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Abstract

Introduction: The cytoprotective PTEN-induced kinase 1 (PINK1)-parkin RBR E3

ubiquitin protein ligase (PRKN) pathway selectively labels damaged mitochondria

with phosphorylated ubiquitin (pS65-Ub) for their autophagic removal (mitophagy).

Because dysfunctions of mitochondria and degradation pathways are early features of

Alzheimer’s disease (AD), mitophagy impairmentsmay contribute to the pathogenesis.

Methods: Morphology, levels, and distribution of the mitophagy tag pS65-Ub were

evaluated by biochemical analyses combined with tissue and single cell imaging in AD

autopsy brain and in transgenic mousemodels.

Results: Analyses revealed significant increases of pS65-Ub levels in AD brain, which

strongly correlated with granulovacuolar degeneration (GVD) and early phospho-

tau deposits, but were independent of amyloid beta pathology. Single cell analyses

revealed predominant co-localization of pS65-Ub with mitochondria, GVD bodies,

and/or lysosomes depending on the brain region analyzed.

Discussion:Our study highlights mitophagy alterations in AD that are associated with

early tau pathology, and suggests that distinct mitochondrial, autophagic, and/or lyso-

somal failure may contribute to the selective vulnerability in disease.
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1 INTRODUCTION

Alzheimer’s disease (AD) is characterized by two main neuropatho-

logical hallmarks—amyloid beta (Aβ) plaques and tau neurofibrillary
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tangles. Although the pathogenic mechanisms of AD remain unclear,

several studies revealed mitochondrial deficits at very early dis-

ease stages1 and also in preclinical models.2,3 The mitochondrial cas-

cade hypothesis proposes that the initial decline in mitochondrial
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function triggers synaptic loss and changes in tau andAβhomeostasis.4

In addition, growing evidence also implicates autophagic and lyso-

somal abnormalities in the pathogenesis of AD.5–7 This is accompa-

nied and perhaps further aggravated by sustained autophagy induc-

tion, which eventually overburdens lysosomal capacities in neurons.8

Moreover, impaired autophagic flux increases Aβ secretion and plaque
formation9,10 as well as levels of fragmented andhyperphosphorylated

tau (p-tau).11,12

Another well-documented but poorly understood neuropathologi-

cal feature of AD is granulovacuolar degeneration (GVD). These intra-

neuronal accumulations of large double membrane–bound vacuoles

harboring a central granule13 are thought to be late-stage autophagic

remnants of incomplete degradation.14 Although frequently found in

normal aging, GVD bodies (GVBs) in patients with ADwell exceed age-

matched controls.15 Most prominently located in hippocampal pyrami-

dal neurons, GVBs are also present in other brain regions and in var-

ious neurodegenerative disorders.16,17 In the AD hippocampus, GVD

pathology is dependent on pathological tau and its load increases with

disease severity.16 Although the formation of GVBs has been linked to

chronic stress conditions,18–20 their exact origin, nature, and composi-

tion are still unknown.

Mitophagy constitutes a key cellular pathway in mitochon-

drial quality control. Upon stress, the ubiquitin (Ub) kinase PINK1

together with the Ub ligase Parkin/PRKN selectively label termi-

nally damaged mitochondria with phosphorylated serine 65 Ub

(pS65-Ub).21 This specific degradation mark leads to their elimina-

tion via the autophagic-lysosomal pathway and thereby preserves

the mitochondrial network integrity. Of note, increased mitochon-

drial dysfunction or impaired autophagic-lysosomal flux lead to the

detectable accumulation of the otherwise transient “mitophagy tag”

pS65-Ub.22–24

Given that all three systems (mitochondria, autophagy, and lyso-

somes) involved in mitophagy are compromised to some extent in AD,

failure of this pathway may play a key role in the disease. Indeed,

recent studies have implicated disturbed mitophagy and abnormal

PINK1-PRKNsignaling inADpathogenesis, andmore importantly have

highlighted the therapeutic potential of restoring proper mitophagic

flux.25–28 However, the molecular underpinnings and contribution of

different organelles to mitophagy impairments in AD remain unclear.

To assessmitophagy alterations in the context of different ADpatholo-

gies, we comprehensively measured pS65-Ub levels and distributions

in a large series of post-mortem human brains at different disease

stages and in two transgenic (Tg) mouse models.29,30 To better deter-

mine the relationship between mitophagy and AD pathologies, we

assessed pS65-Ub at both the tissue and single cell level, with a spe-

cific focus on themorphology of pS65-Ub–positive structures and their

co-localizationwith different organelles involved in themitophagypro-

cess. Our study further underscores significant mitophagy alterations

in AD that may result from distinct organellar impairments and may

contribute to the selective vulnerabilities observed in AD and related

neurodegenerative disorders.

RESEARCH INCONTEXT

1. Systematic review: It is well known that mitochondria,

autophagy, and lysosomes are all compromised early

in Alzheimer’s disease (AD). Furthermore, recent stud-

ies have implicated disturbed mitophagy and abnormal

PINK1-PRKN signaling in pathogenesis and highlighted

the therapeutic potential of targeting this pathway. How-

ever, the molecular underpinnings and organellar basis

remain unclear.

2. Interpretation: Our study highlights significant

mitophagy alterations in AD that track with early

tau lesions in human post-mortem brain and transgenic

mice. Moreover, our data indicate that mitophagy and

granulovacuolar degeneration (GVD) are closely asso-

ciated and show brain-region–specific alterations that

could contribute to selective vulnerabilities observed in

disease.

3. Future directions: Autopsy brain from primary

tauopathies with different tau isoforms should be

analyzed now to characterize the impact of individual

species on mitophagy and GVD. Going forward, cultured

neurons and animal models will be important to truly

understand the dynamics in physiology and pathology

and help guide the development of future therapeutics.

2 MATERIALS AND METHODS

2.1 Study subjects

A total of 100 autopsy brains from non-Hispanic Caucasians were

retrieved from the Mayo Clinic Florida Brain Bank for biochemical

or immunohistochemical analyses (Tables S1 and S2). All brains were

examined in a systematic and standardized manner by a single neu-

ropathologist. Available neuropathological information included age

at death, Braak stage (0-VI), and Thal phase (0-5), as well as den-

sities of tau tangles and Aβ plaques in hippocampal subregions.31

Although some specimens had additional comorbid aging-related tau

astrogliopathy (ARTAG) and/or TDP-43 pathology, all cases were

devoid of Lewy body (LB) pathology (Table S3). In addition to neuro-

logically normal controls, cases with low Braak stage (≤III) but high

Thal phase (>3), and no history of cognitive decline were selected as

the pathological aging (PA) cohort32 to determine the effects of Aβ
pathology alone. High Thal phase AD cases with Braak stages IV and

V-VI were defined as early-stage AD (esAD) or late-stage AD (lsAD)

cohorts, respectively. All AD samples were negative for mutations in

known familial early-onset AD genes.
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2.2 Immunohistochemistry, immunofluorescence,
and image analysis

Immunohistochemical and immunofluorescence staining of paraffin-

embedded post-mortem brain tissue was performed as described

previously described.22,24 The used tissue blocks were collected and

prepared in a very uniform way, ensuring consistent and comparable

representation of regions in all samples. Details for immunostaining

and imagequantification aredescribed in the supplementarymaterials.

2.3 Human tissue processing, Meso Scale
Discovery enzyme-linked immunosorbent assay
(ELISA), and western blot

Frozen human frontal cortex was extracted in 5× volumes of ice-

cold radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH

8.0, 150 mM NaCl, 0.1% sodium dodecyl sulfate [SDS], 0.5% deoxy-

cholate, 1% Nonidet P-40, supplemented with protease and phos-

phatase inhibitors [Sigma-Aldrich, 11697498001 and 04906837001])

to obtain the RIPA-soluble fraction. Post-centrifugation pellets were

resuspended in RIPA bufferwith 1%SDS and heated at 95◦C for 5min-

utes to obtain the SDS-soluble fraction. pS65-Ub51, tau, p-tau (PHF1),

Aβ40, and Aβ42 levels in both fractions were measured using ELISA,33

and PRKN levels were assessed with western blot.

2.4 Animals, tissue collection, and preparation

Without doxycycline administration, rTg4510 mice used here consti-

tutively express high levels of human P301L tau in the hippocampus

and the neocortex.29 Tissue from sex- and age-matched littermates of

3 and 9 to 11-month-old non-transgenic (nonTg) and rTg4510 Tg mice

(n=3 to 6 per group)were used for immunohistochemistry, subcellular

fractionation,34 western blot, and ELISA. In addition, tissue from sex-

and age-matched 9-month-old nonTg (n = 11) and APP/PS1 Tg mice

(n= 12)30 were collected for ELISA.

2.5 Statistical analysis

Non-parametric tests andSpearman tests of correlationswereused for

human cohorts. For measures in animals, unpaired t tests and Pearson

test of correlation were used.

Additional details can be found in the supplementary materials and

methods section.

3 RESULTS

3.1 pS65-Ub-positive structures are increased in
AD autopsy brain

We recently assessed pS65-Ub levels in different brain regions dur-

ing normal aging and in LB disease and identified significantmitophagy

alterations accompanying the α-synuclein pathology.24 However, we

also observed strong correlations between pS65-Ub and p-tau,

although the tau pathologywas onlyminimal andmostly age-related in

those cases. Given this striking yet unclear relationship, we expanded

our analyses to human AD autopsy brain that was devoid of LB pathol-

ogy, but presented with a larger range of tau and Aβ pathologies.
We observed two types of pS65-Ub–immunopositive structures in

AD brain with differential distribution across individual brain regions

(Figure 1A, top): (1) Smaller, solitary structures with punctate appear-

ance that ranged in diameter from 0.6 to 1.7 μm and were particularly

prominent in the nucleus basalis ofMeynert (nbM); and (2) larger, gran-

ular inclusions within vacuoles with a diameter of 3 to 5 μm that were

more frequent in the hippocampus and were reminiscent of GVBs.

Despite their distinct appearance, both types of granules were pos-

itive for the established GVD marker CSNK1D/CK1δ35 (Figure 1A,

bottom). Pre-embedding immunoelectronmicroscopy confirmed these

findings and found individual mitochondria and GVBs heavily labeled

with pS65-Ub and occasionally adjacent to pathologic tau filaments

(Figure 1B). To further determine the organelle component of pS65-

Ub–positive granules, we co-stained hippocampal sections with SSBP1

andCTSD,markers ofmitochondria and lysosomes, respectively. Triple

staining and 3D image reconstruction revealed a spherical assembly of

pS65-Ub-positive vacuolar granules with the mitophagy tag occupying

the outer surface that wrapped around both lysosomal structures and

mitochondrial components (Figure 1C-F).

To assess pS65-Ub levels in AD autopsy brain by biochemical meth-

ods, we first examined lysates from the frontal cortex of neurologically

normal controls and AD patients (n= 10 each, Table S1) byMeso Scale

Discovery (MSD) ELISA.51 Compared to controls, ADcases showed sig-

nificantly increased pS65-Ub levels in both RIPA- (P= .0021) and SDS-

soluble (P= .0089) fractions (Figure 2A). Both fractions also contained

higher levels of total tau (RIPA P = .0003, SDS P = .0001) and p-tau

(PHF1) (both fractions P < .0001) as well as Aβ40 (RIPA P = .0041,

SDS P= .0004) and Aβ42 (both fractions P < .0001) (Figure 2A). pS65-

Ub levels correlated significantly with the combined tau or Aβ sig-

nals from both fractions, and this correlation was strongest between

pS65-Ub and PHF1 (Figure 2B). Given that tau and Aβmeasures were

strongly correlated, we included additional controls and performed

more detailed analysis in later experiments to determine their indi-

vidual effects. Of note, probing western blots for the Ub ligase PRKN

revealed a reduction in RIPA fractions with a concomitant increase in

SDS fractions from AD cases, but not controls (Figure 2C). This sol-

ubility shift was significant (P = .029) and consistent with a previous

publication.28

3.2 pS65-Ub increases parallel to disease
progression in AD and is strongly associated with
early tau pathology

To characterize mitophagy alterations in AD on the tissue level, we

quantified pS65-Ub–positive cells per area (cell density) in the hip-

pocampus, amygdala, nbM, and putamen by immunohistochemistry.
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F IGURE 1 Distinct serine 65 phosphorylated ubiquitin (pS65-Ub) immuno-reactive structures in Alzheimer’sdisease brain. (A) Representative
images of pS65-Ub (top) or CK1δ (bottom) immuno-positive solitary (arrowheads) and vacuolar granules (arrows) are shown. Images were taken of
neurons from the nucleus basalis ofMeynert (left) and hippocampus (right) and show the predominance of the two granular structures in these
regions. Scale bars: 20 μm. (B) Pre-embedding immunoelectronmicroscopy shows amitochondrion (black asterisk) intensely labeled with pS65-Ub
(black signal) on the outer membrane (top left). Granulovacuolar degeneration body-like structures (white asterisks) are also labeled with pS65-Ub
(top right) and some are adjacent to pathologic tau filaments (bottom, black arrows). The bottom right panel represents the zoom-in view of the
selected region (orange square) in the bottom left panel. Scale bars: 1 μm. (C) Representative images of two different cells with either
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The hippocampus is usually affected first in AD, whereas the amygdala

and nbM are affected later and the putamen is often spared. To dissect

the individual effects of tau and Aβ, we examined four distinct cohorts

(n = 20 each) with varying levels of these AD pathologies (Tables

S2-S3). These included age- and sex-matched neurologically normal

controls with only minimal tau and Aβ pathology, esAD cases with

moderate tau and Aβ pathology and lsAD cases with high tau and Aβ
pathology as indicated by their Braak stage and Thal phase (Fig. S1). It

is notable that we also analyzed a PA cohort with minimal tau pathol-

ogy (comparable to controls) and moderate Aβ pathology (comparable

to esAD) that allowed us to better discriminate the individual effects

of these two AD hallmarks.

Overall, therewas a clear brain region–specific increase of pS65-Ub

immunoreactivity in both AD cohorts, but not in PA cases (Figure 3A

and Figure S2). Similar to GVB lesions (CK1δ-positive cell density) and
p-tau pathology (CP13-positive cell density), pS65-Ub–positive cell

density was highest in the hippocampus, less in the amygdala and nbM,

and the least in the putamen.Within individual brain regions, pS65-Ub

and CK1δ levels were significantly increased in esAD and lsAD but not

in PA, in hippocampus and amygdala (both P < .0001). Little or no sig-

nal was observed in putamen, whereas in the nbM, levels of pS65-Ub

but not CK1δ were increased in esAD (P < .0001) and lsAD (trending

toward significance, P = .011). Consistent with the cohort selection,

there was a gradual increase of tau pathology across the groups from

minimal to moderate p-tau levels in controls and PA cases (amygdala

P = .003 and nbM P = .0062), to moderate and high levels in esAD and

lsAD (all regions P< .0001).

To characterize the inter-relationship between mitophagy changes

and different AD pathologies, we determined associations between

pS65-Ub, CK1δ, and CP13 levels as well as Braak stage and Thal

phase. We found strong correlations between all pairs of measures in

the hippocampus, amygdala, and nbM, with the strongest association

observed between pS65-Ub and both CK1δ and CP13 based on Spear-
man’s rvalues (Figure3BandFigureS3).However, tau andAβmeasures

are known to be highly correlated in AD. To dissect individual effects

of these two variables, we further used multivariable linear regression

models, where a forward selection method was applied after adjusting

for age at death and sex as well as for the comorbid ARTAG and TDP-

43 pathology (Table S4). Of note, strong and independent associations

with pS65-Ub remained in these models only for CK1δ and the early

p-tau marker CP13, but not for Braak stage that is evaluated based

on mature tau tangles or more importantly not for Thal phase that is

determined by the presence of Aβ plaques.
To detail individual associations of pS65-Ub with CK1δ and partic-

ularly early stage tau pathology (CP13), we analyzed hippocampal sub-

regions (Figures S4 and S5A). Compared to controls and PA, pS65-Ub-

and CK1δ-positive cell density was again highest in the earlier affected
subregions (subiculum and/or CA1) and significantly higher in both AD

groups, and less in the later affected subregions (CA2/3 and CA4), and

only remained significant in the lsAD cohort in CA4. Changes of these

two markers were parallel to the gradual progression of tau pathology

in the four cohorts, where CP13-positive cell density was increased in

bothADgroups,whereasmature tau tangle densitywas increased only

in lsAD cases across all subregions (Figure S6). In contrast, Aβ plaque
density in PA, esAD, and lsAD groups was elevated to a similar extent

compared to controls (Figure S6), consistent with the study design.

Although all measures were strongly associated with each other in

hippocampal subregions based on Spearman’s r values (Figures S5B

and S7), multivariable linear regression analysis with forward selection

again revealed independent correlations of pS65-Ub only with CK1δ
and CP13 levels, and not with tau tangle or Aβ plaque density (Table

S5). This further corroborated a strong correlation betweenmitophagy

changes, GVD pathology, and particularly early, but not late-stage tau

pathology, and importantly this was independent of Aβ pathology.

3.3 Region-dependent mitophagy changes at
the single cell level in AD brain

To further study the relationship between mitophagy changes and

early tau pathology, we next co-stained pS65-Ub and p-tau in hip-

pocampal sections where individual neurons showed varying degrees

of tau pathology. We categorized pS65-Ub–positive cells based on

their p-tau (CP13 and PHF1) status: no p-tau, minor p-tau, and pre-

tangle tau aggregation (Figure 4A and Figure S8). Although the per-

centage of pS65-Ub–positive cells increased already with minor p-tau

immunoreactivity (CP13 P = .038, PHF1 P = .0064), approximately

half of pS65-Ub–positive cells contained more advanced tau pathol-

ogy (pre-tangle stage) (CP13 P = .0014, PHF1 P = .0059) (Figure 4B).

At this stage, pS65-Ub–positive structures appeared to reside within

the tau pre-tangle network and this seemed to be accompanied by a

more vacuolar appearance (Figure 4C). As expected, no co-existence of

pS65-Ub–positive cellular structures and extracellular Aβ plaques was
observed in the AD hippocampus (Figure S9). However, GVD pathol-

ogyhas alsobeendescribedas increasingduringdevelopment andmat-

uration of tau pathology.13 To study the relationship between pS65-

Ub–positive structures and GVD pathology in single cells, we next

co-stained the mitophagy tag and CK1δ in different regions, where

pS65-Ub– and CK1δ-positive structures revealed varying degrees of

co-localization (Figure 4D). Of all pS65-Ub–positive cells in the hip-

pocampus and amygdala, over 70% and 50%, respectively, contained

primarily vacuolar granules. However,≈90%of pS65-Ub–positive cells

in the nbMcontainedmainly smaller solitary granules (hippocampus vs

nbM P< .0001, amygdala vs nbM P= .0004) (Figure 4E).

A more detailed three-dimensional (3D) analysis of intracellular

puncta with double immunofluorescence staining (Figure 4F, top)

immunohistochemical staining (top left corner) or immunofluorescence staining (the rest images). pS65-Ub–positive structures (green) and
lysosomes (CTSD, purple) seem to form elongated spheres that closely decoratemitochondrial aggregates (SSBP1, red). Scale bars: 5 μm. (D) 3D
surface reconstruction of pS65-Ub–positive structures and (E, F) three consecutive planes of 3D clipping of one triple-labeled granule (white
rectangles) are shown. Scale bars: 5 μm
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F IGURE 2 Levels of mitophagy-relatedmarkers and Alzheimer’s disease (AD) pathologymarkers in human brain lysate. (A) Meso Scale
Discovery enzyme-linked immunosorbent assay (ELISA) show increased levels of phosphorylated serine 65 ubiquitin (pS65-Ub), total tau, PHF1,
amyloid beta (Aβ) 40, and Aβ42 in both radioimmunoprecipitation assay (RIPA) buffer and sodium dodecyl sulfate (SDS)-soluble fractions of brain
lysates fromAD frontal cortex compared to controls (Mann-WhitneyU test followed by adjustment with Bonferroni correction, *P< .025 [ie, the
statistical significance threshold after Bonferroni correction], **P< .01, ***P< .001, ****P< .0001). (B) pS65-Ub levels are strongly correlated with
tau, PHF1, Aβ40, and Aβ42 levels in combined signals from both fractions (Spearman test of correlation, significance threshold after Bonferroni
correction: P< .025). (C) Representative western blot of lysates from three controls and three AD cases showing a shift of parkin RBR E3 ubiquitin
protein ligase (PRKN) from the RIPA- to the SDS-soluble fraction (left).Western blot quantification of soluble (RIPA fraction) and insoluble (SDS
fraction) PRKN as a percentage of total PRKN protein in control and AD brain lysates (right) (Mann-WhitneyU test, *P< .05). n= 10 per group.
Data shown asmedian with interquartile range
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F IGURE 3 Quantification and correlations of phosphorylated serine 65 ubiquitin (pS65-Ub)-, CK1δ-, and CP13-positive cells in autopsy brain.
(A) Levels of pS65-Ub-, CP13-, and CK1δ-positive cell density are increased differentially in the hippocampus, amygdala, nucleus basalis of
Meynert (nbM), and putamen in early-stage Alzheimer’s disease (esAD) and late-stage Alzheimer’s disease (lsAD) cohorts. Number signs (#) on top
of the groups show the significance levels compared to controls, while asterisks (*) show the significance level between two disease groups as
indicated by brackets (Kruskal-Wallis andMann-WhitneyU tests followed by adjustment with Bonferroni correction, # or * P< .0083 [ie, the
statistical significance threshold after Bonferroni correction], ## or ** P< .001, ### or *** P< .0001, ns – not significant). Data shown asmedian
with interquartile range. (B) pS65-Ub-, CP13-, and CK1δ-positive cell density are strongly correlated with each other in all four brain regions with
the strongest correlation in the hippocampus (Spearman test of correlation, significance threshold: P< .0125). Controls: n= 18 for hippocampus
and putamen, n= 17 for amygdala, n= 19 for nbM; Pathological aging (PA) and lsAD: n= 20 each for all regions; esAD: n= 19 for all regions
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F IGURE 4 Relationship of phosphorylated serine 65 ubiquitin (pS65-Ub)–positive structures with early tau pathology, granulovacuolar
degeneration pathology, and cell organelle markers in Alzheimer’s disease (AD) brain. (A)Representative images from the hippocampus showing
pS65-Ub–positive cells (green) with different stages of hyperphosphorylated tau (p-tau) pathology (PHF1, red): no p-tau, minor p-tau, and
pre-tangle tau aggregation. Dashed lines were used to contour the cells. Scale bar: 5 μm. (B) The percentage of hippocampal pS65-Ub–positive
cells in different stages of p-tau pathology (no p-tau, minor p-tau, or pre-tangle tau aggregation as determined by CP13 or PHF1 staining) is shown.
(paired t test, *P< .0083 [ie the statistical significance threshold after Bonferroni correction]). n= 5. (C) 3D surface reconstruction of a cell
co-stained with pS65-Ub (green) and PHF1 (red) at pre-tangle tau aggregation stage. Scale bars: 5 μm (D) Human brain sections fromAD cases are
double labeled with antibodies against pS65-Ub and CK1δ. Representative images from the hippocampus, amygdala, and nucleus basalis of
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revealed that hippocampal neurons contained mostly pS65-Ub– and

CK1δ-double–positive granules, which was significantly higher than in
nbMneurons (P= .0056).However, nbMneurons had ahigher percent-

age of CK1δ-only–positive granules (P= .033) compared to hippocam-

pal neurons (Figure 4G). Yet the absolute number of pS65-Ub–positive

granules (pS65-Ub only plus pS65-Ub-CK1δ co-stained) per cell was
similar in these two regions (Figure 4H). Although the hippocampal

granules appeared brighter, therewas no statistically significant differ-

ence in signal intensity (Figure4I), but these granuleswere significantly

larger than the ones in the nbM (P = .012), consistent with their pre-

dominant vacuolar, as opposed to solitary appearance in the hippocam-

pus (Figure 4J).

Given the diverse morphology and co-localization profiles of

pS65-Ub–positive structures in the hippocampus and nbM, we next

determined their organelle components by co-staining of pS65-Ub

with SSBP1 or CTSD (Figure S10) followed by 3D co-localization anal-

ysis (Figure 4F, bottom). Similar to the pS65-Ub–positive structures,

both mitochondria and lysosomes appeared condensed and formed

intensely labeled, large granules in the hippocampus. In contrast,

both organelles were more scattered throughout the cells and were

relatively weakly labeled in nbM neurons. Co-localization of pS65-Ub

with mitochondria was similar in both regions (Figure 4K), whereas

its co-localization with lysosomes was significantly higher in the

hippocampus compared to nbM (P = .011). Together, these findings

underscore tau pathology–dependent and brain region–specific

alterations of mitophagy in AD. The diverse co-localization profiles

of pS65-Ub–positive granules in individual neurons from different

brain regions further highlight that distinct mitochondrial or lyso-

somal impairments may contribute to the selective vulnerability in

neurodegenerative diseases.36

3.4 Increases of pS65-Ub in rTg4510 mice are
associated with early tau pathology

Given that fixed tissue from end-stage human disease does not allow

an assessment of the mitophagy pathway during the progression of

the pathology, we validated our findings in rTg4510 mice that accu-

mulate argyrophilic tangle-like inclusions in the cortex by 4 months

of age and in the hippocampus after 5.5 months.29 Although pS65-Ub

and CK1δ signals were undetectable by immunostaining in brains of

3-month-old animals, immunoreactivity of pS65-Ub was strongly

increased in 9 to 11-month-old Tg mice compared to age-matched

nonTg littermates (hippocampus P = .003, cortex P = .0027) (Fig-

ure 5A-C). CK1δ-positive cell density was significantly increased too in
both brain regions at 9 to 11-month of age (hippocampus P = .0027,

cortex P= .0088).Multi-color immunofluorescence showed that pS65-

Ub signals weremainly present in cells with tau inclusions and partially

co-localized with CP13, PHF1, and CK1δ in tau Tg brains (Figure 5D),

similar to in human AD brain.

MSD ELISA measurements confirmed the increased levels of pS65-

Ub (P = .002), tau (P = .0004), and PHF1 (P = .0001) in total brain

lysates from 11-month-old Tg mice. It is notable that in contrast to

immunohistochemistry, this highly sensitive pS65-Ub MSD assay51

allowed us to detect increased levels of the mitophagy tag (P = .0016)

already in 3-month-old Tg compared to nonTg animals. At this age,mice

showed an increase of total tau (P < .0001), but this was prior to the

significant accumulation of p-tau pathology (Figure 6A,B). Consistent

with results from human brain, analyses showed significant correla-

tions of pS65-Ubwith both total tau andPHF1. In addition to increased

levels of tau, PHF1, and PRKN (P = .035) in western blots of total

brain lysates (Figure 6C), higher amounts of total tau and PHF1 as well

as higher molecular weight tau species were detected in mitochon-

drial and cytosolic fractions in 9-month-old Tg but not in nonTg mice

(Figure 6D). This increase was accompanied by an enhanced translo-

cation of PRKN from the cytosol to mitochondria, which is commen-

surate with the level of mitochondrial damage and the activation of

mitophagy.

To further ascertain the dependence on tau, but not Aβ, we mea-

suredpS65-Ub levels also inAPP/PS1Tgmice. As expected,MSDELISA

measurements failed to detect any differences in pS65-Ub levels from

cortical lysates of 9-month-old nonTg or APP/PS1 animals. However,

the Tg mice exhibited significantly higher levels of Aβ40 and Aβ42
(both P < .0001) as measured by ELISA (Figure 6E). No correlation

between pS65-Ub and Aβ40 or Aβ42 levels was observed (Figure 6F).

Altogether, these results suggest similar tau but not Aβ pathology–

dependent mitophagy alterations in Tg animals as seen in human AD

brain. This now opens up opportunities to further dissect the contri-

butions ofmitochondrial, autophagic, and/or lysosomal dysfunctions in

individual brain cells in vivo over time during the build-up and progres-

sion of tau pathology.

Meynert (nbM) are shown. Greater co-localizations of pS65-Ub- and CK1δ-positive granules are found in the hippocampus and amygdala
compared to nbM. As indicated, zoom-in images of the white square regions are shown in the respective rows below. Scale bars: 2 μm. (E)
Percentage of pS65-Ub–positive cells withmainly either solitary or vacuolar granules is shown for different brain regions: H – hippocampus, A –
amygdala, M – nbM (paired t test, *P< .0167 [ie, the statistical significance threshold after Bonferroni correction], **P< .001, ***P< .0001) n= 5
for all regions. (F) AD hippocampal and nbM sections are co-stainedwith pS65-Ub (green) and CK1δ (red) or mitochondrial marker (SSBP1, red) or
lysosomal marker (CTSD, not shown) for the single cell quantification. Representative images of the 3D single cell quantification for granule count
(top) and co-localization (bottom) are shown. Arrows and arrowheads point to granules/area that were immuno-positive for both antibodies or
only one antibody, respectively. Scale bars: 5 μm. (G) Percentage of granules per cell in the hippocampus and nbM that are co-localized with signals
of either pS65-Ub only (green), CK1δ only (red), or both (yellow). (H) pS65-Ub-positive granule count per cell. (I) Intensity of the pS65-Ub signal. (J)
Average individual granule volume per cell (top) and their distribution (bottom) in the hippocampus and nbM. (K) Percentage of pS65-Ub-positive
signals that co-localize withmitochondrial marker (top) or lysosomal marker (bottom) in the hippocampus and nbM. (paired t test, *P< .05,
**P< .01,
ns – not significant) n= 5 for both regions. Data shown asmeanwith SEM
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F IGURE 5 Age-dependent increases of phosphorylated serine 65 ubiquitin (pS65-Ub) and CK1δ levels in rTg4510mouse brains. (A-C)
Immunohistochemical analyses of pS65-Ub- and CK1δ-positive cells in sections from age- and sex-matched rTg4510 and non-transgenic (nonTg)
mice. Nine to 11month but not 3-month-old rTg4510mice have increased pS65-Ub- and CK1δ-positive cell densities in the hippocampus and
cortex compared to age-matched nonTgmice (unpaired t test, *P< .05, **P< .01, ns – not significant). n= 6 per group. Data shown asmeanwith
SEM. Scale bars: 10 μm. (D) pS65-Ub labeled structures co-localize with hyperphosphorylated tau (CP13 and PHF1) and CK1δ signals in the
hippocampus of 9-month-old rTg4510mice. Scale bar: 5 μm

4 DISCUSSION

Accumulating evidence suggests that mitochondrial and autophagic-

lysosomal dysfunctions are among the earliest detectable signs

and promote the disease-defining pathologies in AD.37 Impaired

mitophagy results in oxidative stress and bioenergetic deficits that

trigger Aβ and tau aggregation, which in turn compromises selective

degradation of damaged mitochondria.26,28,38,39 Loss of PINK1-PRKN

aggravates pathologies, synapse loss, and cognitive dysfunction

in AD mouse models,40,41 whereas overexpression of either gene or

mitophagy stimulation appears to ameliorate these phenotypes.25,27,42

Besides a prominent role in the pathogenesis of PD, mitophagy is now
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F IGURE 6 Increases of mitophagy-related proteins in rTg4510 but not in APP/PS1mouse brains. (A) Meso Scale Discovery (MSD)
enzyme-linked immunosorbent assay (ELISA) shows increased phosphorylated serine 65 ubiquitin (pS65-Ub), total tau, and PHF1 levels in total
brain lysates of 11-month-old rTg4510mice compared to age-matched non-transgenic (nonTg) mice. Only the former twomeasures also increase
in 3-month -old rTg4510mice. n= 3 for nonTg and n= 4 for rTg4510mice for both age groups (unpaired t test, *P< .05, **P< .01, ***P< .001,
****P< .0001, ns – not significant). (B) pS65-Ub levels are significantly correlated with both total tau (left) and PHF1 (right) levels in total brain
lysates. (Pearson test of correlation, significance threshold: P< .05). (C)Western blot shows increased total tau, PHF1, and parkin RBR E3
ubiquitin protein ligase (PRKN) levels in total brain lysates of 11-month rTg4510mice compared to nonTg controls (left). The quantification of
PRKN blots shows a significant difference (right). n= 3 for nonTg and n= 4 for rTg4510mice (unpaired t test, *P< .05). (D) Mitochondrial fractions
(M) of mouse brain lysates contain higher levels of total tau, higher molecular weight (HMW) tau, PHF1, and PRKN in 9-month rTg4510mice than
age-matched nonTgmice. Separation intomitochondrial (M) and cytoplasmic (C) fractions was verified using antibodies against VDAC1 and
VINCULIN, respectively. n= 3 per group. (E) MSD ELISA shows no differences of pS65-Ub levels in cortical lysates from 9-month-old APP/PS1
mice compared to age- and sex-matched nonTgmice. Both amyloid beta (Aβ) 40 and 42 levels are significantly increased in APP/PS1mice as
measured by ELISA. (unpaired t test, *P< .05, ****P< .0001, ns – not significant) (F) No correlation between pS65-Ub and Aβ40 or 42 levels is
observed in 9-month-old nonTg and APP/PS1mice. (Pearson test of correlation, significance threshold: P< .05). n= 11 for nonTg and n= 12 for
APP/PS1mice. Data shown asmeanwith SEM
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being appreciated as a key modifier and potential neuroprotective

avenue also for AD.However, mechanisms and involved organelles, cell

type-specific effects, and the order of events during a vicious interplay

between mitophagy failure and pathology especially in larger human

autopsy brain series remain unclear. Recently, we had observed a

strong association of pS65-Ubwithminimal, age-related tau pathology

in human autopsy brain.

Here, we corroborated our findings using amuch larger series of AD

sampleswith varying levels of tau burden, but similar amyloid load, and

characterized region-specific correlations between mitophagy alter-

ations and neuropathologies. The significantly increased pS65-Ub lev-

els in AD were especially high in the most vulnerable regions. We

also demonstrated strong and independent correlations of pS65-Ub

with GVD and early p-tau pathology, but not mature tau tangles

or Aβ plaques. Two recent studies reported an interaction between

tau, PRKN, and mitophagy, although opposing effects and different

mechanisms were suggested that may be attributable to distinct tau

species.26,38 However, evidence in vivo and in human autopsy brain has

remained scarce. Although pS65-Ub acts as the mitophagy tag, it also

serves as an allosteric activator and receptor for PRKN on damaged

mitochondria.21 In brain, pS65-Ub granules appeared to reside in the

forming tangles, which could lead to a sequestration of PRKN and thus

depletion of this vital Ub ligase away from the soluble compartment.

Indeed, in addition to a significant solubility shift ofPRKNprotein inAD

brain,28 we also observed increased levels of PRKN in the mitochon-

drial compartment in brains from tau Tg mice. It will now be important

to refine the impact and mechanisms of individual tau species and to

expand analyses to brains with primary tauopathies that present with

different types of tau aggregation.

Although we found strong effects of early tau pathology in both

human AD brain and Tg mice, our analyses did not show inde-

pendent correlations of pS65-Ub Aβ peptides or late-stage, extra-

cellular plaques. However, numerous studies had reported direct

effects of intracellular Aβ on mitochondria37,43 and some even

suggested a reciprocal relationship with PINK1-PRKN-dependent

mitophagy.25,27,28,42 Moreover, it is well known that genes that pro-

mote β-amyloidogenesis have primary effects on the endosomal-

autophagy-lysosomal network10 and thus also impact mitophagy. In

the future it will be critical to assess the involvement of AD genes and

risk factors and their effects on different organelles and mechanisms

involved inmitophagy.

In addition to a strong morphological similarity between structures

labeled by the mitophagy tag pS65-Ub and the GVD marker CK1δ,
both are formed as part of a stress response21,44 and increase with

aging, but are much more frequent in AD.15,16,24 Ultrastructurally,

GVD bodies present as intraneuronal, double membrane-bound, cyto-

plasmic vacuoles with autophagic and lysosomal components.14,44,45

However, not all CK1δ-positive granules appeared with the typical

double-membrane structures. Rather CK1δ and pS65-Ub both labeled
smaller solitary as well as larger vacuolar granules, whichmight reflect

distinct organellar impairments in the respective brain regions. In the

nbM, pS65-Ub immunoreactivity was found mostly on smaller solitary

granules that were positive for mitochondrial, but not lysosomal mark-

ers. In the hippocampus, pS65-Ub–positive granules were larger with

a vacuolar appearance reminiscent of typical GVBs. These structures

were also positive for both mitochondrial and lysosomal markers.

Although our study underscores prominent mitophagy impairments in

AD, it further emphasizes that, depending on the brain region, these

alterations may arise through enhanced mitochondrial stress, stalled

trafficking, or reduced autophagic-lysosomal flux and may contribute

to the selective vulnerabilities observed in AD.46

To truly understand the dynamics of and cross-talk between these

organelles in different neuronal subtypes, live cell analyses should

be performed to monitor morphology, function, and health in, for

example, induced pluripotent stem cell-derived neurons. These can

be combined with in vivo readouts from emerging animal models

expressing ratiometric reporters to monitor flux of general47 or selec-

tive autophagy48,49 over time during the progression of pathology.

Together, this may lead to a better understanding of organellar and

neuronal function in physiological and pathological environments. Of

note, induction of mitophagy might be beneficial early in AD, but could

be detrimental atmore advanced stages due to upregulated autophagy

and a progressively declined lysosomal capacity.8,50 Detailed elu-

cidation of the brain region–dependent organellar dysfunctions at

different disease stages will help guide future therapies that may

facilitate autophagy induction while ensuring proper flux and effective

degradation.
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