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Abstract

The excessive accumulation of specific cellular proteins or autophagic vacuoles (AVs) within 

neurons is a pathologic hallmark of neurodegenerative diseases. Constitutive autophagy in neurons 

prevents abnormal intracellular protein aggregation and is critical for maintaining cell survival. 

Since our previous study showed that Toll-interacting protein (Tollip)-deficient macrophages had 

constitutive disruption of endosome-lysosome fusion, we hypothesize that Tollip deficiency may 

also promote neuron death via blockage of autophagy completion. Indeed, we observed 

significantly higher levels of neuron death in the brain regions of cerebral cortex, hippocampus, 

and cerebellum from ApoE−/−/Tollip−/− mice as compared to ApoE−/− mice fed with high fat diet 

(HFD). We further documented diminished density of neurons and increased ratios of TUNEL 

positive cells in the hippocampus of ApoE−/−/Tollip−/− mice. The ultrastructural electron 

microscopy analyses revealed neuron cell shrinkage as well as loss of intracellular structure in 

brain tissues from ApoE−/−/Tollip−/− mice. There was dramatic accumulation of autophagosomes 

in the cytoplasm, elevated accumulation of β-amyloid and α-synuclein, and increased levels of 

p62 and Parkin in the brain tissues from ApoE−/−/Tollip−/− mice as compared to ApoE−/− mice. 

Our data suggest that Tollip may play a crucial role in sustaining neuron health by facilitating the 

completion of autophagy, and that Tollip-deficiency may accelerate neuron death related to 

neurological disease such as Alzheimer's disease.
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Introduction

Neurological disorders such as Alzheimer's disease have significant impacts on human 

health (Winblad et al., 2016). Among probable causes, the defective clearance of cellular 

debris and/or aggregated proteins such as β-amyloid and α-synuclein may exacerbate 

neurodegeneration (Marsh and Blurton-Jones, 2012; Nilsson et al., 2013; Stefanis, 2012). In 

neurons, there are two intracellular proteolytic pathways involved in clearing abnormal or 

obsolete cellular proteins, the ubiquitin-proteasome system (UPS) and the autophagic-

lysosomal system (Boland et al., 2008). With particular interest, autophagy has been 

recognized to play a critical role in removing aggregated proteins as well as damaged 

cellular organelles that are too large for ubiquitin-proteasome system mediated clearance 

(Rideout et al., 2004). Thus, disruption of autophagy may closely correlate with the 

pathogenesis of neurodegenerative diseases (Alirezaei et al., 2010).

Autophagy is a complex cellular process that involves the initiation, maturation, and 

completion (Boland et al., 2008; Klionsky et al., 2008), and the proper degradation of the 

autophagic substrates is mediated by the fusion of autophagosome with degradative 

compartments of the endosomal–lysosomal system (Berg et al., 1998). Basal autophagy in 

neurons assists the clearance of ubiquitinated proteins and damaged organelles such as 

mitochondria and is critical for maintaining healthy neuron survival (Hara et al., 2006; 

Komatsu et al., 2006). In contrast, dysfunctional autophagy may lead to neuronal cell death 

in various disease states such as Alzheimer's disease (Nixon, 2006). Indeed, the 

accumulation of autophagosomes and other AVs within neurons has been recognized as a 

pathologic hallmark of many neurodegenerative diseases including Alzheimer's disease 

(Anglade et al., 1997; Boellaard et al., 1989; Chu, 2006; Kegel et al., 2000; Ko et al., 2005; 

Nixon et al., 2005; Rubinsztein et al., 2005; Zhu et al., 2007). Despite the emerging clinical 

significance of defective autophagy completion in neurological disease, molecular 

mechanisms responsible for proper completion of autophagy are not well understood.

Tollip is a ubiquitously expressed and conserved protein from vertebrate (human, mouse, rat, 

zebrafish, Xenopus) to worm (TLI-1 in Caenorhabditis elegans), and serves as an adaptor 

molecule within the Toll-like receptor (TLR) signaling pathway (Bulut et al., 2001). Recent 

data including studies from our group reveal that Tollip is critically involved in the 

completion of autophagosome fusion with lysosome in macrophages/monocytes (Baker et 

al., 2015). Intriguingly, Tollip has also been implicated in the clearance of toxic misfolded 

protein aggregates in neuronal cells and preventing neuron toxicity (Oguro et al., 2011; 

Shimizu et al., 2014). Misfolded Protein aggregates accumulate in various neurodegenerative 

diseases such as polyQ disease (Huntington disease), Alzheimer's disease and Parkinson's 

disease (Shimizu et al., 2014). Tollip was shown to facilitate the transport of polyQ protein 

aggregates to late endosome and protect neuronal cells from death (Oguro et al., 2011). 

Further supporting the role of Tollip in the pathogenesis of human Alzheimer's disease, a 
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recent study reported that Tollip expression was significantly reduced in human brain 

samples collected from aged and Alzheimer's individuals as compared to young individuals 

(Cribbs et al., 2012). Based on these findings, we aim to examine the causal connection 

between Tollip deficiency and neurodegeneration in vivo by employing the Tollip deficient 

mouse model.

ApoE deficient mice offer a unique model to study the pathogenesis of Alzheimer's disease 

(Avdesh et al., 2011). Under the regimen of high fat diet (HFD) feeding, ApoE deficient 

mice develop Alzheimer's disease-like symptoms, potentially due to elevated oxidative 

modifications of proteins, lipids and DNAs resembling AD patients (Galloway et al., 2008; 

To et al., 2011). A recent study suggest that ApoE deficiency may facilitate the build-up of 

b-amyloid plaque (Yeh et al., 2016). However, there has been no previous mechanistic study 

with regard to the regulation of brain cell autophagy due to ApoE deficiency. Intriguingly, 

HFD has also been shown to potentially reduce the levels of Tollip in muscle tissues (Kim et 

al., 2010). To further test the role of Tollip in neurodegeneration in a pathologically 

relevance setting, we have developed the ApoE and Tollip double deficient mice. Utilizing 

these mice, we aim to examine the role of Tollip during HFD mediated neurodegeneration. 

We found significantly elevated neuron death in the cerebral cortex, hippocampus, 

cerebellum and pons in ApoE−/−/Tollip−/− mice as compared to that in ApoE−/− mice fed 

with HFD. With particular relevance to Alzheimer's disease, the hippocampus of ApoE−/−/

Tollip−/− mice had significantly less neuron cells. At the molecular level, we observed 

significant accumulation of autophagosomes in the cytoplasm, elevated levels of p62, Parkin, 

as well as β-amyloid and α-synuclein aggregation in the neurons of ApoE−/−/Tollip−/− mice. 

Our data suggest that Tollip may play a crucial role in modulating neurodegeneration by 

facilitating the completion of autophagy.

Materials and methods

Mice

ApoE−/− mice and ApoE−/−/Tollip−/− mice were bred and maintained in the animal facility at 

Virginia Tech with the approved Animal Care and Use Committee protocol. All littermate 

mice were 8 weeks of age and 25–30 g weight when experiments were initiated.

Experimental design

ApoE−/− and ApoE−/−/Tollip−/− mice (male, 8 weeks old) were fed with Western Diet (TD.

88137, Harlan) for 8 weeks. Western Diet includes cholesterol (0.2% total cholesterol), total 

fat (21% by weight; 42% kcal from fat), saturated fatty acids (> 60% of total fatty acids), 

and sucrose (34% by weight).

Histology

Histological analyses of brain regions including cerebral cortex, Hippocampus, Cerebellum 

and Pons were performed on freshly frozen, OCT (Optimal-Cutting-Temperature 

compound)-embedded and sectioned slides (5 μm). Slides were fixed in 4% neutral buffered 

formalin for 5 min. Haematoxylin and eosin (H&E) staining were performed.
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Immunofluorescence

Immunofluorescence analyses were performed on freshly frozen, OCT-embedded and 

sectioned slides (10 μm). 6 mice from ApoE−/− and ApoE−/−/Tollip−/− mice were used for 

the study. TUNEL stainings were performed with in situ BrdU-Red DNA Fragmentation 

(TUNEL) assay Kit according as the product protocol (Abcam). The average numbers of 

positive staining cells per viewing field were quantified from 2-4 slides collected from each 

of the six mice.

For the measurement of β-amyloid, α-synuclein, 2-4 Slides from each mouse brain were 

fixed in 4% neutrally buffered formalin for 5 min, and stained with anti-mouse primary 

antibodies (1:100, anti-mouse β-amyloid, α-synuclein antibodies, as well as isotype control 

antibodies) followed by a biotinylated anti-Ig secondary Ab (BD Biosciences) and 

streptavidin-PE or FITC. DAPI was used to stain nucleus. 2-4 viewing fields from each slide 

were captured under fluorescent microscope. Pixel values reflecting the fluorescent 

intensities of each viewing field were quantitated with the NIH ImageJ software.

Transmission electron microscopy

Hippocampus area isolated (2 mm × 2 mm × 1 mm) were fixed in 2.5% gluteraldehyde in 

100 mM sodium cacodylate, pH7.4, and post-fixed in 1% osmium tetroxide in sodium 

cacodylate followed by 1% uranyl acetate. After ethanol dehydration and embedding in 

LX112 resin (LADD Research Industries), ultrathin sections were stained with uranyl 

acetate followed by lead citrate. All grids were viewed on a JEOL 100CX II transmission 

electron microscope at 80 kV. Samples were prepared from the hippocampus regions of 6 

ApoE−/− mice and 6 ApoE−/−/Tollip−/− mice fed with HFD for 8 weeks. Two separate 

hippocampus regions were sampled from each mouse. 5 sections were observed in TEM for 

each sample. Average numbers of apoptotic cells from three 3 ApoE−/− mice and 3 ApoE−/−/

Tollip−/− mice were quantified and presented in Figure 3. Average autophagosome numbers/

cell from observations obtained from 6 mice each were quantified and presented in Figure 3.

Immunoblotting

Hippocampus blocks (~100 mg) were harvested, immediately soaked in liquid nitrogen, 

smashed into power, dissolved in SDS lysis buffer (50 mM Tris-HCl, pH7.0, 2% SDS, 6% 

glycerol, 100 mM DTT) containing a protease inhibitor mixture, and subjected to SDS-

PAGE. The protein bands were transferred to an Immun-Blot PVDF membrane (Bio-Rad). 

Western blot analyses were performed as described previously (Baker et al., 2015). 

Antibodies used for western blot including anti-α-synuclein (1:1000) and anti-β-amyloid 

(1:1000) were purchased from Abcam. The anti-Parkin (Prk8) (1:1000) and anti-

SQSTM1/p62 (1:1000) antibodies were purchased from Cell Signaling Technology. The 

anti-β-actin (1:2000) antibody was purchased from Santa Cruz Biotechnology.

Statistical analysis

All experiments were performed at least for 3 times. Representative and reproducible results 

were shown. Statistical analyses were performed with Prism software (GraphPad Prism 6.0). 

Values were expressed as means ± SEM. Student t test was used for parametric analyses 

between two groups. For non-parametric analyses between two group comparison, the 
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significance of the differences was assessed by Mann-Whitney U test. P < 0.05 was 

considered statistically significant.

Results

Tollip deficiency promotes neuronal cell death

Utilizing the well-recognized Alzheimer's disease model of ApoE deficient mice (Avdesh et 

al., 2011; Richardson and Burns, 2002), we examined the effect of Tollip deficiency on 

neurons and found that the densities of neurons in Cerebral cortex (Fig. 1, upper panel: A–

B), Hippocampus (Fig. 1, upper panel: C–D), Cerebellum (Fig. 1, upper panel: E–F) and 

Pon (Fig. 1, upper panel: G–H) were significantly reduced in ApoE−/−/Tollip−/− mice as 

compared to ApoE−/− mice. There were many empty spaces of varying sizes in the Cerebral 

cortex, Hippocampus, Cerebellum of ApoE−/−/Tollip−/− mice (Fig. 1, upper panel: B, D and 

F). Missing Purkinje cells could be readily observed in the Cerebellum (Fig. 1, upper panel: 

E–F). Large necrotic areas could be observed in the Pon region (Fig. 1, upper panel: G–H) of 

ApoE−/−/Tollip−/− mice. TUNEL staining revealed significantly increased neuronal cell 

death in ApoE−/−/Tollip−/− mice as compared to ApoE−/− mice (Fig. 1, lower panel: A–F, 

graphs). These results suggest that Tollip deficiency may promote neuronal cell death in 
vivo.

In hippocampus, neuron death mainly took place in the CA1 region of ApoE−/−/Tollip−/− 

mice

In order to further characterize the effect of Tollip on neuronal cell death related to 

Alzheimer's disease, we focused on the hippocampus region. The hippocampus may be 

divided into dentate gyrus (DG), CA4, CA3, CA2 and CA1 regions. Interestingly, neuronal 

cell death mainly occurred in the area of CA1 (Fig. 2A–B) although sporadic dead neurons 

can be observed throughout the rest of hippocampus. In ApoE−/− mice, the sections of CA1 

had a layer of cell bodies of pyramidal neurons with large and prominent nuclei (Fig. 2A–b). 

In contrast, the pyramidal neurons in CA1 of ApoE−/−/Tollip−/− mice exhibited necrotic or 

apoptotic changes characterized by the shrinkage of whole neuron cells with pyknotic nuclei 

and increased empty spaces around the cells (Fig. 2A–d). The number of TUNEL positive 

cells in CA1 area of ApoE−/−/Tollip−/− mice were significantly higher than that in ApoE−/− 

mice as shown in Figure 2B and quantified in the lower panel of Figure 1.

Electron microscopy evaluation of neuronal cell death of CA1 region in ApoE−/−/Tollip−/− 

mice

Under transmission electron microscopy (TEM), the amount of neuronal cell death was 

increased and randomly scattered in CA1 subfield of ApoE−/−/Tollip−/− mice as compared to 

ApoE−/− mice (Fig. 3). In ApoE−/−mice, CA1 pyramidal cells had oval nuclei with evenly 

dispersed chromatin and clear nucleoli. Cytoplasmic membrane and nucleolemma were 

intact (Fig. 3 and Fig. 4A–a). The cytoplasm contained mitochondria of various sizes, well 

developed RER and characteristic polyribosomal rosettes (Fig. 4A–a, b, c). In ApoE−/−/

Tollip−/− mice, some ultrastructural changes were observed in the CA1 neurons (Fig 3 and 

Fig. 4B). Some neurons displayed shrinkage and darkening of the whole cell (Fig. 3 and Fig. 

4B–a), swelling of the Golgi and RER (Fig. 4B–b, c). In other cells, nucleolemma 
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invaginations, chromatin aggregation, cytoplasm lysis (Fig. 4B–d, e, f), and formation of 

apoptotic bodies were evident (Fig. 4B–g). These results revealed an increase in neuronal 

cell death within the hippocampal CA1 regions of ApoE−/−/Tollip−/− mice as compared to 

ApoE−/− mice.

Impaired autophagy in neurons of CA1 region from ApoE−/−/Tollip−/− mice

Since autophagy can prevent neuronal cell death (Cheung et al., 2011), we studied whether 

increased neuronal cell death in ApoE−/−/Tollip−/− mice may be a result of impaired 

autophagy completion. TEM analyses revealed that there were more autolysosomes in the 

cytoplasm of neurons in ApoE−/− mice (Fig.5A–a, c, d). In contrast, more autophagosomes 

in the neuronal cells of ApoE−/−/Tollip−/− mice were observed (Fig. 5A–b, c, d). We counted 

the numbers of cellular autophagosomes on a series of electron micrograph images prepared 

from ApoE−/− and ApoE−/−/Tollip−/− neurons and found that the numbers of 

autophagosomes were significantly greater in ApoE−/−/Tollip−/− brain cells as compared to 

ApoE−/− brain cells (Fig. 5B). These results suggest that the autophagy completion at the 

step of fusion with lysosome may be disrupted in the neurons of ApoE−/−/Tollip−/− mice 

brain cells.

In order to confirm that the effect of Tollip on autophagy completion, we investigated the 

levels of p62/SQSTM1, its accumulation representing the disruption of fused autolysosome 

formation (Bjorkoy et al., 2009), in the neurons of hippocampus. To achieve this purpose, 

we harvested the tissues of hippocampus and performed Western Blot analyses. We observed 

that the levels of p62 were significantly up-regulated in the hippocampus areas of ApoE−/−/

Tollip−/− mice as compared to ApoE−/− mice (Fig. 5C–D). Our data suggest that the 

autophagy completion may be disrupted in neuronal cells of Tollip deficient mice.

We further investigated the levels of Parkin, a unique, multifunctional ubiquitin ligase 

associated with p62/SQSTM1 involved in mediating the selective engulfment of depolarized 

mitochondria by autophagosomes (Narendra et al., 2010) (Gomes and Scorrano, 2013). 

Likewise, Parkin was significantly accumulated in the neurons of ApoE−/−/Tollip−/− mice as 

compared to ApoE−/− mice (Fig. 5C–E), which further confirmed the disruption of 

mitophagy completion in neuronal cells from Tollip deficient mice.

Tollip deficiency increased accumulation of β-amyloid and α-synuclein in neuronal cells

β-amyloid peptide aggregates in the neurons can be cleared trhough autophagy. Autophagy 

deficiency drastically led to aberrant intra-neuronal β-amyloid accumulation in the 

perinuclear region of neurons (Nilsson et al., 2013). We observed significantly increased 

accumulation of β-amyloid protein in the hippocampus areas including dentate gyrus and 

CA1 subfield from ApoE−/−/Tollip−/− mice as compared to ApoE−/− mice (Fig. 6A–B). 

Western blot analyses showed that the levels of β-amyloid in hippocampus were 

significantly increased in ApoE−/−/Tollip−/− mice as compared to ApoE−/− mice (Fig. 6C–

D).

In addition to β-amyloid, α-synuclein also tends to accumulate due to the disruption of 

autophagy (Webb et al., 2003). Furthermore, the accumulation of α-synuclein may serve as 

a positive feedback in suppressing autophagy (Winslow et al., 2010). Thus, we investigated 
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whether Tollip deficiency may contribute to the accumulation of α-synuclein in neuronal 

cells. We found that the accumulation of α-synuclein in the neurons of hippocampus 

including dentate gyrus and CA1 subfield was significantly increased in ApoE−/−/Tollip−/− 

mice as compared to ApoE−/− mice (Fig. 7A–B). Western blot analyses also showed that the 

levels of α-synuclein in hippocampus were increased significantly in ApoE−/−/Tollip−/− 

mice as compared to ApoE−/− mice (Fig. 7C–D). Taken together, these data further 

confirmed the disruption of autophagy as well as mitophagy completion in neuronal cells of 

ApoE−/−/Tollip−/− mice.

Complementing our current observation, a previous study reported a reduction of cellular 

Tollip protein level in mice fed with high fat diet (Kim et al., 2010). The reduction of Tollip 

may be correlated with an increased risk for Alzheimer's disease. To confirm this 

observation in our experimental system, we measured Tollip protein levels from brain 

extracts collected from ApoE−/− mice fed with either regular chow or HFD for two months. 

Indeed, we observed reduced levels of Tollip protein in brain tissues from ApoE−/− mice fed 

with high fat diet as compared to ApoE−/− mice fed with regular chow diet (Fig 8).

Discussion

Our data suggest that Tollip may be involved in the completion of autophagy and mitophagy 

in neuronal cells in vivo, and that the disruption of Tollip may lead to increased 

neurodegeneration resembling Alzheimer's disease in mice with ApoE deficient background. 

Our conclusion is substantiated by the following lines of evidence. First, ApoE and Tollip 

double deficient mice fed with high fat diet exhibited significantly reduced numbers of 

neuronal cells within the hippocampus region as compared to ApoE single deficient mice. 

Second, collective imaging evaluations of hippocampus areas reveal significantly elevated 

levels of protein aggregates such as β-amyloid and α-syneculein, as well as elevated 

neuronal cell death in ApoE−/−/Tollip−/− mice. Third, there were significant accumulations 

of cellular p62 and Parkin within hippocampus neuronal cells that may serve as molecular 

indicators of disrupted autophagy and mitophagy.

Our study complements emerging interests in the field of autophagy as it relates to the 

pathogenesis of neurological diseases including Alzheimer's disease. Most 

neurodegenerative diseases that afflict humans are associated with the intracytoplasmic 

deposition of aggregate-prone proteins in neuronal cells. Autophagy is a powerful process 

for removing such proteins (Frake et al., 2015). The inhibition of constitutive autophagy 

leads to neurodegeneration in the central nervous system (Hara et al., 2006; Komatsu et al., 

2006). Autophagic flux is controlled by the dynamic balance between autophagosome 

formation and degradation through fusion with lysosome, the impairment of such balance 

may cause neuronal cell death (Chu, 2006; Zhang et al., 2013). Indeed, the accumulation of 

autophagosomes in neuronal cells potentially due to the disruption of lysosome fusion has 

been implicated during the pathogenesis of neurodegenerative diseases such as Alzheimer's 

disease (Nixon et al., 2005; Yu et al., 2005), Parkinson's disease (Stefanis et al., 2001), and 

Huntington's disease (Shibata et al., 2006). Alzheimer's disease brain pathology includes 

intracellular aggregation of β-amyloid peptide, protein tau and β-amyloid plaques (Wirths 

and Bayer, 2012). A role for autophagy in β-amyloid metabolism has been suggested 
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(Boland et al., 2010; Caccamo et al., 2010; Jaeger et al., 2010). Induction of autophagy by 

rapamycin in vivo reduces intracellular β-amyloid levels and improves cognition (Caccamo 

et al., 2011) and long-term rapamycin treatment reduces the plaque load in Alzheimer's 

disease mice model (Majumder et al., 2011). In contrast, the deletion of autophagy increases 

both intracellular and extracellular β-amyloid load (Pickford et al., 2008). Autophagy 

controls cellular proteostasis by sequestering and delivering protein aggregates and cellular 

organelles to lysosomes for degradation (Mizushima and Komatsu, 2011). In the Alzheimer's 

disease brain, autophagosomes accumulate in the neuronal cells indicating impaired 

autophagy (Nixon, 2007). Recently, it was reported that autophagy deficiency drastically 

reduced extracellular β-amyloid plaque burden. This reduction of β-amyloid plaque load 

was due to the inhibition of β-amyloid secretion, which led to aberrant intraneuronal β-

amyloid accumulation in the perinuclear region. In addition to β-amyloid, other protein 

aggregates such as polyQ protein and α-synuclein have also been shown to accumulate in 

various forms of neurodegenerative diseases (Komatsu et al., 2007) (Oguro et al., 2011) 

(Stefanis, 2012). Moreover, autophagy deficiency-induced neurodegeneration was 

exacerbated by amyloidosis, which together severely impaired brain function (Nilsson et al., 

2013).

Despite these significant advancements, definitive studies that demonstrate the causal 

connection between the disruption of autophagy completion at the level of lysosome fusion 

with neurodegenerative disease are limited. Tollip was shown to play a key role in the 

completion of lysosome fusion with endosomes/autophagosomes in the autophagy process. 

Tollip-deficient macrophages had a constitutive disruption of endosome-lysosome fusion 

(Baker et al., 2015). In this study, we found that Tollip deficiency led to the accumulation of 

autophagosomes, up-regulation of p62 and Parkin expression, increased accumulation of β-

Amyloid and α-Synuclein and accelerated neuronal cell death (Fig. 8). Our current data 

utilizing Tollip deficient mice suggest that the disruption of autophagy completion may 

indeed serve as an important cause for neuronal cell death, and may support the role of 

autophagy completion during the pathogenesis of neurodegenerative disease. However, we 

also realize that the deletion of Tollip may also affect cellular survival and/or death through 

other mechanisms in addition to autophagy modulation. Future studies are warranted to 

further examine the causal and complex pathogenesis of Alzheimer's disease due to Tollip 

deficiency.

The detailed molecular mechanisms responsible for Tollip-mediated fusion of lysosome with 

autophagosome remain unclear and will need future careful examination. Potential clue may 

include closely associated adaptor proteins involved in endosomal traffic system such as 

Tom1 (Target of Myb protein 1) (Katoh et al., 2004; Yamakami et al., 2003). Tollip is 

localized on endosomes and recruits Tom1 as well as ubiquitinated proteins (Katoh et al., 

2004). Tollip was also shown to regulate the function of lipid kinase VPS34, another critical 

regulator of lysosome fusion with autophagosome (Baker et al., 2015).

Although our current study focused on neuronal cell death, we cannot exclude the 

contribution of altered neuron regeneration and survival, mediated by neuronal stem cells, 

neighboring stromal cells as well as immune modulators to neurodegenerative disease 

(Castorina et al., 2015; Dubovy et al., 2013; Lindvall and Kokaia, 2010). Disrupted 
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autophagy and accumulation of autophagosome have been increasingly associated with stem 

cell proliferation as well as polarization and activation of immune cells (Deretic et al., 2013; 

Guan et al., 2013). Future studies will be needed to systematically examine the relative 

contribution of these complex processes to the ultimate outcome of neurodegeneration. Our 

observation with the ApoE−/−/Tollip−/− mice will serve as a valuable first step in defining 

these important questions in future studies. Furthermore, our data suggest that potential 

intervention strategies aiming at restoring the function of Tollip may hold therapeutic 

potential in the treatment of neurodegenerative diseases.
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Highlights

• Tollip deficiency exacerbated neuronal cell death in mouse brain

• Tollip deficiency caused accumulation of β amyloid and α- synuclein

• Tollip deficiency may contribute to neuronal accumulation of β 
amyloid and α- synuclein through modulating autophagy as manifested 

in elevated levels of p62 and Parkin
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Figure 1. Tollip deficiency caused neurodegeneration in mice
The brain tissues of ApoE−/− and ApoE−/−/Tollip−/− mice fed with HFD for 2 months were 

collected and analyzed by H&E (Upper panel) as well as immuno-histochemical staining 

(Lower panel). Upper H&E staining panels: Tollip deficiency reduced the density of 

neurons in Cerebral cortex, Hippocampus, Cerebellum and Pons. A–B. Cerebral cortex. 

Scale: 30 μm. C–D. CA1 subfield in Hippocampus. Scale: 30 μm. E–F. Cerebellum. GCL: 

Granule call layer. Scale: 30 μm. G–H. Pons. Scale: 30 μm. Lower immune-histochemical 
staining panels: Tollip deficiency increased neuronal cell death in Cerebral cortex, 

Hippocampus, Cerebellum and Pons. Red color: TUNEL positive; Blue color: DAPI. A–B. 
Cerebral cortex. C–D. CA1 subfield in Hippocampus. E–F. Cerebellum. G–H. Pons. Scale: 

50 μm. Percentages of TUNNEL positive cells within various brain regions were quantified 

and plotted. Error bars represent SEM, N=6 mice brain tissues. * P<0.05; ** P<0.01; *** 

P<0.001, Mann-Whitney U test.
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Figure 2. Increased neuron death in CA1 area of hippocampus
The brain tissues of ApoE−/− and ApoE−/−/Tollip−/− mice fed with HFD for 2 months were 

collected and analyzed by H & E as well as immuno-histochemical staining. A. H&E 

staining of the CA1 area within the hippocampus. Boxed areas in Aa and Ac were shown in 

the enlarged images of Ab and Ad respectively. a-c: 200 μm and b-d: Scale: 20 μm. B. 

TUNEL staining of the hippocampus. Red color: TUNEL positive, blue color: DAPI. Boxed 

areas in Ba and Bc were shown in the enlarged image of Bb and Bd respectively. a-c: 200 

μm and b-d: Scale: 30 μm.
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Figure 3. Electron micrograph of a representative neuronal cell in hippocampus of ApoE−/− and 
ApoE−/−/Tollip−/−

The brain tissues of ApoE−/− and ApoE−/−/Tollip−/− mice fed with HFD for 2 months were 

processed for TEM analyses. G: Glia; White stars: nucleolus; White arrows: apoptotic cells. 

Scale: 20 μm. The percentages of apoptotic cells from the brain tissues of ApoE−/− and 

ApoE−/−/Tollip−/− mice were quantified. N=3, ** P<0.01, Mann-Whitney U test.
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Figure 4. Evaluation of hippocampal neuron death by electron microscopy
The brain tissues of ApoE−/− and ApoE−/−/Tollip−/− mice fed with HFD for 2 months were 

collected and analyzed by TEM analyses. A. A representative neuronal cell from CA1 area 

of hippocampus in ApoE−/− mice. A-a. Neuron, glia and blood vessel (BV) were shown. 

Scale: 5 μm. A-b and Ac are the magnified versions from the boxed regions shown in A-a. 

A-b. The magnification of Golgi apparatus, Scale: 0.25 μm. A-c. The magnification of 

mitochondria, Scale: 0.125 μm. B. A representative apoptotic neuron from CA1 area of 

hippocampus in ApoE−/−/Tollip−/− mice. B-a. An apoptotic cell. Scale: 5 μm. B-b and Bc are 

the magnified versions from the boxed regions shown in B-a. B-b. The magnification of 

swollen RER, Scale: 0.5 μm. B-c. The magnification of swollen Golgi apparatus, Scale: 0.5 

μm. B-d. A dying cell with loss of cytoplasm, nuclear deformity and chromatin aggregation 

and nuclear membrane invagination. Scale: 5 μm. B-e-f. The magnification of chromatin 

aggregation (white star) and nuclear membrane invagination (black arrow), Scale: 0.5 μm 

and 2 μm. B-g. Showing typical apoptotic bodies (white stars), Scale: 1 μm.
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Figure 5. Abnormal autophagy in neurons of CA1 subfield in ApoE−/−/Tollip−/− mice
The brain tissues of ApoE−/− and ApoE−/−/Tollip−/− mice fed with HFD for 2 months were 

collected and analyzed by TEM analyses. A. A representative electron micrograph of 

neurons. A-a. A typical neuron from ApoE−/− mice, showing autolysosomes. The lower 

boxed region was enlarged and shown in the upper right corner insert, illustrating the fused 

autolysosomes. A-b. A typical neuron from ApoE−/−/Tollip−/− mice, showing 

autophagosomes. The lower boxed region was enlarged and shown in the upper left corner 

insert, illustrating the un-fused autophagosomes. Black arrow: the junction of 

autophagosome; LY: Lysosomes; N: Nucleus. Insert showing autophagosomes. A-c. A 

representative early stage autophagosome from ApoE−/−/Tollip−/− mice brain. A-d. A 

representative autolysosome from ApoE−/− mice brain. B. # of autophagosomes in the EM 

sections. P ≤ 0.001, Student t test. C. The tissues of hippocampus from the mice fed with 

HFD were harvested and the levels of P62, Parkin and β-actin were determined by Western 

blotting. D. Ratio (P62: β-actin), N=3, P ≤ 0.0181, student t test. E. Ratio (Parkin: β-actin), 

N=3, P ≤ 0.05, Mann-Whitney U test.
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Figure 6. β-amyloid expression in the neurons of hippocampus
The brain tissues of ApoE−/− and ApoE−/−/Tollip−/− mice fed with HFD for 2 months were 

collected and analyzed by immuno-histochemical staining as well as Western blot. A. Left: 

β-amyloid expression in the neurons of hippocampus from ApoE−/− mice. Right: β-amyloid 

expression in the neurons of hippocampus from ApoE−/−/Tollip−/−mice. Red color: β-

amyloid, Blue color: DAPI. Scale: 20 μm. B. Fluorescence intensities of β-amyloid, N=18 

viewing fields, P ≤ 0.0001, Mann-Whitney U test. C. The levels of β-amyloid and β-actin 

were determined by Western blotting. D. Ratio (β-amyloid : β-actin), N=3, P ≤ 0.01, student 

t test.
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Figure 7. α-synuclein expression in the neurons of hippocampus
The brain tissues of ApoE−/− and ApoE−/−/Tollip−/− mice fed with HFD for 2 months were 

collected and analyzed by immuno-histochemical staining as well as Western blot. A. Left: 

α-synuclein expression in the neurons of hippocampus from ApoE−/− mice. Right: α-

synuclein expression in the neurons of hippocampus from ApoE−/−/Tollip−/−mice. Red 

color: α-synuclein, Blue color: DAPI. Scale: 20 μm. B. Fluorescence intensity of β-amyloid, 

N=31 viewing fields, P ≤ 0.001, Mann-Whitney U test. C. The levels of α-Synuclein and β-

actin were determined by Western blotting. D. Ratio (α-synuclein: β-actin), N=3, P ≤ 0.01, 

student t test.
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Figure 8. Tollip levels were reduced in brain tissues from ApoE−/− mice fed with high fat diet
The brain tissues of ApoE−/− mice fed with regular chow or HFD for 2 months were 

collected and analyzed by Western blot analyses for the levels of Tollip. N=3, P<0.01, 

student t test.
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Figure 9. 
Tollip deficiency may promote neuronal cell death through impaired fusion of 

autophagosome with lysosome
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