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Abstract

Alzheimer’s disease (AD) is the leading cause of dementia in the elderly, characterized by 

neurofibrillary tangles (NFTs), senile plaques (SPs), and a progressive loss of neuronal cells in 

selective brain regions. Rab10, a small Rab GTPase involved in vesicular trafficking, has recently 

been identified as a novel protein associated with AD. Interestingly, Rab10 is a key substrate of 

leucine-rich repeat kinase 2 (LRRK2), a serine/threonine protein kinase genetically associated 

with the second most common neurodegenerative disease Parkinson’s disease. However, the 

phosphorylation state of Rab10 has not yet been investigated in AD. Here, using a specific 

antibody recognizing LRRK2-mediated Rab10 phosphorylation at the amino acid residue 

threonine 73 (pRab10-T73), we performed immunocytochemical analysis of pRab10-T73 in 

hippocampal tissues of patients with AD. pRab10-T73 was prominent in NFTs in neurons within 

the hippocampus in all cases of AD examined, whereas immunoreactivity was very faint in control 

cases. Other characteristic AD pathological structures including granulovacuolar degeneration, 

dystrophic neurites and neuropil threads also contained pRab10-T73. The pRab10-T73 

immunoreactivity was diminished greatly following dephosphorylation with alkaline phosphatase. 

pRab10-T73 was further found to be highly co-localized with hyperphosphorylated tau (pTau) in 

AD, and demonstrated similar pathological patterns as pTau in Down syndrome and progressive 

supranuclear palsy. Although pRab10-T73 immunoreactivity could be noted in dystrophic neurites 

surrounding SPs, SPs were largely negative for pRab10-T73. These findings indicate that Rab10 

phosphorylation could be responsible for aberrations in the vesicle trafficking observed in AD 

leading to neurodegeneration.
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INTRODUCTION

Alzheimer’s disease (AD), the most prevalent form of dementia first reported by Dr. Alois 

Alzheimer, predominantly causes the loss and destruction of neurons in the cerebral cortex, 

basal forebrain, and hippocampus, leading to a progressive and sequential decline in 

cognitive, behavioral, and motor functions [1]. Although the causes for the 

neurodegeneration largely remain unknown, AD is uniquely characterized by two pathologic 

hallmarks: senile plaques (SPs) and neurofibrillary tangles (NFTs) [2]. SPs are spherical 

extracellular pathological lesions with a central core made up of amyloid-β (Aβ) peptide 

fibrils, and can be positively stained by silver, Congo red, or Thioflavin, while NFTs are 

intracellular aggregates composed of bundles of paired helical filaments with the major 

component being a hyperphosphorylated form of the microtubule-associated protein tau [2]. 

Other prominent pathological features of AD are dystrophic neurites (DNs), granulovacuolar 

degeneration (GVD), Hirano bodies, neuropil threads, and cerebrovascular amyloid [2].

Only less than 10% of AD cases are considered familial AD, associated with genetic 

mutations in amyloid β protein precursor (AβPP), presenilin 1 (PS1), or presenilin 2 (PS2) 

[3–5]. Interestingly, a recent study has identified a rare variant of the Rab10 gene in 

cognitively normal individuals over the age of 75 who carry at least one APOE ε4 allele, a 

known AD genetic risk factor [6], suggesting the Rab10 genetic variation may be protective 

against AD development.

Rab10 is a small monomeric Ras-related GTP-binding protein with a predicted molecular 

weight of approximately 23 kDa. Like other Rab family GTPases, through its interaction 

with effectors or binding proteins, Rab10 functions as a key regulator of diverse aspects of 

intracellular vesicle trafficking. For example, Rab10 is involved in transport between early 

endosomes and recycling endosomes [7], coordinates with myosin-Va to mediate the 

translocation of GLUT4 glucose transporter-enriched vesicles to the plasma membrane [8], 

and regulates the trafficking rate of TLR4, a toll-like receptor essential for the innate 

immune response following LPS stimulation, from Golgi to plasma membrane [9]. In 

neurons, Rab10 has been reported to recycle AMPARs from endosomal compartments to 

synapses [10], and regulates intracellular vesicular trafficking to mediate axonogenesis [11, 

12] and dendrite arborization [13, 14]. Increased expression of Rab10 mRNA in the 

temporal cortex of AD brains has been reported [6]. In vitro studies have found that 

knockdown of Rab10 decreased Aβ production, whereas the overexpression of Rab10 

increased Aβ production in cultured neuroblastoma cells [6].

Recent studies have revealed that amino acid residue threonine (T73) of Rab10 can be 

specifically phosphorylated by LRRK2, a protein kinase associated with Parkinson’s 

disease, a site located within the center of the Rab10 effector binding switch II motif, 

indicating a likely critical role of phosphorylation in regulating its function [15–18]. Here, 

using a well-characterized rabbit antibody pRab10-T73 that has been demonstrated to 

specifically recognize Rab10 T73 phospho-epitope without cross-reactivity to other Rab 

proteins in human tissues [16], we performed immunohistochemical analyses to investigate 

the localization and expression of pRab10 and its co-localization with AD neuropathological 

hallmarks in vulnerable neurons of postmortem brains from patients with AD.
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METHODS

Tissue

Formalin fixed hippocampal tissues from histopathologically confirmed AD and aged-

matched control subjects were obtained postmortem from the University Hospitals of 

Cleveland Case Medical Center with an approved IRB protocol. Fixed tissues were 

dehydrated through graded ethanol followed by xylene and embedded in paraffin. 

Microtome consecutive sections of 6μm thickness were prepared as described before [19]. 

Cases used are described in Table 1.

Immunocytochemistry

Immunocytochemistry was performed by the peroxidase anti-peroxidase protocol [19]. 

Taken briefly, paraffin embedded brain tissue sections were first deparaffinized in xylene and 

rehydrated in graded ethanol and incubated in Tris Buffered Saline (TBS, 50 mM Tris · HCl 

and 150 mM NaCl, pH = 7.6) for 10 min before antigen retrieval in 1X antigen decloaker 

(Biocare). Sections were rinsed with distilled H2O, incubated in TBS for 10 min, and 

blocked with 10% normal goat serum (NGS) in TBS at room temperature (RT) for 30 min. 

Tissue sections were further incubated with primary antibodies in TBS containing 1% NGS 

overnight at 4°C, and immunostained by the peroxidase-antiperoxidase based method as we 

described [20]. To confirm the specificity of the the pRab10-T73 antibody to the 

phosphorylated epitope, one tissue section was incubated with alkaline phosphatase (10 

U/ml in 0.1 M tris with 0.01 M PMSF at pH = 8.0) overnight at RT, and an adjacent section 

incubated in buffer only, prior to immunostaining. Primary antibodies used included rabbit 

monoclonal anti-Rab10 (Cell Signaling, Cat No.: 8127, 1 : 100), rabbit polyclonal anti-

pRab10-Thr73 (a kind gift from Dr. Kenneth Christensen [16], 1 : 50), mouse monoclonal 

anti-Aβ (6E10, BioLegend, Cat No.: SIG-39320-200, 1 : 1000), mouse monoclonal anti-

phosphorylated Tau Ser202/Thr205 (AT8, Invitrogen, Cat No.: MN1020, 1 : 1000), and 

mouse monoclonal anti-phosphorylated Tau Ser396/404 (PHF1, gift of Dr. Peter Davies, 1 : 

1000).

Immunofluorescence

Double immunofluorescence staining was used to investigate the co-localization between 

pRab10-T73 and other AD neuropathological features. Taken briefly, paraffin embedded 

tissue sections were deparaffinized in xylene and re-hydrated in graded ethanol. Then, the 

rehydrated brain tissue sections were incubated in phosphate buffered saline (PBS) at RT for 

10 min followed by antigen retrieval in 1X Immuno/DNA retriever with citrate (BioSB) 

under pressure using BioSB’s TintoRetriever pressure cooker. The sections were gradually 

rinsed with distilled H2O for five times and then blocked with 10% NGS in PBS for 45 min 

at RT. The sections were incubated with primary antibodies in PBS containing 1% NGS 

overnight at 4°C. After 3 quick washes with 1% NGS in PBS, the sections were incubated in 

10% NGS for 10 min and washed with 1% NGS in PBS for 1 min. Then, the sections were 

incubated with Alexa Fluor 488 or 568 dye labeled second antibodies (Invitrogen, 1 : 300) 

for 2 h at RT in dark, washed 3 times with PBS, stained with DAPI, washed again with PBS 

for 3 times, and finally mounted with Fluoromount-G mounting medium (Southern Biotech).
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Confocal microscopy

All fluorescence images were captured at RT with a Leica SP8 gSTED confocal microscopy 

equipped with a motorized super Z galvo stage, two PMTs, 3 Hyd SP GaAsP detectors for 

gated imaging, and the AOBS system lasers including a 405 nm, Argon (458, 476, 488, 496, 

514 nm), a tunable white light (470 to 670 nm), and a 592 nm STED depletion laser. Series 

of confocal images with optical thickness of 300 nm were collected using the 100x oil 

objective. 3D confocal images were reconstructed using Imaris after background subtraction.

RESULTS

The antibody to total Rab10 did not recognize any neuropathological feature in hippocampal 

tissue sections from AD patients, and the Rab10 immunoreactivity in AD was comparable to 

that of age-matched control subjects (data not shown). However, the antibody to pRab10-

T73 was remarkably immunoreactive with pathological lesions in AD hippocampus. Many 

pRab10-T73-positive NFTs and DNs around SPs were readily seen in all AD cases 

examined (Fig. 1A). At higher magnification, in addition to those flame shaped NFTs with 

well-defined borders, both GVD and neuropil threads were also found to contain pRab10-

T73 (Fig. 1B). Of note, in hippocampus of normal control subjects, little pRab10-T73 was 

found in the CA1 neurons, with only some nuclei displaying weak immunoreactivity (Fig. 

1C, D). The staining of pathology by the pRab10-T73 antibody in AD neurons was almost 

completely abolished by dephosphorylation of a serial adjacent tissue section with alkaline 

phosphatase (Fig. 2A, B).

NFTs, DNs, GVD, and neuropil threads are all AD-associated neuropathological features 

composed of hyperphosphorylated tau [21]. We next performed double immunofluorescence 

staining of pRab10-T73 and hyperphosphorylated tau in AD hippocampus. AD neurons with 

AT8-postive NFTs were often positive for pRab10-T73 even though the staining pattern of 

pRab10-T73 did not completely co-localize with hyperphosphorylated tau within NFTs (Fig. 

3A). Consistently, while many pRab10-T73-positive DNs and neuropil threads colocalized 

with hyperphosphorylated tau (Fig. 3A-C), some DNs and neuropil threads in AD 

hippocampus contained only hyperphosphorylated tau or only pRab10-T73 (Fig. 3A-C). 

Although the antibody to pRab10-T73 did not stain the amyloid component of SPs, many 

DNs around SPs displayed strong pRab10-T73 immunoreactivity (Fig. 1A). Double staining 

using the mouse monoclonal antibody 6E10 recognizing Aβ further demonstrates that the 

compact core of SPs was completely negative for pRab10-T73, while DNs surrounding SP 

cores contained pRab10 T73 (Fig. 3D).

pRab10-T73 colocalized with pTau rather than Aβ aggregation indicating the likely close 

association between pRab10 and pTau pathology. To support this notion, we further 

investigated pRab10-T73 in Down syndrome (DS) and the tauopathy disease progressive 

supranuclear palsy (PSP). In adjacent sections of cortical tissues of cases of aged DS or the 

brainstem sections of PSP patients, we performed immunocytochemistry using the antibody 

to pRab10-T73 and antibodies to pTau, PHF1, or AT8. In cases of aged DS, many tau-

positive NFT-bearing neurons also showed strong pRab10-T73 immunostaining (Fig. 4A, 

B). In the tauopathy disease PSP, many PSP tangles also showed increased pRab10-T73 

immunostaining (Fig. 4C, D).
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DISCUSSION

To our knowledge, the present study provides the first immunocytochemical evidence 

identifying pRab10 as a novel component of AD pathological hallmark NFTs and other 

prominent pathological features such as DNs, GVD, and neuropil threads. The physiological 

role of pRab10 and its pathological significance in AD are still under investigation in our 

laboratories. Interestingly, aberrant vesicle trafficking especially defective synaptic vesicle 

trafficking has long been implicated in the pathogenesis of AD [22]. For example, as the 

early change correlating robustly with AD-associated cognitive deficits, synaptic loss in AD 

is primarily evidenced by reduced expression of proteins associated with synaptic vesicle 

docking, fusion and endocytosis [23–25]. Importantly, it has long been suggested that the 

metabolism of AβPP or production of Aβ is regulated by a variety of proteins involving 

vesicle trafficking from Golgi and endosome to the plasma membrane [26, 27]. And, NFTs 

were also thought to be either the cause or consequence of the impaired microtubule-

dependent vesicle trafficking transport system [28]. Furthermore, GVD is intracellular 

aggregation of membrane-bound vacuoles, whereas DNs are characterized by the localized 

accumulation of vesicles [29]. Therefore, given the crucial role of Rab10 in vesicle 

trafficking, aberrant phosphorylation of Rab10 may be an important molecular mechanism 

underlying the altered vesicle trafficking observed in AD.

Rab10 is highly phosphorylated in AD without significantly changed expression of total 

Rab10 (data not shown), indicating the imbalance between protein kinases and 

phosphatases. Although the phosphatase regulating Rab10-dephosphorylation events has not 

yet been identified, recent studies have consistently reported and validated LRRK2-

dependent phosphorylation of Rab10 at position Thr73 [15–18]. LRRK2 localizes to 

membranous vesicular structures or organelles such as endosomes, lysosomes, 

multivesicular bodies, and transport vesicles, the trafficking of which presumably involves 

Rab10 or other Rab-related proteins [30]. Thus, the identification of pRab10-T73 as a novel 

prominent feature of AD may present an activation of the LRRK2-Rab10 signaling pathway 

in AD. While another kinase similar to LRRK2 may also be responsible for the 

phosphorylation of Rab10, it is worth noting that the LRRK2 gene is located within a region 

on chromosome 12 linked to AD [31]. Indeed, the LRRK2 R1628P variant is associated with 

increased risk of AD in an Asian population [32]. Moreover, Parkinson’s disease-associated 

mutant LRRK2 has been recently shown to phosphorylate AβPP and regulate its toxicity 

[33]. These findings add further weight to the evidence implicating the likely pathological 

significance of LRRK2 or LRRK2-mediated Rab10 phosphorylation in AD. Further, a rare 

variant of the Rab10 gene has been shown to confer resilience for AD development in 

people over the age of 75 who carry at least one APOE ε4 allele. This, together with the 

reported increased expression of Rab10 mRNA in the temporal cortex of AD brains [6] and 

the in vitro studies showing overexpression of Rab10 increases Aβ production in cultured 

neuroblastoma cells [6], provide compelling evidence for an important role of Rab10 in AD.

While the staining patterns for pRab10-T73 and pTau colocalize, though not completely, 

with the pathological structures, it is unlikely that there is cross reaction of the pRab10 T73 

antibody to Tau or pTau. pRab10 and pTau co-exist in many NFTs, DNs, and neuropil 

threads, and some pRab10-positive GVD structures are pTau-positive [34], indicating that 
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pathologically occurring processes associated with some common kinases or phosphatases 

may be responsible for both Rab10 and tau hyperphosphorylation in AD. Along this line, tau 

can be phosphorylated by many kinases such as glycogen synthase kinase-3 (GSK3), 

mitogen-activated protein kinases (MAPKs), extracellular receptor kinase (ERK), p38 

MAPK and Jun-N-terminal kinase (JNK), and the increased expression and/or activation of 

these kinases have been reported in AD [35, 36]. Therefore, considering the concurrent 

accumulation of pRab10 and pTau in NFTs and some DNs or neuropil threads, it will be 

intriguing to investigate whether the activation of tau protein kinases is also present in 

pRab10-positive pathological structures, and explore the potential involvement of them in 

regulating Rab10 phosphorylation and related neuropathologies at different stages of the 

disease. Of course, on the basis of the facts that pRab10 and pTau do not completely co-

localize with each other within NFTs, that there are a subset of pRab10-positive but pTau-

negative or pRab10-positive but pTau-negative DNs, and that many pTau-positive neuropil 

threads are largely pRab10 negative, it remains possible that different or different 

combinations of a variety of kinases or phosphatases may be required for differentially 

determining the phosphorylation state of Rab10 and tau.

The pRab10-T73 antibody also recognized similar pathology as AD in patients with either 

DS or PSP, two other neurodegenerative diseases also characterized by the presence of 

prominent tauopathies, indicating pRab10 pathological events are closely associated with 

tauopathies. Of note, because Aβ has been implicated as the culprit of AD playing a pivotal 

role in the disease progression, it is not surprising that pRab10-positive DNs surrounding 

SPs usually demonstrated weak AβPP or Aβ immunoreactivity, although pRab10 

immunoreactivity was not observed within SP compact cores. Like pRab10 and pTau, some 

forms of Aβ aggregates can also be found in some GVD bodies [37, 38]. And, according to a 

most recent study, the Rab10 kinase LRRK2 can phosphorylate AβPP [33]. Thus, 

pathological conditions associated with Rab10 phosphorylation may also be related to Aβ 
overproduction in AD. Through disturbed inter- and intracellular vesicle trafficking, pRab10 

may alter the production, transportation, or even secretion of Aβ or tau. On the other hand, 

phosphorylated tau or the accumulation of Aβ or tau may also disrupt Rab10-mediated 

vesicle trafficking. Elucidating the molecular mechanism of aberrant Rab10 phosphorylation 

and its impact on the formation of SPs and NFTs may provide novel insights into our 

understanding of AD pathogenesis.
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Fig. 1. 
Immunocytochemical analysis of pRab10-T73 in a hippocampal section from an AD patient 

and a normal subject. A) Lesions of NFTs and DNs around SPs (arrowheads) in the CA1 

region of an 80-year-old AD patient contain pRab10-T73. B) Higher magnification of the 

CA1 region of a 67-year-old AD patient shows that in addition to NFTs (marked with 

asterisk), both GVD (arrows) and neuropil threads could be recognized by the antibody 

against pRab10-T73. C) In a normal control subject, CA1 neurons display weak pRab10-

T73 immunoreactivity. D) Representative enlargements show faint immunoreactivity in 

some neuronal nuclei.
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Fig. 2. 
Immunoreactivity of pRab10-T73 is phosphatase sensitive. A) Immunocytochemistry of 

pRab10-T73 in an untreated section of hippocampus tissue from an 84-year-old AD patient. 

B) Immunocytochemistry of pRab10-T73 in a serial adjacent tissue section pre-treated with 

alkaline phosphatase. Landmark vessel is marked with asterisk.
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Fig. 3. 
Double immunofluorescent staining of pRab10-T73 and phosphorylated tau (AT8) or Aβ 
(6E10) in a hippocampal section from an AD patient. A) Representative three-dimensional 

(3D) image showing the presence of pRab10-T73 in NFT-bearing AD pyramidal neurons 

(arrow). B) Representative 3D image showing pRab10-T73 in DNs containing 

phosphorylated tau (arrows). C) Representative 3D image showing pRab10-T73 in 

phosphorylated tau positive neuropil threads (arrows). D) Representative 3D image showing 

the minimal overlapping between pRab10 -T73 and SPs. The nuclei stained by DAPI are 

blue.
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Fig. 4. 
Immunocytochemical analysis of pRab10-T73 in a cortical section from a DS patient and the 

brainstem of a PSP patient. In serial sections of DS, many of the PHF1-positive NFTs (B) 

contain pRab10-T73 (A). In serial sections of PSP, a subset of AT8-positive PSP tangles (D) 

are pRab10-T73 positive (C).
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Table 1

Information of brain tissues used in this study

Diagnosis Age (y) Gender Tissue

Control 50 Male hippocampus

Control 91 Male hippocampus

AD 68 Male hippocampus

AD 78 Female hippocampus

AD 80 Female hippocampus

AD 84 Female hippocampus

DS 61 Male cortex

DS 65 Male hippocampus

PSP 76 Male brainstem

PSP 83 Male brainstem

AD, Alzheimer’s disease; DS, Down syndrome; PSP, progressive supranuclear palsy.
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