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Abstract
The enzyme pair PINK1 and PRKN together orchestrates a cytoprotective mitophagy pathway that selectively tags 
damaged mitochondria with phospho-serine 65 ubiquitin (pS65-Ub) and directs them for autophagic-lysosomal 
degradation (mitophagy). We previously demonstrated a significant accumulation of pS65-Ub signals in autopsy 
brains of sporadic Lewy body disease and Alzheimer’s disease cases, which strongly correlated with early tau 
pathology. In this study, we extended our analysis to a series of pathologically confirmed cases of frontotemporal 
dementia with parkinsonism linked to chromosome 17 (FTDP-17) harboring different pathogenic mutations in 
MAPT, the gene encoding tau. We assessed the morphology, levels, and distribution of the mitophagy tag pS65-
Ub in several affected brain regions and hippocampal subregions of these cases. While tau pathological burden 
was similarly increased across all FTDP-17 cases, pS65-Ub immunopositive signals were strongly accumulated in 
P301L cases and only weakly present in N279K cases. In the hippocampus of both mutation groups, the density of 
pS65-Ub positive cells was overall the greatest in the dentate gyrus followed by the subiculum, CA1, and CA2/3, 
with the CA4 showing only minimal presence. Notably, positive cells in the subiculum carried greater numbers 
and particularly vacuolar pS65-Ub structures, while cells in the dentate gyrus mostly contained fewer and rather 
granular pS65-Ub inclusions. Single cell analyses revealed differential co-localization of pS65-Ub with mitochondria, 
autophagosomes, and lysosomes in these two regions. Together, our study demonstrates distinct mitophagy 
alteration in different FTDP-17 MAPT cases and hint at selective organelle failure in the hippocampal subregions 
that was associated with the P301L mutation.
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Introduction
Frontotemporal dementia with parkinsonism linked to 
chromosome 17 (FTDP-17) is a rare autosomal domi-
nantly inherited neurodegenerative disorder [8, 16, 24, 
25, 51, 60, 61], often associated with mutations in the 
microtubule-associated protein tau gene (MAPT) [3, 
20]. While the clinical presentation varies, common fea-
tures include parkinsonism, cognitive impairment, lan-
guage difficulties, and other changes in personality, social 
behavior, and emotional regulation [60, 61]. Pathologi-
cally, varying degrees of atrophy have been observed in 
the frontal and temporal lobes, hippocampus, and basal 
ganglia as well as relatively wide-spread neuronal loss 
and gliosis within specific regions [2, 44, 58]. Two of the 
most frequent MAPT variants in FTDP-17 are N279K 
and P301L [20, 44] that both locate to exon 10 and spe-
cifically affect 4-repeat (4R) tau isoform [8, 22, 43]. The 
N279K mutation was reported to result in more frequent 
incorporation of exon 10 into transcripts and increase 
the production of 4R tau [13, 59]. Although P301L 
mutant tau seems to have limited ability to initiate aggre-
gation, enhanced seeding capacity and contribution to 
the spread of pathologic tau between cells was shown (as 
reviewed in [49]). Despite the different mechanisms, both 
variants contribute to the formation of abnormal tau 
aggregates in neurons and glia, a hallmark pathology of 
FTDP-17 [25, 48, 55].

Mitophagy is a cytoprotective mitochondrial quality 
control mechanism for the timely elimination of dam-
aged or dysfunctional mitochondria to maintain cellular 
homeostasis [54]. One of the best characterized mitoph-
agy pathways is directed by the ubiquitin (Ub) kinase 
PINK1 and the Ub ligase Parkin/PRKN. Together they 
selectively decorate damaged mitochondria with phos-
pho-serine 65 ubiquitin (pS65-Ub) [19, 54]. As a result 
of this specific labeling, damaged mitochondria are rec-
ognized by autophagic receptors and then directed for 
lysosomal degradation. Under stress or disease condi-
tions, the accumulation of pS65-Ub may occur through 
increased mitochondrial dysfunction or impaired 
autophagic-lysosomal flux [19, 26, 54]. In human autopsy 
brain, we have previously documented the deposition of 
pS65-Ub into either granular or vacuolar structures dur-
ing normal aging as well as in neurodegenerative condi-
tions including Lewy body disease (LBD) and Alzheimer’s 
disease (AD) [26–28]. The diverse morphology and co-
localization profiles of pS65-Ub positive structures sug-
gested distinct mitochondrial or lysosomal impairments 
in different brain regions that may contribute to the 
selective vulnerability in neurodegenerative diseases [27].

The accumulation of the mitophagy tag pS65-Ub 
was strongly and independently associated with early 
tau pathology, particularly the pretangles in LBD and 
AD brains [41, 42, 54]. Given that tau aggregation is 

a hallmark pathology in MAPT-associated FTDP-17, 
mitophagy alterations may also be present and contrib-
ute to the pathogenesis of this disease. We have previ-
ously observed abundant pS65-Ub inclusions in brains 
of old rTg4510 mice expressing human MAPT P301L 
mutation [27]. To investigate the impact of pathogenic 
MAPT mutations on mitophagy, we here measured 
pS65-Ub levels and distributions in several affected brain 
regions of a series of post-mortem FTDP-17 brains car-
rying either MAPT N279K or P301L mutations [8, 25, 
51, 60]. In the hippocampal subregions, we further ana-
lyzed the morphology of pS65-Ub positive structures and 
their co-localization with different organelles involved 
in the mitophagy process (Fig. 1). Our study reveals sig-
nificant hippocampal mitophagy alterations particularly 
in FTDP-17 with MAPT P301L mutation that may result 
from distinct organellar impairments within different 
hippocampal subregions.

Materials and methods
Human autopsy brains
A total of 20 autopsy brains were retrieved from the 
Mayo Clinic Florida Brain Bank. The cohort included 
FTDP-17 cases with MAPT N279K (n = 8) or P301L 
(n = 3) mutation that have been previously reported for 
the genetic, clinical, and neuropathological findings [8, 
25, 51, 60] and age-matched neuropathologically normal 
controls (n = 9). All MAPT N279K patients were from the 
same kindred, pallido-ponto-nigral degeneration family 
[60], while P301L patients were all from separate families 
[51]. All brains were examined and assessed in a stan-
dardized manner by a single neuropathologist. Available 
demographic and neuropathological information includ-
ing age at death, sex, Braak tangle stage (0-VI), and Thal 
amyloid phase (0–5) are shown in Tables S1 and S2.

Immunohistochemical staining and image analysis
Immunohistochemical staining of paraffin-embedded 
post-mortem brain tissue was performed on sections 
containing various brain regions as previously described 
[27]. Sections were cut at 5 microns thickness and 
mounted onto slides to dry overnight at 60˚C. After depa-
raffinizing and rehydrating sections, antigen retrieval was 
performed by 30-minute steaming in deionized water. 
Immunohistochemistry was carried out using Envision 
Plus kit (Agilent, K4011, Agilent, K4007). Endogenous 
peroxidase blocking was performed for 5  min using 3% 
hydrogen peroxide (Swan, L0011380FB). Sections were 
blocked with 5% normal goat serum (Invitrogen, 16210-
072) for 20  min and then incubated with primary anti-
bodies against pS202-tau (CP13; monoclonal antibody 
from late Dr. Peter Davies, Feinstein Institute; 1:1000) 
or pS65-Ub (in-house [19, 26], 1:650) in Dako Antibody 
Diluent (Agilent, S3022) for 45 min at room temperature. 
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After sections were incubated with EnVision-Plus anti-
rabbit or anti-mouse labeled polymer-HRP (Agilent, 
K4003; Agilent, K4007) for 30  min, peroxidase labeling 
was visualized with the DAB chromogen solution (Agi-
lent, K3468). Counterstaining was performed with hema-
toxylin (Epredia, 6765006). Slides were coverslipped with 
Cytoseal XYL mounting media (Epredia, 8312-4) after 
dehydration. Stained sections were then scanned with 
an Aperio AT2 digital pathology scanner at 20x magni-
fication (Leica Biosystems, Nussloch, Germany). The 
hippocampus, amygdala, nucleus basalis of Meynert, 
putamen, and five hippocampal subregions (subiculum, 
cornu ammonis [CA] 1, CA2/3, CA4, and dentate gyrus) 
were traced for image analysis in ImageScope (Version 
12.4.2.7000).

Image analysis for pS202-tau burden was performed 
using an optimized positive pixel count algorithm that 
detected total positive pS202-tau structures (e.g. tangles 
and neuropil threads) (Fig.S1, middle column). Num-
ber of tau tangles were assessed using an optimized cell 
count algorithm (Fig. S1, right column). Tangle density 
was calculated by dividing the tangle count by the area of 
the corresponding brain regions. pS65-Ub positive cells 

were quantified manually. According to the number of 
pS65-Ub puncta each cell contained in the hippocampal 
subregions, pS65-Ub positive cells were categorized into 
low (≤ 4 puncta) and high (> 4 puncta) pS65-Ub groups. 
Based on the distinct morphology of pS65-Ub puncta, 
pS65-Ub positive cells were also categorized into primar-
ily granular or vacuolar puncta-containing cells.

Immunofluorescence staining and high content imaging 
analysis
Immunofluorescence staining of paraffin-embedded 
post-mortem brain tissues was performed as previ-
ously described [27] in the hippocampal sections of 
three FTDP-17 MAPT P301L cases. Sections were cut 
at a thickness of 5 microns and mounted onto positively 
charged slides to dry overnight at 60˚C. After sections 
were deparaffinized and rehydrated, antigen retrieval was 
performed by 30-minute steaming in deionized water. 
Following 1 h blocking with the serum-free Protein Block 
(Dako, X0909), sections were incubated overnight at 4˚C 
with primary antibodies against pS65-Ub (in-house [19], 
1:300), the mitochondrial marker SSBP1 (Santa Cruz 
Biotechnology, sc-34727, 1:50), the lysosomal marker 

Fig. 1  Experimental workflow for cohort selection and imaging analysis of control and FTDP-17 MAPT mutant brains. A total of 11 FTDP-17 MAPT autopsy 
brains with either N279K or P301L mutations and 9 brains from age-matched controls were obtained from the brain bank. Sections containing hippo-
campi were immunohistochemically stained for mitophagy marker pS65-Ub and pS202-tau, and quantified for pS65-Ub cell density, pS202-tau burden, 
and tangle density within each hippocampal subregion (subiculum, CA1, CA2/3, CA4, dentate gyrus). Adjacent sections were also immunofluorescence 
stained for pS65-Ub, mitochondria, and lysosomes. The localization of pS65-Ub signals in different organelle compartments were quantified at single cell 
levels. Schematic created with BioRender.com
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CTSD (MilliporeSigma, MA1013, 1:500), the autophagy 
marker p62/SQSTM1 (BD Biosciences, 610832, 1:250) 
or pS202-tau (CP13, 1:250) diluted in Dako Antibody 
Diluent (Dako, S3022). The next day sections were incu-
bated with secondary antibodies (Invitrogen, A-21206, 
A-11057, and A-31571; 1:500) and DAPI (Sigma-Aldrich, 
D9542; 1:1000) at room temperature for 1.5 h, followed 
by 3 min incubation in Sudan Black (SPI Supplies, 02560-
AB) and then coverslipped in fluorescence mounting 
medium (Dako, S3023). For triple staining of Thiofla-
vin S, CP13, and pS65-Ub, slides were first incubated in 
aqueous Thioflavin S for 8  min at room temperature 
and then washed in 80% and then 95% ethanol as well 
as in distilled water before entering the target retrieval 
step. High-resolution confocal fluorescent images were 
taken with an AxioObserver microscope equipped 
with an ApoTome Imaging System (Zeiss, Oberkochen, 
Germany).

High content imaging and the quantification of 
pS65-Ub, SSBP1, and CTSD positive signals was per-
formed with an Operetta CLS High Content imaging 
system (Perkin Elmer, Waltham, MA, USA) equipped 
with Harmony analysis software. Slides were initially 
imaged at 10x magnification to identify the subiculum 
and dentate gyrus regions. These two subregions were 
then imaged using a 63x water objective with z-stack 
consisting of 10 planes at a distance of 5  μm. Image 
analysis was performed using standard building blocks 
of the Harmony software (version 4.9). First, nuclei and 
cytoplasm were defined through ‘find nuclei’ based on 
DAPI staining and ‘find cytoplasm’ based on CTSD 
signal, respectively. pS65-Ub inclusions were identi-
fied through ‘find spots’ and pS65-Ub positive cells 
were separated based on the ‘select population’. The 
signal intensity, area, and number of pS65-Ub inclu-
sions per cell were then calculated. Approximately 30 
pS65-Ub positive cells from the subiculum and 60 cells 
from the dentate gyrus were randomly selected for co-
localization analysis using ‘finding image regions’ to 
identify regions with pS65-Ub and mitochondrial or 
lysosomal markers. The area of overlapping regions was 
calculated using ‘morphology’ and ‘position properties’ 
building blocks.

Statistical analysis
Statistical analysis was performed through GraphPad 
Prism (Version 9.2.0.). For comparison of three groups, 
one-way ANOVA and unpaired t-test followed by adjust-
ment with Bonferroni correction for three pair-wise 
comparisons were used. For comparison between MAPT 
mutations, unpaired t-test was performed. Additionally, 
all tests were corrected for five hippocampal subregions. 
Statistical significances were given as adjusted p-values.

Results
Distinct tangle distribution and morphology in the 
hippocampus of FTDP-17 MAPT cases
To evaluate tau pathology in MAPT-associated FTDP-
17 cases, we performed a comprehensive immunohis-
tochemical analysis of autopsy brains with an antibody 
against pS202-tau (CP13). Both MAPT N279K and 
P301L mutation carriers exhibited widespread deposi-
tion of tau tangles and neuropil threads across multiple 
brain regions, including the frontal and temporal cortex, 
basal forebrain, hippocampus, thalamus, basal ganglia, 
midbrain, pons, and medulla [51]. N279K mutant cases 
showed additional tau pathology in the motor cortex and 
cerebellar white matter, regions that were largely spared 
in P301L mutant cases. Notably, N279K mutation carri-
ers also exhibited a greater abundance of glial tau inclu-
sions in most affected brain regions compared to P301L 
cases. Based on these findings, we selected four regions 
including the hippocampus, amygdala, nucleus basa-
lis of Meynert, and putamen that were consistently and 
severely affected for a quantitative analysis of pS202-tau 
burden and tau tangle density using unbiased algorithms 
(Fig.S1& S2). The quantification showed that all four 
regions exhibited similarly high levels of total pS202-
tau deposition compared to controls (Fig. S2A). How-
ever, P301L mutant cases exhibited significantly greater 
tau tangle density in most regions compared to N279K 
mutant cases, with the hippocampus showing the most 
pronounced increase (Fig. S2B). Closer inspection of the 
hippocampus revealed abundant pS202-tau immunore-
active structures including tau tangles, neuropil threads, 
and occasional glial inclusions as well as notable regional 
differences across subfields in both mutation groups 
(Fig. 2A).

We next quantified pS202-tau burden and tau tangle 
density in hippocampal subregions including the subic-
ulum, CA1, CA2/3, CA4, and dentate gyrus. This con-
firmed significantly increased tau pathology across all 
subregions in both MAPT mutation groups compared to 
controls (Fig.  2B-C). While total pS202-tau burden was 
elevated in N279K and P301L mutant cases (Fig.  2B), 
P301L mutation carriers showed significantly greater 
tangle density than N279K mutation carriers in most 
subregions, except for CA4 (Fig. 2C). Among the hippo-
campal subregions, total pS202-tau burden was slightly 
greater in the subiculum compared to other subregions, 
whereas tau tangle density was the greatest in the dentate 
gyrus, likely due to the densely packed granule cells here, 
followed by the subiculum, CA1, CA2/3, and was the 
lowest in the CA4 (Fig. 2D). Upon closer examination of 
the tangle morphology [41, 42, 51], we noted that N279K 
mutant cases primarily contained mature, intensely 
stained late-stage tangles, whereas P301L mutant cases 
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Fig. 2 (See legend on next page.)
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predominantly contained weakly stained pretangles by 
the pS202-tau antibody (Fig. 2A).

Cases with N279K mutation showed a notably greater 
abundance of intensely labeled neuropil threads, which 
were most prominent in the subiculum, followed by the 
CA1, CA2/3, and dentate gyrus, and the lowest in the 
CA4. In contrast, neuropil threads in the P301L mutant 
hippocampus were overall less immunoreactive, also 
being most abundant in the subiculum, but followed by 
the dentate gyrus and CA4, with the lowest levels in the 
CA1 and CA2/3 (Fig. 2A). Together, we demonstrated a 
comparable abundance of overall pS202-tau pathology in 
the hippocampus of FTDP-17 MAPT cases while observ-
ing distinct differences in morphology and subregional 
distribution of tau tangles and neuropil threads between 
N279K and P301L mutation carriers.

Altered mitophagy in select hippocampal subregions in 
FTDP-17 MAPT cases
To assess mitophagy alteration in the MAPT-associated 
FTDP-17 cases, sections of the hippocampus, amyg-
dala, nucleus basalis of Meynert, and putamen from 
both mutation carriers and controls were stained for 
the mitophagy tag pS65-Ub (Fig. S2C). Amongst those 
regions, the greatest increase of pS65-Ub positive cell 
density was found in the hippocampus with notable 
regional differences between hippocampal subfields. 
Typical pS65-Ub immunopositive puncta were detected 
in hippocampal neurons across all subregions (Fig.  3A). 
Similar to the hippocampal tangle density, pS65-Ub 
positive cell density was substantially increased in most 
subregions of the P301L cases, except for CA4, when 
compared to controls and N279K cases (Fig. 3B). In cer-
tain subregions including the subiculum and CA2/3, a 
much smaller but significant increase in pS65-Ub was 
also observed in N279K mutant carriers compared to 
controls (Fig.  3B). Consistent with our previous finding 
[26, 27], pS65-Ub positive inclusions were frequently 
found in CP13 positive tau pretangles rather than in 
mature, Thioflavin S positive neurofibrillary tangles (Fig. 
S3). As greater tangle density may contribute to the addi-
tional pS65-Ub accumulation in P301L cases [26, 27], 
we adjusted pS65-Ub levels by tau tangle levels in both 
MAPT mutation groups. Even after normalization, pS65-
Ub levels remained significantly higher in P301L com-
pared to N279K carriers in the CA1, CA4, and dentate 

gyrus (Fig. 3C). When comparing all hippocampal subre-
gions, pS65-Ub cell density was the highest in the den-
tate gyrus, again mainly due to the closely packed granule 
cells in this region, followed by the subiculum, CA1, and 
CA2/3 in the P301L cohort (Fig. 3D). Our results suggest 
a considerable mitophagy alteration in select hippocam-
pal subregions of FTDP-17 MAPT cases particularly in 
those carrying the P301L mutation.

Distinct pS65-Ub puncta load and morphology in the 
hippocampal subregions of MAPT P301L mutant cases
The increased density of pS65-Ub positive cells in FTDP-
17 MAPT disease cases reflected an overall alteration 
in mitophagy at the tissue level. However, this measure 
does not account for the abundance or morphology of 
pS65-Ub positive signals in individual cells. To further 
characterize mitophagy alterations in the hippocam-
pal subregions of FTDP-17 MAPT mutant cases, we 
first categorized pS65-Ub positive cells into two groups 
with either low (≤ 4 counts) or high (> 4 counts) num-
ber of intracellular pS65-Ub puncta per cell (Fig.  4A). 
We observed significant increases in the density of both 
low- and high-puncta pS65-Ub positive cells in P301L 
compared to N279K mutation carriers across all subre-
gions, except for CA4 (Fig. 4B). In P301L mutant brains, 
cells with low-count pS65-Ub puncta were primarily 
seen in the dentate gyrus, with more than 5-fold greater 
abundance over all other subregions. In contrast, cells 
with high-count pS65-Ub deposits were more frequently 
found in the subiculum, followed by the CA1 and CA2/3 
regions (Fig. 4B). Based on the distinct morphologies of 
pS65-Ub inclusions, we next classified pS65-Ub positive 
cells into two groups that predominantly contain either 
granular or vacuolar puncta (Fig.  4C), which have been 
previously linked to more pronounced mitochondrial 
stress or reduced autophagic-lysosomal flux, respectively 
[27]. We again observed significant increases of both 
morphology groups in P301L compared to N279K muta-
tion carriers across all hippocampal subregions, except 
for CA4 (Fig. 4D). pS65-Ub positive cells that contained 
primarily granular puncta were most frequently found in 
the dentate gyrus, while those carrying mainly vacuolar 
structures were most commonly found in the subiculum 
and CA1. Taken together, our results revealed a differen-
tial accumulation of pS65-Ub deposits with most promi-
nent distinction of puncta load and morphology in the 

(See figure on previous page.)
Fig. 2  Increased tau pathology but diverse tangle morphology in FTDP-17 MAPT mutant cases. (A) Representative images of hippocampal subregions 
from control and FTDP-17 MAPT cases stained with pS202-tau antibody CP13. Scale bars: 100 μm (B, C) Quantifications of total pS202-tau burden (B) and 
tau tangle density (C) in hippocampal subregions. Significantly higher levels of pS202-tau burden and tangle density were observed across most subre-
gions in MAPT mutations cases compared to controls. P301L cases showed higher tangle density and pretangle tau pathology compared to the mature 
tangle pathology in N279K cases. (D) Heatmaps of pS202-tau burden and tangle density across hippocampal subregions in control and FTDP-17 MAPT 
mutation cases (1 = subiculum, 2 = CA1, 3 = CA2/3, 4 = CA4, 5 = dentate gyrus). Data are shown as mean ± SEM. Statistical analysis was performed using 
One-way ANOVA and then unpaired t-test followed by Bonferroni correction for multiple comparisons (*p < 0.05, **p < 0.01, ***p < 0.001). Controls: n = 9; 
N279K: n = 8; P301L: n = 3. Heatmaps created with BioRender.com
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Fig. 3 (See legend on next page.)
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subiculum and dentate gyrus of FTDP-17 brains with the 
MAPT P301L mutation.

Increased localization of pS65-Ub with lysosomes in the 
subiculum of MAPT P301L cases
Given that pS65-Ub positive cells were most abundant 
in the subiculum and dentate gyrus of the MAPT P301L 
mutant cohort, we next focused on these two subregions 
and performed detailed analysis at the single cell level. A 
first closer examination revealed a substantial difference 
in the pS65-Ub load per cell between these two regions. 
Although the dentate gyrus harbored the highest levels 
of pS65-Ub positive cells, the majority of these cells con-
tained less pS65-Ub puncta and were categorized as low-
count cells (Fig. 5A-B). Conversely, pS65-Ub positive cells 
in the subiculum showed a greater number of inclusions 
per cell, with many classified as the high-count category 
(Fig.  5A-B). Interestingly, pS65-Ub puncta in low-count 
cells were mostly granular in nature and were often found 
in the dentate gyrus. pS65-Ub puncta in high-count cells 
contained proportionally a larger number of vacuolar 
structures and were more often located in the subiculum 
(Fig. 5C-D).

To determine the intracellular compartment in which 
pS65-Ub accumulated, we examined co-localization 
of the mitophagy tag with mitochondrial (SSBP1) and 
lysosomal (CTSD) markers (Fig.  5E-F). In line with the 
immunohistochemical results, the high-resolution imag-
ing confirmed significantly higher numbers of pS65-Ub 
inclusions per cell in the subiculum compared to the den-
tate gyrus (Fig. 5G). Although there was no difference in 
the average signal intensity of pS65-Ub puncta (Fig. 5G), 
pS65-Ub puncta in the subiculum were larger in size, 
consistent with their mostly vacuolar nature, as opposed 
to the mainly granular appearance in the dentate gyrus 
(Fig.  5G). Both mitochondria and lysosomes appeared 
more clustered in the subiculum, with some lysosomes 
forming intensely labeled, larger structures (Fig. 5E-F). In 
contrast, both organelles were more scattered through-
out the cells in the granular neurons of the dentate gyrus. 
Quantification of both organelles showed that while the 
mitochondrial area per cell was comparable between the 
two subregions, there was a trend of increased lysosomal 
area per cell in the subiculum compared to the dentate 
gyrus (Fig. S4). Consistently, the percentage of co-local-
ization of pS65-Ub inclusions with the mitochondrial 

marker was similar between the two subregions; how-
ever, co-localization with the lysosomal marker showed 
a trend towards an increase in the subiculum compared 
to the dentate gyrus (Fig. 5H-I). The results were statisti-
cally not significant likely due to the limited availability of 
the rare P301L mutation cases, yet align with the strong 
co-localization of pS65-Ub inclusions with the autophagy 
marker p62/SQSTM1 in the subiculum (Fig. S5).

Together, these findings highlight the distinct mor-
phology of pS65-Ub positive puncta in cells from the 
subiculum and dentate gyrus and suggest that differ-
ent organelle impairments may contribute to mitoph-
agy alterations in two of the most affected hippocampal 
subregions.

Discussion
Mitochondrial dysfunction and the concomitant oxida-
tive stress are hallmark features of the aging brain and 
are commonly observed also during the early stages of 
AD and other tauopathies, even before overt neurode-
generation occurs [6, 21]. Impaired mitophagy contrib-
utes to the accumulation of damaged mitochondria and 
therefore increases reactive oxygen species and meta-
bolic stress. This may perpetuate a cycle of cellular tox-
icity to further promote tau aggregation [14], potentially 
playing a crucial role in disease pathogenesis. In previous 
work, we already identified a strong association between 
the accumulation of the mitophagy marker pS65-Ub and 
early tau pathology in autopsy brains from sporadic LBD 
and AD cases [26, 27]. Here, we expanded our investiga-
tion into a series of post-mortem FTDP-17 brains carry-
ing either MAPT N279K or P301L mutations in which 
we determined pathological tau burden and tangle den-
sity, distribution and levels of the mitochondrial damage 
marker pS65-Ub, and morphologies of the deposits and 
their co-localization with different organelles involved in 
the mitophagy process.

The anatomical distribution of tau pathology in MAPT-
associated FTDP-17 brains varies substantially depending 
on the specific tau mutations [20, 51]. The hippocampal 
region was strongly affected by tau pathology in both 
MAPT N279K and P301L mutation carriers. The tau 
tangle density was particularly high in the hippocampus 
of P301L cases compared to other affected regions such 
as the amygdala, nucleus basalis of Meynert, and puta-
men. Of note, there was marked heterogeneity in the tau 

(See figure on previous page.)
Fig. 3  Increased pS65-Ub levels in select hippocampal subregions in FTDP-17 MAPT mutant cases. (A) Representative images of hippocampal subregions 
from FTDP-17 MAPT and control cases stained with pS65-Ub. Scale bars: 100 μm (B) Quantification of pS65-Ub positive cell density in hippocampal sub-
regions from FTDP-17 MAPT and control cases. Significantly increased pS65-Ub levels were observed in select hippocampal subregions of MAPT mutation 
carrier compared to controls. (C) Quantification of pS65-Ub positive cell density after adjustment for tangle density. P301L mutant cases retained signifi-
cant higher levels of pS65-Ub compared to N279K mutation carrier in the CA1, CA4 and dentate gyrus after the normalization. (D) Heatmaps of pS65-Ub 
cell density across hippocampal subregions in control and FTDP-17 MAPT mutation cases (1 = subiculum, 2 = CA1, 3 = CA2/3, 4 = CA4, 5 = dentate gyrus). 
Data are shown as mean ± SEM. Statistical analysis was performed using One-way ANOVA and then unpaired t-test followed by Bonferroni correction for 
multiple comparisons (*p < 0.05, **p < 0.01, ***p < 0.001). Controls: n = 9; N279K: n = 8; P301L: n = 3. Heatmaps created with BioRender.com
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Fig. 4 (See legend on next page.)
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pathology between mutation groups, likely due to diverse 
pathobiological effects of the respective mutant tau pro-
teins [20]. Cases with N279K mutation exhibited more 
neuropil threads and predominantly mature, late-stage 
tangles, consistent with previous reports of an increased 
ratio of aggregation-prone 4R tau over 3R tau [13, 59] 
and the formation of generally larger filaments [20]. In 
contrast, P301L mutation carriers showed a more diffuse 
pattern with significantly greater number of pre-tangles, 
in agreement with another study [40] and overall smaller 
filaments formed by the mutation [20]. This may also 
reflect the limited ability of P301L tau to initiate aggrega-
tion, despite a significant seeding capacity and synaptic 
spread were shown in vitro and in vivo models [49].

While significant pathological tau burden was found in 
the hippocampi of both MAPT N279K and P301L muta-
tion groups, pS65-Ub inclusions were markedly accu-
mulated only in the P301L mutant brains. This increase 
remained in the CA4 and dentate gyrus even after nor-
malizing for the greater tau tangle density in P301L 
mutant cases. The distribution of pS65-Ub positive cells 
in the hippocampal subregions closely mirrored the dis-
tribution of tau pretangles. These findings are consistent 
with our previous report in AD brains and transgenic 
mice overexpressing P301L tau, in which the pS65-Ub 
positive cell density was particularly high in the most 
affected regions and closely associated with early tau 
pathology, rather than with late-stage mature tangles 
[27]. The current study additionally demonstrated P301L 
mutant tau-associated alterations in PINK1-PRKN-
directed mitophagy in MAPT-associated FTDP-17 brain. 
We and others have previously reported interactions 
between P301L mutant tau, PRKN, and altered mitoph-
agy in neuroblastoma cells, C. elegans, and rTg4510 mice 
[9, 27]. However, these studies have yielded conflicting 
effects of P301L tau on the translocation of PRKN from 
the cytosol to mitochondria, with one showing enhanced 
translocation and the other indicating stalled movement. 
These discrepancies may be attributable to differences in 
the model organisms used as well as whether the targeted 
proteins were expressed at endogenous levels or over-
expressed. The effect of N279K mutant tau on PINK1-
PRKN signaling is however largely unexplored. Given 
that a significant shift of PRKN protein into the insoluble 

fraction was observed in AD brains [27, 62], it is pos-
sible that mature tau tangles in N279K cases sequester 
more PRKN protein, leading to depletion of this criti-
cal ubiquitin ligase from the soluble cytoplasmic pool, 
thereby affecting the production of pS65-Ub on the dam-
aged mitochondria. Despite these variations, all studies 
consistently suggest that disease-associated tau impairs 
mitophagy [9, 17, 27, 29, 31, 32, 56], and PRKN overex-
pression was able to enhance the clearance of damaged 
mitochondria and reduce pathological burden [32].

Beyond the potential direct effects of P301L and 
N279K tau on PINK1-PRKN signaling, the accumula-
tion of pS65-Ub may also result indirectly from increased 
mitochondrial damage or from impaired autophagic-
lysosomal flux and clearance. Extensive literature has 
documented the impact of P301L tau on mitochondrial 
function, including alterations in mitochondrial mor-
phology, content [33, 46], axonal transport [30], respira-
tion, ATP synthesis [10, 12, 23, 45, 47], and mitochondrial 
dynamics [46, 47] in cell and transgenic mouse models. 
Recent proteomic studies revealed that mitochondrial 
proteins, such as various subunits of ATP synthase in 
complex V, were major tau interactors, and this interac-
tion was significantly diminished in P301L tau- compared 
to wildtype tau-expressing neurons [15, 37, 53]. In con-
trast, while N279K tau was also shown to impair mito-
chondrial function in cultured neurons [34], the relatively 
preserved mitochondrial axonal transport, as compared 
to P301L tau neurons [59], may allow a more efficient 
mitochondrial turnover, resulting in reduced accumula-
tion of pS65-Ub-labeled damaged mitochondria in the 
patient hippocampus. Furthermore, P301L tau has been 
shown to impact autophagy [5] and disrupt lysosomal 
function by increasing Ca2+ release and pH [52], poten-
tially contributing to the accumulation of pS65-Ub-
labeled mitochondria. While the dynamics of mitophagy 
are difficult to approximate in post-mortem tissue, both 
mitochondrial and lysosomal dysfunctions contribute to 
elevated pS65-Ub levels in cultured cells [57].

Although we observed a strong increase in the den-
sity of pS65-Ub containing cells in affected hippocam-
pal subregions in the MAPT P301L carrying FTDP-17 
brains, there were notable differences both in number 
and in morphology of pS65-Ub positive structures. In 

(See figure on previous page.)
Fig. 4  Different load and morphology of pS65-Ub inclusions in hippocampal subregions of FTDP-17 MAPT mutant cases. (A) Representative images 
of low count (≤ 4 counts) and high count (> 4 counts) pS65-Ub inclusion-containing cells. Arrows pointing to individual pS65-Ub inclusion. Scale bars: 
12.5 μm (B) Distribution of pS65-Ub positive cells into low- and high-count groups in five hippocampal subregions of FTDP-17 MAPT mutant cases. P301L 
mutant cases showed significantly higher levels of pS65-Ub in most groups and subregions except for CA4. N279K: n = 8; P301L: n = 3. (C) Representa-
tive images of pS65-Ub positive cells that primarily contained granular or vacuolar pS65-Ub inclusions. Black and red arrowheads pointing to individual 
granular and vacuolar pS65-Ub inclusions, respectively. Scale bars: 12.5 μm. (D) Quantification of granular and vacuolar pS65-Ub positive cells across five 
hippocampal subregions in FTDP-17 MAPT mutant cases. P301L cases showed significantly higher levels of granular and vacuolar morphology across 
most hippocampal subregions. Most granular and vacuolar cells were in the dentate gyrus, followed by the subiculum. N279K: n = 5; P301L: n = 3. Data are 
shown as mean ± SEM. Statistical analysis was performed using One-way ANOVA and then unpaired t-test followed by Bonferroni correction for multiple 
comparisons (*p < 0.05, **p < 0.01, ***p < 0.001)
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Fig. 5  Increased pS65-Ub localization in lysosomes of the subiculum in FTDP-17 MAPT P301L mutant cases. (A) Comparison of pS65-Ub cell density 
between the subiculum and dentate gyrus in low count- and high count-level groups in MAPT P301L cases. (B) Comparison of pS65-Ub cell percentages 
between subiculum and dentate gyrus. (C) Comparison of the granular and vacuolar pS65-Ub cell densities between the subiculum and dentate gyrus 
in low- and high-count pS65-Ub cells within MAPT P301L cases. (D) Comparison of the percentage of granular and vacuolar pS65-Ub cells between the 
subiculum and dentate gyrus. Higher percentage of vacuolar pS65-Ub cells were found in the subiculum compared to the dentate gyrus. (E-F) Repre-
sentative images of pS65-Ub positive cells co-localized with SSBP1 (E) and CTSD (F) in the subiculum and dentate gyrus. Scale bars: 6.5 μm. Dashed lines 
represent outline of cells. (G) Number, size, and signal intensity of pS65-Ub inclusions per cell in the subiculum compared to the dentate gyrus. (H-I) 
Percentage of pS65-Ub positive puncta that co-localized with SSBP1 (H) or CTSD (I) in the subiculum and dentate gyrus. Data are shown as mean ± SEM. 
Statistical analysis was performed using unpaired t-test. P301L: n = 3. Approximately 30 pS65-Ub positive cells from the subiculum and 60 cells from the 
dentate gyrus were randomly selected for the analysis. DG = dentate gyrus
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the dentate gyrus, pS65-Ub preferentially labeled smaller, 
granular puncta that were very abundant. In contrast, in 
the subiculum pS65-Ub predominantly labeled larger, 
vacuolar structures that were overall less frequent. How-
ever, both regions showed a similar high percentage of 
pS65-Ub deposits that co-localized with a mitochondrial 
matrix marker. Nevertheless, the larger pS65-Ub posi-
tive structures that were found mainly in the subiculum 
showed greater co-localization also with a lysosomal 
marker, consistent with their vacuolar appearance. The 
causes of these notable distinctions are unclear and could 
be attributed to the differences in mitochondrial net-
work [18], autophagic flux [4], or other intrinsic cellular 
properties [1] between pyramidal and granule cells. Our 
study further suggests that mitophagy alterations vary 
by subregion and may stem from enhanced mitochon-
drial stress or reduced lysosomal clearance, which could 
impact certain hippocampal circuitries and associated 
cognitive function.

The efficient clearance of damaged mitochondria 
through mitophagy is essential for maintaining mito-
chondrial homeostasis, cellular bioenergetics, Ca2+ sig-
naling, and overall neuronal health (as reviewed in [7, 11, 
38]). Conversely, impaired mitophagy leads to the accu-
mulation of dysfunctional mitochondria, disrupting cel-
lular functions and contributing to neurodegeneration 
[7, 11, 38]. In our study, cells in the subiculum and den-
tate gyrus, especially the subicular neurons with greater 
accumulation of damaged mitochondria (as indicated 
by the number of pS65-Ub inclusions per cell), might 
be more susceptible to neuronal dysfunction and death 
compared to cells in other hippocampal subregions such 
as CA4. However, future research is needed to directly 
assess hippocampal neuronal (dys-)function and cell loss 
in FTDP-17 MAPT brains and to establish a causal and 
mechanistic link between mitophagy dysfunctions and 
selective vulnerability in this disorder.

The current study demonstrated mutant tau-associ-
ated alterations in PINK1-PRKN-directed mitophagy 
in human autopsy brains, but is limited by the availabil-
ity of tissue samples from this rare autosomal dominant 
disorder, particularly for the MAPT P301L mutation 
cases. Our findings provide a snapshot of PINK1-PRKN-
directed mitophagy alterations at the end-stage of the dis-
ease. To gain a more comprehensive understanding of the 
impact of P301L mutant tau on the dynamic mitophagy 
process, real-time analyses in cells or in vivo models are 
needed to monitor the morphology, function, and health 
of involved organelles, as well as to assess flux of general 
[36] or selective autophagy [39, 50] over the course of 
disease progression. Our study only used one phospho-
specific tau antibody to assess tau pathology. Additional 
analyses with other tau antibodies in the future will be 
helpful to dissect the contribution of distinct tau species 

and tangle maturation stages to mitophagy alterations. 
Recent evidence suggests that mitophagy enhancers can 
reverse P301L tau-induced mitochondrial dysfunction, 
restoring mitochondrial dynamics, synaptic and mitoph-
agy gene expression, cell survival, and mitochondrial res-
piration in mouse primary hippocampal neurons [35]. A 
detailed investigation of mitophagy failure in other brain 
regions affected in MAPT-associated FTDP-17, across 
different stages of disease, will be critical for guiding 
future therapeutic strategies.

Conclusions
The current study revealed the diverse mitophagy altera-
tion associated with MAPT P301L and N279K mutations 
in the hippocampus of FTDP-17 brains. We demon-
strated significant accumulation of the mitophagy tag 
pS65-Ub, particularly in regions affected by tau pretan-
gles in the P301L mutation carriers. The differential dis-
tribution and morphology of pS65-Ub inclusions across 
hippocampal subregions suggested that varying degrees 
of mitochondrial dysfunction and autophagic-lysosomal 
impairment may underlie the distinct mitophagy altera-
tion observed in these regions. Collectively, our study 
underscored the relevance of PINK1-PRKN-directed 
mitophagy in diseases driven by pathogenic tau muta-
tions. These findings provided insights for the explora-
tion of therapeutic strategies mitigating mitochondrial 
dysfunction in tau-related neurodegenerative diseases.
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