al., 1993). Binding of galectin-3 to carbohydrate 

moieties is regulated via several mechanisms. Phosphorylation of galectin-3 on Ser6 

strongly affects its ability to bind carbohydrate ligands on glycoproteins (Mazurek et al. et 

al., 2000; Mazurek et al. et al., 2005). Galectin-3 may also be inhibited from binding 

carbohydrate ligands through competitive binding by other galectins (Dumic et al. et al., 

2006). In this way, it may be interesting to study the neuroprotective effects 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 (Colnot et al. et al., 1998; Hsu 

et al. et al., 2000) and negative (Demetriou et al. et al., 2001; Fukumori et al. et al., 2003; 

Partridge et al. et al., 2004) mediator within inflammatory pathways (reviewed by (Dumic 

et al. et al., 2006)). In the periphery, galectin-3 actions are specific to the cell type 

expressed (reviewed in Figure 27). Notably, there are some general biochemical 

characteristics of galectin-3 that make it particularly relevant to immunomodulation. First, 

galectin-3 can bind N-glycosylation residues on extracellular domains of immune 

modulating receptors and enhance their signaling potential (Demetriou et al. et al., 2001; 

Partridge et al. et al., 2004). This is relevant in ALS, because several cytokines and growth 

factors have been shown to affect glutamate transporter homeostasis (Figiel et al. et al., 

2003; Sitcheran et al. et al., 2005). Second, galectin-3 can contribute to the persistence of 
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inflammation by acting as an anti- and pro-apoptotic factor and thereby promoting the 

survival of inflammatory cells (Yang et al. et al., 1996; Hoyer et al. et al., 2004). And third, 

galectin-3 can regulate alternative activation of macrophages (MacKinnon et al. et al., 

2008). Alternative activation is one of several broad classes of activated macrophages 

which are defined phenotypically (reviewed by (Gordon et al., 2003)). Alternative 

activation is associated with IL-4 or IL-13 activation(Munder et al. et al., 1999), which is 

accompanied by a weak proliferative effect, and moderate decrease in respiratory bursts as 

compared to classical activation.  (McInnes and Rennick et al., 1988). The role of 

alternative activation in ALS is understudied, and future studies should examine the 

whether the state of microglial activation is an important determinant of disease 

progression.  
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Figure 27: The effects of galectin-3 on immune cells. Top row demonstrate anti-

inflammatory actions of galectin-3. Bottom row demonstrates pro-inflammatory of 

galectin-3. 
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There are several pathways in which galectin-3 may be involved which can result in 

neuroprotection (summarized in figure 28).  We observed a galectin-3 mediated decrease in 

microglial proliferation and activation which coincided with increased survival. Galectin-3 

may be acting to subdue neuroinflammation and thereby inhibit pro-inflammatory 

molecules that may cause neurodegeneration. Our observations of a galectin-3 mediated 

decrease in microglial activation and proliferation coincided with a decrease in TNF-�  

expression and a decrease in oxidative stress levels as indicated by protein carbonyl 

modifications. Supporting evidence that galectin-3 may be acting to decrease 

neuroinflammation is seen by observing the effects of galectin-3 on macrophages in the 

periphery. Activated macrophages, which originate from the same lineage as microglia, can 

be switched from an activated state (M1) to a resolution state (M2) through a pathway 

regulated in part by galectin-3 (MacKinnon et al. et al., 2008). While the M2 phase is by 

no-means a deactivated state of inflammation, it is a state of inflammation that is marked 

by weak macrophage proliferation, decreased respiratory bursts and a decrease in release of 

TNF (McInnes and Rennick et al., 1988; Gordon et al., 2003).  

In ALS, it is thought that motor neurons are primarily susceptible to necrotic cell 

death pathways (Ilzecka et al., 2007; Mattson et al. et al., 2007). TNF-�  released in part 

from microglia during neuroinflammation can contribute to a TNFR1 mediated production 

of ROS in motor neurons and resultant neuronal necrotic cell death (Kim et al. et al., 2007; 

Morgan et al. et al., 2008). A galectin-3 mediated decrease in TNF-�  may result in a 

decrease in TNF-�  mediated necrotic cell death. Therefore, it may be the case that galectin-
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3 is subserving to decrease the state of neuroinflammation in the mSOD1 mouse resulting 

in a decrease in neuroinflammatory mediated neuronal insult during disease progression.  

We also found that galectin-3 could act directly at motor neurons to exert a 

neuroprotective effect. Since galectin-3 was not found to be expressed in motor neurons 

themselves, it may be the case that galectin-3 is interacting with extracellular cell surface 

receptors. Other studies showed that galectin-3 binds extracellular N-glycosylation residues 

on cell surface proteins to prolong their cell surface expression and enhance signaling 

(Demetriou et al. et al., 2001; Partridge et al. et al., 2004). In this way, galectin-3 may be 

enhancing signaling of cell surface proteins that confer protection to motor neurons by 

binding N-glycan motifs on their extracellular domains. Our observed increase in glutamate 

uptake and GLAST expression may be mediated in this manner. Galectin-3 is shown to 

increase EGF receptor signaling via a N-glycosylated mediated pathway (Partridge et al. et 

al., 2004). Activation of the EGF receptor is shown to cause an increase in glutamate 

uptake and transporter expression (Zelenaia et al. et al., 2000; Figiel et al. et al., 2003). 

Therefore, we provide evidence that in ALS, galectin-3 may be increasing glutamate 

transport indirectly by increasing cell surface expression of growth hormone receptors, like 

EGF.  

Finally, galectin-3 may be neuroprotective by facilitating microglial phagocytosis 

of degenerating myelin, a precursor step necessary for neuron regeneration after insult. 

Galectin-3 is thought to complex with K-Ras-GTP and stabilize its formation which in turn 

enhances K-Ras-GTP activation of PI3K. Activated PI3K in microglia promotes 

phagocytosis of myelin through an undetermined pathway (Rotshenker et al. et al., 2008). 
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One of the main limitations of this study was the unavailability of specific galectin-

3 inhibitors. The galectin-3 inhibitors that are available lack specificity and the ability to 

cross the blood brain barrier. Therefore, to study the role of galectin-3 in-vivo, we relied on 

a model of motor neuron disease where the galectin-3 gene was genetically disrupted and 

not expressed. There are several limitations to using this model. First, absence of galectin-3 

may alter development of the mouse in ways which affect disease outcome that are not 

specifically relevant to the human condition of ALS. Although other studies using the 

galectin-3 knockout mouse have not reported any significant developmental issues with 

these mice (Hsu et al. et al., 2000; Iacobini et al. et al., 2004),  it is nevertheless worth 

keeping in mind.   

Another limitation related to using the mouse model of motor neuron disease was 

the extensive breeding program required to maintain a colony of transgenic mice. Since 

only mSOD1 males are fertile, transgenic males had to be bred to wild-type females 

yielding a litter of ~50% mSOD1 mice. Of the 50% mSOD1 mice only the males were 

included in studies because there are sex-related discrepancies in mSOD1 disease 

progression (Veldink et al. et al., 2003; Heiman-Patterson et al. et al., 2005). The breeding 

strategy was further complicated by breeding mSOD1 males with Gal-3-/- females to yield 

large enough quantities of SOD1G93A / Gal-3-/- males. This breeding strategy is outlined in 

Figure 27. Added to the breeding issues is the length of time it takes to complete in vivo 

studies to end-stage, which is at least 4 months after the mice are born.  Thus, these 

experiments required large amounts of colony space, husbandry efforts (including 
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extensive genotyping), and financial resources to maintain.  To help overcome these 

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

Another limitation related to the use of the mSOD1 mouse model is the lack of 

standardization of neurobehavioral functional tests amongst laboratories. Although 

neurobehavioral outcome measures have been standardized in other mouse models of 

neuromuscular disease (Spurney et al. et al., 2009), in the ALS literature, there is a wide 

variation in tests that are used as functional outcome measures and for staging of the 

disease.  This makes it difficult to compare or consider findings across laboratories.  We 

implemented a rating scale described by Rouaux et al. whereby disease progression is 

defined into 4 stages (onset, early progression, late progression, and end-stage) (Rouaux et 

al. et al., 2007), and suggest that implementation of this type of staging would be beneficial 

for the field.   

-�-�0����
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�������

Our data identify galectin-3 as a potentially important factor in ALS and 

neuroprotection.  Thus, these data raise many interesting questions.  Possibly, galectin-3 

could be evaluated as a prospective biomarker to diagnose ALS at an early disease stage. 

ALS is often only diagnosed after other neuromuscular diseases are ruled out (Eisen et al., 

2009), yet early treatment may help to prolong lives until a cure is found.  Since we 

observed that galectin-3 was elevated early in the disease process in the mSOD1 mouse,  it 

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

humans could be planned to test this hypothesis further. 

It would also be interesting to further evaluate the effect of galectin-3 levels on 

outcomes in the mouse mSOD1 model, as was done in chapter 2.   Galectin-3 was already 

expressed prior to disease onset and this expression became even greater although disease 

still progressed. Therefore, it remains to be determined whether achieving still higher 

concentrations of galectin-3 through exogenous administration will have any effect on 

outcome.  Alternatively, it would also be interesting to expand chapter 2 studies in mSOD1 

mice that are bred as heterozygous (-/+) for the galectin-3 gene—to determine whether the 

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

Galectin-3 mimetics as therapeutic agents should also be investigated.   With regard 

to this, it will be important to further characterize the neuroprotective pathways that may 

involve galectin-3, and to study which biochemical characteristics of galectin-3 result in 

neuroprotection. Developing an understanding of the activities conferred by the CRD 

and/or N-terminal domains will allow the design of galectin-3 mimetics tailored 

specifically to their intrinsically unique actions.  

The number of cell surface intracellular signaling proteins that galectin-3 may 

interact with is expansive. The list of potential galectin-3 targets may be concentrated by 

analysis of the N-glycan glycosylation consensus sites of all CNS cell-surface signaling 

proteins. As discussed previously, there are many receptors on glia and neurons with a high 
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number of N-glycan glycosylation consensus sites that can affect cell survival based on 

their enhanced surface expression. Studies on the role of N-glycans and glycosylation 

status in cell signaling and survival are in relative infancy, but will likely expand in coming 

years, thanks to recently developed tools (i.e. glycoproteomics, new tagging/activity labels) 

that will finally allow the complex structures and interactions of these carbohydrates to be 

evaluated in detail.   

We observed an increase in galectin-1 and galectin-9 in the murine model of motor 

neuron degeneration.  As noted in chapter 1, some studies have begun to examine the role 

of galectin-1 in ALS, but the role galectin-9 in ALS and/or neurodegeneration is 

completely unstudied.  While this role may be similar to galectin-3, that remains to be 

proven.  Galectin -1 and -9 may have synergistic (more likely) or antagonizing effects on 

galectin-3 with regards to motor neuron survival and ALS, and this remains to be studied as 

well.  
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Figure 28: Proposed model of galectin-3 in ALS. Galectin-3 may be acting to decrease 

neuroinflammation and expression of related proinflammatory cytokines, such as TNF-��  

The observed galectin-3 decrease in TNF-�  may reduce the incidence of TNF-�  mediated 

necrotic cell death and oxidative stress. We observed a galectin-3 mediated increase in non-

GLT-1/GLAST uptake and an increase in GLT-1 and GLAST cell surface expression. 

Since GLT-1 function may be impaired during disease progression, an increase in GLAST 

expression and uptake would be beneficial for motor neuron survival. Galectin-3 may be 

regulating neuroprotective pathways via enhancement of receptor cell surface expression 

on glia and motor neurons, themselves. This regulation by galectin-3 has been shown with 

the EGF receptor, a receptor shown to have positive effects on glutamate uptake.  Neuronal 

repair pathways may be enhanced through galectin-3 stabilization of K-Ras-GTP, a 

complex necessary for PI3K activation of phagocytosis. Phagocytosis of degenerating 

microglia is necessary precursor stem to axon regeneration.  

 



�

.4.�
�

�

	�'����/4�

 

 

.  

 

 

 

 
 
 



�

.4/�
�

0����
� �)�� .�

����� �����
���  ��� �$%� ')�� � ;� '���� ?;? � ���� �$%� ')�� � ;� '���� �;�� ����
�

���
�� � � ������ �
����� �
�
�
������� � �2�� %���(�(�#�)� #,� (2�)� )(��(�'-� ���%�&�� (2��

����(������� #,� �� %��'�� ���+��� #,� )��(���%� ��&� +���&� �'� �#%#���)� (#� ���(� +�)��� )(�&-�

��3�������()=� (2�� �!(��)� �� 2�)+��&�-� (���� �#���(��� (=� ��&� (2�� ,�������%� +��&��� #,�

����(�����'���%��'���#%#�-��
���&&�(�#�=�# ���91G�#, �(2��+��&����������)����,���&�+�)�&�#��(2����

)�!�#��'��#(-0����

��



�

.4��
�

B i b l i o g r a p h y  

 
 
�+�=�H�=����������=��(��%��@.449A��IJ0��'�%�(�#��#,�0�#(����(-�#)������(��(�#�����(2����(���#��

2#�����%%)�#,���-#(�#02���%�(���%�)�%��#)�)�I�����#%���) ��) @/AK�./5�8��
��"��%�-=���=�������
����)#�=��(��%��@/666A��I
%�(���(��)%#$)��!#��%�(���)0#�(�#,�����#,�%����()�

���(���),��(�&�����#�)�I�����%%���#% ��-< @.AK�.71�97��
�'�$�%=���=�<�����=��(��%��@.44�A��I���+#2-&��(��+��&� �'�0�#(�����1��
����#0��(��)�#,�(2��

���#�+����(�0#%-0�0(�&����&�(2����&� �&��%�(-�#,�(2� �&#����)�I�����#%��2�� ��78@/6AK�
.54�/�4��

�%��2�%�+�=���=���������&��)��=��(��%��@.444A��I��%�(�#�)�#,�(2��2�� -�����#,�%����(�)�+���(�
(��%������-#(�#02���%�(���%�)�%��#)�)�I������#%�
���( �8@/AK�.19�75��

�%+#=�	�=���������=��(��%��@/665A��I�#&�%�(�#��#,����������0(#�)����)0���%��#(#������#�)�+-�
(2������#0�#(��(� ���'��(���%�L#%��I�������#)�����) �&8@/AK�/66�9��

�%�!��&��=�
����=�H�������$��=��(��%��@/665A��I�,,��( �#,�(���)'�����#0-����+���#��)�� � �%����
(2��
4������.�(���)'������#�)���#&�%�#,�����I������ ���)��#%���������) ���< @.�/AK�
9�.1��

�%�!����=������=����H���#=��(��%��@.445A��I�2���#%��#,���%�����+��&��'�0�#(���)����)�%��(� ��
�#(#����#�� �%����+�%�(-������-#(�#02���%�(���%�)�%� �#)�)�I���������#% ��7@7AK�857�18��

�%�!����=������=����H#L# )"�=��(��%��@/66.A��I
����� �����(� �(-�������#�)���#&�%�#,�,���%��%�
�����#���%�(�)�$�(2�&�)��)��0�#'��))�#��I�����#%#'- �-&@9AK�./8/�4��

�%%��=���������&��������#(2$�%%�@/66.A��I�-(#"���)�� �&����(������#&�'�����(�#��I���(��� �
����#)�� �� @.6AK�9�5�55��

�%�" �)(=������&����H��%))#��@/665A��I
�%��(��)��)�� �,%����(#�-���&��(#�)�I�
%-�#�#�>�� ��) @9�
4AK�191�8.��

��&��)=����H�=�������	%��"=��(��%��@.448A��I��#(����#!�&�(� ��&���'�������(���)'������#�)���#&�%�
#,�,���%��%���-#(�#02���%�(���%�)�%��#)�)�I�������#� 2�� �&�@1AK�/65.�8��

��+�=�
����=����H����=��(��%��@/668A��I�!�&��(���(�# !�&��(���+�%��������(2����-(2�#�-(�)�#,�
)0#��&�����-#(�#02���%�(���%�)�%��#)�)�0�(���()��#� ��%�(�)�$�(2�(2��0�#'��))�#��#,�
&�)��)��I�����#�2���
�( �-� @7AK�./85�4��

���+��(#=������=������2��=��(��%��@/665A��I���#%��,#���)(�#�-(�)�����#(#������#��%#))����
��-#(�#02���%�(���%�)�%��#)�)�I���������)���������)�� � �*&@.��AK�/7��95��

���#�&�)=������=�M����)(�#�# #=��(��%��@.445A��I
�%��(��)K���,���%-�#,������%�+�(��'�%��(#)�&��
+��&��'�%��(��)�I���%%�&7@5AK�149�8��

����#�=�H����=�	��	���������#=��(��%��@.446A��I������ ��#��%�'%��%���)0#�)�)��,(����!#(#�-�#,�
���(��%���&�0���02���%��!#�)�����#�0���)#��I�������� �) �-�� @/AK�/.4�/4��

��N���=���=�	������2��(=��(��%��@.448A��I�2���-(#"�� ����($#�"�#,�$�%%������&�'�����(�#�K�
��.6�
��&�
����	�I�����������#)�� ��<@8AK�/969�.���

���%=����	��@/666A��I��(#�2#�&������&�(2��0�(2#'���)� )�#,�����I������ �����A�2��&BK�./4.�/��
���%=����	�=�������	�����(�=��(��%��@.449A��I
�����)� &�����(�#(-�#)�������+#(2�)0#��&�����&�,���%��%�

��-#(�#02���%�(���%�)�%��#)�)�I���������#% �*� @5AK�755�15��



�

.45�
�

���"���=������=�����2��=��(��%��@.445A��I����(�#�)�# ,���(����#!�&�=�)�0��#!�&����&�0��#!-��(��(��
$�(2�)�0��#!�&��&�)��(�)���������#&�'�����(�#��I���#' ���������) ��<� K��9.�86��

����)=������=����������"�%=��(��%��@/667A��I;�%&�(-0������#'%����!(��&�)�� � �%�����J�.�"�#�"#�(�
�����$�(2�,���%��%���-#(�#02���%�(���%�)�%��#)�)�I��� #����(%����&�����J���� ��<� @5�AK�
.76/.�7��

��%%��=������=��������#��+��=��(��%��@/669A��I
���� ��&�0�#(�����!0��))�#��#,�'�%��(�������&�
'�%��(���4�����!0������(�%�0����#�#���%������'�(�)�I �����#+�#%���) ��8@/AK�.91�8���

����(��=����@/669A��I�#)(����(���)%�(�#�K�(���(���(�( ���%)����(2�����.��#�)����&����2�����
����I�����#+�#%���) ��7@.AK�.�.���

���&#((�=���=������% ���)�=��(��%��@/66.A��I���%-� ���#%�L�(�#����&���(#�2#�&���%�&���'�����
�#(#������#�)�#,�	��������������#(��))#���(�&�$�(2��0 #0(#)�)�#��$�(2��2��'�)����
�-(#�2�#���#!�&�)��2�)(#�2�����%�����(� �(-�I������� #%������)� @.�/AK�/1�����

���&#((�=������&�������������@/665A��I��))#�)�,�#���#& �%)�#,����.�%��"�&�,���%��%�����I�
����&)��#%���& ��<@8AK��4��566��

��� ���)(�=�������@.449A��I�-(#"���)K���,%������#��' %��%���%%�'�����!0��))�#����&�,���(�#��I�
�2���
����#% �7)K��.�91��

���'���%�=���=��������#�))#�=��(��%��@/667A��I� ��%# �&��'�#,�)(�+%����&��!�%�)�#��#,���)(�+%��
2�����)�0��#!�&��&�)��(�)��.� �����()������(#�2#�&� ���#,����������-#(�#02���%�(���%�
)�%��#)�)��#&�%)�I�������#)�� ��7@.7AK�5.59�15��

�%���=������=�������H�%%��=��(��%��@.448A��I5�2-&�#!-�#����%=���%�0�&�0��#!�&�(�#��0�#&��(=�
��0���)�'%�(���(��(���)0#�(�����#�(���%��)(�#�-(�)�I �
%����� @/AK�.54�76��

�%����=�;�����@/669A��I����7=�����%%�)��,��������0(# ��,#����(��#%�+��&��'�0�#(���K�(2��0%#(�
(2��"��)�I���%%���(�+ �-@�AK�.75�7��

�%#�"=���������&��������#�'�@/661A��I����#'%�����&�� �,%����(�#����&��(�&�����#&�'�����(�#�K�
��%(�0%��(��''��)�$�(2����#��#�����2���)��I���#'���� �#+�#%�&7@/AK�99�48��

�#�2�%��=���=�H�����'%�-=��(��%��@/666A��I9+�(��2-&�#!-)(��#%��)��-(#(#!���(#���#��(�%���(�
�)(�#�-(�)����0�����-���%(����$2��������%� �%)������� ����)�&�I�������#)�����) �7�@.AK�
44�...��

�#�%%��=���=�H��������"�=��(��%��@/667A��I��)�(���&�0�#'��))�#�������2���(�&�����&�(������&�+-�
�#(#������#�)���&�����#'%���I�������� ���� @1998AK�.�84�4/��

�#%��#)=������=����������%�)=��(��%��@.441A��I�,,��(�#,�0��#!-��(��(��#��(2����(#�2#�&���%�
��)0���(#�-��2���K�&�,,����(��%�)�)��0(�+�%�(-�#,��� ��#��)���&��)(�#�-(�)����0�����-�
��%(����I�������#�2�� �7*@1AK�.471�9/��

���)(#%=���������&��������#(2)(����@.447A��I
%�(���(� �(���)0#�(���'�����!0��))�#�����
��-#(�#02���%�(���%�)�%��#)�)��#(#���#�(�!�I�������� �#%��) @1AK�797�4��

����>�=����
�=����;�����2��=��(��%��@.449A��I����%��" �&����.���(��(�
81����&��(�)�&���'��
(#��)(�#�-(�)���&�0�#�#(�)���0�&%-�0�#'��))� ��&�)� �)��$�(2����.��#�(�����'�
���%�)�#�)�I�����#� ��8@/AK��/9��8��

����>�=����
�=����H���#�)�$���(=��(��%��@.448A��I�''� �'�(�#����&��#(#������#��(#!���(-�#,����
����%��"�&����.���(��(���&�0��&��(�,�#��$�%&�(-0����� .�I�������� ��8� @1�85AK�
.81.�5��

����>�=����
�=���������%%��=��(��%��@/665A��IJ��� �%��'�(2�����2���)�)��� #% �&�����#(#������#��
&�'�����(�#���������I�������� �����#)�� ��&K�9/��54��

�)�+)�=���=�������)##������=��(��%��@/667A��I�#%%�%�"������0(#����#���&�%(�2������)(�#�-(�)�
(��''��)�0�#&��(�#��#,�����#0�#(��(� ����&��(#�)�I� 
%���-� @9AK�788�41��



�

.41�
�

��((��,��%&=���������&����H��)"��@/66.A��I������0�# (����#!�&�(�#������'����%�(�&�
����#&�'�����(� ��&�)#�&��)�(2�(������))#���(�&�$�(2�� ''��'�(�&�0�#(���)�I����2�
�'���'��� ���� @4AK�451�7/��

���0��(��=����@.478A��I��#!���%��!#��%���%��'����(�� ���#(#������#��&�)��)��I�����#%#'- �
�8@4AK�85.�1.��

�����=������=�
��
��'��)�2�=��(��%��@/667A��I���'�() �������K�&�)�'���'���%(�&��'�(2���0��)�I�
����&)��2�����#%���� ��&@1AK�/79�9���

������&#=����
�=����������)�=��(��%��@/666A��I������! 0#)���)���&������(#�2#�&���%���@/OA�
# ��%#�&���&�����'�����(�#�����)0���%��#(#������#�)� ��� �(�#�I�������#)�� ��<@.AK�/56�
16��

������&#=����
�=����P�����=��(��%��@.447A��I�#(#����� �#�)�����)�%��(� �%-� �%����+%��(#�
����:"����(������0(#����&��(�&���>��-���� �(�#�I���� ���#)�� ��7@.�AK�5674�94��

��)2���=������=����������2��=��(��%��@.44/A��I����#+ %�)(#���!�)0���%��#�&�@���A�2-+��&���%%�
%���)���)��+%��&� �%#0��'��#(#������#�)�I��� ��-� ��)* @�AK�/64�/.��

��))���=���=������%�,,#=��(��%��@/66/A��I���#!-��(��( ��(��''��)���02��#(-0���(���),#���(�#�����
)0���%��#�&��)(�#�-(�)�(2�(���&���)��#(#������#���0# 0(#)�)�I�������#)�����) �7&@.AK�/.�
4��

���&%�=�;����=����H�()#�=��(��%��@/664A��I���#%��,#�����# �%�0�#(���=����%�#%��=�������"��)#�N)�
&�)��)��I�����#)�����(( �*-) @.AK�..�1��

��%�#=�������@.446A��I��%+��&�����/8"���&�0�� �%+�� ������(2����(���� #�)�)-)(���I�
����#)������ ��- @/AK��91�591��

�2��'��#�'=���=����;�&�=��(��%��@/661A��I����#0�#(� �(� ���,,��(�#,�#!�&�L�&�'�%��(���.������
(���)'������#�)���#&�%�#,���-#(�#02���%�(���%�)�%��#) �)�I��!0�����#% ��)* @.AK�/6��..��

�2�#=������=������=��(��%��@.447A��I�-(#"����)(���% �(�&��)(�#�-(�)�&���'��2���������#�)� �����
��(����#!�&�����2���)��I�
%�� ��7@�AK�/97�85��

�2��=������=�������(2=��(��%��@/665A��I���0#��%�'�� ���!0��))�#��0�((���)����
4��:���.�
�#�)��I���-#(�#02���(���%���%����(2����#(#������#�� ��)#�& �-@�AK�.75�9.��

�2��=������=����P2��=��(��%��@.441A��I�'��&�0��&��( �0���(������#,�&�)��)�������(���)'������#�)��
�#&�%�#,�,���%��%���-#(�#02���%�(���%�)�%��#)�)�I��#%���%%�����#)�� �7@5AK��54�7/��

�2#�=������=�������;��'=��(��%��@.448A��I�& ����&�'% -��(�#����&0�#&��()��������#,�%����(�
�#�'%#����(�#��#,��#(#����#�)����,���%��%���&�)0#��&� ����-#(�#02���%�(���%�)�%��#)�)�I�
�#%���& �*@1AK��/5��/��

�%����(=������=��������'�-��=��(��%��@/66�A��I;�%&�(- 0���#�����#��%���%%)��!(��&�)�� � �%�#,�
���.���(��(��#(#������#�)�������������I�������� ��<� @175/AK�..��9��

�%� �%��&=����;��@.444A��I	�#���2���#(�(#����.K����2� ��)�)�#,�)�%��(� ���#(#������#��
&��(2��������I�����#� ��* @�AK�1.1�/6��

�#%�#(=���=���������0#�2�=��(��%��@.448A��I����(��� ����#,�'����%#�-(�����+��)�&����'����(��
0���(#��(�)��)�&�,��(� �����'�%��(�������%%���(��(�� ����I�
����#%#'- �)* @�AK�/46�7��

�#%(#�=���������&�������
�%+��(�@.489A��I��#&��(�#��# ,�)�0��#!�&�����#�)�+-�������
����#02�'�=�(2������#'%���I�	������(( ���� @/AK�/85�8��

�#�(�'��#=�
�=�M��&�%��#L#=��(��%��@.448A��I
�%��(�����&#$����'�%�(�)�
��1�'�����!0��))�#��#��
&�,,����(���%%�(-0�)�I���
����#% ��7� @.AK��81�4��

�#-%�=���������&������((,���"���@.44�A��I�!�&�(� ��) (��))=�'%�(���(�=���&�����#&�'�����(� ��
&�)#�&��)�I�������� ��7� @1.�5AK�784�41��



�

.47�
�

������')=������=�
�������#$+��&'�=��(��%��@.48/A��I��� #�)��%-�02#�����%%�%������)�)(��(�(#�(2��
%��"#�''%�(���(��'�%��(���,�#���2�)�#%�)� �%'���)�� )�&�,�����(����J���
%����K��%02��
������#)�&��+�(��.=7������(-%'%��#)����-%(���),���) ��I�����#%��2�� ��-& @//AK�.�5/.�
9��

���(�)=���������&������%�"�@.481A��I������#02-)�#%#'� ��%����%-)�)�#,�(2���,,��(�#,�"���������&�#��
��� ��,�+��)���&�(������%)����(2����(�)0���%��#�&�I�� ��2-)�#%��78K�44�.68��

��'2��=����	�=�������;��'=��(��%��@.441A��I
&��(�,��� (�#��#,�'�%��(������)���,��(#�����0��������
)0%����'�I���#����(%����&�����J���� �)� @5AK�./.��9��

��'���"�((�=�
����=����
�&L��)"�=��(��%��@/668A��I� !0��))�#��0�#,�%��'��&��(�,��)����#%���%���
)�'��(����#,�����(� ���)(�#�-(�)�)(���%�(�&�+-��-�%�� �����#��0�#��,%����(#�-�
�-(#"���)�I��!0�����#% ���< @.AK�/7.�9��

��%����(#=���������&�������
����-�@.445A��I�� �%#0�� �(�#,����(��%���� #�)�)-)(���
0�(2#%#'-�������������(���)'������#&�%�#,�2�������-#(� #02���%�(���%�)�%��#)�)�I������
��(2#%��*- @7AK�./9.�4��

���+#%(=�������@/66.A��I
%�(���(���0(�"��I���#'����� #+�#%�7-@.AK�.�.61��
�� �)=�H����=��������(��,,=��(��%��@.448A��I��%(�0%��)�'��%��'�0�(2$�-)���'�%�(����%%�)��,����

�!0��))�#����&���(� �(-�#,�(2���!��(�(#�-�����#����& ���������.�)�+(-0��#,�
%��
(���)0#�(�������7�'%�#���I�������#)�� ��8@9AK�/591�81��

��$)#�=�M����=����������2�+2�((=��(��%��@.445A��I�!0�� ))�#��#,���&���+%����(����#!�&��)-�(2�)��
���)�)�&�%�-�&�����#(#!���(-����0�����-���!�&�����#� �%�'%��%��#�(���%���%(���)�I�
����#02�����#%#'- ��� @..AK�.5/1��6��

&�%��#L#=�M�=�����#>#=��(��%��@/66/A��I
����(2���0-�$�(2�'�%��(�������2�+�()�+�#��2��%�
#+)(���(�#����&���,%����(�#�������(�'����2�%%��'�&� ��()�(2�#�'2���(��%��"���1�'����
&#$���'�%�(�#��I��������)0������(��������& ��77@1AK�9�/�9��

����(��#�=���=����
���# )"-=��(��%��@/66.A��I��'�(� ����'�%�(�#��#,�����%%���(� �(�#����&�
��(#������(-�+-��'�(1���'%-�#)-%�(�#��I���(��� �*<)@78/.AK�9���4��

�����)=����;�=�H��������=��(��%��@/664A��I�&�0(� ��� �'�%�(�#���(�(2����%%�)��,����+-���
'%-�#)-%�(�#��I����,,�� ��<@..AK�.174�98��

��$�-=����
��@/66/A��I	�#������#����-)�(#���($#�")K ������'��!0��))�#��(����)����)�I����'�
��)�# ��#&�- �&@/6���00%AK��.96�1��

�#+%�=����@.447A��I�2��02�����#%#'-���&����2���)��# ,���(�#��#,���%�L#%��I�����#%#'- �*&@7�
��00%�5AK��/���5.��

�#�'=������&���������� ���)(��@/66.A��I
������,���(�# ��#,��)(�#�-(�)�I�
%�� ��7@/AK�.86�46��
����2���=������=�H��	���"=��(��%��@/66/A��I�-�%##!-' ���)��/���2�+�(�#��0�#(��()��#(#��

����#�)���&�0�#%#�')�)�� � �%������(���)'������#�)��� #&�%�#,�����I���������#% �
-� @7AK�99.�8��

�����=���=������+�%��=��(��%��@/667A��I
�%��(����K����#0�����&�&�)(#�-�I���#�2�����#02-)���(� �
�&7<@5AK�7.7��1��

�''�((=������=������#)���=��(��%��@/666A��I�� �%#0�� �(���&��2����(���)�(�#��#,���'%�(���(��
)��)�(� ���#(#������#�����%%�%����I�������#�2�� �&*@1AK�.841�46/��

��)��=����@/664A��I��-#(�#02���%�(���%�)�%��#)�)K���56�-����0��)#��%�0��)0��(� ��I����%���
����#)�� ��7@5AK�161�./��

�)(� �L=����
�=���������#$=��(��%��@.444A��I
�&��(� #��#,���(����#!�&��&�0��&��(��0#0(#)�)����
�#(#������#�)�+-�L����&�,�����(�)�0��#!�&��&�)��(�) ��I�������� ��87@1554AK�/548�166��



�

.49�
�

	�%)�'=���=������((�=��(��%��@/665A��I��,���&���,%����(#�-�)(�(�)�����)(�#�-(����%(���)K��#���%�(�#��
$�(2�)�)��0(�+�%�(-�(#$��&)���41�&�� ����0#0(#)�)�I �������#�2�� �88@.AK�.8.�4���

	����-=������=���������H�% ��=��(��%��@/66.A��I���)- �0(#��(����#(#������#��%#))���&�����(� ��
�)(�#�-(#)�)����(2�����.��#�)���#&�%�#,���-#(�#02���% �(���%�)�%��#)�)�I���)�%��
��� � ��* @..AK�.1.6�4��

	�����(�=������=���������#$��=��(��%��@.449A��I� �& �����#,�������)�&�#!�&�(� ��&���'�����+#(2�
)0#��&�����&�,���%��%���-#(�#02���%�(���%�)�%��#)�)�I�������#�2�� �7)@1AK�/675�95��

	����L=������=�������������&�)=��(��%��@/668A��I���"�#, �'�%��(������%(��)�(2��+�%�����#,�����(��
��������-(#"���)���&��#�,��)���)�)(�����(#��2#&#�#�� �)��3�����,��(�#��I�������

����#% ��8@.6AK�/97/�91��

	�'��%=���=��������2��=��(��%��@/66�A��I��'�%�(�#��#, �'%��%�'%�(���(��(���)0#�(����!0��))�#��+-�
'�#$(2�,��(#�)�I��!0�����#% ��8� @.AK�./5��1��

	�'%�$��L=������=����H��L�)=��(��%��@.445A��IM�����()�#,�(2��2�� -�����#,�%����(�)�+���(�����
�))#���(�&�$�(2�(2��&� �%#0���(�#,���-#(�#02���%�(� ��%�)�%��#)�)�I������#%�
���( �
� @.6AK�.919�7.��

	�'�����&#=���=����	�����)=��(��%��@/668A��I����#���� ��#'%�����#))(�%"��0���'�%�(�)�����#��%�
	
	�/��!0��))�#��$2��2���&��(�)�����#0�#(��(�#���'��� )(��!��(#(#!���(-� �����H.:/�I�
������#�2�� ��<&@.AK�9��81��

	���=������=���������'�%=��(��%��@.447A��I���#������ #)�)�,��(#���%02����2�+�()�'%�(���(���0(�"��
+-�0�����-�2������)(�#�-(�)��
�0%���(�#�)�,#��0�(2#' ���)�)�#,��
M�.�&����(���I���
��#%��2�� ��&� @/7AK�.1�6��7��

	�)�2��=������=����
����% ��=��(��%��@/665A��I��-#(� #02���%�(���%�)�%��#)�)��)���&�)(�%��!#�#0�(2-K�
� �&���������������&�����I��!0�����#% ��8- @/AK�/�/�56��

	�"��=���=��������#�'=��(��%��@/664A��I���2���)��#,� '%�(���(����&���&�����#(#!���(-������//�
�#�)��2�00#���0�%���%%)�I��������2�����#% �7�&@.��AK�.�..��

	�"��#��=���=������"���"�=��(��%��@/665A��I��&#'��#� )�'�%��(�����&�(������)�(2���#�(��'�#,�
��41��0#0(#(���)�'��%��'�0�(2$�-)�I����������) �7*@.6AK���97�4��

	�"��#��=���=������"���"�=��(��%��@/66�A��I��/4���&� ��9���&��(��'�%��(�������&���&�(-0��

�
����%%��0#0(#)�)�I����������) �7�@/�AK�8�6/�..��


�'�%�)2 �%�=�
�=�
���� ����=��(��%��@.447A��I
%�(���(������0(#���'#��)()��0���'�%�(��'%�(���(��
(���)0#�(���
���������)(�#�-(�)�I�����#��0#�( �8@.AK�/7.�1��


#%&)(���)=�
�=�M��H�")��
#%&)(����=��(��%��@/668A��I��%�(���#�)��#%��#,�)�0��#!�&��&�)��(�)��
���(2����(#�2#�&���%���(�����+�����)0����I�����#%��2�� ��8� @.�AK�8557�1/��


#%L�#=���=�������(��# ����#����%=��(��%��@/669A��I��((2�$�;##&�)-�&�#����)����)�&�+-�
(�����(��'���(�(�#�)����(2����(��#%�+��&��'�0�#(����� ���0(#��'��������7�I����������

���( �8<@7AK�..94�89��


#��)=���=���������%��=��(��%��@/668A��I�)(�+%�)2��� (�#,�����%%��#&�%�#,�����&�)��)�K�
#%'��
�00���(�)�&�)��0(�#��#����)���&�0��&��(%-�,�#���0#0 (#)�)�I���#(��2�#%���(( ��<@5AK�
76��.6��


#�'=������=�����#�>#=��(��%��@.444A��I�2����/�(����� �)�#,�'�%��(�����'# ���)���%%�%���
�#�0��(���(�%�L�(�#����&�,���(�#�)�������������%%)�I� ���������) �-) @/5AK�7/�4�51��


#�L�%�L�&���'��%��=������=�������&��2��)���;��&��"� 2�=��(��%��@/669A��I
����0�#,�%��'�#,�
)"�%�(�%���)�%����������-#(�#02���%�(���%�)�%��#)�)�� #�)���#&�%�I��2-)�#%�
��#���) ��



�

.48�
�


##�2��=����	�=�;�������)+��&=��(��%��@.486A��I���# �0�(����))�)(�&����'��0�#��))��'�)-)(���
,#��(2�����%-)�)�#,���(#��&�#'��02)�#,�����+��%���(� +#%�����(� �(-�I�����&��-)( �*@/AK�
./.��1��


#�&#�=����@/66�A��I�%(����(� ����(� �(�#��#,�����# 02�'�)�I���(��� �
����#% �� @.AK�/���1��

���+��=������=�;����(L%�,,=��(��%��@.488A��I����#'%� �%���%%)�+�(��#(��)(�#�-(�)���&��'#���(#)�)�

,#%%#$��'���(�,����%���� ���!#(#�-�I�����#)���������( (��) �8-@�AK��.9��/.��

��'��=���=����M�%�=��(��%��@/66.A��I������(���(�#,� (2����(#�2#�&���%�&�0��&��(��0#0(#(���

0�(2$�-������-#(�#02���%�(���%�)�%��#)�)�I�������#) �� ��� @.9AK�7174�97��

�#=���=�������=��(��%��@/66�A��I
�����)�&��!0��))�# ��#,�(2��'%��%�'%�(���(��(���)0#�(�������/�

�#&�%�(�)��!��(#(#!���(-���&�&�%�-)�(2��#�)�(�+�(�� #(�(2��#�(�#���#,�������������I�
�����#%�
���( ��� @.4AK�/1.4��/��


����-=�������@.445A��I����)'������#�)���#&�%�#,���- #(�#02���%�(���%�)�%��#)�)�I�����'%���
��& ���� @/1AK�.9/.�/��


����-=������=������=��(��%��@.445A��I�#(#������#��&� '�����(�#����������(2�(��!0��))���2�����
��=P��)�0��#!�&��&�)��(�)����(�(�#��I�������� ��7* @1.77AK�.99/�1��

��&&�&=�������@/66/A��I��&#!���'�%�(�#��#,�0�#���,%����(#�-��-(#"���)���&�
"�00���
�%02�:�	�"�00������%����(���)%#��(�#����&���(� �(�#�� I���#�2�����#02-)���)�
�#���� ��)7 @5AK�859�17��

��%%=������=��������#)( ���=��(��%��@.448A��I��%�(�#�)2�0�#,�����#'%��%���&��)(�#�-(�����(� �(�#��
(#�&�)��)��#�)�(���&�0�#'��))�#�������(���)'������#&� %�#,�,���%��%�����I�
%����� @�AK�
/54�17��

���������((��)#�=������=����������(�2=��(��%��@/661 A��I���"'�#��&���&�'��&����,,��()�#��
)�� � �%����(2���'�@���.�
4��A.
����#�)���#&�%�#,���� �I�������#%���� ���7 @.�/AK�
.�9��

���"�%=������=�����������)=��(��%��@/667A��I�2���2��# "��������.���&�(2��&��&��(�����&��-�%#�&�
��%%)��(��((���()�����������)�&����(2������.��#�)���# &�%�#,�����I��#%���%%�����#)�� �
�� @�AK�5/9��9��

���"�%=������=����
����'�%2��&(=��(��%��@/665A��I���)�����#,�&��&��(�����%%)=�����.=���&���(� �(�&�
����#'%��:����#02�'�)������-#(�#02���%�(���%�)�%��#)� )�)0���%��#�&�(�))���I�����
����#% �-- @/AK�//.��1��

���)%�-=�H�=����	�&-�-)2-�=��(��%��@/66�A��I��))�'� ���&�0�#(����%� �%��%� �(�#��#,�(��#��
����#)�)�,��(#���%02��@��	��%02�A���&���	��%02���#&� %�(��'��-(#"���)����)0���%��#�&)�
#,�(2��
4������.��#�)���#&�%�,#����-#(�#02���%�(���% �)�%��#)�)�I�����#+�#%���) �
�* @.AK�95�86��

���)%�-=�H�=�������	%#-&=��(��%��@/66/A��I���0#��%�0�((���)�#,��-(#"������&��0#0(#)�)���%�(�&�
'�����!0��))�#�����)0���%��#�&)�#,�(2��
4������.��#�) ���#&�%�#,���-#(�#02���
%�(���%�)�%��#)�)�I�������#�2�� �8�@/AK��71�95��

���)%�-=�H�=�����2�(��=��(��%��@/667A��I���(2����%�(�#��#,�#!�&�(� ��)(��))�(#�
����#��,%����(�#�K�%�))#�)�%�����&�,�#��(2��
4������. ��#�)���#&�%�#,�
��-#(�#02���%�(���%�)�%��#)�)�I���(�#!�&���&#!���'�� %�8@..�./AK�/691�89��

�������=�
����=��������#'��)=��(��%��@/66.A��I���#� �����#)�)�,��(#���%02����&���)��	�����&�
)(�#�'%-�0#(��(��(�)�'%�(���(����&��(�&���%%�&��(2� ���(2����(�)0���%��#�&�I�����#+�#%�
��) �8@5AK�146�4��

��$�((=������=��������)�����)"-=��(��%��@.445A��I��% ��(� ��0#(��(��(�#��#,��������&���&�
����#��%���>��-�,#%%#$��'���&��(�#��#,��)(�#�-(����� ���I�����#� ��� @/AK�589�45��



�

.44�
�

����+�-�)2�=���=������)2�&�(�=��(��%��@/66/A��I�%�'#)���2���&��)0���,���(-�#,�'�%��(��)K���)����2�+-�
,�#�(�%��,,���(-��2�#��(#'��02-�I���#�2�����#02-)��� (� ��-&� @/��AK�/�/�15��

�����#=���=�
����"��#=��(��%��@.485A��I	����)(���(�� �%�)(�&-�#,�����#,�+��%%��-��2��'�)������,���%-�
$�(2���-#(�#02���%�(���%�)�%��#)�)�I�������#0�(2#%� �!0�����#% �*� @1AK�59.�86��

�#�"=���������&����
����)(#���#�@/66/A��I�(2��#%=�#! �&�(� ��)(��))=���&��-(#"������&���&�%� ���
��%%���>��-�I��%�#2#%��&@.AK�7��8��

�#���=���=����H�&#-�=��(��%��@/665A��I�!�&�L�&�'�%��(���.�)(���%�(�)�����#02�'�)�(#�0�#�#(��
�!#��%���'�����(�#�����0���02���%���� �)��,(����!#( #�-�I�������#)�� ��* @8AK�.89��86��

�#�L�%)(���=���=�
�����
#���% �)=��(��%��@/665A��I�2-%#'���(������%-)�)�#,�(2�� ��(�+��(��'�%��(���
,���%-�I��#%���#%�� #%��� @9AK�..99�89��

�#$%��&=������=�������=��(��%��@/66/A��I	#��%�%#))�#,�(2��'%�(���(��(���)0#�(�������/������
(���)'�������(��#&�%�#,����.���(��(���&��(�&���-#(�#0 2���%�(���%�)�%��#)�)�@���A�I�
��#����(%����&�����J���� �)) @�AK�.765�4��

�#-��=�H��H�=�������'=��(��%��@/665A��I�����(���0#0(# (����#%��,#��'�%��(��������&�,,�)��%��'����
��%%�%-�02#��)�I��������(2#% ��7*@�AK�84��46/��

�)�=����H�=����
���2���-� )"-=��(��%��@/664A��I��&#' ��#�)�'�%��(������)�%#��%�L�&�������+�����
%�0�&���,()���&���'�%�(�)���'��(�#��#,�&��&��(�����% %)�I���
� �)(������(#% ���) @�AK�19��8���

�)�=����H�=����������'=��(��%��@/666A��I���'�(�&�&�) ��0(�#��#,�(2��'�%��(�����'������)�%()����
�((����(�&�0���(#���%���,%����(#�-���)0#�)�)�I������ ��(2#%��-7 @�AK�.69��8���

��=���=�;������2��'=��(��%��@/666A��I�-(#"�����,,�� ()�#��'%�(���(���0(�"��+-�2������)(�#�-(�)�I�
����#�����#�#&�%�(�#� �&@�AK�.1��4��

��'2�)=�������@.444A��I�����(�#��#,�(2��'�%��(���,� ��%-�#,������%�������+#2-&��(��+��&��'�
0�#(���)�I���#�2�����#02-)���(� ��*&� @.AK�.9/�81��

��'#�=���=�������M�%%�(=��(��%��@.484A��IH���������&���&���)����%-���&�&�%�-�&�&�'�����(� ��
����#��%��2��'�)������(�)0���%��#�&�I�����#)��������� ((��) ��<*@�AK�/18�/7/��

��))����=����;�=�����#�2%��=��(��%��@/666A��I��(#(� ����(� �(�#�K����#� ��'��(����2���)��,#����
�#2#�(�#,�����#&�'�����(� ��&�)��)�)�I�����#+�#%��'� �' ��� @7AK�8.1�/8��


��#+���=���=����������=��(��%��@/665A��I
�%��(����: �
������0(#����"�#�"#�(������)2#$�
����%���(�&��
����&���&�'%#����%�����>��-K�� �&����� ,#����0�#(��(� ���#%��#,�'�%��(�����
�)�����
������0(#��I�	�)�+�� ��8@.5AK�.99��1��


"#�#��&#�=���=����<���<��=��(��%��@.447A��I�#(#��� ���#��&�'�����(�#����&���&�+-��!��(#(#!���
�'#��)()�2�)�,��(���)�����#��#��$�(2�(2#)��)�������(2 ������.�(���)'������#�)��
�#&�%�#,���-#(�#02���%�(���%�)�%��#)�)�I�������#0�( 2#%��!0�����#%�-- @/AK�/..�/5��


%L��"�=����@/669A��I������)�&�����+�#)0���%�,%��&��-(#�2�#�����%� �%)����0�(���()�$�(2�
��-#(�#02���%�(���%�)�%��#)�)�I�����&����%�����+�
� � )(�7&@�AK�/75�4��


%L��"�=����@/668A��I������)�&�)�����)#%�+%�����
�� %� �%)����0�(���()�$�(2���-#(�#02���%�(���%�
)�%��#)�)�I���(������#%�����& ���&@1AK��5��7��


%L��"�=���=�P���(�%��)��"=��(��%��@/66/A��I����),#����'�'�#$(2�,��(#����(��.�@(',���(��.A����
0�(���()�$�(2���-#(�#02���%�(���%�)�%��#)�)�I��-(#"� �� ��<@1AK�/�4�5���


�+�=���=�H���"��#(#=��(��%��@/66�A��I
�%��(���.��)� �� #% �&����(2��0#(��(��(�#��#,�����#0�(2���
0�������(2��&#�)�%�2#���I���������) �))� @.�/AK�9/�8���


���=����
�=��������2�$=��(��%��@.447A��I	���%��%��� -#(�#02���%�(���%�)�%��#)�)�$�(2�����(�(�#�����
�!#��5�#,�(2����:P��)�0��#!�&��&�)��(�)��'���K�0�(2#% #'���%���&�
�����#�-(#�2�����%��2��'�)�I���(������#0�(2#% �)� @5AK��41�56���



�

/66�
�


�#��=���=����	����(#=��(��%��@/66�A��I��(#�2#�&���% �'�����(�#��#,�����(� ��#!-'���)0����)���&�
�()��#%��������#+���%�,��I��������&��2�� ��<@/�AK�/541�161��

���'=�H����=����
��	��'���=��(��%��@.445A��I�����&#' ��#�)�%��(��=�'�%��(�����@�0)�%#����:����/A=�
0#(��(��(�)�
��.�0�#&��(�#��+-�2������#�#�-(�)�I�
��� �#%���((�*� @�AK�..��7��

�2�=������&����������'�@/664A��I
�,%����)#����))#�� �(�&����%�#(�&��+��&��'�&#����=�%�������
���2���0��(�0�#(���)���&���,%����(#�-�&�)��)�)�I���
� ���#% ��8� @./AK�97/��4��

����'=���=����P2��'=��(��%��@/664A��I���%�#%��:�/��� �&��(�)�(2����(��0#0(#(����,,��(�#,�2��(�
)2#�"�0�#(����96�&����'�#!�&�(� ��)(��))�I�	�+)�� ��

����'=������=�P���%���)�+�=��(��%��@/664A��I
�%��(�����&�,������-���&���)�(2��)� ���(-�#,�
�!0������(�%���(#�����������02�%#�-�%�(�)�I���
����# %��8� @/AK�..79�9���

����'=������=���������#(#=��(��%��@/661A��I
�����!0 ��))�#��0�#,�%��#,�)0���%��#(#������#�)����
)0#��&�����-#(�#02���%�(���%�)�%��#)�)�I���������#% �-&@/AK�/�7�1.��

�#2�)(#�=������=���������%(#�=��(��%��@/666A��I	#���(�#��#,�2�'2��#%���%���$��'2(��#�0%�!�)�#,�
��(��(���=�P��)�0��#!�&��&�)��(�)��������#�)���#&�% �,#��,���%��%���-#(�#02���
%�(���%�)�%��#)�)�I���#����(%����&�����J���� �)&@/�AK�./19.�7��

�#�))#�=������=�H�����2�%%=��(��%��@/665A��I����(��3���(�(��)�#,���),#%&�&���(��(�)�0��#!�&��
&�)��(�)��.����)����-#(�#02���%�(���%�)�%��#)�)�I��� ��� ���& @�(�.AK�9��88��

H����)"�=������=����������2�#�&)=��(��%��@/66/A��I�� ,,����(��%�)�)��0(�+�%�(-�#,�(2��#��%����#(#��
)-)(���(#�&�)��)��I������������&���� �)-7 K�5/�15��

H��'=���������&��������%+����@.48�A��I���2���)��#,�
 �2�+�(�#��#,����"�������%02��
����#)�&�)��+-��$���)#�����I��%��(��2-)�#% �&�@�AK�11.�115��

H�(�2��=�H�=�����)#��#=��(��%��@/66.A��I��)(��+����)�� ��(2��0���02���%�����%%���0��(#����#,�
0�(���()�$�(2��#(#������#��&�)��)�K�2�'2�%� �%)�#,� ��(� �(�#����&���&����(�� �&�����#,�
)�0����(�'���I�����&���
����#% �-* @.�/AK�//6�5��

H�(#=����@/668A��I��-#(�#02���%�(���%�)�%��#)�)��#&�%)���&�2���������#0�(2#%#'-K�)���%���(��)�
��&�&�,,������)�I���(������#0�(2#% ���- @.AK�49�..5��

H�(#=���=�����#����2�=��(��%��@/666A��I�& ����&�'%-��(�#����&0�#&��(��#&�,��&�)�0��#!�&��
&�)��(�)��.�@���.A�0#)�(� �����%�)�#�)������#��#��(# �,���%��%���-#(�#02���%�(���%�
)�%��#)�)�0�(���()�$�(2����.�'������(�(�#�)���&�(�� �)'�����������!0��))��'�2�����
���.�$�(2���
81����(�(�#��I���(������#0�(2#%�@���%A ��<<@1AK�546�161��

H�(#=���=������"�"�$�=��(��%��@/666A��I��$��#�)��)�) ���)����2�#������#0�(2#%#'���%��)0��()�#,�
,���%��%���-#(�#02���%�(���%�)�%��#)�)�$�(2�)�0��#!�&��&�)��(�)��.�@���.A�'����
��(�(�#�)K����%�)�#�)��#�(�����'����.��������#�)��� &��)(�#�-(�)�I���-#(�#02���(���%�
��%����(2����#(#������#����)#�& �� @�AK�.7��85��

H�(#=���=�H��H���(�=��(��%��@/66.A��I
�%��(���.��)����#�0#���(�#,�����#,�%����(#�)�%�)�#�)����
)0#��&�����&�,���%��%���-#(�#02���%�(���%�)�%��#)�)�I���#�2�����#02-)���)��#���� �
�8� @.AK�.77�9/��

H�$���(�=���=�����"�-���=��(��%��@.44/A��I
����#%#' �������(�#�)������-#(�#02���%�(���%�
)�%��#)�)�+�������&�)0���%��#�&�(�))���I��������(2# %��*<@�AK�74.�969��

H�%%��=������=����������"=��(��%��@.449A��I5��-&�#!-�#����%=�����%&�2-&���0�#&��(�#,����+�����
%�0�&�0��#!�&�(�#�=���0���)�'%�(���(��(���)0#�(���&� ��(#�2#�&���%�,���(�#�����
)-��0(#)#��)�I�����#)������ �8<@�AK�781�47��

H����=���=�H��H�0����=��(��%��@/669A��I��(��!���(�%%#0�#(����)��4���'�%�(�)���	��%02����&�	�)��
�!0��))�#���������#��%=�'%��%���%%)���&��()��+)���� ��!(��&)�%�,�������(���)'������#�)��
�#&�%�#,���-#(�#02���%�(���%�)�%��#)�)�I��!0�����#% ��<- @.AK�95�8.��



�

/6.�
�

H����=���=������(��=��(��%��@/667A��I�2�%�&#��&����&�%���%�&#��&���!(��&�)�� � �%������(���)'�����
�#�)���#&�%�#,���-#(�#02���%�(���%�)�%��#)�)�I������ �#)�� ��7@4AK�/579�9���

H��=������=��������#�'��=��(��%��@/669A��I��	���&���&�� �(� �(�#��#,�(2���#!.�������
#!�&�)����&��()��#%�����(2����&��(�#��#,�����#(����� %%�&��(2�I��#%���%%��7@1AK�791�89��

H�0��)=���=����� �&��=��(��%��@/665A��I���%��,,��(�#,���5O��/1O���'�%�(#�-�����%%)����
����#&�'�����(�#�K���&��%#'���$�(2�����#'%���I���#� ���(%����&�����J���� ��<��������� K�
.577��4��

H%�'���)=���=����
��;�%"��=��(��%��@.449A��I��'�%�(�#��#,�'%�(���(�������%(���)�#,�2�����
�#�#�-(�������.���&��)(�#�-(#���J��9���
���%%)�I���� ���#�����#% �&8@.�/AK�.1/�
7.��

H��++)=������=�����'�$�%=��(��%��@.44�A��I���+#2-&�� (��+��&��'�0�#(�����1��

�����%-)�)�#,�(2��
��(����(�#��#,�(2�����#�+����(�0#%-0�0(�&��$�(2�)���2� ��&�)�I�����#%��2�� ��78@/6AK�
.5456�9��

H#2=���������&����;���2#��@.489A��I<���(�(�(� ��&�( ������(�#��#,�'%�(���(����&��(�&��#�(���%�
����#��%���>��-������%%���%(����+-�%��(�(��&�2-&�#'� ��)���,,%�!��))�-�I�������#)���
��(2#&) ��<@.AK�8��46��

H#�'=������&�P��D��@.448A��I��))� ����(#�2#�&���%�&�' �����(�#������#(#������#�)�(��''��)�(2��
#�)�(�#,���-#(�#02���%�(���%�)�%��#)�)����������!0�� ))��'�����(��(����.�I�������#)�� �
�8@4AK��/5.�16��

H���'%)(���=�H�=�������2(��=��(��%��@/666A��I��&��(�#��#,���&#'��#�)�(���),#����'�'�#$(2�
,��(#�)�+�(��0�� ��()�#�(#'���(�������#��&��(2�I���( �����#)�� �� @..AK�.681�46��

H��L=���=��������'�-��=��(��%��@/66/A��I���#�-�%����) %#$)�&�)��)��0�#'��))�#��������#�)���#&�%�
#,���-#(�#02���%�(���%�)�%��#)�)�I�����#+�#%���) ��<@�AK�/78�98��

H�����=�

=�;�������&��)��=��(��%��@.444A��I����%��" �&���:P��������(�(�#��������)�)�
 �%����+�%�(-�#,��#(#������#�)�(#��!��(#(#!���(-�+-� �����2���)���� #% ��'�������)�&�
#!�&�(� ��)(��))���&�0��(��+�&���%�����2#��#)(�)�)� I��!0�����#% ��7<@.AK�/8��4��

H��(L"�=����	��@.44.A��I��)"�,��(#�)������-#(�#02��� %�(���%�)�%��#)�)�I��& �����#%�-7K�/51�96��
H�$�+���=�
����&�	���������@.447A��I
�%��(�����0�#�# (�)��&2�)�#��#,�2��������(�#02�%)�(#�

%�������I���
����#% ��-7 @.6AK��4�4�55��
���0)#�=������=�������H�)2���=��(��%��@.446A��I��>#��2 �)(#�#�0�(�+�%�(-��#�0%�!���(�'���

�!0��))�#�����(2���,,��(�&�(�))��)������-#(�#02���% �(���%�)�%��#)�)�I���������#% ��8@�AK�
�71�9/��

���&��+��"=������=����������"�((=��(��%��@/66.A��I�2� �'%��%�'%�(���(��(���)0#�(��=�
���.=��)�
#!�&�(� �%-��#&�,��&�+-�5�2-&�#!-�/��#����%����(2�� �%L2�����N)�&�)��)��+����K�(2���#%��
#,��+�(�.�5/�I�������#�2�� �&8@/AK�5.��7��

���=����J�=����
��'#����=��(��%��@/669A��I��'%-���� 0�#��))��'�&�,������-�0�#�#(�)�)0#�(���#�)�
��,%����(#�-�&��-�%���(�#����&�����#&�'�����(�#��I� ����#%��2�� ��8� @57AK���9/1��5��

���'2=������=���������&��(#�=��(��%��@.488A��IJ+�3�� (���&�0#)�()������(���#��2#�����%%)�����#(#��
����#���&�)��)��I�����#)�����(( �)� @/��AK�.49�/6���

���'2=������=����;2�($�%%=��(��%��@.44.A��IJ+�3��(��������#����(� ����(������#��%����%�)�#�)����
��-#(�#02���%�(���%�)�%��#)�)���#�02#%#'-=�&�)(��+�(�#�=���&�)0���,���(-�I������ ���*�A�2��
�BK�991�88��

�� ���=������=����H#�'=��(��%��@.444A��I�)(�#�-(�)�� �(����(���(���(�%-�$�(2�&�'�����(��'��#(#��
����#�)�����#�)����-#(�#02���%�(���%�)�%��#)�)�@���A� I�
%�� ��8@�AK�/.1�/5��



�

/6/�
�

��=���=������=��(��%��@/669A��I�2��,���(�#��#,�����#'% ��=���(2�������#0�#(��(�#��#������#(#!���(-=�
�)�&�(������&�+-�(2���3��%�+�������#�'�,��(#�)���%�� )�&�,�#����(� �(�&�����#'%������
 �(�#�I���������) ���-) K�8�.9��

��=������=����M���#��=��(��%��@/667A��I��'�%�(�#��#,��)(�#�-(���'%�(���(��(���)0#�(����!0��))�#��
+-��"(K�� �&�����,#����)�%��(� ��(���)���0(�#��%��,, ��(�#��(2��
���.:����/�)�+(-0��I�
������#�2�� �)&@�AK�914�9.��

��=���=������%%#�-=��(��%��@.449A��I
%�(���(��(���)0#�(����%(���(�#�)�����%L2������&�)��)������
0#))�+%-��))#���(�&�$�(2��+�#���%������!0��))�#��I� ������#0�(2#%��!0�����#% �-7@8AK�
46.�..��

��=���=����H#����H#��=��(��%��@/668A��I
�%��(������ )�����'�(� ����'�%�(#��#,�%�0#0#%-)���2���&��
��&��(�&���,%����(�#��I���
����#% ��8� @5AK�/98.�4��

���#=���������&��������2���@/66.A��I��,,����(��%��, ,��()�#,��-(#"���)���&���&#!�0#(��(��%�#��
'%�(���(���0(�"�������(��#�(���%�'%��%���%(���)�I�� ���#)�����(( ��)) @.�/AK�..��7��

���=������=����
����)(�%%=��(��%��@/66/A��I
�%��(���� ���2����)��-�%����@.A�0�#�#(�����(� �(-�
(2�#�'2���.���&����������)0#�)� ���%����(����2����� +���)(��0�(2�%��%���%%)�I�
���#'��� ��� @1/AK�866.�.6��

���#=������=������2���&��=��(��%��@/66/A��I������%�( �#��#,����.���(��()����0#)(��(�%�
�#(#����#�)�&#�)��#(����)���#(#����#��0�(2#%#'-�#��� #(#����#��&�)��)��I���
����#)�� ��� @./AK�58/1��/��

��0(#�=���������&��������#)��+��'�@.445A��I�!��(�(#�- �����#����&)��)���,���%��#��#��0�(2$�-�
,#������#%#'���&�)#�&��)�I�����'%�����& ���< @4AK�7.��//��

���=�	����=���������((��)#�=��(��%��@/66/A��I
�(���� %%�%���,���(�#�)�#,�'�%��(��)�I���#�2�����#02-)�
��(� ��-&� @/��AK�/7��9���

���=���=������"��=��(��%��@/665A��I���%��'���&��(�) ��0#0(#)�)�+-���2�+�(��'��!0��))�#��#,�'�%��(���
��(2�#�'2���(��,�������$�(2����%����,��(#��"�00���)� '��%%��'�I���#�2���� ��8<@�(�.AK��.�
5.��

���=���=������"��=��(��%��@/664A��I���%��'���(����( )�$�(2����%����,��(#��"�00��=���'�%�(��'��()�
��%%�%���&�)(��+�(�#��I�	�+)����&7@1AK�.514�96��

���=���=�;����#=��(��%��@/664A��I�!0��))�#��#,���-# (�#02���%�(���%�)�%��#)�)�%��"�&����.�
��(��(�������)�)�(2������#(#!���0#(��(��%�#,�����#' %��� ������/�I�����#%��2�� ��8* @7AK�
�74.�4��

�#$�=���=�����%���2��&=��(��%��@.488A��IJ+�3��(����)����#��#��,��(#�������(����&��(��,�%����(�
���%�)�#��+#&��)�#,�&� ��)��(-0��������=����%�&��'�( 2#)��#,����"��)#�N)�&�)��)�=����"N)�
&�)��)�=���&��%L2�����N)�&�)��)�=��)�$�%%��)��#)��( 2�%�,�+��)��������+�%%����)(�#�-(#��)=�
�-(#0%�)����+#&��)������)�%�=���&���%%#�-�+#&��)����� %�#2#%���%� ���&�)��)��I�����(2#%�
�-- @.AK�4�.1��

���2��=���������&�����������@/669A��I��#(���)��(���� +�����)��,���)����� ��$�#,��00�#��2�)�I�
�#%���#)-)( �� @.6AK�961�.���

���H���#�=������=�������	���$#�(2=��(��%��@/668A��I� �'�%�(�#��#,��%(����(� ������#02�'��
��(� �(�#��+-�'�%��(�����I���
����#% ��8<@5AK�/716�8��

���(# ���=���=����
��+�%%�=��(��%��@/664A��I
������) -)(����%(���(�#�)����)0#��&�����-#(�#02���
%�(���%�)�%��#)�)�0�(���()�)�''�)(����#�'#��'�����# ��,%����(#�-�0�#��))�I���
����#�����#% ���< @.�/AK�9��4��

����2�((�=���=����H%���=��(��%��@/665A��I���#������#) �)�,��(#��@��	A���&��(�&�����#0�#(��(�#��
�'���)(�'%�(���(����&���&��!��(#(#!���(-��)���2����& �+-�����(2-%����)0��(�(������0(#��



�

/6��
�

��(� �(�#����))��(��%��#%��#,�����	�����0(#��/���&��( �&�02#)02�(�&-%��#)�(#%���"���)��
&�0��&��(��	�"�00����0�(2$�-�I�����#%��2�� ��&) @�.AK��/874�8.��

����������%�!����=����H��������������M�����������
���� ����������@.445A��I�2���#%��#,���%�����
+��&��'�0�#(���)����)�%��(� ���#(#����#�� �%����+�% �(-������-#(�#02���%�(���%�
)�%��#)�)�I�����%)�#,�����#%#'- ��7@7AK�857�818��

���(��#�=�	�=�H������)=��(��%��@/66/A��I�2����,%����) #��K����#%���%���0%�(,#���(��''����'�
��(� �(�#��#,���,%����(#�-���)0�)�)���&�0�#��))��'� #,�0�#
��+�(��I��#%���%%��<@/AK�
5.9�/7��

��(()#�=������=����
����(%��=��(��%��@/669A��I����'- ���(�"����&���-#(�#02���%�(���%�)�%��#)�)�I�
����#�#%���%�����& �)@.AK�.9�/6��

��(�)���=���=�������	����2=��(��%��@/668A��I�2����(�� �L�(�#����&��)��#,�(2�������5���%%�%����,#��
)(�&-�#,�����#(�#02�������0(#��(��,,��"��'�I�������# )�����) �87@�AK�11��71��

��(->�=���=��������)L�$)"�=��(��%��@/667A��I�)(�#'%��%��%(���(�#�)������-#(�#02���%�(���%�)�%��#)�)�
@���A��#&�%�#,�)%#$�'%�(���(���!��(#(#!���(-���� �( �#�I�	#%�������#0�(2#% �** @�AK�.8��
46��

��L���"=���=�����#�"%��=��(��%��@/666A��I�2#)02#�-%�(�#��#,�(2��+�(��'�%��(#)�&��+��&��'�0�#(����
'�%��(������#&�%�(�)�+��&��'�(#��()�%�'��&)�I�����#% ��2�� ��&- @57AK��7�..�1��

��L���"=���=����������=��(��%��@/661A��I�2#)02#�-%�(�#��#,�'�%��(������#�(��+�(�)�(#���%�'���(�
(���),#���(�#��#,�2������0�(2�%��%���%%)� ����#&�%�(�# ��#,����3���)�()�#,�'���)�I�
���������) �7-@/�AK�.6979�91��

��
���=���������&����
����
����@/66/A��I
�,%����(#�-� 0�#��))�)������-#(�#02���%�(���%�
)�%��#)�)�I���)�%����� � ��7@5AK�514�96��

��
����=�M�=�;������#�')(��(2=����=��(��%��@.447A��I 
���&�����#,���-#(�#02���%�(���%�)�%��#)�)����
(2�����#��(��)����$�)(����;�)2��'(#��)(�(��I�����#%# '- �*&@/AK�19.����

��
���)=������&�������������"�@.488A��I
�(��%��"���5� ��&���)���%(���&�
�#�#�-(�):����#02�'�)�(#�,#���'���(���%(����%��(�&��� %%)�I����!0���&��7&@/AK�148�
7..��

��<��&�=������=�J����2��&(=��(��%��@/664A��I
�0�# � &����+�����0�#(�#���)��# ���'��#,�
2�������+�-#����)(�����%%)�+-�0�0(�&��
�
�
�	�I����� #(�#�����) �8@./AK�175/�4��

���%"�=�H����&�������&�'���@/666A��I��H���&�0�8�)(��) )"���)�)��&�'�����(� ���,,��(#�)�#,�
)�'��%�(���)&��(�#����)��&�)����(2����� #�)�)-)(���I� ��#'�����#+�#% �7�@.AK�51�76��

��-���=������&������"�'��2��@/669A��I��(���%���'�%�( #�-�����%%)K����2���)�)�#,�)�00��))�#��I�
����&)��#%���& ��� @�AK�.68�.7��

�#"=����;�=����������=��(��%��@/669A��I�#%��#,�'�%�� (��������0��#����,��(�#�)�#,�(2������I�
��#�2�����#02-)���)��#���� ��-) @�AK�79/�8��

�#���&�=������&��������#%��#)�@/667A��I��(����#!�&�= ���%%�+�#����'�(��)���&�����#&�'�����(�#��I�
������#�2�� �)&@7AK�.797�84��

�#����=���=������ #)=��(��%��@/661A��I�%� �(�&�
��7� ��&���	��%02��%� �%)����0�(���()�$�(2����K�
��,%����(�#��#��2-0#!��QI�����#%#'- �7-@./AK�.418�76��

�#�'��=������=�������H��=��(��%��@/668A��I��	�%02���� &�����(� ��#!-'���)0����)��������#(�����%%�
&��(2�I���%%���)��8@�AK��5��4��

��%&��=����;��@.48/A��I�%�����%�%���()�#,���-#(�#02� ��%�(���%�)�%��#)�)�I��& �����#%��7K�.1�//��
��%&��=����;�=�������H��%��&=��(��%��@.487A��I	���%��%��&�%(��#(#������#��&�)��)�K���-#(�#02���

%�(���%�)�%��#)�)�I�����#%#'-��7@5AK�1..�9��



�

/65�
�

���&��=���=�H�����2����=��(��%��@.444A��I�2.:�2/��� '�%�(�&��!0��))�#��#,���'���)���)#,#��)�
��������������#02�'�)���&�&��&��(�����%%)�I���
���� #%��7� @9AK��99.�9��

��"�����=���=�H��H���"���=��(��%��@.445A��I��(��#�) �(�)�%��(� ������#��%�&���'�����(2����(�
)0���%��#�&���&���&�+-��#�(���#�)���(��(2���%��&���� )(��(�#��#,������I�������
��)����2 �7-*@/AK�/94�/81��

����"�(�=�H�=��������&�=��(��%��@/668A��I
�(��%��"�� �.�)(���%�(�)�'%�(���(���0(�"�����'%��%���%%)�
+-�����%���(��'����+�����(��,,��"��'�#,���O:HO�����) �� �����(���
&�0#%-����L�(�#��I��#%���%%���#%��

�����%����(2��=������&����
����)��(2�@/661A��I��-#(�# 02���%�(���%�)�%��#)�)K������(��& ����)�
��&�,�(����(2���0��)�I�������0�������#% ��8@7AK�9./�4��

�N�2��=������=����������=��(��%��@/667A��I�,,��()�#, �%�0#0#%-)���2���&��#��'%��%�02��#(-0����&�
��(� �(-�#,�'%�(���(��(���)0#�(��)K�� �&�����,#��&� %�-�&��0���'�%�(�#����&�
��&�)(��+�(�#��#,�
���.�I�����#�2���
�( �*8@7�9AK�765�.6��

�2'#2=���=��������&�=��(��%��@/66/A��I�%(���&��!0��)) �#��#,�'%�(���(��(���)0#�(��)����
�!0������(�%���(#�����������02�%#�-�%�(�)�I�������#� ����#% ���- @.�/AK�.96�8��

�"�&#���()��#(#=������&�
��	��&# ��2�@/66/A��I��-#(� #02���%�(���%�)�%��#)�)K���0�#0#)�&�
���2���)��I���#����(%����&�����J���� �)) @.�AK�46.6�5��

����%�=���������&��������''�((�@/666A��I�#%���%���, ��(#�)���&��%-��'�)�%��(� �� �%����+�%�(-�#,�
�#(#������#�)�(#�����#&�'�����(�#�������-#(�#02���% �(���%�)�%��#)�)�I��#����%�#,�
����#%#'- ��*&@6AK�
.9�
/9��

���(��&'�=������=��������#-=��(��%��@/665A��I��'�%� (�#��#,��-(#"��������0(#�)�+-�
#%'����'%-����
0�#��))��'���&���&#�-(#)�)�I�������� ��<7@174�AK�./6�5��

��)���%%�=������&���������#$��@/667A��I�#%���%���+�#%#'-�#,���-#(�#02���%�(���%�)�%��#)�)K�
��)�'2()�,�#��'���(��)�I���(��� �����#)�� �&@4AK�9.6�/���

��)�((#=�	�=�����(��2(=��(��%��@/669A��I��(�(�#�)�� ������7����)����+�#�&�)0��(����#,�
��%,#���(�#�)����%�&��'���#02(2�%���=��#�'���(�%�2� ��(�&�,��()=�&��02��'��(���2�����=�
�% �#%�����0�%%��-�&-)0%�)��=�%��'�2-0#0%�)��=���&����(�%���(��&�(�#��I����������
���( �
8<@�AK�116�76��

��((��)#�=������=�;��;��'=��(��%��@/665A��IJ�&��)(�� &��'�(2��+�#�2�����%���(� �(��)�#,�'�%��(���.�
��&�'�%��(��������(2�����%��)�I�
%-�#�#�>�� ��) @9�4AK�544�167��

��&��)��=�;����=�;��	�=��(��%��@.448A��I��#(�����#& �,���(�#��+-�(2��%�0�&�0��#!�&�(�#��0�#&��(�
5�2-&�#!-�#����%����(2��)0���%��#�&)�#,���-#(�#02���% �(���%�)�%��#)�)�0�(���()�I�����
����#% �** @1AK�8.4�/5��

���))#�=���=��������(�,>#�&=��(��%��@/661A��I��0#0#%-)���2���&��������)�)�����#'%��%�
���.�
�!0��))�#����&�'%�(���(���0(�"����0���(-���� �(�#�+-�� ����2���)��&�0��&��(�#����	�
�%02��I�
%���-� @/AK�...�/6��

�����=���=�H��	���=��(��%��@.44�A��I
%�(���(���0(�"� �+-��)(�#�-(�)��)���2�+�(�&�+-�����(� ��#!-'���
��(����&��(�)�+�(��#(�+-�#(2�������#02�'��&��� �&��# %���%�)����%�&��'��-(#"���)=�
%��"#(�����)�#��0%�(�%�(���(� �(��'�,��(#��I�������# �����#% �*8@.AK�44�.65��

��)2��#&�=������&�������;�����(��@.481A��I��������%�� #&�%�,#������#���0���,����0���%��#�&�
��)�#�)�+-�(2������#��>��(�#��#,�����(2-%�)0��(�(�=�H� ��������&=���&�<��)3��%���
���&�I��(���#(��(�����&�	���(�#��%�����#)��'��- �*8@.�7AK�//7�/����

�%���(=�;�=����H��H$#�=��(��%��@/66/A��I��#�#(��'��! #��%���'�����(�#�����(2�����(��%���� #�)�
)-)(���+-���2�����'�(2����%%�+#&-���)0#�)��(#��!#(#� -�I�������#)�����) �78@.AK�.�7��



�

/61�
�

�����(��# �=���=������'������=��(��%��@/66.A��I���� #��)0���,����!0��))�#��#,���(��(�)�0��#!�&��
&�)��(�)��.����(���)'����������&#�)��#(�%��&�(#��#(# ����0������(�I�������#)�� ��� @.6AK�
��74�95��

�����=������=�M�����H#%��()#)=��(��%��@.447A��I�#(#������#��&�)��)����&��#&�%�)-)(��)K�
��(�#%#'��)=����2���)�)���&�(2���0��)�I���+��	#��&� �-�0 ��)7 K���.�R�&�)��))�#��.��9��

��+�2� )"-=����
����&�;������(���(�@.449A��I
��,(�� '�#,���%(���&�����#'%��%���%%)���(#�(2��
%�)�#��&�)0���%��#�&�#,��&�%(���()���2����)������(�� #�('�#$(2�I�������#)�����) �*&@.AK�
�5�58��

��+��# ��2=�
�����@.444A��I
�%��(��)K����� #%�(�#��� �%-��#�)�� �&�,���%-�#,������%�%��(��)�$�(2�
��%(�,���(�#��%�0�#0��(��)R���(��0�,�#��(2��'����(#� �%�����%�(2���0-�I���%%����(2���,,�� �
7@8AK�9..�/.��

��+��# ��2=�
����=����
������=��(��%��@/66/A��I
�%��( ��)���&�(2����%�'��&)K���0%�,���)=�)�%�����)�
#��(����)�#,�(2����,%����(#�-���)0#�)�QI�����&)�
���� #%��� @7AK��.��/6��

��+��# ��2=�
����=�	��������=��(��%��@/669A��I������ �'��'��#%��,#��'�%��(��)����(����'�(2��
���������)0#�)�K�%�))#�)�,�#���!0������(�%��#&�%)�#, ���,%����(#�-�&�)��)�=�
��(#������(-���&��������I�����&���
����#% �77@/��AK�.5��18��

��+�L�&�2=���=�������
��%%�=��(��%��@.441A��I��(�(�#�)��))#���(�&�$�(2���-#(�#02���%�(���%�
)�%��#)�)��#� ��(�)�0��#!�&��&�)��(�)��,�#�������(�� 0#0(#(���'����(#���0�#�0#0(#(���
'���K�)(�&��)����-��)(���&������%���%%)�I���#����(%�� ��&�����J���� �)� @9AK��6/5�8��

��'2� ��&��=�M�=�	��������'�=��(��%��@/665A��I�#�0% �(��	����&)��&>� ��(���&���&�0���02���%�
��,%����(�#��� #"�)�'%��%���(� �(�#����&�0�#��,%���� (#�-��-(#"�����!0��))�#�����(2��
����I�����������#)�� ��<@/AK�579�9���

��� ��2=�
�=��������#���#�	%#��)=��(��%��@.445A��I
� 2�+�(�#��#,�0#)((�����(�������#'%��%�
0�#%�,���(�#�������'���(����#&�%�#,�����#02�'���#%#�- �)(���%�(��'�,��(#��&�,������-����
(2���#�)��I�����������#)�� �7@.6AK�.7.1�8��

��#=�M����=�����#'��=��(��%��@/66.A��I��(�)��)��"�# �"&#$��#,�(2��'%��%�'%�(���(��(���)0#�(���

���.=�+�(��#(�(2������#��%�'%�(���(��(���)0#�(����� ��.=��!����+�(�)�(���)���(�
,#��%�����+��%��)�2�������&���&�����#��%�&���'������ �(�+�����I�������#)�� ��� @7AK�.897�
8���

��0�%��#=���=������L��# ��0��'%��=��(��%��@.448A��I
�0%��(�(�#��#,�)(���%�(�&�2#�#%#'#�)�
����#02�'�)���)�%()����0��(��%����# ��-�#,�0���0%�'� ����()�I���(���& �*@9AK�8.5�/.��

������=����
�=��������%%�#((=��(��%��@.447A��I�#(#������#�)������:P��)�0��#!�&��&�)��(�)��
&�,�����(������&� �%#0��#���%%-�+�(��!2�+�(���2���� &���%%�&��(2��,(����!#��%���>��-�I�
��(�
���( ��� @.AK�5��9��

���+��2=���=�������������=��(��%��@/665A��I��(�)��) ��0�0(�&�����%�������&�(��'�(��'�
%����&�%�-)�
&�)��)��#�)�(���&�0�#'��))�#�����(2�����.�
4����#�)� ��#&�%�#,�,���%��%�����I���
����#)�����) �&&@5AK�19��8/��

��-�#%&)=������=���������>��=��(��%��@/669A��I����#0 �#(��(� ����(� �(��)�#,���5O��/1O�
��'�%�(#�-�����%%)������������%��#&�%�#,����"��)#�N )�&�)��)��I������"#����#% �8�@1AK�
.68��45��

�#&��'��L=������=����	���2�$=��(��%��@/661A��I��)(�+ �%�L�(�#��#,��0#0�#(�����)���)�,,�����(�(#�
�!0%������=P��)�0��#!�&��&�)��(�)��%��"�&�����0�(2#'� ��)�)�I���#����(%����&�����J�
��� ��<� @�6AK�.61.7�/.��



�

/67�
�

�#,,=����	����&�������;��'�@.48�A��I��&#'��#�)�%��(� �)�,�#����%(���&���%%)��
)#%�(�#����&�
�2����(���L�(�#��#,����+#2-&��(��+��&��'�0�#(���)�,� #������,�+�#+%�)()�I�����#%��2�� �
�-8 @.9AK�.6719�7���

�#����=���=�������(�&#=��(��%��@/665A��I
�� �(�#��) �2�����(#%��������� #% �)��0��'�%�(�#��#,�
'%�(���(��(���)0#�(�0��(%-���&��(�&�+-�(2������:���� .9�(��#������#)�)�,��(#��
�%02��0�(2$�-�I�������#)�� ��* @7AK�.�16�9��

�#(2)(���=�������@.447A��I�!��(#(#!���(-�2-0#(2�)�)� I�����#%#'- �*&@5���00%�/AK��.4�/1R�
&�)��))�#���/7��

�#(2)(���=�������@/665A��I����%�����%�)(�&��)K�2#$��� �2�����$����%-�#�QI���-#(�#02���(���%�
��%����(2����#(#������#����)#�& �-�������� K�//�1��

�#(2)(���=������=�����-"�)��#+��'=��(��%��@.447A��IH �#�"#�(�#,�'%�(���(��(���)0#�(��)��� ��%)�
����>#���#%��,#���)(�#'%��%�(���)0#�(�����!��(#(#!� ��(-���&��%��������#,�'%�(���(��I�
����#� ��7@�AK�791�87��

�#(2)(���=������=�������=��(��%��@.44�A��I�2�#������ 2�+�(�#��#,�'%�(���(���0(�"��0�#&���)����#&�%�
#,�)%#$�����#(#!���(-�I���#����(%����&�����J���� �)<@.5AK�714.�1��

�#(2)(���=������=����������(��=��(��%��@.44/A��I����� �)�&�'%�(���(��(���)0#�(�+-�(2��+�������&�
)0���%��#�&������-#(�#02���%�(���%�)�%��#)�)�I����� '%�����& ���7 @//AK�.575�8��

�#(2)(���=������=����M���H�����=��(��%��@.441A��I��% ��(� ��%#))�#,�'%��%�'%�(���(��(���)0#�(���

���.������-#(�#02���%�(���%�)�%��#)�)�I���������#% ��8@.AK�9��85��

�#(2$�%%=���������&�
�������2�)2��@/666A��I
�(��%��"� ��.����(2��+����K�+�#%#'-=�0�(2#%#'-���&�
(2���0��(���(��'�(�I�����&)�����#)�� ��� @./AK�7.8�/1��

�#()2��"��=����@/66�A��I����#'%�����&�����#02�'���� (� �(�#����&�(2����'�%�(�#��#,�
�#�0%����(�����0(#����@���:����.A���&��(�&��-�%���02� '#�-(#)�)������>��-���&�
&�)��)��I����#%�����#)�� ��� @.AK�71�9/��

�#()2��"��=����@/664A��I�2���#%��#,�
�%��(����:���� /����(2����(� �(�#��#,�(2��
���(��

������	���(�#��#,��2�'#�-(#)�)��������#'%������
�>�� -���&���)��)��I����#%�
����#)�� ��

�#()2��"��=���=�	������2��(=��(��%��@/668A��I
�%��( ����:����/=���)���&��
�H���(� �(��
�#�0%����(�����0(#������&�)�� ��'�������0(#���
:

���& ��(�&��-�%���02�'#�-(#)�)����
����#'%���I�
%�� �-7@.1AK�.769�.���

�#���!=���=�
�����(�%�� �=��(��%��@/669A��I�#&���� �%0�#�(���!��()�����#0�#(��(� ���,,��()����
 � #�(2�#�'2������+��&��'�0�#(����&�0��&��(����2��� )�)�+�(�&#�)��#(���0�# ��
)�� � �%���������-#(�#02���%�(���%�)�%��#)�)��#�)���# &�%�I�������#)�� ��&@/.AK�11�1�51��

�#$%��&=�������@.448A��I���'�#)�)�#,���-#(�#02���%�( ���%�)�%��#)�)�I�������#%���� ��7<�������� K�
�7�/5��

�-��=���������&����
��
���(�@/664A��I�2��#��'�����&�� #%�(�#��#,�)-��0)�)�I���(��� �����#)�� �
�<@.6AK�96.�./��

����2�L������2#=������&�����# #%��(��@/664A��I����' ��'����2���)�)�����#�02#'���
��&��(�&��!#��'��&�����I���#�))�-) ��� @.6AK�.6.��/1��

��)�"�=���=����;���(�=��(��%��@/66.A��I����.���&����� /������#����(� �(-����(���)'����������
$�(2���
4�����(��(����.�'����I�����#��0#�( ��� @9AK�.�14�7/��

��)�"�=���=����;���(�=��(��%��@/661A��IJ%(��)(���(�� �%�)(�&-�#,��''��'�(�)����(2��)0���%��#�&�#,�
(���)'����������$�(2���
4�����(��(����.�'����I���(�� ����#0�(2#% ��<) @�AK�/59�11��



�

/69�
�

��(#=������&���������'2�)�@.44/A��I���&��'�)0���,���( -�#,���+�+-�2��)(���"�&��-�%��(���,#����
(-0��
���&�

��2���)=�0#%-%��(#)������'%-���)=���&�� 00�#0���(�%-�'%-�#)-%�(�&�,#��)�#,�
%���������&�,�+�#���(���I�����#%��2�� ��7&@.6AK�748��46��

��(#=���=�������%%�(=��(��%��@/66/A��I�#%��#,�'�%��(������)�����&2�)�#���#%���%��,#�����(�#02�%�
�!(�� �)�(�#��&����'�)(��0(#�#���%�0����#����I���
��� �#%��78@5AK�.8.��//��

��2�,,��=���=�����#�&���=��(��%��@.447A��I����(� ��� )(�#'%�#)�)�#,�(2��)0���%��#�&������-#(�#02���
%�(���%�)�%��#)�)�I�������#%�������)������ K�/9�����

��2%�'=������=�������M#�&��)�"=��(��%��@.448A��I��'�%�(�#��#,�(2��'%��%���O�&�0��&��(�'%�(���(��
(���)0#�(��)�+-��-�%����������%#')���&�����#�)�I��#% ��2�����#% �-� @�AK��11�74��

��#((=���=�������H���L=��(��%��@/668A��I��)�'�=�0#$��=���&���(��0��(�(�#��#,�)(�&��)����(2��
)(��&��&���������#&�%�#,�����I���-#(�#02���(���%���%� ��)@.AK�5�.1��

���(2������=���=����H���')+��'=��(��%��@.448A��ID�� �-���-)(�%�)(���(����#,�(2��2�����'�%��(�����
���+#2-&��(�����#'��(�#��&#������(�/�.�����)#%�(�#��I �����#%��2�� ��&� @/.AK�.�659�1/��

��#=������&��������#,,����@/667A��I��#+��)�(��%'#��(2� )K��)�(2��������(�#��%�+�)(�+�(QI�����
��#��,#���(��) �&K��41��

�2�%#��	����)(���=���=������ -=��(��%��@/668A��I
�%� �(�������'�%�(�)���)
��5���&��(�&�
��(� �(�#��#,�����)���&�����)�I���#�2�����#02-)���(� ��&8�@7AK�481�4���

�2�$=������=�M��	#���)(=��(��%��@.441A��I��	���&�0%�)�������#����&�%� �%)�����#(#������#��
&�)��)�K��%� �(�#��#,���	�'%�(���(�������)�+)�(�#,�0 �(���()�I�����#&�'�����(�#� �*@/AK�
/64�.7��

�2�"2��=������=�������'�����""��=��(��%��@/665A��I�%( ���(�#�)����'�%��(������!0��))�#����&�
&�)(��+�(�#���#���%�(��$�(2�+���)(��������0�#'��))�# �K�,���(�#��%����%-)�)�#,�'�%��(��������
+���)(��0�(2�%��%���&#(2�%��%���(����(�#�)�I��������( 2#%��7- @7AK�.4�.�5.��

�2�+�(�=����@/66.A��I����)'������#�)���#&�%�,#��,���% ��%���-#(�#02���%�(���%�)�%��#)�)�$�(2�
)�0��#!�&��&�)��(�)��.���(�(�#��I�����#0�(2#%#'- ��� @.AK�8/�4/��

�2�+�(�=���=�H���)�-���=��(��%��@.447A��I
����#2�)( #�2�����%�)(�&-�#��)�0��#!�&��&�)��(�)�)�
���)0���%��#�&)�,�#����(#0)��&�0�(���()�$�(2���-#(�#0 2���%�(���%�)�%��#)�)�I��� �
����#)�� ��8@1�7AK�54/�8��

�2�+�(�=���=���������#=��(��%��@.447A��I
�(��)��)�0� �#!�&��&�)��(�)��.������#����(� �(-����
��(���-(#0%�)����2-�%�������%�)�#�)�#,�,���%��%���- #(�#02���%�(���%�)�%��#)�)�$�(2�
0#)(���#���#%������ #% ����(�I�������#0�(2#%��!0����� #%�-- @5AK�58.�46��

�2�+�(�=���=������'��=��(��%��@/66.A��I�#�02#%#'��� %�� �&�����,#��%�0�&�0��#!�&�(�#����&�0�#(����
'%-�#!�&�(�#�����)0���%��#�&)�,�#��)0#��&�����-#(�#0 2���%�(���%�)�%��#)�)�0�(���()�I�
��������) �)�&@.AK�49�.65��

�2��#�=���=����;���"�=��(��%��@/66.A��IJ0��'�%�(�#��# ,�(2��0�#��0#0(#(�������#�%-�0�0(�&��
2���"�������)0���%�����#�)�#,���-#(�#02���%�(���%�)�% ��#)�)�0�(���()�I�����#)�����(( �
��� @�AK�.1��9��

��"%#)=���=������'�%2��&(=��(��%��@.447A��IJ%(��)(���(���%�� �&�����,#���%(���&���%���������#(#��
��� ��(������%)������-#(�#0���%�(���%�)�%��#)�)�I�� �������#% ��) @/AK�/6��.7��

��(�2����=���=����
�0(�=��(��%��@/661A��I�#)�(� ���� &���'�(� ����'�%�(�#��#,�����/�+-��	�
"�00��K����#%��,#�����-�������	�%02���#�(�#%%�&���0 ��))�#��I���+#�� ��* @�AK�1.6�/6��

�"�0��=������=����	����=��(��%��@.441A��I
�,%����(#�- ���&��(#��)(���%�(�#��#,��)(�#�-(�)���&�
�����'��%�,�+�#+%�)()���&���)�����#��%�&�'�����(�#� � ���(2����(��&��'���0�(2$�-�I���
����#�2�� �7*@.AK�/77�97��



�

/68�
�

�0���!�M��#3���!=���=�
�����)��#�=��(��%��@/66/A��I
 %�(���(��%� �%)��������+�#)0���%�,%��&����
��-#(�#02���%�(���%�)�%��#)�)K������00���)�%��)��'��� ��$��������(2#&�$�(2�
�#�%#��(����&�(��(�#�������%��'���#2#�(�#,�0�(���()�I �������#%���� ��)� @/AK�9��8��

�0����-=����	�=����
#�&�)2����))���=��(��%��@/664A� �I����%�����%�&��'�(���%)����(2���&!��#�)�K�
�))�))���(�#,���%��+%����&�)��)�(� ��#�(�#������)���) �I���)�%����� � ��) @1AK�14.�76/��

����� �)��=���=�����������=��(��%��@/668A��I�#%-����� �(-%%��(#)������)�+)(�(�(�#�)�#�������&��#(�
��#%�'#)���2���&�)�#���2#�)���	���&������2���(�'��� ,���%�(�(��%��'�)0���,�����(�)(�)�)�
#,���%��#�����%%)� ���'�%��(�����I�
%-�#�#�>�� ��

�(�$��(=�M����=��������2��0�=��(��%��@/666A��I�)(�# �-(��&��� �&���(����#!�&�����)�)�+#(2�
�� ��)�+%����&����� ��)�+%��&���'��(#�(2������#��%��� (#�2#�&���%���)0���(#�-��2����I���
����#�2�� �&-@/AK�745�966��

�(#$�%%=������=����<���=��(��%��@/668A��I��,,����(��%��#%�)�#,�'�%��(���.���&�'�%��(����������'�%�(��'�
%��"#�-(�� ��+�%�(-���&��-(#"����)����(�#��I���
���� #%��8<@1AK��64.�.6/��

�(���(=�;�����@/661A��I����#'%�����&�����#0�#(��(�# �K���0%���(�#�)�,#���%L2�����N)�&�)��)��I�
��������)���������)��� �*8@/AK�/�5�4��

�(���(=�;����=����������%�-=��(��%��@/666A��I�#�0���( � ��� �%��(�#��#,��-(#"����0�#,�%�)���&�
����(� ��'%�#)�)�)�00#�()������(���%��#%��,#����(��%�� "���7��������#��'%���)�'��%��'�&����'�
��'�����(�#��I�������#)�����) �7�@.AK�.6�/6��

�(���(=�;�������&�
��;��H���(L+��'�@.488A��I��)0#�)� �#,���&#'��#�)�'%��%���%%)�(#��#(#��
����#��&�'�����(�#����&���&�+-�(#!���������I����#�0 �����#% ��78@/AK�/58�7���

��L�"�=�H�=����
"�'�-�=��(��%��@/66.A��I����)���(��0� �'�%�(�#��#,�(2��'%��%�'%�(���(��(���)0#�(���

����������)0#�)��(#�,�+�#+%�)(�'�#$(2�,��(#�=���)�%� ��%�"��'�#$(2�,��(#����&�
�0�&����%�'�#$(2�,��(#�������%(���&��)(�#�-(�)�I��� ��%%�������* @�(�/6AK��9.9�/1��

�$��)#�=������=�������=��(��%��@.449A��I����#��%���' �%�(�#��#,�'%�(���(��(���)0#�(���)�+(-0��
�!0��))�#������)(�#�-(�)�I�������#)�� ��&@�AK�4�/�56��

�$�)2=����@.448A��I���%-�&��'�#)�)�#,����:����I�������# %������7<�������� K�����7��
�L-�#�2�=���=�����"�#"�=��(��%��@/666A��I����������% %�%-�02#(�#0��� ���)�(-0��.���,��(�&���

%-�02#�-(�)���0������(�+#%�)����&��0(�"��#,�'%�(���( ��+-��)(�#�-(�)� �����!�.���&�
(��#������#)�)�,��(#���%02��I���M��#% �&*@.5AK�75���5.��

���'�=�	����=�M����'2� ��&��=��(��%��@/665A��I<���( �(�(� �����%�(������������))�))���(�#,�
)0���%�����#'%��%���&��)(�#�-(�����(� �(�#�����"��) ��������(��#&�%�#,�����#0�(2���0����I�
����#�2���
�( �*- @/��AK��49�569��

��-%#�=������=������������%=��(��%��@/66�A��I��(� �(� #��#,�����#'%��%�'�#�0�


���(�+#(�#0���
'%�(���(������0(#�)�0�#(��()�����#�)��'���)(�����#' %��%�����#(#!���(-�I�������#)�� �
�� @7AK�/.16�76��

��%%��!=������&����������)�@/669A��I����#��,%����(�# ����&���'�%�(�#��#,�'%��%�'%�(���(��
�0(�"���������#%#'���%�&�)#�&��)�I�������#)�����) �8-@.6AK�/614�96��

��%%��!=������&����������)�@/668A��I�#$����'�%�(�#��# ,��)(�#�-(���
�����+-�����#'%���
��%�(�&���,%����(�#���)��+�#'�(�&����&�+�(-�-%����� �&�,,����(��(�&���%(���)�I���
����#�2�� ��

�#2'�=���=�����+�=��(��%��@.444A��I
�����)�����#!�& �L�&����0�#&��()���&���&��(�#�����#!�&�L�&�
'%�(�(2�#����������+�#)0���%�,%��&�,�#��0�(���()�$�( 2�)0#��&���,#���#,���-#(�#02���
%�(���%�)�%��#)�)�I�����#)�����(( ��7<@�AK�/65�7��

�#%�&#=������=�����#%#�+��)=��(��%��@/668A��I;�(�)�'� �%��'��������#0�#(��(�#����&�)(�����%%�
&�,,����(��(�#��I���#'�����#+�#% �87@�AK�/8.�47��



�

/64�
�

�#�"��)=���=����J)2��=��(��%��@.448A��I�# �%���)��(�#�����(2��H�����'�#��#,�(2������#,�%����(�
2�� -�'���������-#(�#02���%�(���%�)�%��#)�)�@���A�I� ����#��0#�( �)@.9AK��479�96��

�#�(��#%#=���=����M�'%����)�=��(��%��@/66�A��I���)�)(��(���(� �(�#��#,�0�8���(#'�����(� �(�&�
0�#(����"���)��������#�)���#&�%�#,�,���%��%���-#(�#02� ��%�(���%�)�%��#)�)��#���%�(�)�
$�(2�&�)��)��0�#'��))�#��I��#%���%%�����#)�� ��� @/AK�.86�4/��

��##)(=���=�������M���&����#�&=��(��%��@.446A��I
��� �#2�)(#�2�����%��2����(���L�(�#��#,�(2��
��,%����(#�-���,�%(��(�������-#(�#02���%�(���%�)�%�� #)�)�I�����#0�(2#%��00%�����#+�#% �
�7@1AK�56.�.6��

J���=�
����&����J����@.446A��I����#(#!����,,��()�#,�� !��(�(#�-�����#����&)����(2���#�)��)0���%�
�#�&K�3��)3��%�(����&�"����(��+�(��#(�����(2-%�%��) 0��(�(����&����0�������(������%�
&���'��I���������)����2 �-�) @.�/AK�9�.1��

M��������=���=������-))��=��(��%��@/66�A��I�2�������� ���0(#����(�'#��)(���<D�0�#%#�')�
)�� � �%������(���)'������#�)���#&�%�#,���-#(�#02���%�( ���%�)�%��#)�)�I�����#)�����(( �
�*� @/AK�8.�5��

M��������#)�2=���=������%"��=��(��%��@/66/A��I���#�- �%����&�%�-)�&�)��)��#�)�(���&��#�(�%�(-������
(���)'������#&�%�#,�����I�����#��0#�( ��� @8AK�.679�96��

M��������#)�2=���=����M��������=��(��%��@/667A��I�2�� �#%��#,��!��(#(#!���(-����(2��
0�(2#'���)�)�#,���-#(�#02���%�(���%�)�%��#)�)�I���# �2�����#02-)���(� ��&7�@..�./AK�
.678�8/��

M�%&��"=������=����������=��(��%��@/66�A��I��!��%�&�,,������)����#�)�(�#,�&�)��)����&���)0#�)��(#�
�!����)�������(���)'������#&�%�#,�����I�����#��)��% ���)#�& ��� @4AK�9�9�5���

;��'=�
����=��������2��'=��(��%��@.448A��I��'2��,,�� �(-�'%�(���(��(���)0#�(������(��#�(���%�
����#�)������%(����I��#%��2�����#% �-� @.AK�88�47��

;��'=���=�
��D�=��(��%��@/66/A��I	�+��%%������%�)�#�)���&��#(#������#��&�'�����(�#�����
(���)'�����������!0��))��'�)�0��#!�&��&�)��(�)��.�$� (2���&�)��0(�&��#00���+��&��'�
)�(��I�����#+�#%���) ��<@/AK�./8��8��

;��'=���=����<��=��(��%��@/665A��I�#%��#,�����(� ��#! -'���)0����)����������&���&�0�#&��(�#��#,�
0�#)(�'%��&����/��������#'%���I�������#�2�� �88@5AK�4�4�59��

;��'=�P�=������"��)"�-�=��(��%��@/66�A��I��&���&��! 0��))�#��#,�'%�(���(��(���)0#�(�������/�
��&���0����&�'%�(���(��(���)0#�(����2�����0�����-��) (�#�-(�)��!0#)�&�(#��
M�.�#��
'0./6�I�M��#%#'-���� @.AK�76�9���

;�-&(=���=��������#�'=��(��%��@/66�A��I�))�))��'�&� )��)��#�)�(���&�0�#'��))�#�����(2�����.�
�#�)���#&�%�#,�����I�����#��0#�( ��* @9AK�.61.�5��

;�")(��=���=����M�������=��(��%��@/669A��I��%��(� � �# ���!0��))�#��#,�'����.�%����������
�)(�#�-(�)������-#(�#02���%�(���%�)�%��#)�)���&���(� )������ #% ����(��������0�(2#%#'-�I�
������#)�����) �8-@4AK�/651�18��

;�%%��&=������=�������))�;�'�L-���"=��(��%��@/666A��I �2���-(#(#!���(-�#,��2�#����
����#��,%����(�#���0#��+�)�%�,#��+������2#%����'���� ���#�)�#,���()�����+���((����(�&�
+-�'%�(���(��'�����(�'#��)��#���-�%##!-'���)��/���2 �+�(�#��I��!0���������) ���* @.AK�
18�71��

;�%%���)#�=���������&����;���%� �%��&�@.444A��I�%#$� �'�#,��!#��%�(���)0#�(��)��� ��-����%-�
� ��(����(2��(#!���(-�#,�����%��"�&����.���(��()�(#� �#(#������#�)�I���(�����#)�� �
� @.AK�16�7��



�

/.6�
�

;#�'=������=����������&#=��(��%��@.441A��I����& ��)� �0�#0��(-�#,���,���%��%�����%��"�&����.�
��(�(�#�����)�)��#(#������#��&�)��)���2����(���L�&�+ -� ���#%���&�'�����(�#��#,�
��(#�2#�&����I�����#� ��* @7AK�..61�.7��

;##=������=��������#(L=��(��%��@.44.A��I���+#2-&��(��+� �&��'�0�#(�����1�@����/A=���%�������
+��&��'�%��(��=�,#��)�,���(�#��%�&����)��)��'��-)(� ����.87�I�����#%��2�� ��77@/8AK�
.85.4�//��

D��#=���=����������=��(��%��@/667A��I����#��%���(���� &��(��,�%����()���&����K�����$�%##"��(����
#%&�3��)(�#��I���#�2�����#02-)���(� ��&7�@..�./AK�.66.�./��

������"�=�H�=��������2��=��(��%��@/668A��I�)(�#�-(�) ��)�&�(�������()�#,�&�)��)��0�#'��))�#�����
��2���(�&���-#(�#02���%�(���%�)�%��#)�)�I���(�����# )�� ��� @�AK�/1.�/1���

����#"�=���=�
��H�$�+���=��(��%��@.441A��I��2�����% ��(��=�'�%��(�����@�0)�%#��+0:����/A=�
)(���%�(�)�)�0��#!�&��0�#&��(�#��+-����(�#02�%)�I���
� ���#% ��-* @9AK��594�89��

���'=������=����H���)�=��(��%��@.447A��I�!0��))�#��# ,�'�%��(������#&�%�(�)�����%%�'�#$(2���&�
�0#0(#)�)�I���#����(%����&�����J���� �)� @.�AK�79�9�5/��

��)#>���=�H�=�;��;���#��(�%%#((�=��(��%��@/66.A��I���"�&�������)������-�%##!-'���)��/��������
)0���%��#�&K���0%���(�#�)�,#��(2���0-�I�����#%#'- �-&@7AK�41/�7��

��=�P�������&�����#�(2������@.447A��I�-(#"�����#&�% �(�#��#,�'%��%�'%�(���(���0(�"�K���
0#))�+%���� #% ����(�#,���(����#!�&��I�����#��0#�( �&@.�AK�/.8.�1��

�#)2�&�=���=����
���L���=��(��%��@/66.A��I
�(��%��"�� �.+�(��)(���%�(�)�'�%��(���4��!0��))�#�����
2������)(�#�-(�)�I�����#��0#�( ��� @.9AK��911�8��

�#)2�2���=���=����
)2�'�"�=��(��%��@/66/A��I��,,���� (��%��!0��))�#��#,���,%����(�#�����&�
�0#0(#)�)���%�(�&�'���)����)0���%��#�&)�#,�����(��(�� ��.�(���)'������#�)���#&�%�#,�
,���%��%���-#(�#02���%�(���%�)�%��#)�)�I�������#�2�� �8<@.AK�.18�79��

�#)2��=���=����	�"��#��=��(��%��@/66/A��I
�%��(���� �02#)02#�-%�(�#���)���3����&�,#���()���(��
�0#0(#(���,���(�#����&���%%��-�%������)(�I�����#%��2� � ��&&@4AK�781/�9��

�#��'=���������&�H��������&-�@.446A��I
�(��,��#��'�� ��K�0�#&�������%%)=���(� �(�#��)(���%�=�
��&��#%���%���'���(�����'�%�(�#��I��2�����#%��2�� �*- @.AK�.�9�1.��

�#��'=���������&�H��������&-�@.441A��I�#%��#,���(��, ��#��'�����������������%%���'�%�(�#��I���
���"#����#% �-8@5AK��9��8.��

��=�	�=�������	��%�-=����=��(��%��@/66/A��I
�%��(�����(���)%#��(�)�(#�(2��0������%�������+����)�
��&���2�+�()��-(#�2�#�������%��)��,�#��(2����(#�2#�&� �������#%��,#��)-��!������
'�%��(�����(���)%#��(�#��I�����#%��2�� ��&&@.8AK�.18.4�/9��

P�%�����=���=���������2%�'=��(��%��@/666A��I�0�&���� %�'�#$(2�,��(#������0(#���'#��)()�������)��
�!0��))�#��#,�'%�(���(��(���)0#�(���
���.�����)(�#�- (�)�(2�#�'2�0�(2$�-)�&�0��&��(�
#��02#)02�(�&-%��#)�(#%���"���)����&�(���)���0(�#��, ��(#���	�"�00���I��#%��2�����#% �
-&@5AK�779�98��

P2��'=���=������=��(��%��@.449A��I����#,�%����()��� &�#�(2#'��&��(���)0#�(�������&���&����
 ��(��%��##(��!#�)�#,�(���)'����������(2�(��!0��))�2 ��������.�$�(2���
4���
��(�(�#��I�����%%���#%���) @1AK�.�69�.1��

P2��'=���=����;��'=��(��%��@/664A��I���%�#%��:�/���) �����'�(� ����'�%�(#��#,�2-&�#'���
0��#!�&����&���&��0#0(#)�)�����JM��)�I���%%��(��))� �2�0��#��) ��

P2��'=���=����
�)�#�=��(��%��@/661A��I� �&�����,#��) -)(������������)-)(����%(���(�#�)����
)0#��&�����-#(�#02���%�(���%�)�%��#)�)�@)���A�I���� ���#�����#% ��-) @.�/AK�/.1�/5��



�

/..�
�

P2��'=���=����
�)�#�=��(��%��@/667A��I����.��2��#"� �������0(#�����/��)�&�����)�&�#��
�����%�(��'��#�#�-(�)����)0#��&�����-#(�#02���%�(��� %�)�%��#)�)�@)���A�I���
����#�����#% ��&)@.�/AK�89�4���

P2�#=���=����
'����#=��(��%��@/668A��I�%(���&�0��)-�0(#��(����������&������+��#�&�����0(#��
(��,,��"��'�����#(#������#�)�#,������#&�%�����K���0%� ��(�#�)�,#���!��(#(#!���(-�I�����
������#)�� ��&@�AK�19/�4��

P2�#=�;�=�����������)=��(��%��I�!(����%%�%�����(��( ����.���&���)�����#'%��%���&��(�&�
�#(#����#����>��-�I�
%�� �-8@/AK�/�.�5���

P2�#=�;�=�;��D��=��(��%��@/665A��I��(� �(�&�����#'%������(��(���#(#������#����>��-�+-�����(����
#!�&����&�'%�(���(����&��(�&����2���)��I�������#0�(2 #%��!0�����#%�7�@4AK�475�99��

P2#�=�	�=���������#=��(��%��@/667A��I��(� �(�#��#,�
 �#�0�

:


���(�+#(�#0���'%�(���(��
����0(#�)��((����(�)�������&���&��)(�#'%��%�����#(#! ���(-� ���0�#�#(��'�'%�(���(��
�0(�"��I�������#)�����) �8*@/AK�/78�99��

P2#�=������&���������(2��%��&�@/665A��I
%�(���(��(��� )0#�(����%�)(���,#���(�#������)(�#�-(���
0�#��))�)���'�%�(�)�'%�(���(���0(�"����(� �(-�I����� ��#)�� ��* @/8AK�7�6.�7��

P#�=���������&�	��������$)�@/661A��I��	��%02��0#(��( ��(�)�'%�(���(������#(#!���(-�+-�
��2�+�(��'�'%�(���(���0(�"�����#�'��#(-0���+�����)% ������%(���)K�����#0�#(��(�#��+-��	�
"�00������2�+�(�#��I���������) ��<�* @.�/AK�..�/5��

�
 


