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Abstract

Niemann-Pick disease, type C1 (NPC1) is an inborn error of metabolism that results in 

endolysosomal accumulation of unesterified cholesterol. Clinically, NPC1 manifests as cholestatic 

liver disease in the newborn or as a progressive neurogenerative condition characterized by 

cerebellar ataxia and cognitive decline. Currently there are no FDA approved therapies for NPC1. 

Thus, understanding the pathological processes that contribute to neurodegeneration will be 

important in both developing and testing potential therapeutic interventions. Neuroinflammation 

and necroptosis contribute to the NPC1 pathological cascade. Receptor Interacting Protein Kinase 

1 and 3 (RIPK1 and RIPK3), are protein kinases that play a central role in mediating neuronal 

necroptosis. Our prior work suggested that pharmacological inhibition of RIPK1 had a significant 

but modest beneficial effect; however, the inhibitors used in that study had suboptimal 

pharmacokinetic properties. In this work we evaluated both pharmacological and genetic inhibition 

of RIPK1 kinase activity. Lifespan in both Npc1−/−mice treated with GSK’547, a RIPK1 inhibitor 

with better pharmacokinetic properties, and Npc1−/− :Ripk1kd/kd double mutant mice was 

significantly increased. In both cases the increase in lifespan was modest, suggesting that the 

therapeutic potential of RIPK1 inhibition, as a monotherapy, is limited. We thus investigated the 

potential of combining RIPK1 inhibition with 2-hydroxypropyl-β-cyclodextrin (HPβCD) therapy 

HPβCD has been shown to slow neurological disease progression in NPC1 mice, cats and patients. 

HPpβCD appeared to have an additive positive effect on the pathology and survival of 

Npc1−/−:Ripk1kd/kd mice. RIPK1 and RIPK3 are both critical components of the necrosome, thus 

we were surprised to observe no increase survival in Npc1−/−;Ripk3−/− mice compared to Npc1−/− 

mice. These data suggest that although necroptosis is occurring in NPC1, the observed effects of 
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RIPK1 inhibition may be related to its RIPK3-independent role in neuroinflammation and 

cytokine production.
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Introduction

Niemann-Pick disease, type C1 (NPC1) is lysosomal storage disease with endolysosomal 

storage of unesterified cholesterol and sphingolipids [1], NPC1 results from mutation of 

NPC1 and is inherited as an autosomal recessive disorder [2, 3]. Impaired NPC1 function 

results in progressive neurodegeneration. Although age of onset and the specific sign/

symptom complex can vary among patients, clinically NPC1 is typically characterized by 

vertical supranuclear gaze palsy, gelastic cataplexy, seizures, cerebellar ataxia, and cognitive 

impairment [4-6]. The incidence of classical NPC1 has been estimated to be on the order of 

1/100,000; however, late onset cases may be more frequent [4, 7]. There are currently no 

FDA approved therapies for NPC1. Miglustat (Zavesca), a glycosphingolipid synthesis 

inhibitor, has been shown to have some efficacy [8, 9] and intrathecal 2-hydroxypropyl-β-

cyclodextrin (VTS-270) appears to significantly reduce neurological disease progression in 

NPC1 patients relative to historic controls [10]. Although these studies are promising, there 

remains a critical need to develop additional therapeutic approaches and to evaluate the 

potential of combined therapy for the treatment of NPC1.

Necroptosis is a specific type of caspase-independent, regulated cell death mediated by 

receptor interacting protein kinase 1 (RIPK1) or receptor interacting protein kinase 3 

(RIPK3) [11-13]. Necroptosis appears to have a role the pathological cascade of lysosomal 

storage diseases. RIPK3-mediated necroptosis has been implicated in pathology of Gaucher 

disease [14], and we previously reported that necroptosis contributed to NPC1 pathology in 

both Npc1 mutant mice and human patient cell lines [15]. Specifically, we demonstrated that 

pharmacological inhibition of RIPK1 delayed the onset of neurological manifestations, 

delayed cerebellar Purkinje neuron loss and increased the lifespan of Npc1 mutant mice by 

16 to 20 percent. We hypothesized that the modest increase in lifespan could be due to either 

a delay in initiation of treatment until after weaning or the sub-optimal pharmacological 

properties of Nec1 and Nec1s. The half-lives of Nec1 and Nec1s are 5 minutes and 1 hour, 

respectively [16]. In this study, we sought to determine the full therapeutic potential of 

RIPK1 inhibition by comparing Npc1−/− :Ripk1+/+ and Npc1−/− :Ripk1kd/kd mice. The 

Ripk1kd allele encodes a missense mutation, p.K45A, that abolishes kinase activity and 

RIPK1-dependent necroptosis without lethality due to the loss of RIPK1 scaffolding 

function [17]. We also sought to evaluate the potential of RIPK3 inhibition in NPC1 and to 

investigate the combined efficacy of 2-hydroxypropyl-β-cyclodextrin treatment and 

necroptosis inhibition.
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Methods

Mouse breeding

All animal procedures were approved by the NICHD Animal Care Use Committee. Inbred 

Balb/c Npc1+/− mice were intercrossed to obtain Npc1+/+ and Npc1−/− mice [18]. Balb/c 

Npc1+/− were crossed with C57bl/6 Ripk1kd/kd (GlaxoSmithKline, Collegeville, PA, USA 

[17]) or C57bl/6 Ripk3−/− (Genentech, San Francisco, CA, USA, [19]) mice. Due to the 

resulting mixed genetic background, sibling controls were used. The resulting 

Npc1+/−:Ripk1kd/+ and Npc1+/−:Ripk3+/− were respectively intercrossed to obtain 

Npc1−/−:Ripk1+/+; Npc1−/−:Ripk1kd/kd;Npc1+/+:Ripk1+/+ and Npc1+/+:Ripk1kd/kd or 

Npc1−/−:Ripk3+/+; Npc1−/−:Ripk3−/−; Npc1+/+:Ripk3+/+ and Npc1+/+:Ripk3−/−. 

Npc1+/+:Ripk1+/+:Ripk3+/+ and Npc1−/−:Ripk1+/+:Ripk3+/+ mice were designated as 

Npc1+/+ and Npc1−/−, respectively. Comparisons were made using mice sharing the same 

mixed Balb/c:C57bl/6 background. Pups were weaned three weeks after birth. Water and 

mouse chow were available ad libitum. Genotyping PCR was performed using tail DNA as 

previously described for each mouse model [17-19]. A humane survival endpoint was 

defined as hunched posture, reluctance to move, inability to remain upright when moving 

and weight loss greater than 30% of peak weight.

Drug treatments

GSK’574 is an orally available inhibitor of RIPK1 that was incorporated into the mouse 

chow at a concentration of 833 mg·kg−1[20], GSK’574 therapy was initiated at weaning in 

Balb/c Npc1+/+ (n=24) and Npc1−/− (n=24) mice. HPβCD (Kleptose HPB, Roquette, 

Vacquemont, France) was administered as a single subcutaneous injection of 4000 mg·kg−1 

on day of life 7.Efficacy of combined GSK’547 and HPβCD therapy was tested in Balb/c 

Npc1+/+ (n=12) and Npc1−/− (n=12) mice. We also evaluated the efficacy of HPβCD in 

RIPK1 deficient mice. For this study Npc1−/−:Ripk1kd/kd (n=29) and Npc1−/− (n=28) 

received a single subcutaneous injection of 4000 mg·kg−1 HPβCD. For each experimental 

group, 6 additional mice were sacrificed at 7 weeks of age for pathological analysis.

Immunohistochemistry and analysis

Mice were euthanized at 7 weeks by CO2 asphyxiation and transcardially perfused with 24 

ml of ice-cold PBS followed by 24 ml of ice-cold 4% paraformaldehyde in PBS, pH 7.4. 

Brain tissue was further post-fixed in a 4% paraformaldehyde solution for 24 hours and then 

cryoprotected in 30% sucrose at 4°C. A cryostat was used to obtain 20 μm thick parasagittal 

cerebellar tissue sections. Tissues sections were floated on 1X PBS with 0.25% Triton 

X-100 and 10% goat serum (Sigma-Aldrich, St. Louis, MO, USA) and then incubated 

overnight at 4°C with mouse anti-mouse calbindin 28K (1:400, Sigma-Aldrich, St-Louis, 

MO, USA), rabbit anti-mouse IBA1 (1:200, Wako, Richmond, VA, USA), or chicken anti-

GFAP (1:400, Novus, Littleton, CO, USA). Sections were washed three times at room 

temperature for 5 minutes each with PBS/0.25% Triton X-100. Goat secondary antibodies 

were conjugated with either Alexa-594, Alexa-488 or Alexa-642 (Thermo-Fisher Scientific, 

1:1000). Sections were incubated with the secondary antibody for one hour at room 

temperature in 1X PBS/0.25% Triton X-100/10% Goat serum. Nuclei were stained with 

Hoechst 3342 (Thermo-Fisher Scientific, 1:5000, Waltham, MA, USA) in PBS/0.25% Triton 
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X-100 for 10 minutes at room temperature. The sections were then washed twice with PBS/

0.25% Triton X-100 before transfer to gelatine coated slides (SouthernBiotech, Birmingham, 

AL, USA). Sections were washed once with water, dried and then mounted using Mowiol 

4-88 (Sigma-Aldrich, St-Louis, MO, USA). Images were obtained using a Zeiss Axio 

Observer Z1 microscope (Zeiss, Oberkochen, Germany) fitted with an automated scanning 

stage, Colibri II LED illumination and Zeiss ZEN2 software using a high-res AxioCam 

MRm camera and a 20x objective. Each fluorophore channel was pseudo-colored in ZEN2 

and exported as an 8 bit tiff file. Immunofluorescence staining analysis was performed in 

Fiji version 1.51n [21]. GFAP density used the “moments” thresholding method at 95% for 

the measurement. Microglia projection length was measured using the built-in measurement 

tool and scaling to convert pixel to μm as previously described [22]. Purkinje cells were 

counted by measuring the number of calbindin positive cell bodies with a recognizable 

dendritic tree or axonal projection remaining within a given cerebellar lobule. The data were 

expressed as the number of Purkinje cells per l00μm of Purkinje cell layer: granule cell layer 

interface. Analyses were performed on three sections per brain for six animals per group.

Statistical Analyses

Results are presented as mean ± S.D. The Mann-Whitney test was used to statistically 

compare two groups. The Mantel-Cox log rank test was used to compare survival curves. A 

p-value of <0.05 was considered significant. Statistical calculations were performed with 

GraphPad Prism software version 5 (San Diego, San Diego, CA, USA).

Results

Characterization of Npc1−/−:Ripk3−/− double mutant mice

Our previous work demonstrated that pharmacological inhibition of RIPK1 partially 

ameliorated the pathological effects due to loss of NPC1 function [15]. However, the 

potential role of RIPK3 in NPC1 pathology was not explored. To evaluate the role of RIPK3 

in NPC1, we compared disease progression in Npc1−/−:Ripk3+/+ and Npc1−/−:Ripk3−/− 

mice.

No significant survival difference was observed when comparing Npc1−/−:Ripk3+/+ and 

Npc1−/−:Ripk3+/+ mice (Fig. 1A). Mean survival was 71 ± 6 days (n=45) for the Npc1 
mutant mice compared to 70 ± 10 days (n=39) for the double Npc1 and Ripk3 mutant mice. 

We also did not observe any difference in cerebellar Purkinje cell density (Fig. 1B) or 

microglial activation (Fig. 1C) in cerebellar tissue from 7-week old animals. Although 

variable, astrogliosis, quantified by staining for Glial Fibrillary Acidic Protein (GFAP), 

appeared to be decreased in the Npc1−/−:Ripk3−/− mice compared to the Npc1−/−:Ripk3−/− 

mice (Fig. 1D). Cerebellar GFAP staining decreased toward normal from 12.3 ± 3.4 to 6.2 

± 4.1 percent (p<0.001). Altogether, the inhibition of RIPK3 activity significantly decreased 

astrogliosis, we observed no effect on survival, Purkinje cell density, or microglia activation 

in Npc1 mutant mice. These data suggest that astrogliosis and RIPK3 do not play a critical 

role in the NPC1 pathological cascade
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Pharmacological inhibition of RIPK1

Given our prior results showing a modest, but significant, increased survival of Npc1 mutant 

mice treated with either Nec1 or Nec1s [15], we wanted to explore the therapeutic potential 

of a RIPK1 inhibitor with better pharmacological properties. GSK’574 is an orally available 

RIPK1 inhibitor [20]. Both the increased half-life and dietary administration are likely to 

lead to improved drug exposure and thus more efficient RIPK1 inhibition. Treatment of 

Balb/c Npc1−/− mice with GSK’547 significantly increased (p<0.05) the mean survival from 

a mean of 62 ± 12 days for the untreated mutant mice to 73 ± 15 days for the treated mice 

(Fig. 2A). This 17% increase in survival was still modest and similar to what we had 

previously observed with Nec1 and Nec1s. Consistent with increased survival, GSK’547 

treatment delayed cerebellar Purkinje neuron loss inNpc1 mutant mice (Fig. 2B).

We also explored the therapeutic potential of combined HPβCD and GSK’547 treatment. 

Combination therapy utilizing drugs targeting different aspects of the NPC1 pathological 

cascade has been reported to be effective in the NPC1 mouse model [23]. As expected from 

prior work [24-26], a single subcutaneous injection of 4000 mg·kg−1 on day of life 7 

significantly (p<0.001) increased survival (Fig. 2A) and delayed cerebellar Purkinje neuron 

loss (Fig. 2B). Unfortunately, combined HPβCD and GSK’547 treatment appeared to have, 

if any, a minor therapeutic benefit over HPβCD treatment alone. There was a trend (p=0.07) 

toward a 4% increase in survival in the combined HPβCD and GSK’547 treated mice (111 

± 6 days) compared to HPβCD monotherapy (107 ± 6 days), and cerebellar Purkinje neuron 

density was similar when comparing the combined versus HPβCD monotherapy (Fig. 2).

Characterization of Npc1−/−:Ripk1kd/kddouble mutant mice

A therapeutic response to pharmacological inhibition of RIPK1 may be limited by two 

factors: the degree of RIPK1 inhibition achieved and administration starting at weaning (~3 

weeks of age). We thus sought to define the full potential of RIPK1 inhibition by comparing 

the phenotype of Npc1−/−:Ripk1+/+ (Npc1−/−) and Npc1−/−:Ripk1kd/kd double mutant mice. 

Consistent with our pharmacological studies showing a survival advantage when Npc1 
mutant mice were treated with RIPK1 inhibitors, we observed significant (p<0.001) 

increased mean survival of Npc1−/−:Ripk1kd/kd double mutant mice (80 ±11 days, n=30) 

compared to Npc1−/− mice (65 ±11 days. n=59) (Fig.3A). This 21% increase in survival with 

genetic ablation of RIPK1 kinase activity is similar to the percentage increase observed 

using pharmacological inhibition of RIPK1. Consistent with increased length of survival, we 

also observed a significant (p<0.05) increase in cerebellar Purkinje cells at 7-weeks of age in 

the Npc1−/−:Ripk1kd/kd mice compared to Npc1:Ripk1+/+ mice (Fig. 3B).

Microglial cells in Npc1−/−:Ripk1kd/kd cerebellar tissue had a less activated morphology 

with increased number of processes (p<0.05; Fig. 3C) and consistent with decreased 

astrogliosis, cerebellar GFAP staining was significantly decreased (p<0.001; Fig. 3D).

We also investigated the therapeutic potential of combined RIPK1 inhibition and HPβCD 

therapy in the Npc1−/−:Ripk1kd/kd mice. As anticipated, a single subcutaneous injection of 

4000 mg·kg−1 HPβCD on day of life 7 increased lifespan from 68 ± 10 to 99 ± 15 days 

(p<0.001) in the Npc1−/− mice (Fig. 3A). These data differ from the data presented in Figure 
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2A in that the mice used for this experiment were on a mixed C57B1/6 and Balb/c 

background and the mice for the former experiment were inbred Balb/c mice. Treatment of 

the Npc1−/−:Ripk1kd/kd mice with HPβCD further increased lifespan to a mean of 107 ± 20 

days. Although we did not observe any significant difference in the number of microglial 

processes (Fig. 3C), we did observe a significant increase in average Purkinje cell number 

(Fig. 3B; p<0.05) and decreased cerebellar GFAP staining (Fig. 3D; p<0.001). These later 

two observations are consistent with the increase lifespan observed inNpc1−/−:Ripk1kd/kd 

micetreated with HPβCD,

Discussion

Our previous work established that necroptosis was functionally involved in the NPC1 

pathological cascade and showed that inhibition of RIPK1 function had therapeutic potential 

[15]. In this paper we extended these initial findings to investigate the therapeutic potential 

of RIPK3 inhibition and more efficient RIPK1 inhibition. We also evaluated the therapeutic 

potential of combining RIPK1 inhibition and HPβCD therapy.

The data presented in this paper clearly confirm the involvement of RIPK1 in the NPC1 

pathological cascade. Our previous work showed a significant but modest survival increase 

in Npc1 mutant mice treated with allosteric inhibitors, Nec1 or Nec1s, of RIPK1. The 

therapeutic efficacy demonstrated in those experiments might have been limited by the poor 

pharmacokinetic properties of these inhibitors and the intermittent administration. In this 

paper we extended these studies to evaluate the therapeutic potential of GSK’547. GSK’547 

is a RIPK1 inhibitor that can be administered in mouse chow and has better pharmacokinetic 

properties in comparison to Nec1 and Nec1s [20]. Treating Npc1 mutant mice with 

GSK’547 decreased cerebellar Purkinje neuron loss and increased survival; however, the 

increase in survival was not substantially better that what was previously observed with 

Nec1 or Nec1s. The lack of a more robust response to GSK’547 treatment could be due to 

incomplete inhibition of RIPK1 or initiation of therapy after weaning. To circumvent these 

potential limitations and to define the full potential of RIPK1 inhibition, we compared 

Npc1−/−:RIP1+/+ and Npc1+/+:Ripk1kd/kd mice. The Ripk1kd allele produces a protein that 

can support RIPK1 scaffolding function but ablates RIPK1 kinase activity [17]. Null Ripk1 
alleles are prenatal lethal [27]. Histopathological analysis showed changes toward normal 

and survival was increased by 21% in Npc1−/−:Ripk1kd/kd mice. This modest increase in 

survival with early and complete RIPK1 inhibition is similar to that observed with 

pharmacological inhibition of RIPK1.

HPβCD has been shown to significantly decrease NPC1 pathology and increase lifespan in 

both the NPC1 mouse [2, 24-26] and cat [28] models. Intrathecal administration of 

VTS-270, a specific HPβCD, significantly decreased the progression of neurological 

symptoms in NPC1 patients compared the expected progression rate [10]. We thus explored 

the therapeutic potential of combined HPβCD treatment and RIPK1 inhibition. We observed 

a trend toward increased survival in Npc1 mutant mice treated with both HPpCD and 

GSK’547 and a significant survival benefit in Npc1−/−:Ripk1kd/kd mice treated with HPβCD. 

These data suggest that this combined therapy may have a limited benefit in the treatment of 

NPC1.
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Interestingly, in contrast to our data supporting a role of RIPK1 in NPC1 pathology, we 

found that genetic ablation of RIPK3 activity had a minimal effect on NPC1 pathology. 

Although we observed decreased astrogliosis in Npc1−/−:Ripk3−/− mice compared to 

Npc1−/− :Ripk3+/+, we did not observe decreased microgliosis, preservation of Purkinje 

neurons or a change in survival. Both RIPK1 and RIPK3 are components of the necrosome, 

the protein complex that mediates necroptosis [13, 29. Thus, given the clear data 

demonstrating necroptosis in Npc1 mutant brain tissue {Cougnoux, 2016 #5], the minimal 

effect on NPC1 pathology observed after ablating RIPK3 activity was surprising. This 

suggests that the therapeutic benefit observed with RIPK1 inhibition might be due to 

inhibition of a necrosome independent function. It is unlikely that this observation is 

explained by RIPK1-dependent apoptosis. Our prior work showed that increased cellular 

death of NPC1 fibroblasts was not mitigated by treatment with a caspase inhibitor (F-VAD) 

and we did not observe either cleaved caspase 3 or 8 in cerebellar tissue [15]. In addition, 

Erickson and Bernard [30] did not observe any change in disease progression following the 

neuronal overexpression of Bcl-2, which would be predicted to protect against apoptosis 

mediated neuronal loss. RIPK1, independent of RIPK3, can mediate inflammatory responses 

and cytokine production primarily via TLR4/TRIF signaling [20, 31, 32]. Previous work by 

Suzuki et al. [33] have shown that endolysosomal accumulation of TLR4 contributes to 

constitutive secretion of interferon-β, IL-6 and IL-8. This group also showed a minor (10%), 

but significant, increase in survival if the IL-6 gene was disrupted inNpc1 mutant mice. This 

is consistent with minor to modest increases in survival with various therapies directed at 

modulating neuroinflammation [34, 35], Thus, it is possible that the beneficial effects 

observed with RIPK1 inhibition in Npc1 mutant mice is due more to its involvement in the 

innate immune response rather than as a mediator of necroptosis.

The data presented in this paper, combined with our previous work on RIPK1 inhibition 

[15], clearly demonstrates that RIPK1 plays a role in the NPC1 pathological cascade. It is 

tempting to speculate that the marked phenotypic differences observed between Npc1 
mutant mice on C57B1/6 and Balb/c backgrounds [36] might be influenced by well-known 

differences in background-mediated immune responses that involve RIPK1 [37-39]. 

Independent of the exact pathological role that RIPK1 mediates in NPC1, it is clear that 

inhibition of RIPK1 may play a role as one component in a combination therapy of NPC1.
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Figure 1. Characterization of Npc1−/−:Ripk3−/− double mutant mice.
A) Kaplan-Mayer survival curves for Npc1+/+ (n=12), Npc1−/− (n=45), Npc1−/−:Ripk3−/− 

(n=39). No Npc1+/+ mice died in the plotted time-period. Survival of Npc1 mutant and 

Npc1:Ripk3 double mutant mice was not significantly (p=0.40) different. B) Box and 

whisker plot of average cerebellar Purkinje neuron (PN) density per 100 μm. Representative 

photomicrographs of sagittal sectioned cerebellar tissue stained with anti-calbindin 28K are 

shown below the graph. Anti-calbindin 28K stains Purkinje neurons. Bar is 500 μm. C) 
Microglia were stained with anti-IBA1 and the number of processes per microglial cell were 

quantified. Data is presented as box and whisker plots. Representative photomicrographs of 

IBA1 stained microglia are show below the graphs. D) Sagittal cerebellar sections were 

stained for Glial Fibrillary Acidic Protein (GFAP) and the percent area of positive staining 

was quantified. GFAP staining was significantly decreased toward normal in the double 

mutant mice. Representative photomicrographs are shown below the graphs. Bar represents 

500 μm. For B, C and D data were obtained from three sagittal sections obtained from six 

animals corresponding to each genotype.
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Figure 2. Pharmacological inhibition of RIPK1 with GS’C547.
A) Kaplan-Mayer survival curve for Npc1−/− treated with a control diet or mouse chow 

containing 833 mg·kg−1 of GSK’547. A second cohort of Npc1 mutant mice on either 

control or GSK’547 chow was treated with 4000 mg·kg−1 of HPβCD. Each experimental 

group consisted of 12 mice. Comparisons were made using the Log-Rank Mantel-Cox test 

**P<0.01 and *** P<0.001. B) Box and whisker plot of average cerebellar Purkinje neuron 

density per 100 μM. Representative photomicrographs of sagittal sectioned cerebellar tissue 

stained with anti-calbindin 28K are shown below the graph. Data were obtained from three 

sagittal sections obtained from six animals corresponding to each genotype. *p<0.05 and 

***p<0.001 Mann-Whitney test.
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Figure 3. Characterization of Npc1−/−:Ripk1kd/kd double mutant mice.
A) Survival was significantly increased (p<0.001) in Npc1−/−:Ripk1kd/kd (n=30) mice 

compared to Npc1−/−(n=59) mice on the same mixed C57B1/6 and Balb/c genetic 

background. Survival was also increased in Npc1−/− mice treated with 4000 mg·kg−1 of 

HPβCD (n=28, p<0.001). Consistent with an additive effect, survival was further increased 

in Npc1−/−:Ripk1kd/kd mice treated with 4000 mg·kg−1 of HPβCD (n=29, p<0.05). B) 
Average cerebellar Purkinje neuron density per 100 μM was increased toward normal in 

Npc1−/−:Ripk1kd/kd mice and further increased in Npc1−/−:Ripk1kd/kd mice treated with 

HPβCD. Representative calbindin 28K stained sagittal sections are shown below the graphs. 

C) Quantification of microglial processes were consistent with a decreased activated 

morphology in Npc1−/−:Ripk1kd/kd mice compared to Npc1−/− mice (p<0.05). No difference 

was observed in HPβCD treated animals. D) GFAP staining decreased toward normal in 

Npc1−/−:Ripk1kd/kd mice compared to Npc1−/− mice (p<0.001), and consistent with an 

additive effect, decreased further in HPβCD treated animals (p<0.001). For B, C and D data 

were obtained from three sagittal sections obtained from six animals corresponding to each 

genotype. *p<0.05, ***p<0.001, Mann-Whitney test was used to compare means. Log-Rank 

Mantel-Cox test was used to compare survival curves.
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