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ABSTRACT 38 

Localization of the abnormal and normal isoforms of prion proteins to detergent-resistant 39 

membrane microdomains, lipid rafts, is considered to be important for the conformational 40 

conversion. Lipid rafts are enriched in sialic acid-containing glycosphingolipids, namely 41 

gangliosides. Alteration in the ganglioside composition of lipid rafts can affect the localization of 42 

lipid raft-associated proteins. To investigate the role of gangliosides in the pathogenesis of prion 43 

diseases, we performed intracerebral transmission study of a scrapie prion strain Chandler and a 44 

Gerstmann-Sträussler-Scheinker syndrome prion strain Fukuoka-1 using various knock-out 45 

mouse lines ablated with ganglioside synthase gene, i.e., GD2/GM2 synthase, GD3 synthase, or 46 

GM3 synthase. Following challenge with the Chandler strain, GD2/GM2 synthase knock-out 47 

mice showed 20% reduction of incubation time, reduced prion protein deposition in the brain with 48 

attenuated glial reactions, and reduced localization of prion proteins to lipid rafts. These results 49 

raise the possibility that the gangliosides may have an important role in prion disease pathogenesis 50 

by affecting the localization of prion proteins to lipid rafts. 51 

52 
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INTRODUCTION 53 

Prion diseases are fatal transmissible neurodegenerative diseases including Creutzfeldt-Jakob 54 

disease (CJD), Gerstmann-Sträussler-Scheinker syndrome, and fatal familial insomnia in humans, 55 

or bovine spongiform encephalopathy, chronic wasting disease, and scrapie in animals. 56 

Accumulation of an abnormal protease-resistant isoform of prion protein (PrPSc), which is 57 

generated by conformational conversion of the normal cellular isoform (PrPC), is one of the 58 

pathognomonic features of prion diseases (1).  59 

Membrane microdomains where PrPC and PrPSc localized are lipid rafts (2-6). Lipid rafts are 60 

enriched in cholesterol, sphingolipids, and glycosylphosphatidylinositol (GPI)-anchored proteins 61 

including PrP, and show partial resistance against mild detergent treatment (7, 8). Therefore, lipid 62 

rafts buoy toward low density fractions in density gradient ultracentrifugation after mild detergent 63 

treatment, namely flotation assay. Lipid rafts have been reported to serve many microorganisms 64 

for infection or serve the clustering of receptors or signaling molecules to facilitate signal 65 

transduction (8, 9). In prion disease pathogenesis, the localization of PrPC and PrPSc to lipid rafts 66 

has been reported to be important for the conformational conversion (3).  67 

Gangliosides are sialic acid-containing glycosphingolipids highly expressed in the brain. 68 

Gangliosides are synthesized in the Golgi apparatus by specific glycosyltransferases, the 69 

expression of which controls the steady-state levels of gangliosides (10). Gangliosides are 70 

characterized by the number and positions of sialic acids that define their classification into A, M, 71 

D, T, Q, and P (zero to five sialic acids) and a, b, and c series (one, two, or three sialic acids on 72 

internal galactose residue) (Figure 1). Gangliosides are embedded in the outer layer of the plasma 73 

membrane and one of major components of lipid rafts (7). Therefore, alteration in the ganglioside 74 

composition of lipid rafts can affect the localization of lipid raft-associated proteins (11-13). For 75 

example, knock-out (KO) mice lacking GD2/GM2 synthase, in which GA2, GM2, GD2, GT2, 76 
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and downstream gangliosides are depleted, show the dispersion of lipid raft-associated proteins 77 

such as caveolin 1 or flotillin 1 from lipid raft fractions in flotation assay (13). Furthermore, in 78 

KO mice lacking both GD2/GM2 synthase and GD3 synthase, a GPI-anchored complement-79 

regulatory protein CD55/decay-accelerating factor also disperses from lipid rafts, and unfavorable 80 

activation of complement system occurs (12). Complement activation starts with the activation of 81 

C1q by antigen-antibody complex or spontaneous hydrolysis of C3 and causes a cascade of further 82 

cleavage and activation processes of complement proteins. Complement activation results in the 83 

accumulation of complement proteins such as C1q or C3b and the formation of the membrane 84 

attack complex. In the KO mice lacking both GD2/GM2 synthase and GD3 synthase, gene 85 

expression of complement proteins such as C1qa, C3, or C4 was up-regulated, and deposition of 86 

C1q in the brain increased (12, 13). Meanwhile, an activation of the complement system and 87 

accumulation of C1q, C3, or membrane attack complex have also been demonstrated in brains of 88 

human patients with prion diseases or prion-infected animals (14, 15). The role of complement 89 

activation in prion disease pathogenesis has been proposed to cause degeneration of prion-90 

infected neurons or to facilitate microglial phagocytosis of prion-infected neurons (15).  91 

In this study, we performed a prion transmission study using various ganglioside synthase 92 

knock-out mouse lines to investigate the role of gangliosides in the pathogenesis of prion diseases. 93 

 94 

MATERIALS AND METHODS 95 

Ethics statement 96 

Animal experiments were performed in strict accordance with the Regulations for Animal 97 

Experiments and Related Activities at Hokkaido University and Fundamental Guidelines for 98 

Proper Conduct of Animal Experiment and Related Activities in Academic Research Institutions 99 

by Ministry of Education, Culture, Sports, Science and Technology in Japan, Notice No. 71. The 100 
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protocol was approved by the Institutional Animal Care and Use Committees of Hokkaido 101 

University (14-0170). 102 

 103 

Mice 104 

Generation of KO mice lacking GD2/GM2 synthase (B4GALNT1), GD3 synthase (ST8SIA1), or 105 

GM3 synthase (ST3GAL5) have been reported previously (16, 17). These mice were backcrossed 106 

to C57BL/6, and the resulting heterozygous animals were intercrossed to provide homozygous 107 

KO mice and wild-type (WT) littermate controls. Thus, all of the KO mice and WT littermate 108 

controls were on a C57BL/6 background. 109 

 110 

Sources of inocula 111 

A mouse-adapted scrapie prion strain Chandler (18) was kindly provided by Dr. Motohiro 112 

Horiuchi. A mouse-adapted Gerstmann-Sträussler-Scheinker syndrome prion strain Fukuoka-1 113 

(19) was maintained in C57BL/6 mice. The inocula were prepared from the brain of terminally ill 114 

mice.  115 

 116 

Transmission experiments 117 

Intracerebral inoculation was performed as described (20). Briefly, 10% brain homogenates were 118 

prepared in sterile phosphate-buffered saline using glass homogenizers, and 20 μl of the 119 

homogenates were intracerebrally inoculated into mice (n = 6 or 7). The inoculated mice were 120 

sacrificed at a predefined clinical endpoint, or at the time point showing intercurrent illness. One 121 

hemisphere of the brain was fixed in 10% buffered formalin for histopathological analysis, and 122 

the other hemisphere was immediately frozen for biochemical analysis. 123 

 124 
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Immunohistochemistry 125 

Formalin-fixed mouse brain tissues were treated with 60% formic acid for 1 hour to inactivate the 126 

infectivity and embedded in paraffin. The embedded tissues were sectioned at a thickness of 5 127 

µm. Tissue sections were pretreated by hydrolytic autoclaving before PrP immunohistochemistry 128 

(21). The anti-PrP antiserum PrP-N (22), rabbit anti-ionized calcium-binding adapter molecule 1 129 

(Iba1) polyclonal antibody (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), and 130 

rabbit anti-glial fibrillary acidic protein (GFAP) polyclonal antibody (Dako, Glostrup, Denmark) 131 

were used as the primary antibodies. Goat-anti-rabbit immunoglobulin polyclonal antibody 132 

labelled with the peroxidase-conjugated dextran polymer, EnVision+ (Dako) was used as the 133 

secondary antibody. For routine histopathological analysis, the tissue sections were also stained 134 

with hematoxylin and eosin (H&E).  135 

 136 

PrPSc purification 137 

PrPSc was purified from the mouse brain as described (23). Briefly, brain tissues were 138 

homogenized in 2 ml of lysis buffer (100 mM Tris-HCl pH 8.0, 10 mM NaCl, 10 mM MgCl2, 2% 139 

Triton X-100, and 25 units/ml DNase I (Takara Bio, Shiga, Japan)) and digested with collagenase 140 

(1 mg/200 mg tissue) (FUJIFILM Wako Pure Chemical Corporation) overnight at room 141 

temperature. Collagenase digestion disrupts the connective tissue and improves the accessibility 142 

of detergents and/or proteinase K (PK) to PrPSc (24). The digested homogenates were 143 

ultracentrifuged at 453,000 g for 30 min at 4°C, and the pellets were resuspended and sonicated 144 

in 870 μl of PK-digestion buffer (100 mM Tris-HCl pH 8.0 and 5% Sarkosyl (Sigma-Aldrich, St. 145 

Louis, MO)). The resuspended samples were centrifuged at 10,000 g for 3 min to remove the cell 146 

debris, and the supernatants (800 μl) were digested with PK (4 μg/200 mg tissue) (FUJIFILM 147 

Wako Pure Chemical Corporation) for 1 h at 37°C. It has been reported that these conditions for 148 
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PK-digestion were sufficient for the complete digestion of normal PrPC, and that higher PK 149 

concentrations caused unfavorable degradation of PrPSc (25). The PK-digested proteins were 150 

precipitated by adding 200 μl of 99.5% ethanol and ultracentrifugation at 135,000 g for 30 min at 151 

4°C. The pellets were resuspended in 400 μl/200 mg tissue of Laemmli’s sample buffer (60 mM 152 

Tris-HCl pH 6.8, 5% glycerol, 2% SDS, and 0.01% bromophenol blue) and boiled at 100°C for 5 153 

min. To examine the expression level of PrPC, C1qa, and β-actin, 10% homogenates were prepared 154 

from uninfected mouse brains using the lysis buffer. The homogenates were boiled with the addition 155 

of 0.25×volume of 5×Laemmli’s sample buffer. 156 

 157 

Flotation assay  158 

To isolate lipid rafts, a flotation assay was performed as described previously (26). Briefly, 10% 159 

homogenates were prepared from uninfected mouse brains using citrate buffer (20 mM sodium 160 

citrate and 137 mM NaCl (pH 6.0)). The homogenates were centrifuged at 1,000 g for 5 min at 161 

4°C to remove cell debris and nuclei. The supernatants were mixed with 1×volume of ice-cold 162 

Brij O-10 extraction buffer (0.1% Brij O-10 (Sigma-Aldrich), 20 mM sodium citrate, and 137 163 

mM NaCl (pH 6.0)) and incubated on a rocker at 4°C for 30 min, and then mixed with 1.4×volume 164 

of 60% Optiprep (Axis-Shield, Dundee, UK). In 12 ml polycarbonate centrifuge tubes (Beckman 165 

Coulter, Brea, CA), 9 ml of 0-30% Optiprep continuous gradients were prepared by Gradient 166 

Master (BioComp Instruments, Fredericton, NB, Canada) according to the manufacturer’s 167 

instruction and underlaid with 2 ml of the Brij O-10 extracted samples. The gradients were 168 

centrifuged in a pre-chilled Beckman SW41 rotor (Beckman Coulter) at 40,000 g for 130 min at 169 

4°C. The samples were split to 18 fractions (600 μl each) from top (fraction 1) to bottom (fraction 170 

18) and boiled with the addition of 150 µl of 5×Laemmli’s sample buffer. 171 

 172 
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Western blotting 173 

Protein samples were subjected to SDS-PAGE using 13.5% Tris-glycine long gels of 15 cm length 174 

and western blotting as described (27). The anti-PrP monoclonal antibody SAF83 (Bertin 175 

Bioreagents, Montigny le Bretonneux, France), anti-β-actin monoclonal antibody 2F3 176 

(FUJIFILM Wako Pure Chemical Corporation), anti-flotillin 1 monoclonal antibody 18/Flotillin-177 

1 (BD Biosciences, San Jose, CA), anti-C1qa polyclonal antibody (Abcam, Cambridge, UK), anti-178 

CD55 monoclonal antibody #583905 (R&D systems, Minneapolis, MN), anti-voltage-gated 179 

calcium channel auxiliary subunit α2δ-1 (CACNA2D1) monoclonal antibody 20A (Abcam), and 180 

anti-Thy1.2 monoclonal antibody (Bio-Rad, Hercules, CA) were used as the primary antibodies. 181 

The anti-mouse EnVision+ (Dako), anti-rabbit EnVision+ (Dako), and ECL anti-rat IgG antibody 182 

(GE Healthcare, Chicago, IL) were used as the secondary antibodies. The blots were visualized 183 

with Luminata Forte Western HRP substrate (MilliporeSigma, Burlington, MA), and images were 184 

obtained by imaging device ImageQuant LAS 4000 mini (GE Healthcare). The signal intensities 185 

of the western blots were quantified with ImageQuant TL software (GE Healthcare). 186 

 187 

Image analysis 188 

Severity of spongiform change was classified into three scores: 1, negative/mild (approximately 189 

0-20% of the tissue section showed spongiform change); 2, moderate (approximately 20-60%); 3, 190 

severe (approximately 60-100%). Immunohistochemical staining intensities were classified into 191 

three scores: 1, negative/weak (approximately 0-20% of the tissue section showed 192 

immunoreactivity); 2, moderate (approximately 20-60%); and 3, high (approximately 60-100%). 193 

Cerebral cortex, cerebellar cortex, striatum, thalamus, hippocampus, pons and cerebellar white 194 

matter sections were used for the scoring of spongiform change, and cerebral cortex sections were 195 

used for the scoring of immunohistochemistry. Scoring was performed independently by two 196 
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pathologists in a blinded manner, and the scores were finalized after discussion. Data were 197 

collected from all diseased mice and are represented as mean±SEM in the scoring of spongiform 198 

change or as % of animals with each score in the scoring of immunohistochemistry. 199 

 200 

Statistical analysis 201 

The Kaplan-Meier log-rank test was used to analyze survival data in transmission study. Tukey-202 

Kramer test was used to analyze signal intensity data in western blot analysis. The statistical tests were 203 

carried out using the statistical software EZR, version 1.36 (28). P < 0.05 was considered statistically 204 

significant.  205 

 206 

RESULTS 207 

Transmission of prions to KO mice lacking ganglioside synthase gene  208 

To investigate the role of gangliosides in the pathogenesis of prion diseases, we performed 209 

intracerebral transmission study using KO mice lacking GD2/GM2 synthase (GD2/GM2 KO), 210 

GD3 synthase (GD3 KO), or GM3 synthase (GM3 KO). These KO mice lack particular 211 

ganglioside species depending on the ablated ganglioside synthase gene (Figure 1). For a mouse-212 

adapted scrapie strain Chandler, the mean incubation time of GD2/GM2 KO mice (126.6±0.3 213 

days) was reduced by 20% compared with that of WT mice (157.5±1.2 days, P < 0.01) (Figure 214 

2). The mean incubation time of GM3 KO mice was also slightly reduced (149.5±2.2 days, P < 215 

0.01). For a mouse-adapted Gerstmann-Sträussler-Scheinker syndrome strain Fukuoka-1, the 216 

mean incubation time of GD2/GM2 KO mice and GM3 KO mice tended to be reduced compared 217 

with that of WT mice, though the differences were not statistically significant.  218 

 219 

Neuropathology 220 
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Prion strains are characterized by neuropathological features and biochemical properties of PrPSc 221 

in the inoculated mice. Therefore, we next performed neuropathological analysis of the inoculated 222 

mice to examine whether the strain characteristics were altered by the ablation of the ganglioside 223 

synthase gene. In the Chandler-inoculated mice, spongiform changes were distributed through the 224 

cerebral and cerebellar cortices, striatum, thalamus, hippocampus, pons, and cerebellar white 225 

matter (Figure 3A). In the Fukuoka-1-inoculated mice, the vacuoles of spongiform changes 226 

became larger and were distributed more intensively in the pons and cerebellar white matter 227 

(Figure 3B, C). There was no difference in the distribution of spongiform changes among mouse 228 

lines (Figure 3C). However, in immunohistochemical analysis of disease-associated PrP, PrPTSE, 229 

GD2/GM2 KO mice inoculated with the Chandler strain showed decreased PrPTSE deposition 230 

(Figures 3A, D). In addition, Iba1-positive microglia and GFAP-positive astroglia were also fewer 231 

in the Chandler-inoculated GD2/GM2 KO mice. For the Fukuoka-1 strain, GD2/GM2 KO mice 232 

showed decreased microglial reaction, but PrPTSE deposition or astroglial reaction was not altered 233 

(Figures 3B, D).  234 

 235 

Biochemical properties of PrPSc 236 

Western blot analysis of PK-resistant PrPSc in the brain revealed that the strain-specific 237 

biochemical properties of PrPSc, i.e., apparent molecular mass and patterns of N-linked 238 

glycosylation, were not modified by the absence of ganglioside synthase genes (Figure 4A). The 239 

apparent molecular mass of PrPSc in the Chandler-inoculated mice was smaller than that in the 240 

Fukuoka-1-inoculated mice, regardless of the mouse genotype. Meanwhile, the Chandler-241 

inoculated GD2/GM2 KO mice showed slightly decreased PrPSc accumulation compared with 242 

WT, GD3 KO, or GM3 KO mice (Figure 4A, B). Of note, the apparent amount of PrPSc in western 243 

blot analysis did not reflect the degree of PrPTSE deposition in the immunohistochemical analysis. 244 
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For example, a GD2/GM2 KO mouse (#145) that showed reduced PrPTSE deposition in the 245 

immunohistochemical analysis, i.e., score 1, had similar apparent amount of PrPSc to that of 246 

another GD2/GM2 KO mouse (#203) that showed abundant PrPTSE deposition in the 247 

immunohistochemistry, i.e., score 3 (Figure 4A). Thus, GD2/GM2 KO showed shortened 248 

incubation time, reduced PrPTSE deposition with attenuated glial reactions in neuropathological 249 

analysis, and slightly decreased PK-resistant PrPSc accumulation in western blot analysis.  250 

In addition, we compared the amount of PrPC in the brain of uninfected KO mice 251 

because the expression level of PrPC can directly affect the incubation period. However, the 252 

amount of PrPC was not modified by the absence of ganglioside synthase genes (Figure 4C), 253 

suggesting that the expression level of PrPC is unrelated to the changes in incubation period. 254 

 255 

Evaluation of complement system 256 

To gain insights into the shortened incubation period in GD2/GM2 KO mice, we then examined 257 

the involvement of complement system because it has been reported that KO mice lacking both 258 

GD2/GM2 synthase and GD3 synthase show dispersion of GPI-anchored complement-regulatory 259 

proteins from lipid rafts and activation of the complement system (12, 13). To assess the activation 260 

of the complement system, the amount of a complement factor C1qa in the brain was compared 261 

between GD2/GM2 KO mice and WT mice by western blot analysis (Figure 5). However, there 262 

was no difference in C1qa level between GD2/GM2 KO mice and WT mice. C1qa accumulated 263 

only in the prion-infected animals regardless of the mouse genotype or prion strain. In addition, 264 

although dispersion of GPI-anchored complement-regulatory protein CD55 from lipid rafts has 265 

been demonstrated in KO mice lacking both GD2/GM2 synthase and GD3 synthase, the floating 266 

patterns of CD55 were not different between GD2/GM2 KO mice and WT mice in the flotation 267 

assay of lipid raft-associated proteins in the brain (Figure 6A), suggesting that CD55 did not 268 
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disperse from lipid rafts in GD2/GM2 KO mice. Thus, the shortened incubation period in the 269 

Chandler-inoculated GD2/GM2 KO mice was not due to altered activation of the complement 270 

system. 271 

 272 

Flotation assay of PrPC and lipid raft-associated proteins 273 

We subsequently investigated whether PrPC and lipid raft-associated proteins other than CD55 274 

disperse from lipid rafts in GD2/GM2 KO mice by flotation assay. As reported previously (13), a 275 

lipid raft marker flotillin 1 dispersed from the lipid raft fractions (fractions 7-11) to the non-raft 276 

fractions (fractions 15-18) in GD2/GM2 KO mice (Figure 6B). Furthermore, PrPC also dispersed 277 

from the lipid raft fractions to the non-raft fractions in GD2/GM2 KO mice (Figure 6C). In 278 

contrast, the floating patterns of a GPI-anchored PrP-associated calcium channel protein 279 

CACNA2D1 (29,30) or those of a GPI-anchored protein Thy1 were not different between 280 

GD2/GM2 KO mice and WT mice (Figure 6D, E). Thus, certain lipid raft-associated proteins 281 

including PrPC dispersed from lipid rafts in the brain of GD2/GM2 KO mice. 282 

 283 

DISCUSSION 284 

Here we found that GD2/GM2 KO mice inoculated with the Chandler prion strain showed 285 

shortened incubation time, reduced PrPTSE deposition with attenuated glial reactions in 286 

neuropathological analysis, slightly decreased PK-resistant PrPSc accumulation in western blot 287 

analysis, and reduced localization of PrP to lipid rafts.  288 

The reduced localization of PrP to lipid rafts might affect the formation of PrPSc in GD2/GM2 289 

KO mice. Although the localization of PrPSc to lipid rafts could not be examined, dispersion of 290 

lipid raft-associated proteins including PrPC from lipid rafts was confirmed in GD2/GM2 KO 291 

mice in the present study. Since the localization to lipid rafts is important for the conformational 292 
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conversion of PrPC into PrPSc (3), the dispersion of PrPC and/or PrPSc from lipid rafts might result 293 

in the decreased accumulation of PrPTSE and PK-resistant PrPSc in the Chandler-inoculated 294 

GD2/GM2 KO mice. It is noteworthy that the amount of PK-resistant PrPSc in the Chandler-295 

inoculated GD2/GM2 KO mice in the western blot analysis did not reflect the marked reduction 296 

of PrPTSE deposition in the immunohistochemical analysis compared with the other mouse lines. 297 

In addition, even in the Chandler-inoculated GD2/GM2 KO mouse group, the apparent amount 298 

of PK-resistant PrPSc did not reflect the PrPTSE deposition score in the immunohistochecmical 299 

analysis. This finding raises a possibility that the amount of PK-sensitive PrPSc (31-33) might 300 

largely decrease in the Chandler-inoculated GD2/GM2 KO mice. Meanwhile, the incubation time 301 

was shortened in the Chandler-inoculated GD2/GM2 KO mice in spite of the decreased PrPSc 302 

accumulation. To account for this discrepancy, further studies will be needed in the future 303 

addressing the questions whether the dispersion of PrPSc and/or PrPC from lipid rafts reduces the 304 

formation of PK-sensitive PrPSc or affects the neurotoxicity of PrPSc.  305 

  There remains a possibility that the alteration in ganglioside composition might directly affect 306 

the conformation of PrP. The ablation of ganglioside synthase causes massive alteration of 307 

ganglioside composition (17). For example, an ablation of GD2/GM2 synthase causes depletion 308 

of GD2, GM2 and downstream gangliosides such as GM1, and results in accumulation of GD3 309 

and GM3 (16, 34). PrPC is co-localized and co-immunoprecipitated with GM1 and GM3 (35, 36). 310 

GM1 binds to the C-terminus of PrP and modifies the conformational properties of PrP (37, 38). 311 

Similarly, GM1 binds to amyloid β (Aβ) and modifies the conformation of Aβ, resulting in the 312 

formation of endogenous seeds for amyloid fibril formation (39). Therefore, the direct effects of 313 

gangliosides on PrP conformation are not negligible. To test this hypothesis, analysis of 314 

conformational properties of PrPC and PrPSc from GD2/GM2 KO mice will be needed in the future. 315 

  We cannot exclude a possibility that the alteration in ganglioside composition might affect the 316 
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activation of glial cells. Although the role of glial cells in the pathogenesis of prion diseases is 317 

controversial, both microglia and astroglia are activated in prion diseases (40-43). The decreased 318 

number of microglia and astroglia in the Chandler-inoculated GD2/GM2 KO mice might simply 319 

reflect the decreased PrPTSE deposition. However, although the amount of PrPTSE deposition was 320 

not altered, the Fukuoka-1-inoculated GD2/GM2 KO mice also showed attenuated microglial 321 

reaction. Therefore, the altered ganglioside composition may affect glial reactions regardless of 322 

the PrPTSE accumulation. Indeed, ethanol-induced astroglial activation is attenuated in GD2/GM2 323 

KO mice (44). Further studies will be required to examine whether the shortened incubation time 324 

in GD2/GM2 KO mice relates to the attenuated microglial reaction including neuroprotective 325 

microglia (45, 46). 326 

  In conclusion, we have shown that the ablation of GD2/GM2 synthase gene causes a significant 327 

reduction in incubation time of prion infection. The present study suggests that the gangliosides 328 

may have an important role in prion disease pathogenesis by affecting the localization of PrP to 329 

lipid rafts. 330 
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FIGURE LEGENDS 465 

Figure 1. Biosynthetic pathway of gangliosides and elimination of particular gangliosides in 466 

KO mouse lines. GD2/GM2, GM3, and GD3 KO mice lack gangliosides circled by red, blue, 467 

and magenta line, respectively. 468 

 469 

Figure 2. Kaplan-Meier survival curves. Intracerebral transmission of Chandler strain (A) or 470 

Fukuoka-1 strain (B) to each KO mouse line or WT littermate controls. Data are represented as % 471 

of surviving animals (y-axis) plotted against the number of days post inoculation (x-axis). 472 

 473 

Figure 3. Neuropathological features. (A) Histopathological analysis of spongiform changes in 474 

H&E stained sections and immunohistochemical analysis for PrPTSE deposition, Iba1-positive 475 

microglia, and GFAP-positive astroglia in the cerebral cortices of the Chandler strain-inoculated 476 

mice. GD2/GM2 KO mice showed less PrPTSE deposition in the neuropil and attenuated microglial 477 

and astroglial reactions. Scale bars: 50 μm. Data are representative of tissue sections from six 478 

mice per group. (B) Histopathological analysis of the Fukuoka-1 strain-inoculated mice. (C) 479 

Regional distribution of spongiform change in the brain. Spongiform change was scored on a 480 

scale of 1-3: 1, negative/mild (approximately 0-20% of the tissue section showed spongiform 481 

change); 2, moderate (approximately 20-60%); 3, severe (approximately 60-100%). Data are 482 

represented as mean±SEM (n = 6). (D) Scoring of the immunohistochemical signal intensities. 483 

The signal intensities were classified into three scores: 1, negative/weak (approximately 0-20% 484 

of the tissue section showed immunoreactivity); 2, moderate (approximately 20-60%); and 3, high 485 

(approximately 60-100%). Data are represented as % of animals with each score. The scoring was 486 

performed by two pathologists independently, based on the signal intensities in the cerebral 487 

cortices. 488 
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  489 

Figure 4. Western blot analysis of PrP. (A) PK-resistant PrPSc in the brain of Chandler- or 490 

Fukuoka-1-inoculated mice. There was no difference in the biochemical properties of PK-491 

resistant PrPSc among mouse lines. The Chandler-inoculated mice consistently produced lower 492 

apparent molecular mass of unglycosylated PrPSc fragments compared with those of the Fukuoka-493 

1-inoculated mice regardless of their genotype. The Chandler-inoculated GD2/GM2 KO mice 494 

showed slightly decreased apparent amount of PrPSc compared with WT, GD3 KO, or GM3 KO 495 

mice, irrespective of the degree of PrPTSE deposition in the immunohistochemical analysis. For 496 

example, a GD2/GM2 KO mouse (#145) that showed reduced PrPTSE deposition in the 497 

immunohistochemical analysis, i.e., score 1, had similar apparent amount of PK-resistant PrPSc 498 

compared with that of another GD2/GM2 KO mouse (#203) that showed abundant PrPTSE 499 

deposition in the immunohistochemistry, i.e., score 3. A brain sample, equivalent to 125 μg in wet 500 

weight, was loaded in each lane. (B) Quantification of the amount of PK-resistant PrPSc in the 501 

brain of the Chandler-inoculated mice. GD2/GM2 KO mice showed reduced PrPSc accumulation 502 

compared with GD3 KO mice or GM3 KO mice. The mean signal intensity of PrPSc in GD2/GM2 503 

KO mice was assigned as 100. Data are represented as mean±SEM (n = 4 or 5). Statistical 504 

significance calculated by Tukey-Kramer test: *P < 0.05.  (C) Expression levels of PrPC in the 505 

brain of uninfected mice. A brain sample, equivalent to 50 μg in wet weight, was loaded in each 506 

lane. 507 

 508 

Figure 5. Activation of complement systems. Western blot analysis of C1qa in the brain of 509 

uninfected mice and Chandler- or Fukuoka-1-inoculated mice. C1qa accumulated only in the 510 

prion-infected animals regardless of the mouse genotype or prion strain. A brain sample, 511 

equivalent to 1 mg in wet weight, was loaded in each lane. 512 
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 513 

Figure 6. Flotation assay of lipid raft-associated proteins. Floating patterns of a GPI-anchored 514 

complement-regulatory molecule CD55 (A), a lipid raft marker flotillin 1 (B), PrP (C), a GPI-515 

anchored PrP-associated calcium channel protein CACNA2D1 (D), and a GPI-anchored protein 516 

Thy1 (E) in fractions separated by Optiprep density gradient centrifugation were examined using 517 

brain homogenates of uninfected mice. Flotillin 1 and PrP dispersed from the lipid raft fractions 518 

(fractions 7-11) to the non-raft fractions (fractions 15-18) in GD2/GM2 KO mice. Data are 519 

representative of assays repeated independently three times.  520 

  521 
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