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Abstract.
Background: Pathological tau proteins constitute neurofibrillary tangles that accumulate in tauopathies including Alzheimer’s
disease (AD), progressive supranuclear palsy (PSP), and familial frontotemporal lobar degeneration (FTLD-Tau). We previ-
ously showed that the FKBP52 immunophilin interacts functionally with tau and strongly decreases in AD brain neurons in
correlation with tau deposition. We also reported that FKBP52 co-localizes with autophagy-lysosomal markers and an early
pathological tau isoform in AD neurons, suggesting its involvement in autophagic tau clearance.
Objective: Our objective was to evaluate if differences in neuronal FKBP52 expression levels and subcellular localization
might be detected in AD, PSP, familial FTLD-Tau, and in the hTau-P301 S mouse model compared to controls.
Methods: Cell by cell immunohistofluorescence analyses and quantification of FKBP52 were performed on postmortem
brain samples of some human tauopathies and on hTau-P301 S mice spinal cords.
Results: We describe a similar FKBP52 decrease and its localization with early pathological tau forms in the neuronal
autophagy-lysosomal pathway in various tauopathies and hTau-P301 S mice. We find that FKBP52 decreases early during
the pathologic process as it occurs in rare neurons with tau deposits in the marginally affected frontal cortex region of AD
Braak IV brains and in the spinal cord of symptomless 1-month-old hTau-P301 S mice.
Conclusion: As FKBP52 plays a significant role in cellular signaling and conceivably in tau clearance, our data support
the idea that the prevention of FKBP52 decrease or the restoration of its normal expression at early pathologic stages might
represent a new potential therapeutic approach in tauopathies including AD, familial FTLD-Tau, and PSP.

Keywords: Alzheimer’s disease, caspase-cleaved tau, FK506-binding protein, FKBP52, FTLD-Tau, lysosome, progressive
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INTRODUCTION

Tau is a microtubule associated protein abun-
dantly present in neurons of the central nervous
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system. It plays a key role in microtubule network
stability and is essential for normal axonal trans-
port [1, 2]. Abnormal tau conformations, induced
by different post-translational modifications such
as phosphorylation and truncation, can lead to tau
self-aggregation with the formation of filamentous
structures called neurofibrillary tangles (NFTs) and
can hinder its activity on microtubule assembly
with significant consequences on neuronal health.
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Pathological hyperphosphorylation and aggregation
of the tau protein are the common feature of a
wide range of neurodegenerative diseases known as
tauopathies including Alzheimer’s disease (AD) and
frontotemporal lobar degeneration with tau pathology
(FTLD-Tau). Familial cases of FTLD-Tau, formerly
termed FTDP-17 (frontotemporal dementia with
Parkinsonism-17), are due to mutations in the tau
gene (MAPT) on chromosome 17 [3–5]. Sporadic
FTLD-Tau comports several pathological subtypes
such as progressive supranuclear palsy (PSP), cor-
ticobasal degeneration (CBD), Pick’s disease (PiD),
and others [6, 7]. While these tauopathies are all char-
acterized by abnormal tau deposition in the brain,
the affected regions, the type of the affected cells
and the structural conformation of the tau aggregates
differ [8]. In addition to the presence of NFTs, the
pathology of PSP and CBD is also characterized by
distinct tau inclusions in astrocytes (tufted astrocytes)
and oligodendrocytes (coiled bodies) respectively. In
PiD brains, intraneuronal tau aggregates assemble
into typical spherical Pick bodies [9]. Recent stud-
ies have demonstrated the formation and propagation
of different tau inclusions following the injection
of homogenates from brains of patients suffering
from different tauopathies (i.e., AD, PSP, CBD, PiD),
into mouse brains, strongly suggesting the existence
of distinct pathological tau strains [10]. There is
some evidence suggesting that tau hyperphospho-
rylation is an early event in the progression of tau
pathology [11, 12]. AD progresses from the trans-
entorhinal and entorhinal cortex to spread to the
hippocampus and eventually to the isocortex, grad-
ually implicating previously healthy neurons in the
pathological process. These newly diseased neurons
are believed to go through several sequences of patho-
logic tau deposition and NFT building. The various
anomalous tau forms are thought to follow a tem-
poral deposition pattern from early forms such as
Alz50, Tau-pS422, and truncated Tau-D421, rec-
ognized by specific antibodies, to more “mature”
forms [13–17]. Proteolytic cleavage of tau by cas-
pases has been demonstrated to initiate tau aggregates
formation in vivo in a tau transgenic mouse model
suggesting that truncated tau recruits normal tau
inducing its misfolding and aggregation. These find-
ings support the idea that tau truncation is an early
event in tau pathology [18]. In eukaryotic cells,
proteins are cleared by two major pathways: the
ubiquitin-proteasome system (UPS), which degrades
the majority of soluble proteins, and the autophagy-
lysosomal pathway (ALP). Lysosomes are acidic

cellular organelles (pH 4.8) responsible for cellular
homeostasis and involved in intra and extracellular
substrate degradation via the autophagic or the endo-
cytic pathways, respectively [19, 20]. Truncated tau
and tau aggregates are preferentially degraded by the
ALP while full-length tau is degraded by the UPS [21,
22]. Several studies have underlined the importance
of defective UPS and ALP function in pathologi-
cal tau proteins accumulation in several tauopathies
[23–25].

FKBP52 (FK506 Binding Proteins of 52 kDa) is a
peptidyl-prolyl cis/trans isomerase implicated in the
folding and function of its target proteins [26–28].
Besides its enzymatic activity, FKBP52 also displays
a chaperone activity [29]. While FKBP52 has mainly
been described as a chaperone of steroid receptors, it
is also involved in many other biological processes.
FKBP52 is largely distributed and particularly abun-
dant in the nervous system [30]. We have previously
shown that FKBP52 prevents in vitro microtubule for-
mation through its interaction with tubulin and tau
and that FKBP52 is able to interact with the “PHF6”
sequences of tau by NMR experiments [31–33].
Moreover, we have shown that FKBP52 levels are
strongly decreased in the frontal cortex of AD and
familial FTLD-Tau brains and that this decrease is
highly correlated with the accumulation and aggrega-
tion of pathological tau [34]. Both mechanisms and
timeline of this FKBP52 decrease in AD and other
tauopathic brains are still unknown. We proposed that
FKBP52 might play a role in tau degradation [31, 35],
and we showed that FKBP52 can promote in vitro
oligomerization of different mutated or truncated tau
species [36, 37]. Recently, we also showed in AD
neurons that FKBP52 immunoreactivity colocalizes
with ALP markers along with the toxic and highly
fibrillogenic truncated tau (Tau-D421) that appears
early in the process of tangle formation and suggested
that FKBP52 could be involved in autophagic tau
clearance [35]. Indeed, we have shown using dorsal
root ganglion neurons from mice transgenic for the
human Tau-P301S mutation, that FKBP52 deficiency
impacts on the function of the ALP under tau-induced
proteotoxic stress conditions and triggers insoluble
tau accumulation [38]. On the other hand, it has been
reported that overexpression of FKBP52 is associ-
ated with a modest increase of total caspase 12 and
could modify tau phosphorylation and neurofibril-
lary tangle formation [39]. These observations have
led us to think that FKBP52 might be implicated in
the aggregation of tau in the endolysosomal environ-
ment leading to tau degradation through the ALP and
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to evoke the possibility that FKBP52 could be itself
eliminated through this degradative activity.

In this study, we performed cell by cell immuno-
histofluorescence (IHF) analysis on postmortem
brain samples of AD, PSP, and familial FTLD-Tau
patients in order to evaluate if differences in FKBP52
expression levels and subcellular localization might
be observed. We compared our observations on
human brains with the results from studies on a
tauopathy model, the transgenic mice homozygous
for the human Tau-P301S mutation [40], at various
stages of disease evolution. We detect an equivalent
decrease of neuronal FKBP52 in the frontal cor-
tex of different tauopathies studied and we show
that the residual FKBP52 colocalizes with the early
pathological phosphorylated Tau-pS422 in the neu-
ronal autophagy endo-lysosomal system. We also find
in hTau-P301S young mice that FKBP52 decrease
happens concomitantly with the apparition and accu-
mulation of pathological tau isoforms and starts quite
early during the pathologic process analogously to
our findings in the scarcely impacted frontal cortex
from Braak IV AD patients. The obtained results from
the different tauopathies are compared and discussed.

MATERIALS AND METHODS

Antibodies and chemicals

The concentrations and the provenance of the anti-
bodies used in this study are listed in Table 1. We
used antibodies against tau and different phosphory-
lation sites of tau such as AT180 (Thr231 and Ser235),
AT270 (Thr 181), and HT7 (anti-human and bovine

tau) (ThermoFisher). The caspase-cleaved Tau-D421
antibody (Tau-C3) was from SantaCruz Biotechnol-
ogy. The phosphorylated Tau-pS422 antibody (2H9)
was from 4BioDx. The anti-Tau PHF1 antibody was
a king gift from Pr. P. Davies (Albert Einstein,
College of Medicine, NY, USA). The FKBP52 anti-
bodies used were from Abcam (EPR6618) or Enzo
(EC1). For colocalization experiments, we used anti-
bodies directed against the endo-lysosomal system:
Cathepsin D (lysosomal marker, Santa Cruz Biotech-
nologies), LC3 (autophagosome marker, Novus),
and Rab7 (late endosomes marker, Abcam). Donkey
anti-mouse, rabbit, and goat IgG (H + L) secondary
antibodies labeled with Alexa Fluor 488, 555, 546,
and 647 by Life Technologies were purchased from
Molecular Probes.

Human brain samples

Brain samples from individuals without neuro-
logical disorders and from AD, PSP, and familial
FTLD-Tau patients of comparable age and post-
mortem delay were obtained from the Brain Bank
GIE NeuroCEB (Table 2). The samples were col-
lected on behalf of a Brain Donation Program
funded by a consortium of Patients Associations:
ARSEP (association for research on multiple scle-
rosis), CSC (cerebellar ataxias), France Alzheimer,
and France Parkinson. The consents were signed
by the patients themselves or their next of kin in
their name, in accordance with French Bioethical
Laws. The Brain Bank GIE NeuroCEB (Bioresource
Research Impact Factor number = BRIF BB-0033-
00011) has been authorized to provide samples for

Table 1
List of antibodies

Antibody Antigen Dilution Dilution Host Source
IHF WB animal

EPR6618 Human FKBP52 1/50. x R Abcam
EC1 human FKBP52 (130–260) x 1/1000 M Enzo
C-20 Human C-terminus Cathepsin D 0.5 �g/ml x G Santa Cruz
ab118493 Human LC3 (97-106) 15 �g/ml x G Abcam
ab74906 Human Rab7 1/200 x R Abcam
56416 Human P62/sqstm1 1 �g/ml x M Abcam
HT7 Human tau x 1/1000 M ThermoFisher
AF3494 Human tau 1/150 x G R&D Systems
2H9 pSer422 2 �g/ml 1/1000 M 4BioDx
AT270 pThr181 x 1/1000 M ThermoFisher
AT180 pThr231/Ser235 10 �g/ml 1/100 M ThermoFisher
TauC3 Caspase-Cleaved tau at Asp421 10 �g/ml x M Abcam
PHF1 pSer396/Ser404 x 1/500 M Dr. P. Davies
6C5 Human GAPDH x 1/1000 M ThermoFisher
ab53025 Human NSE 1/100 1/200 R Abcam

IHF, immunohistofluorescence; WB, western blot; R, rabbit; M, mouse; G, goat.
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Table 2
List of cases studied (studied area is the middle frontal gyrus)

Diagnostic Sex Age Postmortem
delay (h)

Control Male 78 23
Control Male 61 20
Control Male 70 30
Control Male 66 19
Control Female 91 23

AD VI Female 79 24
AD VI Male 69 30
AD VI Male 79 33
AD VI Male 82 18
AD VI Male 83 36
AD VI Male 83 21
AD VI Female 87 30
AD VI Female 50 15
AD VI Female 74 27
AD VI Female 89 32
AD VI Female 64 21
AD VI Male 62 38
AD VI Male 76 40
AD VI Female 80 51
AD VI Male 85 32
AD VI Male 83 21
AD VI Female 87 30
AD IV Male 82 28
AD IV Female 88 24
AD IV Male 87 39
AD IV Male 83 24
AD IV Male 79 23

FTLD-Tau Female 65 31
FTLD-Tau Male 67 30
FTLD-Tau Male 43 6
FTLD-Tau Female 54 Unknown

PSP Female 78 29
PSP Female 70 24
PSP Female 70 24
PSP Male 77 32

PiD Male 77 Unknown
PiD Female 61 30

CBD Female 59 30
CBD Female 72 15

AD, Alzheimer’s disease; PSP, progressive supranuclear palsy;
FTLD-Tau, frontotemporal lobar degeneration with tau pathology;
PiD, Pick’s disease; CDB, cortico-basal degeneration.

research by the Ministry of Higher Education and
Research (agreement AC-2013-1887). Prior to histo-
logical analysis, a brain hemisphere, randomly left
or right, was fixed in buffered 4% formaldehyde.
Samples from multiple regions were embedded in
paraffin and cut at 5 �m thickness. For diagnosis
and staging, sections of affected brain regions were
stained with hematoxylin-eosin, and immunostained
with anti-A� (Dako, 6F/3D clone, 1 : 200), anti-
AT8 (ThermoFisher, AT8, 1 : 500), anti-�-synuclein
(Zymed, LB 509 clone, 1 : 250) monoclonal antibod-

ies, and with an anti-ubiquitin antibody (polyclonal
Dako, 1 : 500). AD cases were diagnosed according to
the National Institute of Aging and Reagan Institute
Criteria (1997). Control cases without known neuro-
logical disorders were systematically analyzed and
used as negative control for pathological markers.
For biochemical analysis, post-mortem tissues were
snap-frozen in liquid nitrogen and stored at –80◦C.

Animal model

Brains and spinal cords were collected from trans-
genic mice homozygous for the human Tau-P301S
mutation [40] at different ages. This mouse line,
expressing the 383 amino acid isoform of human
MAPT, displays a tauopathy phenotype characterized
by severe paraparesis and a significant reduction in
the number of motor neurons in the spinal cord at 5
months of age. Approval of the Inserm regional com-
mittee for animal experimentation, as established by
the Scientific Research Ministry on January 1992,
was previously obtained. Obligations required by the
n◦ 86/609 European directive for use of laboratory
animals were also observed. Mouse brains and spinal
cords from animals aged from 1 to 5 months were
fixed in buffered formalin for 24 hours maximum,
paraffin-embedded and sectioned prior to immunola-
beling experiments.

Immunohistofluorescence

Formalin fixed paraffin-embedded brain samples
were sectioned at 8 �m thickness. Sections were
mounted on Superfrost+slides. After paraffin removal
with three successive baths in xylene substitute
for 5 minutes and three baths in absolute alco-
hol, the sections were rehydrated in 70% alcohol,
rinsed in demineralized water and subjected to stan-
dard microwave antigen retrieval in pH6 Citrate
buffer. Sections were then incubated with SEA
BLOCK Blocking Buffer (ThermoFisher, Rockford,
Il, USA) for 30 min prior to primary antibody
incubation overnight at 4◦C in a humid chamber.
After PBS washing, the sections were then incu-
bated with appropriate donkey anti-mouse, goat,
or rabbit secondary antibodies labeled with Alex-
aFluor 488, AlexaFluor 555 or 546, or AlexaFluor
647 at a concentration of 1.6 �g/ml for 90 min
at room temperature. Pre-immune mouse, rabbit,
and goat immunoglobulins were used in place of
the primary antibodies as negative controls. For
double and triple labeling experiments, overnight
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primary antibody incubations were repeated seri-
ally with successive appropriate secondary antibody
incubations as we found that specific signal inten-
sity was greater than using simultaneous application
of primary and then secondary antibodies mix-
tures.

After antibody incubation and washing, lipo-
fuscin autofluorescence on human brain sections
was quenched with Millipore Autofluorescence
Eliminator Reagent (Millipore, Cal USA) accord-
ing to the manufacturer’s instructions. A DAPI
(4’,6-diamidino-2-phenylindole) enriched mounting
medium (Abcam) was used and provided a nuclear
counterstain. Slides were examined with a Leica TCS
SP8 confocal microscope with Z-stack imaging.

Western blotting

For each case studied (Table 2), a portion of medial
frontal cortex (F2) was homogenized at 4◦C using
a Dounce homogenizer (glass-Teflon) in 5 volume
(w/v) of buffer consisting of: Tris 10 mM, sac-
charose 0.32 M, and DTT 1 mM at pH 7.4 with
“Complete” protease inhibitor cocktails (Roche).
Homogenates were centrifuged 5 min at 1000 g
and the protein estimation of the upper fraction was
performed using a BCA protein assay kit (Pierce).
Samples were analyzed on a 10% SDS Page gel
and transferred onto iBlot™ Gel Transfer mem-
branes (Invitrogen). Following transfer, membranes
were incubated overnight with appropriate antibodies
[FKBP52, mouse monoclonal EC1 (1 : 1000) (Enzo
Life Sciences) and a Rabbit polyclonal HRP conju-
gated GAPDH (1 : 1000) (Abcam) rather than Actin
for the loading control as recommended [41]. Images
were recorded with the GeneGnome5 (Syngene).
Quantification was performed using Genetools anal-
ysis software (Syngene).

Image analysis

The fluorescence profile was evaluated on a sin-
gle plane of each confocal image using FIJI freeware
image analysis program. The intensity of fluores-
cence in the green and red channels was measured
along a line segment. To assess FKBP52 immunore-
activity in neurons with or without AT180, Tau-D421,
Tau-pS422 positive NFTs, or P62 labeling, confocal
images were analyzed with the FIJI image analysis
program.

Statistical analysis

Statistical analysis was performed using one-way
variance analysis (Student’s t test) comparing the
mean of percentages (±SEM) of at least four inde-
pendent experiments. Level of significance: N. S. not
significant; p values of < 0.05 were considered statis-
tically significant. The software GraphPad Prism 8
was used to determine the statistical analysis.

RESULTS

FKBP52 partially colocalizes with truncated
Tau-D421 in the autophagy endo-lysosomal
pathway (ALP) of familial FTLD-Tau brain
neurons and its decrease is related to NFT
deposition

IHF analysis performed in familial FTLD-Tau
brains showed the colocalization of the FKBP52
signal with cathepsin D, an endosomal/lysosomal
marker, as previously observed in AD and nor-
mal brain neurons [35]. It also showed a decrease
of FKBP52 expression in isocortical neurons with
pathological AT180 tau deposits (Fig. 1A) when
compared to adjacent neurons without detectable
deposits, analogously to what previously described
in AD Braak VI. Residual FKBP52 in familial
FTLD-Tau brain neurons was frequently local-
ized into abnormally large endosomal/lysosomal
vesicles (Fig. 1A (see magnifications) and Supple-
mentary Figure 1). The fluorescent levels of FKBP52
immunoreactivity were examined in 108 neurons per
sample in 4 familial FTLD-Tau cases (total: 432
neurons), and in 114 neurons per sample in 4 nor-
mal controls (total: 456 neurons). The mean value
of the FKBP52 signal per cell was 100%±10.5%
[SEM] for the normal controls, 57.8%±9.1% for the
FTLD-Tau cases; the difference was highly signifi-
cant (**p < 0.01; Fig. 1B). The signal per cell was, as a
mean, inferior by 42% in familial FTLD-Tau neurons
confirming the decrease of FKBP52 expression lev-
els previously observed by western blotting on total
frontal cortex homogenates (46.1%±7.8% [SEM];
Fig. 1C, D) [34]. While FKBP52 was decreased in
AT180 immuno-positive neurons in familial FTLD-
Tau samples (Fig. 1E, arrowhead), neurons without
apparent tau deposition exhibited FKBP52-positive
endosomes/lysosomes similar to those seen in healthy
control brains (arrow) [35]. In familial FTLD-Tau
brains, the fluorescent level of FKBP52 immunore-
activity in neurons with AT180-positive NFTs was



318 G. Meduri et al. / FKBP52 Decrease is an Early Feature of Different Tauopathies

Fig. 1. FKBP52 partially colocalizes with tau in the lysosomes and is decreased in NFTs-bearing neurons of familial FTLD-Tau patients. A)
Double labeling Immunofluorescence: The FKBP52 signal (green) colocalizes with the Cathepsin D signal (red) of endosomal lysosomal
vesicles in neurons of FTLD-Tau patients. Normal lysosomes in healthy neurons (size range: 0.2–0.5 �m) and enlarged lysosomes in
AD neurons (size range: 1.5–3 �m) are indicated by arrowheads (see magnification, Scale bar 10 �m). B) Fluorescent levels of neuronal
FKBP52 in familial FTLD-Tau neurons quantified by image analysis are significantly decreased compared with neurons in the frontal
cortex of age matched controls. Statistical analysis was performed using Student’s t-test, n = 4; **p < 0.01;±SEM. C) Total frontal cortex
homogenates of familial FTLD-Tau patients analyzed by western blot and immunoblotted with EC1 (FKBP52) and 6C5 (GAPDH) antibodies.
D) FKBP52 quantification in total brain homogenates (FKBP52/GAPDH) in controls and familial FTLD-Tau patients. Student’s t-test, n = 4;
**p < 0.01;±SEM. E) Double labeling of a frontal cortex section from a familial FTLD-Tau patient showing a visibly decreased FKBP52
expression (green, arrow and arrowhead) in neurons with AT180 deposits (red, arrowhead) but not in adjacent neurons without visible AT180
labeling (arrows). F) Scatter diagrams of image analysis results of frontal cortex samples from four familial FTLD-Tau patients showing a
significant decrease of FKBP52 in neurons exhibiting AT180 deposits compared to neurons without apparent AT180 deposition. Student’s
t-test, n = 4; ***p < 0.001;±SEM. G) Triple labeling of a single Z-stack plane (0.3 �m) showing the colocalization of the FKBP52 signal
(green) with the caspase-cleaved Tau-D421 (TauC3, red) and the lysosomal Cathepsin D (magenta) signals in familial FTLD-Tau brain
neurons. H) Fluorescence profiles of FKBP52, TauC3, and Cathepsin D antibodies showing the colocalization of the three signals on a single
plane. Scale bar 10 �m.

69.5% (±4.1% [SEM]) of the value found in neu-
rons without NFTs (96.4%±1.6%). A mean of
35 neurons without NFTs and 25 NFTs-bearing
neurons per case was analyzed from 4 familial
FTLD-Tau cases, and the difference was highly sig-
nificant (t = 6.13, df = n1 + n2-2 = 6; ***p < 0.001).

The levels of FKBP52 labelling from each of
the different neurons studied are presented in a
scatter diagram (Fig. 1F). Triple labeling exper-
iments demonstrated that FKBP52, cathepsin D,
and caspase-cleaved Tau-D421 (TauC3 antibody)
immunoreactivities colocalized in FTLD-Tau neu-
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rons as previously observed in AD neurons (Fig. 1G,
H, see arrow in fluorescence profile, Z = 0.3 mm)
[35]. This colocalization was also observed into large
endo-lysosomal vesicles (Supplementary Figure 1).
FKBP52 and Tau-D421 also colocalized in Rab7-
positive late endosomes and LC3-positive autophagic
vesicles (Supplementary Figure 2). Our findings
demonstrate that residual FKBP52 is detected along
with an early pathological and caspase-cleaved tau
form in the ALP of FTLD-Tau neurons and suggest
that the pathologic decrease of FKBP52 is associated
with NFT apparition in affected neurons.

Neuronal FKBP52 decrease and its
colocalization with truncated Tau-D421 in the
ALP are also detected in another human
tauopathy such as PSP

In order to check if FKBP52 expression was
also modified in the brains of patients with other
tauopathies, we studied frontal cortex tissue sam-
ples from 5 PSP patients. Western blot analysis of
FKBP52 in PSP brain homogenates showed a non-
statistically significant decrease (48.3%±17.5%)
(t = 2.07, df = 6; p = 0.0837, Fig. 2A) very likely
resulting from a strong heterogeneity of FKBP52
expression between PSP samples (n = 5; 7.6 to 82%).
This difference might be explained by the pathologi-
cal heterogeneity of PSP and the variable severity of
tau pathology in the frontal cortex between patients
[42, 43]. In contrast, cell by cell IHF analysis of
AT180 NFTs-bearing neurons in the frontal cortex
of PSP patients showed a significant decrease of
FKBP52 (Fig. 2B, arrowhead) compared to neurons
without apparent tau deposition (Fig. 2B, arrow). The
fluorescent levels of FKBP52 immunoreactivity in
PSP frontal cortex neurons with AT180 deposits were
66.6% (±4.43% [SEM]) of the value found in neu-
rons devoid of deposits (104.4%±1.96% [SEM]). A
mean of 47 neurons without NFTs and 20 NFTs-
bearing neurons per case was analyzed from five PSP
cases resulting in a very significant difference (t = 7.8,
df = 8; **p=0.0015). The levels of FKBP52 labelling
from each of the different neurons studied are pre-
sented in a scatter diagram (Fig. 2C). We observed
by IHF analysis a comparable interrelation between
the decrease of FKBP52 and the presence of AT180-
Tau deposits in frontal cortex neurons from CBD
(n = 2) and PiD (n = 2) brains but the number of sam-
ples for both tauopathies was too low to determinate
the significance of these observations (Supplemen-
tary Figure 3A). As previously observed in AD and

familial FTLD-Tau neurons, Tau-D421 immunore-
activity also colocalizes with FKBP52 and CathD in
PSP (Fig. 2D, E, see arrow in the fluorescence profile,
Z = 0.3 mm), CBD and PiD neurons (Supplemen-
tary Figure 3B). Altogether, these findings suggest
that neuronal FKBP52 decrease and its colocaliza-
tion with Tau-D421 in the ALP is not specific to a
single tauopathy as it is significantly detected in the
brains of AD, familial FTLD-Tau, and PSP patients.

The abnormal decrease of FKBP52 and its
colocalization with pathologic tau forms in the
ALP of affected neurons in AD, FTLD-Tau, and
PSP frontal cortex is not restricted to cells with
caspase-cleaved Tau-D421 deposits

Caspase activation is often associated with apop-
totic signals [44]. We detected the caspase cleaved
Tau-D421 in association with FKBP52 in the ALP
of affected neurons. This might suggest that the
colocalization we observed is restricted to a pop-
ulation of apoptotic neurons. We thus decided to
extend our study and focus our attention on another
pathologic tau isoform. Tau cleavage by Caspases
at serine 421 is inhibited by phosphorylation at ser-
ine 422 (Tau-pS422), which prevents tau autophagic
clearance, triggering Tau-pS422 accumulation and
possibly contributing to the escape of neurons from
acute apoptotic death [45, 46]. It has been reported
that Tau-pS422 is not preferentially degraded by
autophagy unlike Tau-D421 [21]. We detected by
IHF analysis a focal Tau-pS422 localization in the
ALP of AD, familial FTLD-Tau, and PSP affected
neurons (Fig. 3). Also, we observed a colocalization
of FKBP52 with both Tau-pS422 and Cathep-
sin D suggesting that the association of FKBP52
with tau in the ALP in these tauopathies is not
restricted to potentially apoptotic neurons bearing
caspase-cleaved Tau-D421 (Fig. 3, see arrowheads
in fluorescence profiles, Z = 0.3 mm). Tau-pS422
accumulation is considered an earlier tau patho-
logic event than formation of Tau-D421 aggregates
[45, 47]. We thus measured by IHF analysis the
fluorescent levels of FKBP52 immunoreactivity in
neurons with Tau-pS422 deposits in AD Braak VI,
familial FTLD-Tau, and PSP cases (Fig. 4). Tau-
pS422 positive neurons in AD Braak VI, familial
FTLD-Tau, and PSP cases exhibited a significant
decrease of FKBP52 signal (Fig. 4A, C, and E;
arrowheads) compared with neurons without appar-
ent Tau-pS422 deposition (arrows). The fluorescent
levels of FKBP52 immunoreactivity in neurons
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Fig. 2. Decreased expression of FKBP52 in the frontal cortex of PSP patients: FKBP52 decrease in neurons with pathologic tau deposits
is not limited to a specific tauopathy. A) Representative western blot analysis of PSP frontal cortex homogenates showing a non-significant
decrease of FKBP52 (lower half), probably due to the strong heterogeneity of the neuronal pathology in the frontal cortex of PSP patients [42,
43]. B) Double labeling experiment on the frontal cortex section of a PSP patient. FKBP52 (green) expression in neurons with AT180 deposits
(red, arrowheads) is visibly decreased (merge) in comparison to neurons without visible AT180 labeling (arrows). C) Scatter diagrams of
cell by cell image analysis of neurons with and without AT180 deposits showing a significantly lower FKBP52 expression in cells exhibiting
AT180 NFTs. Statistical analysis was performed using Student’s t-test, n = 5; **p < 0.01;±SEM. D) Triple labeling experiment on a frontal
cortex section from a PSP patient showing FKBP52 (green), TauC3 (red) and Cathepsin D (magenta) colocalization (merge). E) The single
Z-stack plane (0.3 �m) fluorescence profiles of a neuron show the superposition of the three signals (arrows on image and fluorescence
profiles). Scale bar 10 �m.

with Tau-pS422 deposits were 72% (±5.2%), 66%
(±4.3%), and 73% (±7%) of the value found in neu-
rons without aggregates (90%±2.6%, 98%±1.5%,
and 98%±2.9%) respectively in AD Braak VI, famil-
ial FTLD-Tau, and PSP brains (Fig. 4B, D, and F). A
mean of 48 neurons without Tau-pS422 aggregates
and 43 neurons bearing aggregates were analyzed
from frontal cortex samples of 13 AD Braak VI
patients showing a statistically significant decrease of
FKBP52 signals in affected neurons (t = 2.54, df = 24;
*p = 0.0177; Fig. 4B). Also, the analysis of a mean
of 46 neurons without Tau-pS422 aggregates and

of 40 neurons with Tau-pS422 deposits per patient
from 4 familial FTLD-Tau frontal cortex samples
evidenced a highly significant difference in FKBP52
signals between neurons with and without pathologi-
cal deposits (t = 6.97, df = 6; ***p = 0.0004; Fig. 4D).
Analogously, the analysis of a mean of 28 neurons
without Tau-pS422 aggregates and 15 aggregate-
bearing neurons per sample from 5 PSP patients,
showed a statistically significant decrease of FKBP52
in neurons with Tau-pS422 deposits (t = 2.9, df = 8;
*p = 0.0191; Fig. 4F). Overall, these results show that
FKBP52 decrease is detected both in Tau-D421 and
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Fig. 3. Triple labeling experiments showing the lysosomal colocalization of FKBP52 and the early pathologic Tau-pS422 isoform in frontal
cortex neurons of patients with different tauopathies. Triple labeling experiments of familial FTLD-Tau (A), AD Braak VI (B), and PSP (C)
frontal cortex sections respectively: FKBP52 (green) and Tau-pS422 (red) colocalize (merge) with the endolysosomal marker Cathepsin D
in the three tauopathies. Scale bar 10 �m. At the lower right of each set of micrographs: superposition of the three respective single plane
fluorescence profiles of a single neuron (lower left, scale bar 3 �m).
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Fig. 4. Image analysis results showing the decrease of FKBP52 expression in neurons with Tau-pS422 deposits in the frontal cortex of
patients with different tauopathies. A, C, E) FKBP52 expression (green) is visibly decreased in Tau-pS422 (P422, red) positive neurons of
AD Braak VI, familial FTLD-Tau and PSP patients respectively (arrowheads) compared with adjacent neurons devoid of evident Tau-pS422
deposits (arrows). B, D, F) Scatter diagrams of image analysis results showing a significant decrease of FKBP52 expression in Tau-pS422
positive neurons of AD Braak VI, familial FTLD-Tau, and PSP patients respectively. Statistical analysis was performed using Student’s
t-test, *p < 0.05, ***p < 0.001,±SEM.
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Tau-pS422 positive neurons from the frontal cortex
of AD, familial FTLD-Tau, and PSP patients and
suggest that the pathological decrease of FKBP52
we describe is not restricted to Tau-D421 formation
and accumulation in pathologic neurons from these
different tauopathies.

FKBP52 expression decreases in affected spinal
neurons of hTau-P301S mice in parallel with the
deposition of pathological tau and independently
of Tau-D421 formation and accumulation

Next, we checked if the abnormal expression
and subcellular localization of FKBP52 observed
in familial FTLD-Tau brain neurons could be also
detected in a transgenic mouse model of FTLD-
Tau (hTau-P301S mice) [40]. At about 5 months of
age, the homozygous hTau-P301S mice display a
tauopathy phenotype characterized by severe para-
paresis and the presence of abundant intraneuronal
tau deposits in the brain and in the spinal cord
[40]. Western blot analysis of spinal cords in 1- to
5-month-old hTau-P301S mice showed a progres-
sive accumulation of human tau proteins, specifically
recognized by the HT7 antibody, along with the
detection of different pathological phosphorylated
tau isoforms, recognized by several antibodies such as
AT180 and Tau-pS422, already significantly present
at 3 months of age (Fig. 5A, B). Others had previ-
ously reported a very low or absent caspase activity
and a very low expression of Tau-D421 in hTau-
P301S mice, which made it particularly suitable to
exclude the possible influence of neuronal apopto-
sis on our results. Although several caspase-cleaved
Tau-D421 positive neurons were detected in familial
FTLD-Tau brain samples, only rare Tau-D421 pos-
itive neurons were present in the spinal cords and
brains of hTau-P301S mice as previously described
[40]. Despite the absence of this pathological tau
form, western blot analysis of total spinal cord
homogenates from mice of different ages showed a
relevant decrease of FKBP52 already at 3 months
(64.5%±13.7% [SEM]) compared with 1-month-old
mice (112%±9.8% [SEM]; Fig. 5D) with little vari-
ation of its expression until 5 months (65%±9.7%
[SEM]). These results confirm our previous observa-
tions showing that FKBP52 decrease is independent
of Tau-D421 accumulation but nevertheless happens
in concomitance with the apparition of pathological
tau deposits (Fig. 5A, C). IHF analysis of the spinal
cord of 5-month-old mice supports our observa-
tions about the FKBP52 decrease both in AT180 and

Tau-pS422-positive spinal neurons (Fig. 5E–H). The
fluorescent levels of FKBP52 immunoreactivity in
neurons with tau aggregates are 70.9% (±1.1%) and
70.3% (±3.5%) of the value found in neurons with-
out aggregates (102.7%±1.7%) and (100.1%±1.8%)
respectively in AT180 and Tau-pS422 positive neu-
rons (Fig. 5F, H; [SEM]). A mean of 52 neurons
without tau AT180 aggregates and of 44 aggregate-
bearing neurons per sample were analyzed from 5
spinal cords of 5-month-old mice, and the differ-
ence was statistically significant (t = 12.47, df = 8;
***p = 0.0001; Fig. 5F). Analogously, a mean of 26
neurons devoid of Tau-pS422 aggregates and of 24
neurons with aggregates per sample were analyzed
from 5 spinal cords of 5-month-old mice, and the
difference was also statistically significant (t = 6.73,
df = 8; ***p = 0.0001; Fig. 5H). Altogether, in the
hTau-P301S mouse model of tauopathy, we observed
an early pathological decrease of FKBP52 in the
spinal cord neurons that occurred in parallel to tau
accumulation. These results are analogous to the
FKBP52 decrease in neurons with pathologic tau
deposits we detected in the brains of patients with
a pure tauopathy, such as familial FTLD-Tau, thus
suggesting the possibility of an early decrease of
FKBP52 at the preclinical stage in familial FTLD-Tau
patients as well as in other human tauopathies.

FKBP52 is decreased in pathologic neurons both
from marginally affected AD Braak IV brain
regions and from the rachis of symptomless
1-month-old hTau-P301S mice

The previously described results prompted us
to investigate the levels of intraneuronal FKBP52
at a very early stage of disease progression. We
thus examined the scarcely affected frontal cortex
of AD patients with Braak IV stage (n = 5) and
the spinal cords of symptomless 1-month-old hTau-
P301S mice. Even if these samples comported few
Tau-pS422 positive neurons, we were nevertheless
able to analyze by IHF the variations of FKBP52
fluorescent signals in these rare cells (Fig. 6). Both
Tau-pS422 positive neurons in AD Braak IV frontal
cortex samples and in the spinal cord of symptomless
1-month-old hTau-P301S mice exhibited a signifi-
cant decrease of FKBP52 (Fig. 6A, C) compared to
neurons without Tau-pS422 deposition. The fluores-
cent level of FKBP52 immunoreactivity in neurons
with Tau-pS422 aggregates was 72.6% (±6.8%)
and 72.5% (±5.9%) of the value found in neurons
without Tau-pS422 aggregates (100.1%±3.1% and
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Fig. 5. Continued
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99.9%±5.5%) respectively in AD Braak IV and in
the spinal cords of 1-month-old hTau-P301S mice
(Fig. 6B, D). A mean of 16 neurons without apparent
tau aggregates and of 8 Tau-pS422 aggregate-bearing
neurons per patient was analyzed from 5 AD Braak IV
frontal cortex samples, and the difference was highly
significant (t = 3.65, df = 8; **p = 0.0065; Fig. 6B).
The difference in FKBP52 expression was also signif-
icant when a mean of 18 neurons without apparent tau
aggregates and of 12 neurons with Tau-pS422 aggre-
gates per sample was analyzed from the spinal cords
of three 1-month-old hTau-P301S mice (t = 3.37,
df = 4; *p = 0.0279; Fig. 6D). The expression of
FKBP52 measured by western blot analysis in the
spinal cord of 1-month-old hTau-P301S mice is sim-
ilar from that observed in wild-type mice of the
same age (Fig. 5C, D), in contrast with our find-
ings obtained by IHF and cell by cell image analysis
showing a significant decrease of FKBP52 in the rare
Tau-pS422 bearing neurons (Fig. 6C, D). This differ-
ence is very likely due to the rarity of affected neurons
at such an early stage of disease: indeed our results
suggest that FKBP52 decrease has already started in
these tissues but is limited to a low number of affected
neurons while its expression is unchanged in the unaf-
fected cells. Altogether, these experiments show that
the neuronal decrease of FKBP52 happens as early
as Tau-pS422 deposition is detectable in marginally
affected regions of AD brains and in the spinal cord
of symptomless 1-month-old hTau-P301S mice.

DISCUSSION

In this study, we extend previous findings show-
ing that neuronal FKBP52 decrease and localization
with truncated-Tau-D421 in the ALP are not limited
to AD but are also detected in familial FTLD-Tau and

PSP brains and are strongly linked with tau patho-
genesis, suggesting a common mechanism for the
abnormal FKBP52 depletion in different tauopathies.
We also find by IHF analysis of pathologic human
brains that FKBP52 decrease is not restricted to Tau-
D421-bearing neurons, which might be apoptotic,
but is also detected in Tau-pS422 immunoreactive
cells. Tau cleavage by caspases at D421 is known
to be inhibited by serine 422 phosphorylation (Tau-
pS422), suggesting that the decrease of FKBP52 we
observe is not necessarily related to Tau-D421 accu-
mulation but might happen at an earlier pathological
stage. Analysis of spinal cord neurons from trans-
genic hTau-P301S mice also shows that FKBP52
decrease happens concomitantly with pathological
tau accumulation and confirms that this phenomenon
is not restricted to caspase-cleaved Tau-D421 accu-
mulation. Finally, using cell by cell IHF analysis,
we find a significant FKBP52 depletion in the rare
neurons with Tau-pS422 deposits present in scarcely
affected frontal brain regions of AD Braak IV patients
and in spinal cords of symptomless young hTau-
P301S mice. These affected neurons are detected
at an early stage of the pathologic process and in
mostly spared areas that will nevertheless be strongly
impacted later on with disease progression. This
suggests that the FKBP52 decrease in Tau-pS422 pos-
itive neurons in these hardly affected regions is an
early pathologic event.

Tau-D421 and Tau-pS422 lysosomal localization
in different tauopathies

We report the association of FKBP52 with two
early pathological tau forms, the caspase-cleaved
Tau-D421 [18, 44, 48–50] and the Tau-pS422 phos-
phorylated at serine 422 [15, 47, 51–53] in the ALP

Fig. 5. Expression and age variations of FKBP52 and pathologic tau isoforms in spinal cord neurons of hTau-P301S mice. A) Representative
western blot analysis of the spinal cords of 1-, 3-, and 5-month-old hTau-P301S mice showing the progressive accumulation of human tau
and of different pathologic tau isoforms. NSE was used as a loading control (n = 5). B) Graph illustrating the increase of human tau and
some pathologic tau isoforms in spinal cords from hTau-P301S mice, beginning at 3 months and sharply increasing to peak at 5 months
of age. C) Representative western blot analysis illustrating the decrease of FKBP52 neuronal expression beginning at 3 months of age
in spinal cords from hTau-P301S mice, compared with control animals. NSE was used as a loading control. D) FKBP52 quantification
in total spinal cord homogenates (FKBP52/NSE) in control and hTau-P301S mice. Statistical analysis was performed using Student’s t-
test, n = 5; *p < 0.05;±SEM. E) Section of the spinal cord of a 5-month-old hTau-P301S mouse double labeled with FKBP52 (green) and
AT180 (red) showing the decrease of FKBP52 expression in a neuron with AT180 deposits (arrowheads) compared with adjacent neurons
devoid of AT180 (arrows). F) Scatter diagrams of image analysis results illustrating the significant decrease of FKBP52 in spinal cord
neurons from 5-month-old hTau-P301S mice exhibiting AT180 deposits Statistical analysis was performed using Student’s t-test, n = 5;
***p < 0.001;±SEM. G) Spinal cord section of a 5-month-old hTau-P301S mouse double labeled with FKBP52 (green) and Tau-pS422 (red)
showing the decrease of FKBP52 expression in two neurons exhibiting Tau-pS422 deposits (red, arrowheads) compared with an adjacent
neuron devoid of Tau-pS422 deposits (arrows). H) Scatter diagrams of image analysis results illustrating the significant decrease of FKBP52
in spinal cord neurons from 5-month-old hTau-P301S mice exhibiting Tau-pS422 deposits. Statistical analysis was performed using Student’s
t-test, n = 5; ***p < 0.001;±SEM.
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Fig. 6. Decrease of neuronal FKBP52 at early asymptomatic stages of neurodegenerative tauopathy in human and mouse. A) Decrease of
the FKBP52 signal (green) in the rare neurons exhibiting Tau-pS422 deposits (red, arrowheads), compared with adjacent neurons devoid of
evident Tau-pS422 deposits (arrows), in the frontal cortex of AD Braak IV individuals after double labeling Immunofluorescence. B) Scatter
diagrams of image analysis results of FKBP52 expression in individual neurons from the frontal cortex of AD Braak IV patients after double
labeling immunofluorescence illustrating the significant decrease of FKBP52 expression in adjacent neurons with and without Tau-pS422
deposits. Statistical analysis was performed using Student’s t-test, n = 5; **p < 0.01;±SEM. C) Decrease of the FKBP52 signal (green) in
the rare neurons exhibiting Tau-pS422 deposits (red, arrowheads), compared with adjacent neurons devoid of evident Tau-pS422 deposits
(arrows), in the rachis of asymptomatic 1-month-old hTau-P301S mice after triple labeling immunofluorescence. D) Scatter diagrams of image
analysis results of FKBP52 expression in individual neurons from asymptomatic 1-month-old hTau-P301S mice showing the significant
decrease of FKBP52 expression in adjacent neurons with and without Tau-pS422 deposits. Statistical analysis was performed using Student’s
t-test, n = 3; *p < 0.05;±SEM.

of AD, PSP, and familial FTLD-Tau neurons. How-
ever, some studies propose a protective effect for both
Tau-pS422 and Tau-D421 [45, 54]. This discordance
might be explained by the possibility that tau forms,
not deleterious in physiologic quantities, might
abnormally accumulate in affected neurons through
inefficient degradation, becoming pathogenic. It
has been reported that Tau-D421 is preferentially
degraded through autophagy [21], supporting our
observations of its lysosomal localization, while tau

phosphorylation at Serine 422 inhibits Tau-D421 for-
mation preventing tau autophagic degradation [45,
55]. Nevertheless, we localize Tau-pS422 in the ALP
which could suggest that the inhibition of caspase-
induced tau cleavage by S422 phosphorylation might
be removed locally in the endo-lysosomal environ-
ment allowing cathepsin cleavage of tau [56] in order
to facilitate the autophagic degradation of its frag-
ments. Indeed, while Tau-D421 immuno-labeling
often presents a vesicular/lysosomal aspect (Figs. 1
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and 2) [35], Tau-pS422 immunoreactivity exhibits
mingled NFTs, pre-NFTs and vesicular/lysosomal
patterns in each tauopathy we studied (Figs. 3 and 4).
This observation agrees with other studies showing
the infrequent presence of Tau-D421 positive neuro-
filamentous tau aggregates in AD, familial FTLD-Tau
[57–59], and in PSP brain neurons [60]. A study even
reports the absence of Tau-D421 signals in PSP brains
[61], nevertheless we detect in PSP brain neurons
the same vesicular/lysosomal aspect of Tau-D421
immunoreactivity we observed in AD and familial
FTLD-Tau brains suggesting that this kind of tau cas-
pase and/or lysosomal processing might occur in PSP
neurons and contribute to tau pathogenesis. We do
not detect a significant expression of Tau-D421 in
the hTau-P301S mouse model as previously reported
[40] whereas we detect Tau-pS422 in rare mouse
spinal cord neurons at 1 month of age. This difference
in Tau-D421 deposition between the hTau-P301S
mouse model and the familial FTLD-Tau patients,
both tauopathies exclusively caused by the human
tau gene mutation, supports the idea that caspase-
cleavage of tau at Asp421 is not an essential step
towards neurodegeneration at least in pathologies
linked to genetic dominant tau mutations.

FKBP52 expression is decreased in neurons with
different tau deposits in different tauopathies

The presence of residual FKBP52 associated with
pathological tau in the lysosomal environment of
AD, familial FTLD-Tau, PSP, and in the hTau-
P301S mice neurons suggests a common mechanism
involved in FKBP52 decrease, potentially impact-
ing on the pathologic process. The constant presence
of FKBP52 in lysosomes and its constant associa-
tion with early pathologic forms of tau in lysosomes
of affected neurons suggests that its decrease might
be mainly linked to lysosomal processing. Also,
we have previously demonstrated the presence of
extracellular release of FKBP52 in SH-SY5Y neu-
rons under tau-induced proteotoxic stress [35]. It is
therefore possible that different mechanisms might
contribute to FKBP52 decrease in neurodegenera-
tive diseases, albeit with a different impact. However,
we also detect by IHC a little FKBP52 immunore-
activity embedded in big NFTs, thus a possible
sequestration of this immunophilin in NFTs cannot be
excluded, such a sequestration mechanism has been
described for Pin1, another peptidyl-prolyl cis/trans
isomerase deregulated in AD neurons [62–64]. The
significant FKBP52 depletion in neurons bearing

different pathologic tau deposits (Tau-pS422 and
Tau-AT180) in the frontal cortex of AD Braak
VI, familial FTLD-Tau, and PSP patients, without
directly causing neurodegeneration, might neverthe-
less represent an aggravating consequence. Indeed,
we have previously shown in dorsal root ganglion
(DRG) neurons from hTau-P301S mice that FKBP52
deficiency impacts on ALP functions triggering insol-
uble tau accumulation under protracted tau-induced
proteotoxic stress [38]. IHF analysis of brain neu-
rons from patients with different tauopathies shows a
range of FKBP52 decrease of approximately 27–34%
in Tau-pS422-positive cells and 30–34% in Tau-
AT180-positive cells. We also find a comparable
FKBP52 decrease in the spinal cord neurons of
tau transgenic mice with pathological tau deposits
regardless of the absence of Tau-D421 deposition.
Thus, the association of FKBP52 decrease and tau
deposition is not specifically related toTau-D421
accumulation. All these observations support the
hypothesis that FKBP52 decrease, as a consequence
of tau dysfunction and accumulation, might con-
tribute to tau pathogenesis in familial and possibly
in sporadic tauopathies.

We detect a FKBP52 decrease in Tau-pS422-
positive neurons in scarcely affected brain regions
from AD Braak IV patients and in the spinal cords
neurons of 1-month-old, symptomless hTau-P301S
transgenic mice (Fig. 5). As Tau-pS422 is considered
as an early tauopathy marker [47], these findings seem
to suggest that FKBP52 decrease also happens very
early and in regions that are scarcely affected at such
an initial stage of disease progression. The percent-
age values of FKBP52 depletion measured by IHF
were lower than those observed by western blot anal-
ysis showing a decrease of 54% and 70% in the
frontal cortex of familial FTLD-Tau (Fig. 1) and in
AD Braak VI [34] patients respectively. The differ-
ent results between the techniques might be partly
explained by the effects of formalin fixation on the
preservation of epitopes revealed by IHF. This dis-
cordance might also be due to the fact that double
labeling experiments for image analysis detect the
deposits of one specific pathologic tau form and fail
to detect other type of tau aggregates in adjacent neu-
rons. This would obviously impact on the overall
calculated FKBP52 decrease, without negating the
significant reduction of FKBP52 in affected neurons.
Despite these differences, we constantly observe a
decrease of FKBP52 levels in pathological neurons.
A minor to moderate decrease of FKBP52 might be
in itself sufficient to induce some detrimental effects
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on tau function and accumulation over time as pre-
viously observed in DRG neurons from hTau-P301S
mice [26]. We also observe a strong heterogeneity of
FKBP52 expression by western blot in frontal cor-
tex samples from PSP patients in contrast to cell by
cell IHF analysis, this difference might be explained
by the pathological heterogeneity of PSP and the
variations in the severity of frontal cortex neuronal
involvement among patients [42, 43].

It has been recently shown that FKBP52 overex-
pression accelerates hippocampal neuronal loss and
memory defects in a tau transgenic mouse model and
the study in question evokes the possibility that the
decrease of FKBP52 expression in AD brains is due to
the death of neurons expressing high FKBP52 levels
during tau pathogenesis [39]. However, we show by
image analysis after multiple labeling of AD Braak
VI frontal cortex samples that FKBP52 decrease in
neurons with tau deposits is not associated with the
decrease of P62, another neuronal protein, whose lev-
els are comparable to those found in non-affected
adjacent neurons, excluding an effect of protein leak-
age from damaged or dying cells (Supplementary
Figure 4). Nevertheless, an early rapid phase of neu-
ronal FKBP52 increase preceding a successive slower
decline cannot be totally excluded, especially as the
distribution of FKBP52 expression values in the dif-
ferent scatter diagrams appears to be heterogeneous
(see figures). Notably, we do not detect an increase
of FKBP52 expression levels in spinal cords of hTau
P301S mice different ages by western blot analysis
(Fig. 5C, D).

Concluding, we show a consistent decrease of
neuronal FKBP52 in the frontal cortex of differ-
ent tauopathies such as PSP, familial FTLD-Tau,
and AD. Additionally, we show by image analysis
that FKBP52 decrease happens concomitantly with
the apparition of some pathological tau isoforms
including the early Tau-pS422 in spinal cord neu-
rons from hTau-P301S mice. We also find that the
FKBP52 decrease starts early during the pathologic
process occurring in rare Tau-pS422 positive neu-
rons in marginally affected frontal lobes of AD Braak
IV brains and in the spinal cords of symptomless
1-month-old hTau-P301S mice. These observations
lead us to think that the FKBP52 decrease in the brains
of patients with some neurodegenerative diseases
might be a new potential early marker of patho-
logic progression. Several imaging probes for the
non-invasive detection of pathologic tau aggregates
are currently used in positron emission tomogra-
phy (PET) [65, 66]. However, actual tau probes do

not well discriminate between early and late dis-
ease stages [67] and have difficulty in detecting tau
deposition in non-AD tauopathies possibly owing to
post-translational events and different NFTs matu-
ration that might remove ligand binding sites and
influence PET imaging results [65]. Besides, the new
generation probe Flortaucipir shows off-target bind-
ing especially in hippocampus and basal ganglia,
which might hinder its use in conditions such as
early stage AD and corticobasal degeneration [68].
Thus, the detection of the prodromal decrease of a
predominantly neuronal protein such as FKBP52 in
the brain might helpfully contribute to the early diag-
nosis of some neuropathological diseases. Also, as
FKBP52 plays an important role in cellular signaling
and possibly in tau clearance [38], our data suggest
that preventing FKBP52 decrease or restoring its nor-
mal expression in tauopathies including PSP, familial
FTLD-Tau and AD might represent a new potential
therapeutic approach.
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