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Abstract

Endosomal-lysosomal and autophagic dysregulation occurs in the hippocampus in prodromal 

Alzheimer disease (AD), but its relationship with β-amyloid (Aβ) and tau pathology remain 

unclear. To investigate this issue, we performed immunoblot analysis of hippocampal 

homogenates from cases with an antemortem clinical diagnosis of no cognitive impairment, mild 

cognitive impairment (MCI) and AD. Western blot analysis revealed significant increases in the 

acid hydrolase cathepsin D (Cat D) and early endosome marker rabaptin5 in the MCI group 

compared to AD, whereas levels of phosphorylated mammalian target of rapamycin (mTOR) 

proteins, total mTOR, p62, traf6 and LilrB2 were comparable across clinical groups. Hippocampal 

Aβ1-40 and Aβ1-42 concentrations and AT8-immunopositive neurofibrillary tangle density were not 

significantly different across the clinical groups. Greater Cat D expression was associated with 

Global Cognitive Score and episodic memory score, but not with Mini Mental State Examination 

or advanced neuropathology criteria. These results indicate that alterations in hippocampal 

endosomal-lysosomal proteins in MCI are independent of tau or Aβ pathology.
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INTRODUCTION

The endosomal-lysosomal and autophagic-lysosomal systems play critical roles in obtaining 

energy, sorting proteins, signaling, clearing damaged organelles and abnormal proteins, and 

cell survival (1). Alterations in these trafficking and degradative pathways are also 

implicated in the pathogenesis of neurodegenerative diseases, including Alzheimer disease 

(AD) (2–9). The hallmark pathological features in the brains of patients with AD are β-

amyloid (Aβ) plaques and hyperphosphorylated tau-containing neurofibrillary tangles 

(NFTs). The newly described Aβ oligomer receptor, murine-paired immunoglobulin-like 

receptor B and its human ortholog, leukocyte immunoglobulin-like receptor B2 (LilrB2), 

have been implicated in synaptic dysfunction (10), which is a major pathologic correlate of 

cognitive impairment in AD (11–13); however, its role in the clinical pathobiology of AD 

remains unclear.

Endosomal-lysosomal pathways enable neurons to degrade, process and recycle 

extracellular molecules by the fusion of a series of vacuoles known as early and late 

endosomes and lysosomes (Fig. 1). Of particular interest is the observation that endosomal-

lysosomal-related dysfunction in AD occurs prior to the appearance of Aβ and tau pathology 

(14, 15). The endosomal-lysosomal pathway plays a key role in amyloid precursor protein 

processing and Aβ generation (16–19), and perturbations in this pathway could stimulate 

neuronal Aβ production or impair its clearance. Enlarged early endosomes have been 

reported in pyramidal cortical neurons prior to Aβ plaque deposition in sporadic AD (15, 

20). Altered endosomal and lysosomal proteins and gene expression levels in the 

hippocampus were detected in mild cognitive impairment (MCI) (21, 22). Cathepsin D (Cat 

D), the main acid hydrolase in human lysosomes, has also been implicated in the 

pathogenesis of AD (23–26) and preserved cortical and hippocampal pyramidal neurons 

have elevated levels of Cat D in AD (14, 27). These observations suggest that activation of 

the endosomal-lysosomal system in vulnerable neurons is a compensatory response to AD 

pathology (14). In contrast, alterations in Cat D, and inhibition of autophagy are associated 

with tau aggregation and NFT formation (28, 29).

Autophagy recycles proteins and organelles and plays a critical role in cytoprotection 

preventing the accumulation of misfolded proteins, and autophagosome and lysosomes are 

essential components in the autophagy process (Fig. 1). A body of evidence has accumulated 

that supports the role of autophagy in the pathogenesis of AD (30, 31). Reports suggest that 

the mammalian target of rapamycin (mTOR), a ubiquitous protein kinase, is important in 

autophagy regulation and tau phosphorylation (7, 32). Increased mTOR protein expression 

occurs in select neurons in severe AD (33), and inhibition of mTOR signaling induces 

autophagy, reduces tau and Aβ pathology and ameliorates behavioral deficits in young 

transgenic mice overexpressing Aβ and tau (34–37). The signaling adaptor protein, p62, 

which binds raptor, an integral component of the mTORC1 pathway and interacts with 

tumor necrosis factor receptor-associated factor 6 (traf6), is required for mTORC1 

translocation to the lysosome and its subsequent activation (38). In the cerebral cortex of AD 

patients, pyramidal neurons display p62 immunoreactivity in early stages of NFT evolution 

(39, 40). In vitro studies also show that p62 inhibits Aβ induced cell death via the pan-

neurotrophin p75NTR receptor (41). Taken together, these data suggest that disturbances in 
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various components of the endosomal-lysosomal and autophagic pathways may be involved 

in neuronal vulnerability in AD. Whether endocytic-lysosomal and autophagy dysregulation 

is associated with tau and Aβ aggregation or with changes in the Aβ oligomer receptor 

LilrB2 (the putative toxic moiety underlying synaptic loss in AD) during the onset of AD are 

unclear.

The hippocampus is one of the first brain structures to develop neurodegenerative changes in 

AD, undergoing profuse NFT but lesser amyloid pathology in the early stages of AD (42, 

43). Upregulation of hippocampal gene expression transcripts (mRNA) for select early 

(rab4, rab5) and late (rab7) endosome markers and protein levels (rab5 and rab7) in MCI 

was associated with impaired cognitive function (21, 22). The present report evaluates 

several endosomal, lysosomal, and autophagic proteins in relation to Aβ and tau pathology 

within hippocampus obtained from subjects enrolled in the Rush Religious Orders Study 

(RROS), a well-established clinical pathological study of aging, cognition, and AD in retired 

clergy (44, 45).

MATERIALS AND METHODS

Subjects

Hippocampal tissue obtained from 39 RROS cases with an antemortem clinical diagnosis of 

no cognitive impairment (NCI) (n = 10), MCI (n = 15), and AD (n = 14, Mini Mental State 

Examination [MMSE] ≤9), was examined. The Human Research Committees of Rush 

University Medical Center approved this study and written informed consent for research 

and autopsy was obtained from the participants or their family/guardians.

Clinical and Neuropathological Evaluation

Details of the clinical evaluation and criteria for diagnosis of AD and MCI in the RROS 

cohort have been published elsewhere (43–45). Briefly, the present study was performed 

using preclinical classification to determine case groups. The RROS is a clinical 

pathological longitudinal study consisting of elderly retired Catholic clergy. To enter the 

study, each participant had to have had no cognitive impairment and be at least 65 years of 

age at the time of enrollment. Subjects received a cognitive assessment each year while 

enrolled in the RROS. During the course of the study, people died with differing clinical 

diagnoses including NCI, MCI and AD. At death, a board-certified neuropathologist 

performed a detailed neuropathological evaluation. All studies using RROS samples 

followed the same experimental design, that is, tissue is distributed based on a final clinical 

diagnosis. All experiments were performed blinded to the clinical diagnosis and all samples 

were coded. Average time from the last clinical evaluation to death was ~8 months. 

Neuropsychological testing included the MMSE and Global Cognitive Score, a composite z-

score compiled from a battery of 19 cognitive tests (44). An episodic memory z-score, 

which is more specific for hippocampal function, was computed based on 7 of the cognitive 

tests. Among the RROS MCI cases, 4 were amnestic MCI. A final clinical diagnosis was 

assigned after consensus conferences of neurologists and neuropsychologists who reviewed 

all relevant clinical data and information collected. Neuropathological diagnoses were based 

on Braak staging of NFTs (42), NIA-Reagan criteria (46), and recommendations of the 
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Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) (47). Cases with 

pathology other than AD (e.g. stroke, Parkinson disease, Lewy body dementia, hippocampal 

sclerosis) were excluded from the study. None of the cases examined was treated with 

acetylcholinesterase inhibitors. Table 1 details the clinical, demographic and 

neuropathological characteristics of the RROS cases used in the current study. The new 

guidelines for the neuropathological evaluation of AD require data related to inclusions 

displaying the transactive response DNA-binding protein of 43 kDa (TDP-43) (48). The 

Rush neuropathology core is in the processes of evaluating all RROS cases for TDP-43 

inclusions. Therefore, at this time we are only able to present TDP-43 data on a subgroup of 

the RROS cases used in the present investigation (Table 2).

Tissue Samples

Fresh hippocampal tissue, at the level of the lateral geniculate nucleus were dissected free of 

white matter on dry ice and frozen at −80°C until the time of biochemical assay. Frozen 

hippocampus was homogenized (150 mg/ml) on ice in phosphate-buffered saline and 

immediately divided into 2 aliquots. One aliquot was added to a homogenization buffer (250 

mM sucrose, 20 mM Tris base) containing protease inhibitors (P8340; Sigma, St. Louis, 

MO) and divided into2 aliquots; one was used for the Aβ enzyme-linked immunosorbent 

assay (ELISA) and the second aliquot was diluted to 10 mg tissue/ml with potassium 

phosphate-buffered saline ([PBS], pH 7.4) for Western blotting. In addition, 20-μm-thick 

hippocampal paraffin embedded sections belonging to the same cases used for biochemistry 

were immunostained to determine relative numbers of NFTs in the hippocampus.

Antibodies

The antibodies used are commercially available and their specificity has been characterized 

from each company technical department. The antibodies, dilutions, sources and references 

are listed in Table 3.

Quantitative Immunoblotting

Sample proteins for all 39 cases examined were denatured in sodium dodecyl sulfate (SDS) 

loading buffer to a final concentration of 5 mg/ml. Proteins (50 μg/sample) were separated 

by 8%–16% or 7.5% SDS-PAGE (Lonza, Rockland, ME and Invitrogen, Grand Island, NY) 

and transferred to polyvinylidene fluoride membranes (Immobilon P, Millipore, Billerica, 

MA) electrophoretically at the same time (43, 65). Membranes were first blocked in Tris-

buffered saline (TBS)/0.05%Tween-20/5% milk for 60 minutes at room temperature and 

primary antibodies were added to blocking buffer. After 30-minute primary antibody 

incubation, membranes were incubated overnight at 4°C. After washes (TBS/0.05% 

Tween-20), membranes were incubated for 1 hour at room temperature with horseradish 

peroxidase-conjugate goat anti-mouse IgG secondary antibody (1:8000, Pierce, Rockford, 

IL) or horseradish peroxidase-conjugated goat-anti rabbit IgG secondary antibody (1:5000, 

Bio-Rad, Hercules, CA). Immunoreactivity was visualized by enhanced chemiluminescence 

(Pierce) on a Kodak Image Station 440CF (20.5 x 18.5 screen; Perkin-Elmer, Wellesley, 

MA). Hippocampal protein immunoreactive signals were normalized to β-tubulin signals. 

Samples from the 3 groups were loaded in each run in random fashion and analyzed in three 
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independent experiments (22, 43). For each antibody only 1 band at the appropriate kDa was 

seen on Western blot.

Aβ ELISA

Concentrations of soluble and insoluble Aβ1-42 and Aβ1-40 peptides were quantified as 

described previously (61, 66). Diethylamine soluble fraction was prepared by centrifuging 

the hippocampus homogenates at 135,000 x g at 4°C for 1 hour and neutralizing the 

supernatant with 0.5M Tris-Cl. Insoluble Aβ fraction was prepared by sonicating the 

resuspended pellet remaining from soluble preparation for 1 minute on ice in 70% formic 

acid, and centrifuging at 135,000 x g at 4°C for 1 hour. The supernatant was neutralized with 

1M Tris-Cl, 0.5 M disodium phosphate. Aβ concentration was assayed using a fluorescent-

based Aβ ELISA (Biosource, Camarillo, CA) with a capture antibody specific for the NH2–

terminus of human Aβ (amino acids 1–16) and detection antibodies specific for the 

neoepitopes at the 42 or 40 amino acid end of Aβ. Values were determined from standard 

curves using synthetic Aβ1-42 and Aβ1-40 peptides (Biosource) and expressed as pmoles Aβ 

per gram of wet brain tissue.

Immunohistochemistry

Twenty-μm-thick sections were cut from paraffin embedded hippocampus (NCI = 9, MCI = 

10 and AD = 6) and immunostained (Table 3). After antigen-retrieval in 0.01 M citric acid 

(pH 8.5) for 15 minutes, sections were washed in phosphate buffer and TBS before a 20-

minute incubation in 0.1 M sodium metaperiodate (Sigma) in TBS to inactivate endogenous 

peroxidase activity. Tissue was permeabilized in TBS containing 0.25% Triton-X 

(ThermoFisher, Waltham, MA) and blocked in the same solution containing 3% goat serum 

for 1 hour. Sections were incubated with appropriate antibody dilutions (Table 3) overnight 

at room temperature in 0.25% Triton X-100, 1% goat serum solution in a wet-chamber, then 

washed in TBS containing 1% goat serum prior to incubation with the secondary antibody 

biotinylated goat anti-mouse at a 1:200 dilution for 1 hour (Vector Laboratories, 

Burlingame, CA). Following TBS washes, sections were incubated using the Vectastain 

ABC kit (Vector Laboratories) for 1 hour, rinsed in 0.2 M sodium acetate, 1.0 M imidazole 

buffer, pH 7.4, and developed in acetate-imidazole buffer containing 0.05% 3,3′-

diaminobenzidine tetrahydrochochloride (Sigma). Reaction was terminated in acetate-

imidazole buffer and slides were dehydrated through graded alcohols (70%-95%-100%), 

cleared in xylene and cover slipped using DPX (Biochemica Fluka, Buchs, Switzerland).

NFT Density

Density of AT8-positive NFTs in the hippocampal CA1, CA2/3 fields and hilus were 

determined in 1 section per case using a 10x objective in 1.0 mm2 areas containing extensive 

NFTs, as previously described (61).

Statistical Analysis

Clinical, demographic, and neuropathologic characteristics were compared across the 

clinically defined groups of NCI, MCI, and AD by Kruskal-Wallis test or Fisher exact test, 

as were the western-blot protein values, AT8 NFT density, and ELISA values for Aβ. Ad 
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hoc pair-wise comparisons were performed as needed with Bonferroni or Dunn’s correction 

for multiple comparisons. Associations between biochemical measures, demographic and 

clinical characteristics, and neuropathology scores were assessed by Spearman rank 

correlation or Wilcoxon rank sum test. Non-parametric methods were used since they are 

more robust to outliers and non-normality in the data. Additional regression analyses 

controlling for potential confounders (e.g. age), as well as factor analyses exploring the 

interrelationship between protein levels, were performed as needed to explore the potential 

confounding effect of clinical variables. In summary statistics and regression analysis the Aβ 

data were log-transformed (i.e. by taking the natural logarithm of the values) in order to 

reduce data skewness. Given the large number of proteins examined in this study, factor 

analyses as well as biological rationale were employed to guide us in our interpretation of 

the results. Our focus was on the identification of consistent patterns in the data rather than 

individual p values. The level of statistical significance was set at 0.05 (two-sided). Results 

with 0.01 ≤ p value < 0.05 were interpreted with caution.

RESULTS

Case Demographics

Table 1 shows the characteristics of the RROS cases by clinical diagnostic group. The 

clinical groups did not differ by age, gender, years of education, postmortem interval or 

brain weight. There were more subjects cases with an ApoE 4 allele in MCI (33%) and AD 

(29%) compared to NCI (0%) groups (Table 1). AD cases had lower MMSE scores 

compared to both MCI and NCI subjects (p = 0.0001), whereas the latter 2 groups did not 

differ statistically (Table 1). Global Cognitive Score and episodic memory z-scores were 

significantly lower in AD compared to MCI and NCI (p < 0.0001), while episodic memory 

z-score was significantly lower in MCI compared to NCI (p < 0.0001). Subjects in the 

different clinical diagnostic groups displayed considerable heterogeneity with respect to 

neuropathological diagnostic criteria. Neuropathological examination revealed that 70% of 

NCI cases, 80% of MCI cases, and 92% of AD cases were classified as Braak stages III–VI. 

Thus, the NCI group was a “high pathology” control group (67). Of the 21 cases examined 

for TDP-43 (53% of the total), none of the NCI (n = 3, 30% of the total NCI cases) and MCI 

(n = 11, 73% of the total) displayed TDP-43 inclusions in the CA1 field of the hippocampus, 

dentate gyrus or middle temporal cortex, whereas 3 of the 7 AD examined cases (50% of the 

total AD) showed TDP-43 inclusions in the hippocampus and 2 in the dentate gyrus (Table 

2). Using NIA-Reagan criteria, 50% of NCI, 53% of MCI, and 92% of AD cases were 

classified as intermediate to high likelihood of AD (Table 1). As for CERAD diagnosis, 

60% of NCI, 60% of MCI, and 100% of AD cases received a diagnosis of probable/definite 

AD. Statistical analysis revealed a significant difference in AD compared to both NCI and 

MCI groups for CERAD diagnosis (p = 0.005), but no differences for Braak staging among 

clinical groups. Statistical analysis revealed a significant difference between the NCI and 

AD groups for NIA-Reagan diagnosis (p = 0.03).

Hippocampal Rabaptin5, Cat D, and Rab5 Levels

Western blot analysis revealed significantly higher early endosomal rabaptin5 and lysosomal 

Cat D levels in MCI compared to AD, whereas non-significant differences were detected 
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between MCI and NCI or NCI and AD groups (Table 4; Fig. 2A–C). Hippocampal rab5 

levels were comparable across the three clinical groups (Table 4; Fig. 2A, D). An additional 

subanalysis revealed no difference in rabaptin5, Cat D and rab5 levels between NCI cases 

neuropathologically characterized as mild Braak (I–III) compared with moderate Braak (IV–

V) scores (data not shown).

Hippocampal Phospho mTORs2448 and mTORs2481, total mTOR, p62 and traf6 Levels

Hippocampal levels of phospho mTORs2448 and mTORs2481, and total mTOR were stable 

across clinical groups (Table 4; Fig. 3A–C). In addition, levels of p62 (Table 4; Fig. 4A) and 

traf6 (Table 4; Fig. 4B) were not significantly different among the clinical groups. A 

subanalysis revealed no differences in phospho mTORs2448 and mTORs248, mTOR, p62 

and traf6 levels between NCI cases neuropathologically characterized as mild (Braak I–III) 

compared with moderate Braak (IV–V) scores.

Hippocampal Aβ1-40 and Aβ1-42 and LilrB2 levels

Soluble and insoluble Aβ1-40, and Aβ1-42 concentrations were comparable across clinical 

groups (Table 4; Fig. 5A, B). There were no significant differences in oligomeric Aβ 

receptor LilrB2 levels across the 3 groups (Table 4; Fig. 5C). No differences in Aβ1-40, and 

Aβ1-42 concentrations and LilrB2 levels were found between NCI cases neuropathologically 

characterized as mild (Braak I–III) compared with moderate Braak (IV–V) scores.

Hippocampal Tau Pathology

Hippocampal AT8-immunoreactive NFTs were found in each of the 6 AD cases examined, 

while 90% of MCI and 78% of NCI cases showed AT8-positive NFTs in the hippocampus. 

For all hippocampal fields evaluated, the median density value for AT8-immunoreactive 

NFTs was higher in AD vs. MCI or NCI groups (Table 5). However, statistical analysis did 

not reveal significant differences in the density of AT8-positive NFTs in hippocampal CA1, 

CA2/3 subfields or hilus between NCI, MCI and AD (Table 5).

Association Between Biochemical, Clinical and Neuropathological Measures

Factor analysis was performed to assess correlations between biochemical measurements. 

Correlational analysis revealed associations between Cat D, rab5, rabaptin5 and traf6, total 

mTOR and phosphorylated mTORs, and p62, LilrB2 and total Aβ40 and Aβ42. Cat D 

showed a strong positive relationship with rabaptin5 (r = 0.71, p < 0.001) and a weak 

association with rab5 (r = 0.38, p < 0.024). Total mTOR correlated positively with both, 

pmTORs2448 (r = 0.45, p < 0.0058) and mTORs2481 (r = 0.55, p < 0.001) across clinical 

groups. Interestingly, only pmTORs2448 showed a negative association with increased 

levels of Cat D (r = −0.349, p = 0.04), but not with rabaptin5 or rab5. CA1 AT8-

immunoreactive NFT density showed a positive correlation with traf6 across the 3 groups 

examined (r = 0.580, p 0.009), but did not correlate with other biochemical measurements. 

The oligomeric Aβ receptor LilrB2 levels were weakly correlated with total Aβ1-42 levels (r 

= 0.42, p = 0.012), but not with total Aβ1-40 (r = 0.32, p = 0.062), suggesting its higher 

affinity for Aβ1-42 (10).
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Hippocampal Cat D levels displayed a quadratic relationship (non-linear) with global 

cognitive z-score (Fig. 6A; p = 0.03) and episodic memory z-score (p = 0.04), and no 

correlation with MMSE or other clinical/neuropathological variables. Increased levels of 

rabaptin5 did not correlate with global cognitive z-score or other clinical or 

neuropathological variables (Fig. 6B; p > 0.05). Total mTOR and pmTORs2481 levels were 

weakly correlated with decreased global cognitive z-score (Fig. 6C, total mTOR r = −0.42, p 

= 0.013; Fig. 6D, pmTORs2481 r = −0.39, p = 0.020), but not with MMSE, episodic 

memory z-score, or with Braak NFT scores. Total hippocampal Aβ1-42 and Aβ1-40 values 

correlated with increased neuropathology criteria (Braak scores (Aβ1-42 r = 0.48, p = 0.0022; 

Aβ1-40 r = 0.41, p = 0.010); NIA-Reagan (Aβ1-42 and Aβ1-40 r = 0.60 p < 0.0001); CERAD 

(Aβ1-42 and Aβ1-40 r = 0.064, p = 0.0001) and only total Aβ1-42 values were correlated with 

episodic memory z-score (r = −0.35, p = 0.032), but not with the other clinical cognitive 

variables examined.

DISCUSSION

Endosomal enlargement in pyramidal neurons of the frontal cortex has been reported using 

several early endosomal markers (rab5, rabaptin5, and rab4) in sporadic and familial forms 

of AD (15, 20). Interestingly, in sporadic AD these endocytic abnormalities in the neocortex 

were detected before Aβ deposition (15). Less is known about endocytic alterations in MCI, 

although others have reported upregulation of rab5 and rab7 expression in single CA1 

neurons and hippocampal protein levels in MCI and AD compared to NCI (21, 22). We 

found that the levels of the endosomal internalization marker rabaptin5 were significantly 

increased in the hippocampus in MCI, but not in early AD. By contrast, no changes were 

detected in hippocampal rab5, a small GTP-ase protein that promotes early endosomal 

fusion. Discrepancies between studies may be due in part to differences in the makeup of the 

cohorts or in the area of the hippocampus examined. The consistent finding of increases in 

levels of specific endosomal markers indicates an early endosomal upregulation in neurons 

perhaps to resist their pathological environment. The biological significance of these 

changes in MCI hippocampus remains to be clarified. Several studies have associated 

endosomal-lysosomal pathway alterations with increased APP/Aβ production (16–19, 68), 

suggesting that early endosome upregulation in the hippocampus is associated with 

enhanced APP/Aβ synthesis. Previous research reported stable concentration of total Aβ in 

the hippocampus between NCI, MCI and AD cases acquired from the RROS (43), and stable 

LilrB2 in the frontal lobe of AD patients (10). Thus, while rab5 and rabaptin5 correlated 

during AD progression, they were not associated with total Aβ1-40 and Aβ1-42 concentration 

or the oligomeric Aβ receptor LilrB2 protein levels in the hippocampus across the clinical 

groups examined. Interestingly, LilrB2, but not other endosomal-lysosomal and autophagy 

markers examined showed a positive association with levels of the postsynaptic protein 

drebrin within the hippocampus derived from a previous investigation by our group using 

the same cases (69) during AD progression (data not shown). Hippocampal drebrin levels 

decreased in MCI and AD compared to NCI (69), suggesting that postsynaptic dendritic 

spine dysfunction might be related to oligomeric Aβ early in the disease. Taken together, 

these findings suggest that early hippocampal endocytic disturbances in MCI are 

independent of Aβ accumulation or synaptic dysfunction, and support the concept that 
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endosomal alterations are some of the earliest intraneuronal changes in AD and may 

contribute to the pathogenesis of this disease prior to the prominent deposition and 

accumulation of hallmark neuropathological lesions (5, 15, 17, 70, 71). However, it should 

be noted that our Aβ ELISA reports both extracellular and intracellular Aβ. Therefore, to 

evaluate the role of Aβ more fully, we would need to selectively analyze intracellular Aβ 

including that bound to intracellular membranes and that which is trapped in the endosomal-

lysosomal system inside the cell.

In addition to rabaptin5, the present study found that hippocampal Cat D, the major 

hydrolase constituent of human lysosomes, was significantly greater in MCI compared to 

AD. While MCI Cat D levels were also greater than NCI, this difference did not reach 

statistical significance. Nevertheless, higher protein levels of Cat D in MCI hippocampus are 

in agreement with the previously reported upregulation of Cat D gene expression in CA1 

pyramidal cells in MCI (21). Increased levels of Cat D mRNA and its protein were also 

reported in healthy cortical pyramidal neurons (14) and CA2 and CA3 hippocampal layers in 

AD (27). Interestingly, levels of Cat D in the cerebrospinal fluid from AD patients were four 

fold-higher than in other neurodegenerative disorders (26), suggesting that this acid 

hydrolase could be a biomarker for AD. Epidemiological studies have demonstrated an 

association between Cat D gene polymorphisms and increased risk of AD, suggesting that 

Cat D alterations promote AD pathology (72, 73). These observations and our findings in 

MCI hippocampus are in agreement with the concept that elevated lysosomal Cat D is 

triggered in selectively vulnerable neurons as an early sign of distress or a compensatory 

mechanism in response to protein accumulation or neuronal injury. In fact, the hippocampus 

is an early site of neurodegenerative changes in individuals at risk for AD or in MCI (74, 75) 

and it is capable of compensatory responses to neuronal damage (76, 77). While Cat D was 

found in Aβ plaques (25), its involvement in Aβ production is unclear (78). We reported that 

intraneuronal levels of Cat D were associated with amyloid precursor protein levels in the 

AD hippocampus (79). On the other hand, in vitro studies reported that Cat D degrades tau 

(80) and that autophagic-lysosomal systems play a role in tau clearance (28), suggesting that 

higher levels of hippocampal Cat D might represent lysosomal activation in response to tau 

accumulation. The present findings did not find any associations between Cat D and total Aβ 

or LilrB2 levels and AT8 positive NFT density in the hippocampus. By contrast, enhanced 

Cat D levels displayed a strong association with rabaptin5 during AD clinical progression, 

indicative of a functional link in the endosomal-lysosomal pathway. Hippocampal lysosomal 

Cat D was associated with worse global cognitive scores across clinical groups, suggesting a 

possible link between this lysosomal enzyme and cognitive decline.

Autophagy recycles proteins and organelles and plays a critical role in preventing the 

accumulation of misfolded or toxic proteins including Aβ and hyperphosphorylated tau (29, 

81, 82). The function of mTOR, a major regulator of autophagy induction (7, 83, 84) 

depends on p62-traf6 interaction (38). Unlike endosomal rabaptin5 and lysosomal Cat D, 

hippocampal levels of total mTOR and its active phosphorylated forms (pmTOR S2448 and 

pmTOR S2481) were not detectably altered in MCI or early AD. These results confirm and 

extend the observation that expression of mTOR and its active form pmTORs2448 in the 

hippocampus are stable early in the disease (present findings), whereas they are enhanced in 

advanced AD (33). Although the precise role of mTOR in AD pathology is still unknown, it 
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has been reported that an increase in phosphorylated mTOR (s2481 and s2448) is associated 

with early tau phosphorylation in AD cortex (85, 86). However, we did not find an 

association between total or active mTOR protein levels with hippocampal AT8 positive 

NFT density or Braak NFT staging across clinical groups. Future studies using additional 

antibodies directed against other phosphorylated or conformationally altered tau epitopes 

will need to be examined in the MCI and AD hippocampus. Reports indicate that inhibition 

of hyperactive mTOR reduces AD-like lesions, induces autophagy and ameliorates cognitive 

deficits in animal models of AD (34, 35, 37, 87–90). However, rapamycin induction of 

autophagy failed to reduce AD plaque and NFT-like pathology or improve cognition in old 

3xTg-AD mice, suggesting that autophagy induction via mTOR plays a limited role, if any, 

in AD pathobiology (36). The present findings showing stable hippocampal mTOR levels in 

MCI and early AD do not support the concept that inhibition of hyperactive mTOR may be a 

valid therapy for AD. On the other hand, we observed that increased hippocampal mTOR 

and its active form pmTORs2481 were associated with poorer global cognitive scores. 

Further studies are necessary to determine whether alternative pathways involving the 

activation of downstream molecules such as p70 S6 kinase and eukaryotic initiation factor 

4E binding protein, which are enhanced in AD (85, 91), contribute to tau pathology during 

the prodromal stage of the disease.

Mounting evidence indicates that abnormal levels of p62 or sequestosome-1 (SQSTM1), a 

mTOR upstream signaling protein involved in cargo recognition and autophagosome 

formation, play a critical role in autophagy failure (38, 92–94). Unlike previous reports of 

lower p62 expression in AD frontal cortex (95, 96), and enhanced tau phosphorylation in 

p62-deficient mice (97), we observed stable p62 protein levels in the hippocampus of MCI 

and early AD. Accumulation of p62 was described in NFTs in various neocortical areas 

from cases with a probable to definite diagnosis of AD (39, 40, 98). Conversely, we found 

no correlations between p62 and AT8-positive NFT density and Braak NFT staging. 

Furthermore, we did not find changes in hippocampal traf6 levels across the examined 

groups. Traf6 functions as an ubiquitin ligase (99) and colocalizes with p62 in aggregates 

isolated from the AD hippocampus (100). The p62/Traf6 complex inhibits neuronal death or 

promotes cell survival by interaction with the p75NTR and TrkA NGF receptors, respectively 

(41, 101), and initiates tau degradation by the proteosome (100). We have previously 

demonstrated that alterations in hippocampal NGF signaling favor pro-apoptotic pathways 

during AD progression, independent of Aβ accumulation (43). However, there was a lack of 

an association between hippocampal traf6 and p62 levels during disease progression (present 

study) and these proteins did not correlate with proNGF, TrkA or p75NTR values (data not 

shown). Taken together the present data suggest that autophagy-mTOR related proteins are 

not associated with proNGF-apoptotic signaling in the hippocampus in the early stages of 

AD.

TDP-43 mislocalization has been suggested to play a key role in NFT formation, neuronal 

death and cognitive impairment in AD (102–104). TDP-43 inclusions are common 

pathological hallmarks of amyotrophic lateral sclerosis and frontotemporal dementia (105) 

and have been associated with autophagy dysfunction in both disorders (106, 107). The 

relationship between autophagy and TDP-43 in the hippocampus during the progression of 

AD is unclear, however. In the present study, no changes in hippocampal autophagy markers 
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were detected in the early stages of AD and TDP-43 inclusions within hippocampal 

subfields were described in 3 AD cases, but not in the MCI or NCI examined cases. These 

data suggest that TDP-43 pathology is a late stage event and might not interact with 

autophagy function early in the pathogenesis of AD.

This study has limitations that should be taken into consideration when interpreting the data. 

In the present study, RROS case selection was based upon final premortem clinical 

classification and not postmortem neuropathological evaluation, as previously reported (45–

47). As is the case for all studies using RROS tissue, following case selection, tissue was 

distributed and the biochemical assays were carried out. Biochemical data are then evaluated 

across clinical groups, cognitive test scores and subject demographics. A secondary 

statistical analysis is performed to correlate biological, clinical and demographic data with 

the neuropathologic data derived for each case including Braak scores, NIA-Reagan and 

CERAD evaluations. It is important to also consider that some of the endocytic and 

autophagic proteins examined, such as mTOR, also play a role in glial-inflammatory 

responses (98, 108, 109). In addition, the hippocampus displays signs of atrophy/neuronal 

loss in early AD (110). Therefore, we do not preclude that alterations in these proteins may 

be masked by the discriminatory ability of the techniques used. Therefore, the interpretation 

of the clinical-pathological correlations should be conservative in light of the context of cell-

type specific degeneration. Likewise, the inclusion of NCI cases with high Braak scores 

indicative of extensive hippocampal NFT pathology might play a role in the lack of 

differences found across clinical groups for some, but not all of the endosomal-lysosomal 

markers evaluated. Cat D and rabaptin5 were upregulated in MCI but not in AD and there 

were no significant differences between NCI and MCI, suggesting that NFT pathology plays 

a limited role in triggering this potential neuronal reorganizational response. Subanalysis 

also revealed no difference in makers between high and low Braak pathology cases. 

Although the specificity of the commercially available antibodies used herein have been 

described by the manufacturers and successfully used in endosomal-lysosomal-autophagic 

research publications (21, 22, 49–58), we do not rule out the possibility that other subtype-

specific antibodies may reveal additional differences across the clinical groups examined 

here. In addition, the absence of cellular TDP-43 inclusions in the hippocampus of NCI and 

MCI cases indicates that our endosomal-lysosomal and autophagy differences in these 

groups are not mitigated by the potential neurotoxicity of TDP-43 aggregations (Table 2). 

Despite these caveats, the RROS experimental cohort has been well characterized clinically 

and pathologically, and the clinical groups used here were matched for age, gender, years of 

education, postmortem interval and brain weight (Table 1), thereby providing less variability 

between groups yielding reliable and dependable findings to correlate with their clinical and 

neuropathological variables.

In summary, our data support that select endocytic and lysosomal proteins in the 

hippocampus are altered in relation to autophagic markers in MCI, and early endosomal-

lysosomal neuronal changes are not directly associated with Aβ or NFT accumulation and/or 

formation.
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Figure 1. 
Schematic diagram illustrating the different elements of the endosomal-lysosomal and 

autophagy pathways and their relationship to Cathepsin D (Cat D), rabaptin5, rabs (4, 5 and 

7), mTOR, p62 and traf6 proteins. E. Reticulum, endoplasmic reticulum. mTOR, 

mammalian target of rapamycin.
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Figure 2. 
Representative immunoblots and box plots of hippocampal rabaptin5, rab5 and cathepsin D 

(Cat D) levels in cases clinically diagnosed as NCI, MCI and AD. (A) β-tubulin was used to 

normalize the immunoreactive signal obtained by densitometry in the blots. (B–D) Levels of 

rabaptin5 (B) and Cat D (C) in MCI were significantly higher compared to AD (rabaptin5 

*p = 0.033, Cat D; *p = 0.021), whereas the levels of rab5 remains stable across the three 

clinical groups (D). NCI, non-cognitive impairment, MCI, mild cognitive impairment, AD, 

Alzheimer disease. Circles in the box plots indicate outliers.
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Figure 3. 
Representative immunoblots and box plots of total levels of hippocampal phosphorylated 

mTORs (pmTORs2448 and pmTORs2481) and total mTOR in cases clinically diagnosed as 

NCI, MCI and AD. β-tubulin was used to normalize the immunoreactive signals obtained by 

densitometry in the blots. (A–C) Levels of pmTORs2448 (A), pmTORs2481 (B) and total 

mTOR (C) revealed no statistical differences across the clinical groups. NCI, non-cognitive 

impairment, MCI, mild cognitive impairment, AD, Alzheimer disease. mTOR, mammalian 

target of rapamycin. Circles in the box plots indicate outliers.
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Figure 4. 
(A, B) Representative immunoblots and box plots of hippocampal levels of p62 (A) and 

traf6 (B) in cases clinically diagnosed as NCI, MCI and AD. β-tubulin was used to 

normalize the immunoreactive signals obtained in the blots by densitometry. Levels of p62 

and traf6 were stable across clinical groups. NCI, non-cognitive impairment, MCI, mild 

cognitive impairment, AD, Alzheimer disease. Circles in the box plots indicate outliers.
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Figure 5. 
(A–C) Box plots of natural logarithm of total hippocampal Aβ1-40 (A) and Aβ1-42 (B) levels 

showing no changes among NCI, MCI and AD. Representative immunoblot and box plot 

illustrating the stability of hippocampal levels of LilrB2 across the cases clinically 

diagnosed as NCI, MCI and AD (C). β-tubulin was used to normalize the immunoreactive 

signals obtained in the blots by densitometry. NCI, non-cognitive impairment, MCI, mild 

cognitive impairment, AD, Alzheimer disease. Circles in the box plots indicate outliers.
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Figure 6. 
(A, B) Hippocampal cathepsin D (Cat D) levels (A), but not rabaptin5 (B), revealed a non-

linear association with global cognitive z-scores (GCS). (C–E) Total hippocampal mTOR (r 

= −0.42 p = 0.012) (C) and pmTORs2481 (r = −0.39 p = 0.020) (D) levels, but not 

pmTORs2448 levels (E), correlated negatively with GCS. NCI, non-cognitive impairment, 

MCI, mild cognitive impairment, AD, Alzheimer disease. NCI, squares; MCI, triangles; AD, 

circles. mTOR, mammalian target of rapamycin; pmTOR, phosphorylated mTOR.
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Table 2

Summary of TDP-43 positive Rush Religious Orders Study cases by clinical diagnosis

NCI
n = 3

MCI
n = 11

AD
n = 7

CA1 0 (0%)* 0 (0%) 3 (42%)

Dentate gyrus 0 (0%) 0 (0%) 2 (28%)

Entorhinal 0 (0%) 1 (1.1%) 4 (57%)

Amygdala 2 (66%) 3 (27%) 4 (57%)

Middle temporal cortex a 0 (0%) 0 (0%) 0 (0%)

Middle frontal cortex b 0 (0%) 0 (0%) 0 (0%)

*
Percentage of total cases

a
21 Brodmann area

b
9/46 Brodmann areas

NCI, no cognitive impairment, MCI; mild cognitive impairment; AD, Alzheimer disease
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