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Timing of microglial ablation determines s
protection from tau-mediated
neurodegeneration and cognitive decline
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Abstract

Tauopathies comprise a diverse group of neurodegenerative diseases characterized by intracellular aggregation

of the microtubule-associated protein tau, neuroinflammation, and neuronal loss. Since tau pathology shows the
strongest correlation with cognitive decline in Alzheimer’s disease, understanding how microglia contribute to
tau-mediated neurodegeneration remains a critical question. Here, we validated a tauopathy mouse model that
progressively recapitulates key pathological features of tauopathy. Bilateral hippocampal injection of AAV-hTau™0t
(AAV-hTau) resulted in widespread tau accumulation, early and sustained gliosis, complement component 1q
(C1q) deposition, progressive reduction of hippocampal layer thickness and cognitive deficits. Notably, we
observed marked activation of Cluster of Differentiation 68 (CD68") microglia and the emergence of Complement
3 (C37) reactive astrocytes, which developed in parallel over time. To dissect the role of microglia in tau-driven
pathology, we depleted them at different stages using the colony-stimulating factor 1 receptor (CSF1R) inhibitor
PLX5622. Microglial ablation conferred significant neuroprotection, with early depletion effectively mitigating
cognitive decline and structural changes in hippocampal layers supporting an important role for microglial
activation in tauopathy progression. Neuroprotection may result from decreased levels of insoluble p-tau oligomers,
partial blockade of C3* astrocyte induction and attenuation of microglial reactivity. Overall, our results support the
potential of microglia-directed interventions as a promising therapeutic avenue for mitigating disease progression
in tauopathies.
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Background

Tauopathies are a group of neurodegenerative diseases,
including Alzheimer’s disease (AD), progressive supranu-
clear palsy (PSP), and corticobasal degeneration (CBD),
among others. These disorders are characterized by the
accumulation of intracellular tau aggregates; a process
associated with dysregulated post-translational modifi-
cations (PTMs) of the tau protein. A defining feature of
these disorders is the accumulation of fibrillary tangles
in the brain, composed of misfolded, hyperphosphory-
lated tau. While the mechanisms driving tau aggregation
remain incompletely understood, growing evidence sug-
gests that neuroinflammation exacerbates tau pathology
and contributes to disease progression [1, 2]. Further-
more, tau aggregation itself may exacerbate inflammation
through feed-forward mechanisms, intensifying the ini-
tial neurotoxic damage [3].

Microglial cells are the resident myeloid cells of the
CNS, they act as resident phagocytes responding to
changes in the environment and play crucial roles in
CNS tissue maintenance, injury response, and pathogen
defence [4, 5]. Over the past 20 years, genome-wide asso-
ciation studies (GWAS) have identified several AD risk
variants in genes predominantly expressed in microglia
(e.g. APOE, TREM2, CD33, CR1) [6, 7]. Also, GWAS
studies have identified innate immune pathways that
implicate microglia in human tauopathy [8]. Related to
tauopathy, microglia can secrete toxic factors to directly
[5] or indirectly, through activation of astrocytes, injure
neurons [9]; exacerbate tau pathology [2] and its spread-
ing [10]; promote direct synapse loss via microglial
phagocytosis or via activation of the complement cascade
[11-13]. Although all these events have been recognized
in tauopathy, how they evolve with disease progression,
and which is the limiting role of microglia in these patho-
logical pathways is still poorly understood.

Microglial survival and proliferation are critically
dependent on CSFIR signalling pathway [14]. In this
context, CSFIR inhibitors like PLX5622 can achieve
microglial depletion with high efficiency [15]. To under-
stand the role of microglia in tauopathy progression and
cognitive impairment we have first characterized the
timeline of events occurring in a humanized tauopathy
model by intrahippocampal injection of AAV expressing
the human tau protein with the P301L mutation in mice.
Thereafter, we have induced microglial depletion with
PLX5622 at different check points of tauopathy progres-
sion to identify which are the limiting processes related to
microglia and to determine if microglial depletion can be
of therapeutic relevance. We have found that depletion of
microglia before overt neurodegeneration confers neuro-
protection and prevents cognitive decline, in association
with reduced p-tau accumulation, attenuated microglio-
sis, decreased Clq deposition and partial suppression of
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reactive astrocytes. Collectively, these findings provide
evidence that microglial activation is a major driver for
structural alterations in hippocampal layers and cogni-
tive decline in tauopathy and supports microglia-targeted
therapies as a promising approach to slowing tau-driven
neurodegeneration.

Materials and methods

Animal usage and care

C57BL/6 wild-type (WT) mice were purchased from
Charles River and bred in-house. Three-to-five-months-
old male mice (25-30 g) were used. They were main-
tained in a conventional animal facility at Autonomous
University of Madrid, Spain, on a 12 h light/12 h dark
cycle, with food and water ad libitum. All procedures
involving animals were performed following the Guide
for Care and Use of Laboratory Animals and approved
by the Institutional Ethics Committee of Autonomous
University of Madrid and the Comunidad Auténoma of
Madrid, Spain, (PROEX 252/16 and PROEX 218.5/20)
following the European Guidelines for the use and care
of animals for research in accordance with the European
Union Directive of September 22, 2010 (2010/63/UE)
and with the Spanish Royal Decree of February 1, 2013
(53/2013). All efforts were made to minimize animal suf-
fering and to reduce the number of animals used.

Adeno-associated viral vectors

Adeno-associated viral (AAV) vectors 2/6- synapsin-1
(SYN1)-EGFP (AAV-GFP) and AAV2/6-SYN1-human-
TauP301L (AAV-hTau) were produced and purified as
previously described [16]. Briefly, AAV vectors were all
produced by the double transfection method using HEK
293A cells. AAV plasmids were cloned and propagated
in the Stbl3 Escherichia coli strain (Life Technologies).
Shuttle plasmid pAAV-hTauP301L and pAAV-GFP were
described previously [17] and packaged into capsids from
AAV-6, using helper plasmid pDPérs (providing the three
adenoviral helper genes, rep and cap AAV viral genes),
obtained from Plasmid Factory. The AAV shuttle and
helper plasmids were transfected into HEK 293A cells
by calcium phosphate co-precipitation. A total of 840 pg
plasmid DNA (mixed in an equimolar ratio) were used
per HYPERFlask (Corning) seeded with 1.2 x 108 cells the
day before. Seventy-two hours after transfection, the cells
were collected by centrifugation and the cell pellet was
resuspended in TMS (50 mmol/L Tris—HCI, 150 mmol/L
NaCl, 2 mmol/L Na2Mg) on ice before digestion with
DNase I and RNaseA (0.1 mg/mL each; Roche) at 37 °C
for 60 min. Clarified supernatant containing the viral
particles was obtained by iodixanol gradient centrifuga-
tion (10,800,712). Gradient fractions containing virus
were concentrated using Amicon UltraCel columns (Mil-
lipore) and stored at—70 °C.
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Induction of tauopathy in vivo

Mice were anesthetized with Isoflutek (Isofluorane
1000 mg/g) in oxygen under spontaneous respiration
(induction at 5 % and maintenance at 2 %). Subsequently,
mice were placed in a stereotaxic instrument (Stoeling)
and their temperature was monitored with a controlled
rectal probe heating pad (Cibertec). Tauopathy was
induced by bilateral intrahippocampal (IHP) delivery
of AAV-hTau™', and control mice were AAV-GFP-
injected. After an incision in the cranial midline, the
skull was perforated with a micro drill at 1.94 mm poste-
rior and 1.4 medio lateral to bregma on the left and right
side. Then, using an automatic Hamilton syringe (1701
RN Neuros Syringe), 1.01 pL of AVVs (4.34 x 10’2 VP/ml)
were injected bilaterally 1.8 mm below the dura mater
(0.15 pL/min). After surgery, mice were housed for post-
operative monitoring and kept until the end of the exper-
iment. At final time point, mice were anesthetized with
5 % isoflurane and sacrificed by decapitation for western
blotting or intracardiacally perfused through the ascend-
ing aorta with 0.9 % NaCl, followed by 4 % PFA in 0.1 M
phosphate buffer (PB, pH 7.4) for immunofluorescence
studies.

Microglial depletion protocols

PLX5622 was provided by Plexxikon Inc. and formulated
in AIN-76A standard chow by Research Diets Inc. at
1200 ppm. To eliminate microglia, PLX5622 was admin-
istered during the time points indicated in the results
section. Control animals received the same AIN-76A diet
formulation without PLX5622, ensuring that all dietary
components were identical between groups and that the
only experimental variable was CSF1R inhibition.

Table 1 Primary antibodies for Western Blot and
immunofluorescence analysis

Antibodies Host Clonality  Dilution ID Source
AT8 Mouse Monoclonal  1:500 MN1020 Ther-
mo-
fisher
AT180 Mouse Monoclonal  1:500 MN1040 Ther-
mo-
fisher
B-Actin Mouse Monoclonal 1:50,000 A5316 Sigma-
Aldrich
CD68 Rat Monoclonal  1:500 MCA1957GA  Bio-rad
a3 Rat Monoclonal  1:50 HM1045 Hycult
Clqg Rabbit Monoclonal 1:1000 ab182451 Abcam
GFP Rabbit Polyclonal ~ 1:1000  11-476-C100 Exbio
GFAP Mouse Monoclonal 1:1000  MAB3402 Sigma-
Aldrich
IBA-1 Rabbit Polyclonal ~ 1:1000  019-19741  Wako
PSD-95 Mouse Monoclonal 1:1000  MA1-045 Invitro-
gen
TY9 Rabbit Polyclonal ~ 1:1000  BML- Enzo
TA3119-0100
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Isolation of insoluble and soluble fractions of hippocampal
tissue

The protocol previously described by [18] with some
modifications was used. The hippocampal tissue from
the left hemisphere was homogenized in Buffer A (0.1 M
MES Buffer pH 7.0, 1 M sucrose, 0.5 mM MgSO,, 1 mM
EDTA, 1 mM NaF, 1 mM Naz;VO,, 10 pg/ml leupeptine
and phenylmethylsulfonyl fluoride (PMSF) and centri-
fuged at 20.000 rpm for 20 min at 4 °C. To obtain the
SI fractions, pellets were resuspended in RAB buffer 1%
sarkosyl (0.1 M MES Buffer pH 6.8, 10% sucrose, 0.5 mM
MgSO,, 2 mM EGTA, 0.5 M NaCl, 1 mM MgCl,, 10 mM
Na,HPO,, 20 mM NaF, 1 mM Na;VO,, 10 pg/ml leupep-
tine and PMSEF, and 1 % sarkosyl). Then, samples were
vortexed for 1 min at room temperature (RT), rotated at
4 °C overnight and centrifuged at 69.000 rpm for 30 min
at 4 °C. SS fractions were collected from the supernatants
and SI fractions were obtained by resuspending the pel-
lets in RAB buffer 1 % sarkosyl.

Western blotting

Hippocampal tissue was lysed in 150 pL of ice-cold Lysis
Buffer (137 mM NaCl, 20 mM NaF, 10 % glycerol, 20 mM
Tris—HCl, 1 % Nonidet P-40, 1 pug/mL leupeptin, 1 mM
PMSE, 1 mM sodium pyrophosphate, and 1 mM Na;VO,,
pH 7.5). 20 pg of SS, SI or protein extracts were resolved
in SDS-PAGE transferred to Immobilon-P PVDF mem-
branes (Millipore). Ponceau (Cephan Life Sciences)
staining was used as loading control. Membranes were
activated with methanol and blocked with 4 % bovine
serum albumin (BSA) in Tris-buffered saline -Tween
(TTBS) (10 mM Tris, 150 mM NaCl; 0.2 % Tween-20,
pH 7.4) for 2 h and then incubated with the primary
antibody (Table 1). Then, washed thrice with TTBS and
incubated with the appropriate peroxidase-conjugated
secondary antibody (1:10,000; Santa Cruz Biotechnology)
for 45 min. Thereafter, membranes were washed thrice
with TTBS, incubated with ECL-Advance Western-
blotting Detection Kit (GE Healthcare), exposed using
a ChemicDoC MP System (Bio-Rad Laboratories) and
specific immunoreactive bands were quantified using Fiji
software.

Immunofluorescence

Brains were post-fixed at 4°C overnight and cryopro-
tected for 2 days in 30 % sucrose. 40 pm coronal slices
were cut using a sliding microtome. For immunostaining,
the floating brain sections were abundantly washed with
phosphate-buffered saline (PBS) 1xand then permeabi-
lized with 0.3 % Triton X-100 in PBS for 1 h at RT, and
incubated with blocking solution (10 % goat-serum in
PBS+2 % Triton X 100) 2 h at RT, and then incubated
with primary antibodies (Table 1) in blocking solution
overnight at 4 °C. When working with primary antibodies
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with mouse as host, an extra incubation before adding
the primary antibody was performed with Mouse on
Mouse (M.O.M.™) Blocking Reagent (Novus Biologicals)
overnight at 4 °C. After washing three times with PBS,
respective secondary antibodies were diluted in block-
ing solution and applied for 1 h at RT: Alexa Fluor 488,
555, 546, 647 (1:800) (Invitrogen). After two washes in
PBS, sections were stained with Hoechst 33342 (1:2500,
Thermo Fisher Scientific) for 10 min. Then, after a third
wash, slices were mounted on microscope glass slides
with ProLong Diamond mounting media (Thermo Fisher
Scientific).

Image acquisition and analysis

Immunofluorescence images were acquired using a Leica
TCS-SP5 confocal microscope under identical acquisi-
tion settings within each experiment. Analyses were per-
formed in specific hippocampal subregions (CA1, CA3,
and dentate gyrus), as specified for each marker and
quantification in both hippocampi.

To minimize potential artifacts related to the injection
procedure, image acquisition and quantification were
performed in regions adjacent to but not directly over-
lapping with the injection site based on stereotaxic coor-
dinates. Fields of view were selected in a blinded manner
and all image analyses were conducted by an investigator
unaware of experimental group allocation.

Quantifications were performed on merged z-stack
projections using Fiji/Image] (NIH) software. Depend-
ing on the analysis, measurements were obtained either
from the entire image or from multiple regions of inter-
est (ROIs) per image, which were averaged to yield a sin-
gle value per image and subsequently per animal. For all
analyses, the animal represented the biological replicate

(n).
+ Tau pathology (AT8 and TauY9)

For high-resolution tau quantification, AT8 and TauY9
immunoreactivity was analysed in CAl, CA3 and DG
using a 40x objective. For each image, three regions of
interest were manually defined within the relevant hip-
pocampal subregion, and signal intensity was quantified
and averaged per image. In analyses assessing global tau
burden, AT8 and TauY9 immunoreactivity in hippocam-
pus was obtained from calculating the mean from spe-
cific hippocampal subregions intensity.

+ Layer thickness

For the measurements of the layer thickness of the cornu
ammonis 1 (CA1l) pyramidal cell layer and the dentate
gyrus (DG) granule cell layer, hippocampal sections from
similar coordinates were selected using a 40x objective.
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The thicknesses of the CA1 pyramidal cell layer and the
DG granule cell layer were measured by drawing a scale
perpendicular to the cell layer. Three to six different mea-
surements per mouse were analysed and represented as
mean thickness.

+ Clqgand Clq/ PSD95 associated puncta analyses

Complement component 1q (Clq) immunoreactiv-
ity was analysed in both hippocampi using a 5 x objec-
tive. For each image, mean intensity was normalized to
the analysed area. C1q and postsynaptic density protein
95 (PSD95) associated puncta analyses was performed
using a 63 x objective and he Plug in “Puncta Analyzer”
in Image] (https://imagej.net/contribute/citing) version
1.26 as reported in [13].

+ Microglial analysis

Ibal (Ionized calcium binding adaptor molecule 1)
mean intensity was analysed in both hippocampi and
in the previously specified hippocampal regions using a
63 x objective. A complementary analysis of CD68 (Clus-
ter of Differentiation 68) restricted to regions defined by
a mask of the Ibal staining was done. CD68 signal was
quantified within Ibal cells using merged images. CD68-
intensity was measured within the boundaries of indi-
vidual Ibal* cells and averaged per image and per animal.
At least 4 images per mouse were analysed. Additionally,
using a 20 x objective, the number of Ibal® cells were
manually counted with the cell counter in Fiji software.

Microglial morphological score of the Ibal* cells in
CA1l hippocampal region was performed following
the protocol published in [13, 19]. This semi-quantita-
tive scoring approach has been widely used to classify
microglial activation states and was used here as a com-
plementary morphological readout alongside quantita-
tive measurements of Ibal and CD68. A score from 0 to
3 was given to microglia as follows: long processes with
multiple branches (0); thicker processes with branches
(1); thick retracted processes with few branches (2);
round microglia without processes (3). Each microglial
cell in an image received a morphology score, and the
percent of microglia receiving a particular score was cal-
culated for each image (number receiving score / total
number of microglia x 100).

+ Astrocytic analysis

Astrocytic reactivity was assessed using GFAP (Glial
Fibrillary Acidic Protein) immunostaining by measuring
mean intensity in both hippocampus and in the previ-
ously specified hippocampal regions using a 63 x objec-
tive. For assessment of Al-like astrocytic activation, C3
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(Complement 3) immunoreactivity was quantified within
GFAP-positive cells using merged images. C3* signal was
measured within GFAP-defined cellular boundaries and
averaged per image and per animal. At least 4 images per
mice were analysed.

For C3 analysis in Ibal® and Ibal™ regions, at least
three Ibal® and three Ibal™ regions in the same image
of the same hippocampus were assessed for C3 inten-
sity. This procedure was repeated in a total of two-to four
images per mouse and results were represented as mean
C3 intensity.

Behavioural tests

Behavioural data were analysed cross-sectionally by
experimental time point. Mice were not subjected to
repeated testing within the same behavioural paradigm
across time points, and no repeated-measures statisti-
cal analyses were performed. At later stages of model
characterization (28 and 56 dpi—days after injection-),
T-maze testing was conducted immediately after comple-
tion of the NOR or OLT testing phase (T2), and two vari-
ants of the Y-maze were performed 24 h later. These tasks
evaluate related but distinct aspects of spatial and work-
ing memory and were not repeated across time points.

+ Open Field Test (OFT)

The Open Field test was employed to assess the locomo-
tor activity of mice, as described in [20]. Each mouse was
individually placed in a square box with 40 cm sides and
observed while freely moving and exploring the environ-
ment; the square box was digitally divided into a 4x4
grid, creating 16 equal sections. Total distance travelled
and mean speed were tracked for 5 min using AnyMaze
software version 4.99 (Stoelting, Wood Dale, IL, USA).

+ Novel Object recognition Test (NOR)

Recognition memory was assessed by performing the
NOR test [21]. Briefly, on habituation day (T0), mice
were individually placed into an open-field box of
40x40x 40 cm and allowed to freely explore for 10 min;
this recorded phase was used for the OFT. 24 h later,
during the training day (T1), animals were placed in
the previous box and allowed to explore two identical
objects for 8 min. On the following day, testing day (T2),
to assess memory deficit, one object was replaced by a
very different one (morphology, colour and texture) and
exploratory behaviour was recorded for 8 min. Due to the
innate preference for novelty of the mice, mice without
cognitive impairment will recognize the familiar object,
spending most of the time at the novel object. Analysis
was performed blinded by two independent observers
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using stopwatches. Manual scoring was preferred over
automated tracking software as proximity-based detec-
tion may overestimate exploration when animals pass
near the object without active interaction. Calculation of
discrimination index (DI) was as follows: (time spent in
new object - time spent in the old object) / (time spent in
new object + time spent in the old object).

+ Object localization task (OLT)

This was conducted in an empty box of 40 x40 x40 cm
with visible spatial cues to evaluate spatial memory as
described in [22]. TO and T1 phases were performed
mirroring the NOR test. However, during T2, mice were
allowed to explore the box with one object moved to
the opposite side. The preference for novelty was tested
by determining the time spent in objects with novel and
familiar locations. DI was calculated as previously men-
tioned evaluating novel and familiar locations. Objects
and changes in object location were randomly deter-
mined and counterbalanced. Analysis was performed
blinded by two independent observers using stopwatches.
Mice were tested for behaviour in NOR test or OLT;
never both tests were performed to the same mouse.

+ T-maze

Short-term spatial memory was assessed in a T-maze
(black, arms 30x10 cm) according to a protocol
described before [23]. The T maze apparatus consists
of two goal arms connected to a start arm to form a “T”
shape, with a central partition in the upper middle of the
“T” and two guillotine doors at the end of the right and
left arms to confine the mice. Briefly, sample trials started
when placing a mouse into the start arm (base of the T)
to explore the maze with guillotine doors raised and the
central partition placed. After an entry into a goal arm,
a guillotine door at the entrance of the goal arm was
lowered, and the mouse was contained in that arm for
30 s. After this period, the test trial was initiated by plac-
ing the mouse in the start area with the guillotine doors
opened and the central partition removed. A successful
alternation was scored if the mouse chose to enter the
previously non-visited goal arm. A total of seven com-
pleted trials were performed, distributed across two days
(some hours before starting TO of NOR/OLT and some
hours after conducting T2) with at least 1 h retention
interval in between. Each trial should take no more than
2 min. If animals performed for longer times, that trial
was excluded. A minimum of five completed trials were
used to calculate the percentage of correct alterations per
mouse.
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+ Y-maze

Two variants of Y-maze (black, arms 30x 10 ¢cm) were
performed (Fig. 2F and G). The following day after
T-maze, Y-maze spontaneous alternation task (SAT),
was performed to evaluate spatial working memory by
placing the mice in the Y-shaped maze and they were
recorded for 10 min as previously described [24]. A suc-
cessful alternation was defined as consecutive entries
into all three arms without returning to a previously vis-
ited arm. Thus, the maximum number of alternations
was the total number of arm entries minus two, and the
correct alternation percentage was calculated with the
ANY-maze software as (actual alternations/maximum
alternations) x 100. 24 h later, spatial reference memory,
was also tested by placing the mice into the Y-maze with
only two arms opened (‘start’ and ‘familiar’ arms) during
8 min of training. An opaque door blocked access to the
third arm (‘novel’). The test started after a 1 h retention
time, when mice were placed again in the maze for 5 min
with all arms accessible. Exploration was recorded with
the ANY-maze software version 4.99 (Stoelting, Wood
Dale, IL, USA) and percentage of time in the novel arm
was calculated.

Statistical analysis

Animals were randomly allocated to experimental groups
prior to the start of experiments. Investigators perform-
ing behavioural testing, image acquisition and quantifica-
tion were blinded to group allocation. Inclusion criteria
were defined a priori: only male mice of the appropriate
age that successfully underwent stereotaxic surgery were
included in the study. Animals were not excluded from
analyses unless predefined humane endpoints or techni-
cal issues unrelated to experimental outcomes occurred
(e.g., failed viral injection, surgical complications includ-
ing reflux during injection or excessive surgical dura-
tion, or tissue damage preventing analysis). The animal
was considered the experimental unit (biological repli-
cate). Sample sizes were based on previous studies using
similar models and endpoints rather than formal power
calculations.

Prior to statistical testing, normality was assessed using
the Shapiro Wilk test. Parameters with two groups were
compared using unpaired, two-tailed t test. Post hoc
multiple comparison tests were selected a priori based
on the experimental design and the specific hypotheses
tested. For model characterization experiments involv-
ing genotype and time as independent variables, two-
way ANOVA followed by Sidak’s multiple comparisons
test was used to perform planned comparisons between
control and AAV-tau mice at each time point. For ther-
apeutic intervention experiments, where the primary
objective was to compare multiple treatment groups
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against the AAV-tau disease group, one-way ANOVA fol-
lowed by Dunnett’s post hoc test was used. For insoluble
AT8 quantifications, datasets were also assessed for nor-
mality. For monomeric AT8, which did not follow a nor-
mal distribution, non-parametric Kruskal-Wallis tests
with Dunn’s multiple comparisons post hoc were applied.
Tukey’s multiple comparisons test was applied only in
experiments where all pairwise comparisons between
groups were of interest (e.g., comparison of control, PLX-
treated males, and PLX-treated females).

The statistical test employed, and the number of inde-
pendent replicates (n) used for each experiment are indi-
cated in the respective figure legend. Statistical analyses
were performed in GraphPad Prism 9.0.1.

Results

Bilateral hippocampal AAV-hTau injection induces rapid
tau propagation

Previously reported AD mouse models can take over
a year to develop tau pathology and propagate across
the different brain areas [25-27]. To shorten this time-
window and accelerate the study on how microglial
contributes to tau pathology we developed an inducible
tauopathy mouse model, exhibiting rapid tau propaga-
tion using an AAV vector that expresses the transgene
under the control of the neuron- specific synapsin-1
promoter (AAV2/6-SYN1) [17]. As the hippocampus is
a brain region known to be most vulnerable in neuro-
degenerative diseases [28, 29], we performed bilateral
intrahippocampal (IHP) stereotaxic delivery of AAV par-
ticles containing the human tau protein with the P301L
mutation, in WT male mice at three-to-five months of
age (AAV-hTau mice). In parallel, the control group was
injected with AAV particles containing innocuous GFP
(control mice). At different days post-injection (dpi) (7,
14, 21, 28, and 56 dpi), mice were subjected to behav-
ioural tests and samples were processed for biological
studies (Fig. 1A).

First, we checked by western blot the differential
expression of GFP in GFP-injected control mice, and
AAV-hTau-injected mice at different time points. As
expected, while GFP was only expressed in control mice,
human tau protein detected by TY9 antibody (specific to
human tau) was exclusively expressed in AAV-hTau mice
at both time points analysed (14 and 28 dpi) (Supple-
mental Fig. S1A). Additionally, we stained brain sections
to detect pathologically phosphorylated tau (p-tau) on
Ser202 and Thr205 by ATS8 antibody that constitute the
basis of Braak staging [30], to visualize how tau pathology
develops across the hippocampus. Immunofluorescence
analysis at final point (56 dpi) demonstrated widespread
expression of human and p-tau across the whole hippo-
campus; most patent in dentate gyrus (DG) and CA3, and
to a lesser extent in CA1 region (Supplemental Fig. S1B).
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(See figure on previous page.)

Fig. 1 Tau pathology develops in the hippocampus of AAV-hTau mice from 7 dpi. A Schematic representation of the experimental design: AAV-GFP
(Control) and AAV-hTau injected groups (hTau); coordinates of bilateral IHP injection, and time points selected for biological and behavioural analysis. B
Representative images of TY9 and AT8 staining in CA3. Insets show images at a higher magnification. Scale bar: 50 um (40X). Quantification of CTY9 and D
AT8 intensity in the hippocampus in control (n=4-5) and AAV-hTau (n=4-8) mice. E Quantification of AT8 intensity in CA1, CA3 and DG in control (n=4)
and AAV-hTau (n=5) mice 7 dpi. F Representative images and quantification of AT8 SS (G) and SI (H) tau oligomers and monomers from hippocampal
lysates in control (n=10-12) and AAV-hTau (n=9-12) mice. Ponceau staining was used as loading control. Data are presented as mean + SEM. Significance

was determined by two-way ANOVA followed by Sidék’s multiple comparisons or unpaired two-tailed Student’s t-test. *p<0.05; **p <0.01; **p<0.001;
*¥*¥%¥p <0.0001. Control (C); AAV-hTau (T or hTau); sarkosyl-insoluble (SI) and sarkosyl-soluble fractions (SS); days post-injection (dpi); Dentate Gyrus (DG)

TY9 immunoreactivity and AT8 histological staining
in the hippocampus was virtually undetectable at the tis-
sue level in control animals (Fig. 1B, C, D). By contrast,
low AT8-immunoreactive bands were still detectable by
western blot in control hippocampal lysates, most likely
reflecting endogenous murine tau phosphorylated at the
AT8 epitope (Fig. 1F). In AAV-hTau mice, both histologi-
cal and biochemical analyses showed a marked increase
in TY9 and AT8-positive pathological tau species In
AAV-hTau mice, although ATS8 staining was not sig-
nificant to control at 7 dpi, when sub-analysis by hippo-
campal region (CAl, DG and CA3) was performed, AT8
intensity resulted significant in DG and CA3, but not in
CA1 (Fig. 1E). Interestingly, in AAV-hTau mice, staining
of TY9 in the hippocampus at all time points showed a
strong positive correlation with AT8 staining (r=0.79,
p<0.0001), suggesting that the injected human P301L
tau positively influenced its pathological phosphorylation
(Supplemental Fig. S1C).

To biochemically characterize p-tau in AAV-hTau mice
at final point, sarkosyl-insoluble (SI) and sarkosyl-soluble
(SS) fractions were analysed in hippocampal samples.
Thereafter, pathological p-tau oligomers and monomers
were evaluated by western blotting using AT8 antibody.
Even though AT8 SS monomers showed a tendency to
increase in AAV-hTau mice, we only found a significant
increase in AT8 SI oligomers and monomers (Fig. 1IF-H)
indicating a greater amount of p-tau in a more insoluble
fraction at final point. Altogether these results suggest
that in AAV-hTau mice, p-tau pathology is established
in the hippocampus as early as from 7 dpi and becomes
insoluble to sarkosyl at final point.

AAV-hTau mice develop progressive reduction of
hippocampal layer thickness and cognitive decline

Tau pathology leads to neurodegeneration and neuronal
loss [31]. To elucidate whether neuronal loss was present
during the progression of tauopathy in AAV-hTau mice,
we measured the thickness of hippocampal layers that
are typically affected in both animal models and patients
during the course of tauopathies, such as the CA1 pyra-
midal cell layer and the DG granule cell layer [32-35].
AAV-hTau mice showed progressive thinness across hip-
pocampal regions; CA1 was significantly thinner from 28
dpi while the DG granule cell layer from 21 dpi (Fig. 24,
B and Supplemental Fig. S2A, B).

Thereafter, we assessed the impact of AAV-hTau
injection on cognitive decline by performing different
behavioural tasks. In the NOR test, control mice exhib-
ited preference for the novel object over the familiar
one, displaying a normal DI. As previously reported in
other tauopathy models [16, 36—38], AAV-hTau showed
a time-dependent impairment in recognition mem-
ory, represented by a reduction in the DI, that was sig-
nificant from 28 dpi (Fig. 2C). As AAV-hTau injections
were performed in the hippocampus, we focused on
hippocampus-dependent spatial and working memory
evaluation by using four extra tests. We performed these
behavioural tests at later stages, as recognition memory
impairment was observed during the later time points
analysed. Like in other tauopathy mouse models [36, 39],
AAV-hTau mice showed deficits in the object localization
task (OLT), but contrary to recognition memory impair-
ment, spatial memory impairment appeared at least one
week earlier. Thus, from 21 dpi, AAV-hTau mice devel-
oped impairment in long-term spatial memory repre-
sented as a significantly reduction in the DI compared
to controls. (Fig. 2D). In the T maze test, in agreement
with previous reports in AD models [40-42] and with
our NOR results, AAV-hTau mice from 28 dpi, failed
to recognize the unexplored arm during the test time,
indicative of reference and working memory deficits. On
the contrary, control mice exhibited a greater number of
correct alternations as the natural tendency of mice is to
alternate their choice of goal arm [23] (Fig. 2E). In the
Y-maze spontaneous alternation task, AAV-hTau mice
exhibited reduced spontaneous alternation compared
to controls (Fig. 2F), indicating an impairment in spatial
working memory as reported in other tauopathy models
[37, 43, 44]). The Y-maze was also used to assess short-
term spatial memory, based on their tendency to explore
a novel environment. AAV-hTau mice showed a signifi-
cantly reduced preference for the novel arm compared
with controls (Fig. 2G). Unlike previous cognitive tasks,
significant differences in the Y maze were only observed
at 56 dpi.

Lastly, locomotor activity was assessed by measuring
mean speed and total distance travelled in the open filed
test. The results showed that AAV-hTau mice exhibited
hyperlocomotion (Supplemental Fig. S2C) consistent
with findings in other tauopathy mouse models [45].
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Fig.2 AAV-hTau mice develop a time-dependent decrease in hippocampal CA1 and DG layer thickness and cognitive function. A Representative images
of CA1 and DG 56 dpi; CA1 layers shown are the pyramidal cell layer (PCL), stratum radiatum (SR) and stratum lacunosum-moleculare (SLM). Dentate gyrus
(DG) regions include the granule layer (GL), polymorphic layer (PM) and ML (molecular layer). Scale bars: CAT images 30 pm (40X); DG images 50 pm (40X).
B Thickness quantification of CA1 pyramidal neuronal layer and DG granular cell layer in control (n=4-8) and AAV-hTau (n=5-9) mice at different dpi. C
Schematic representation of the NOR test and quantification of the DI in control (n=4-11) and AAV-hTau (n=6-17) mice. D Schematic representation of
the OLT and quantification of the DI in control (n=7-15) and AAV-hTau (n=10-16) mice. E Schematic representation of the T maze and quantification of
the percentage of correct alternations in control (n=9-18) and AAV-hTau (n=13-23) mice. F Schematic representation of the Y-maze SAT and percentage
of correct alternations in control and AAV-hTau mice. G Schematic representation of the short-term memory Y test and quantification of the percentage
of time spent in the novel arm in control and AAV-hTau mice. Data are presented as mean +SEM in (B-E) and individual values in (F-G). Significance was
determined by two-way ANOVA followed by Sidak's multiple comparisons. *p < 0.05; **p < 0.01; ***p0.001; ***p <0.0001. AAV-hTau (hTau); Training Day
(T1); Testing Day (T2); Novel object recognition (NOR); Object localization task (OLT)
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As thickness of the DG and CA1 neuronal layers has
been reported to highly correlate with hippocampal vol-
ume [35], which in turn correlates with cognitive perfor-
mance [46], we determined whether cognitive decline
correlated with this parameter in our mice. Indeed, we
observed a positive correlation between CA1l pyramidal
and DG granule cell layer thickness, but also that both
thickness measurements are good predictors of cognitive
decline in our model, as both correlated with recognition
memory measured as DI in the NOR test (Supplemen-
tal Fig. S3A). Focusing on AAV-hTau mice, the strongest
correlation with cognitive impairment was found with
the thickness of the DG region (Supplemental Fig. S3B).

We also correlated AT8 intensity in hippocampus with
hippocampal layer thickness and memory impairment.
As expected, Pearson’s correlation analysis revealed a sig-
nificant negative correlation between AT8 hippocampal
staining with memory impairment, as well as with DG
layer thickness, when control and AAV-hTau mice were
analysed together (Supplemental Fig. S3C).
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C1q deposits in brain regions vulnerable to synapse loss at
early stages of tauopathy
Clq, the initiator of the classical complement path-
way, has been implicated in synapse loss in several neu-
rodegenerative models [13, 47-50]. Its accumulation
at synapses seems to be more potently induced by tau
pathology than amyloidosis [51]. In our tauopathy model,
14 dpi, we detected an increased Clq signal in the hip-
pocampus, specifically in the molecular layer of the DG
(Fig. 3A, B), a key localization for Clq deposition also
observed by others [51, 52]. In addition, previous reports
demonstrated that Clq associates with p-tau-containing
synapses [52]. In this line, we observed that C1q upreg-
ulation follows pathological p-tau accumulation in the
hippocampus, as AAV-hTau mice showed a significant
increase in hippocampal Clq immunoreactivity from
14 dpi (Fig. 3A, D). Among the different hippocampal
regions, the DG exhibited the highest rise of Clq.

C1q colocalizes with synaptic markers, reactivating the
complement-mediated pruning of synapses [13, 49, 52].
In our study, we observed a close apposition between
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Fig. 3 Clq deposition in hippocampus of AAV-hTau mice. A Representative confocal images showing C1q at different dpi; Scale bar: 500 um (5X). B
Images at 21 dpi at a higher magnification; DG regions represented include the granule layer (GL) and ML (molecular layer). C Images of C1q in close
apposition to PSD95-positive synaptic puncta in the hippocampus. D Quantification of C1q at different dpi in the hippocampus. E Quantification of C1q
apposition with PSD95 in control (n=4) and AAV-hTau (n=5) mice 21 dpi. Scale bar: 5 um (63X). Data are presented as mean +SEM. Significance was
determined by two-way ANOVA followed by Sidak’s multiple comparisons or unpaired two-tailed Student’s t-test. *p <0.05; *p <0.01; ***p<0.0001. F
Relationship between C1q intensity in hippocampus (x axis), DG granule cell layer thickness (y axis), and DI from NOR test. Each dot represents an indi-
vidual mouse, the dot color indicates the experimental group, and the dot size corresponds to increased values DI (all data previously reported in Fig. 2).
Significant Pearson’s correlations were observed between C1q intensity to DI (r=—0.37, *p <0.05) and between DG layer thickness and DI (previously
reported in Fig. 2). A strong negative correlation was observed between C1q intensity and DG layer thickness (r=—0.74, ****p <0.0001). The same cor-
relations were also performed in AAV-hTau mice group alone: C1qvs DI (r=—0.11,p=0.67), C1q vs DG layer thickness (r=—0.68, *****p < 0.0001). AAV-hTau
(hTau); Dentate Gyrus (DG); days-post injection (dpi)



Trigo-Alonso et al. Acta Neuropathologica Communications

Clq immunoreactivity and the postsynaptic protein
marker PSD95 at 21 dpi, a key time point of elevated Clq
in the hippocampus (Fig. 3C, E). Further analysis indi-
cated that the reduction in DG thickness had a strong
correlation with the amount of Clq in hippocampus and
negatively correlated with recognition memory (DI in the
NOR test) (Fig. 3F). Overall, these results suggest a link
between Clq, D@ layer thickness and cognitive decline in
our tauopathy model.

AAV-hTau mice present robust microglial activation in the
hippocampus

To elucidate the interaction between activated microglia,
tauopathy progression and CA1 and DG layer thickness,
we first characterized microglia. AAV-hTau mice showed
an early increase in Ibal and CD68 signal, with a peak
reactive/phagocytic microglial profile between 14 and 21
dpi (Fig. 4A, B and C). After this peak, Ibal/CD68 inten-
sity declined, suggesting a dynamic and stage-dependent
microglial response rather than a monotonic increase
throughout disease progression.

We also examined the morphology of Ibal® cells fol-
lowing a similar protocol as in [13] (Fig. 4D, see materials
and methods for scoring). Although alterations in Ibal*
cells started at 7 dpi, it was from 14 up to 21 dpi when
AAV-hTau mice presented higher patterns of Ibal/CD68
positive cells across the hippocampus (Fig. 4E).

Interestingly, hippocampal increase of CD68" cells cor-
related with the degree of DG thickness (Fig. 4F). Similar
observations were reported in other tauopathy models
[53] and in humans [54]. This result suggests a possible
link between reactive microglia (Ibal® and CD68" cells)
and neurodegeneration, represented as a reduction in DG
thickness. In fact, reduction in DG thickness and cogni-
tive decline comes after the peak in CD68 induction.

In addition, given that microglia are a major source
of Clq in the brain [55], we evaluated whether C1q was
being upregulated during microglial activation, rep-
resented as an increase in CD68 in Ibal positive cells.
Indeed, we found a strong correlation (r=0.80; p =0.0004)
between CD68 and Clq intensity (Fig. 4G), suggesting
that in this model, microgliosis, and more specifically
CD68* microglia in hippocampus, seem to contribute to
the greater C1q accumulation in AAV-hTau mice which
could, potentially, lead to subsequent synapse loss.

Induction of reactive astrocytes in the hippocampus of
AAV-hTau mice

Activated microglia can drive astrocytes into a reac-
tive state [9]. AAV-hTau mice showed a clear increase
in GFAP expression in the hippocampus from 21 dpi
(Fig. 5A, B, D), but this increase was significantly reduced
at the final point. Similar results were observed for
GFAP* and C3* cells (Fig. 5A, C). Despite the reduction
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of these markers at final point (56 dpi) they remained
higher compared to control, reflecting an increase of
reactive astrocytes.

As induction of C3* astrocytes in the hippocampus
appeared one week after microglial activation, we won-
dered if there could be a correlation between these two
processes in AAV-hTau mice. Indeed, we found a positive
correlation between the intensity of CD68 in Ibal™ area,
and C3 intensity in GFAP™" area in AAV-hTau mice across
all time points (r=0.49, p=0.031). However, if we only
focus on the time points when both glial activations co-
exist (from 21 to 56 dpi), this positive correlation became
even stronger (r=0.70, p=0.010) (Fig. 5E). On the con-
trary, when correlation analysis was done between C3
intensity of astrocytes and the number of Ibal* cells,
which is a hallmark of disease progression in mouse
models of AD and tauopathies, we did not find any signif-
icant correlation (Fig. 5F). These findings suggest that the
reactive state of microglia, rather than their proliferation,
relates with C3" astrocyte in AAV-hTau mice.

Evaluation of the impact of microglia at different stages of
tauopathy progression

Having established the timeline of pathological events
following AAV-hTau induction in our model (Fig. 6A),
we developed different microglial depletion strategies to
investigate the impact of microglial on these processes.
Apart from the control and AAV-hTau groups, we gen-
erated five additional AAV-hTau groups treated with
PLX5622 in chow at critical time-points as indicated
in Fig. 6B; all groups were maintained until 56 dpi. The
AAV-hTau PLX d-7 group was the only one in which
microglia was depleted before inducing tauopathy; this
is, 7 days before AAV-hTau injection and maintained
throughout the entire period. In the rest of AAV-hTau-
PLX groups, PLX5622 was introduced with a disease-
modifying purpose effect once tauopathy was manifested
and during key points of disease progression as follows:
(i) 7 days dpi, when microglia starts to activate (AAV-
hTau PLX d7); (ii), 14 dpi, when microglia is clearly acti-
vated (AAV-hTau PLX d14), but before inducing reactive
astrocytes, reduction in hippocampal layer thickness and
cognitive decline; (iii) 21 dpi, microglia is activated, reac-
tive astrocytes are induced, and first signs of neurode-
generation appear (AAV-hTau PLX d21) and (iv) 28 dpi,
when there is notable and evident reduction of hippo-
campal layer thickness and cognitive decline (AAV-hTau
PLXd28).

As CSFIR inhibitors can produce a sex-dependent
microglial depletion efficiency in mice [56], we examined
this effect with our CSFIR inhibitor PLX5622. Control
male mice showed higher microglial reduction (~90%)
than females (~60%) when treated for 14 days with the
same chow (Fig. 6C, D). Therefore, to ensure maximum
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(See figure on previous page.)

Fig. 7 Microglial depletion before overt neurodegeneration preserves CA1 and DG thickness and correlates with improved cognitive behaviour in the
setting of pure tauopathy. A Analysis of the percentage of correct alternations in the T-Maze, B DI’s in the OLT and C NOR test in control, AAV-hTau and
AAV-hTau PLX groups (PLX d-7, PLX d7, PLX d14, PLX d21, PLX d28) 56 dpi. Data are presented as mean +SEM, and sample sizes (number of mice) are
indicated by dots within the figure panels. D Representative images and E thickness quantification of CA1 pyramidal neuronal layer. F Representative
images and G quantification of DG granular cell layer in control, AAV-hTau mice, and AAV-hTau PLX groups 56 dpi. Scale bars: CA1 images 30 um (40X); DG
images 50 um (40X). Correlation between DI in the NOR test and H CA1 pyramidal neuronal layer thickness or | DG granular cell layer thickness in AAV-
hTau PLX mice 56 dpi. Pearson correlation analysis, r=0.48, *p <0.05, and r=0.43, *p <0.05, respectively (two-tailed). Data are presented as mean+SEM,
and sample sizes (mice) are indicated by dots within the figure panels. Significance was determined by one-way ANOVA with Dunnett’s post hoc test.

*p<0.05; **p0.01; ***p 0.001; ****p < 0.0001. Discrimination index (D); days post-injection (dpi); AAV-hTau (hTau); dentate gyrus (DG); granule layer (GL)

microglial depletion and assess their contribution to
tau pathology and progression, we only used male mice.
The number of Ibal™ cells in AAV-hTau mice was sig-
nificantly reduced in all PLX treated groups (Fig. 6F)
although microglial depletion was not as effective as in
non-injected animals (Fig. 6D). Because Ibal labels both
resident microglia and other CNS-associated myeloid
cells, we cannot exclude that some of the residual Ibal-
positive cells after PLX5622 represent infiltrating mac-
rophages/monocytes or other non-parenchymal myeloid
cells rather than incompletely depleted resident microg-
lia. This possibility may be particularly relevant in the
context of local stereotaxic hippocampal injection, which
is known to induce a tissue inflammatory response [57].

Microglial depletion during a critical time window of
tauopathy progression reverses cognitive impairment and
reduction of CA1/DG layer thickness

From a clinical perspective, prevention of cognitive
decline is our major readout after using the different
microglial depletion strategies in our tauopathy model.
Except for the AAV-hTau PLXd28 group, all PLX5622-
treated mice significantly improved their cognitive per-
formance compared to AAV-hTau mice in the T-maze
(Fig. 7A), OLT (Fig. 7B) and NOR test (Fig. 7C), indicat-
ing an improvement in working, reference and spatial
memory. Interestingly, in all AAV-hTau PLX groups, the
hyperlocomotion activity observed in AAV-hTau mice
was prevented by microglia ablation (Supplemental Fig.
S4), reinforcing a positive drug effect.

We next evaluated the thickness of CA1 pyramidal and
DG granule cell layers. Mirroring the results in the mem-
ory tests, except for AAV-hTau PLX d28 mice, all AAV-
hTau PLX groups showed higher layer thickness in CA1
(Fig. 7D, E) and DG (Fig. 7F, G) compared to AAV-hTau
group. As both CA1 pyramidal and DG granule cell layer
thickness measurements were good predictors of cogni-
tive decline, we performed the same correlations in AAV-
hTau PLX groups. Consistent with our previous findings,
not only CAl but also DG thickness positively corre-
lated with cognition measured by the DI in the NOR test
(Fig. 7H, I).

Microglial activation is associated with p-tau pathology
Previous studies in mouse models of tauopathies
reported a strong link between microglia activation and
the development of tau pathology [59-62] or vice versa
[63, 64]. Also, microglial activation has shown to pro-
mote tau phosphorylation by activating tau kinases via
IL-1 signalling [65, 66]. In addition, activated microglia
can also trigger neurodegeneration that leads to second-
ary tau hyperphosphorylation and aggregation as a con-
sequence of neuronal injury [64]. We therefore analysed
tau pathology in brains of AAV-hTau PLX5622-treated
mice. Whereas TY9 and AT8 staining were virtually
undetectable in control brains at 56 dpi, AAV-hTau mice
showed a significant increase in both immunoreactivi-
ties in the hippocampus (Fig. 8A-C). Human TY9 tau
levels between PLX5622 AAV-hTau-injected groups
were comparable, mice treated with PLX5622 at all time
points blocked the progression of p-tau as represented
by the significant reduction of AT8 immunoreactivity
(Fig. 8A-C).

Furthermore, p-tau levels in soluble and insoluble sar-
kosyl fractions were analysed by western blot using ATS.
Consistent with our previous results, we only found a
significant increase in AT8 SI, both oligomers and mono-
mers (Fig. 8D, E). Surprisingly, in all AAV-hTau PLX5622-
treated mice, the elevation of AT8 SI oligomers were
significantly reduced. Importantly, no statistical compari-
sons were performed between PLX-treated groups, and
therefore apparent differences between regimens (e.g.,
d28) should not be interpreted as reflecting differential
efficacy. In agreement with our previous results, we did
not find a significant increase in AT8 SS in AAV-hTau
mice and consequently PLX5622-treated groups did not
show differences in comparison with AAV-hTau group
(Fig. 8E, G).

While the insoluble monomeric fraction of AT8 shows
high variability, the immunofluorescence data clearly
demonstrate a consistent increase in AAV-hTau mice,
which is significantly reduced upon PLX treatment. The
oligomeric fraction shows a similar trend and is statis-
tically confirmed by parametric analysis. Overall, the
concordance across independent readouts supports the
conclusion that PLX reduces tau pathology.
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Fig. 8 Microglial contribution to p-tau pathology. A Representative images of CA1 region and quantification of BTY9 and C AT8 intensity in the hippo-
campus in control, AAV-hTau and AAV-hTau PLX groups (PLX d-7, PLX d7, PLX d14, PLX d21, PLX d28) 56 dpi. Scale bars: 25 um (40X). D, F Representative
images and quantification of E AT8 Sl and G AT8 SS oligomers and monomers from hippocampal lysates of control, AAV-hTau mice, and AAV-hTau PLX
groups 56 dpi. Ponceau staining was used as loading control. Data are presented as mean £ SEM, and sample sizes (mice) are indicated by dots within the
figure panels. Significance was determined by one-way ANOVA with Dunnett’s post hoc test or Kruskal-Wallis test with Dunn’s multiple comparisons post

hoc for SI monomers. *p < 0.05; **p<0.01;

fractions (SS)

**¥p<0.001; ****p <0.0001. Days post-injection (dpi); AAV-hTau (hTau); sarkosyl-insoluble (SI) and sarkosyl-soluble
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C1q reduction in AAV-hTau mice after microglia depletion

We previously detected a strong correlation between
CD68 and Clq intensity, supporting the idea that acti-
vated microglia might contribute to the greater deposi-
tion of C1q in tauopathy. Consistent with the current and
previous studies [52, 67], Clq signal was highly intense
in the DG molecular layer in AAV-hTau mice (Fig. 9A).
However, as reported in an AD model with combined Af3-
tau pathology [67], the elevation in Clq in hippocampus
in AAV-hTau mice was significantly reduced following
microglia depletion (Fig. 9A, B). Interestingly, we found
a significant negative correlation between Clq deposi-
tion in hippocampus and cognitive performance in the
NOR test (Fig. 9C). Overall, these results suggest that the
increase in hippocampal C1q was microglia-dependent.

AAV-hTau-PLX5622 treated mice did not show a clear
blockade of C3* reactive astrocytes

To determine whether elimination of microglia before,
shortly, or even late after its activation results in sup-
pression of reactive astrocyte conversion in vivo, we
characterized the population of astrocytes in control,
AAV-hTau, and AAV-hTau-PLX5622 treated mice. At 56
dpi, AAV-hTau mice had increased levels of GFAP and
the reactive astrocyte marker C3 in the hippocampus
(Fig. 10A, C). Interestingly, the absence of microglia did

A
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not affect total number of astrocytes in hippocampus,
measured as number of GFAP* cells (Fig. 10B) in AAV-
hTau mice. Also, none of the AAV-hTau-PLX5622 treated
groups showed statistical differences in C3 intensity in
comparison with AAV-hTau (Fig. 10C); however, when
microglial depletion was induced before the appearance
of C3* astrocytes (AAV-hTau PLX7d and AAV-hTau
PLX14d), there was a clear trend towards reduction of
astrocyte reactivity. In fact, both groups showed sig-
nificant differences against AAV-hTau group when com-
pared with a t-test (p=0.021 and p = 0.0090, respectively).
These results, although not statistically significant by the
selected test, clearly demonstrate a different behaviour
over astrocytes reactivity among AAV-hTau-PLX5622
treated groups depending on the time point when
microglia were depleted and its state.

As the total number of astrocytes remained unchanged
among groups, microglia elimination seems to modu-
late astrocyte reactivity but not its proliferation. Despite
the supposedly destructive Al astrocyte phenotype, our
previous results on C3 intensity at final point in AAV-
hTau PLX mice, do not show a clear linear relationship
between C3 intensity in astrocytes and cognition. Con-
sistent with this observation was the lack of correlation
between de DI in the NOR test and the intensity of C3 in
GFAP" astrocytes in the AAV-hTau PLX treated groups
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Fig. 9 Cl1qin the hippocampus was reduced in AAV-hTau PLX5622-treated mice. A Representative images and B quantification of C1q staining in hip-
pocampus in control, AAV-hTau mice, and AAV-hTau PLX groups (PLX d-7, PLX d7, PLX d14, PLX d21, PLX d28) 56 dpi. Scale bars: 500 um (5X). C Correlation
between DI in the NOR test and C1q intensity in hippocampus in AAV-hTau PLX mice 56 dpi Pearson correlation analysis, r=—0,53, **p <0.01 (two-tailed).
Data are presented as mean+SEM, and sample sizes (mice) are indicated by dots within the figure panels. Significance was determined by one-way
ANOVA with Dunnett’s post hoc test. *p <0.05; ***p < 0.001; ****p < 0.0001. Days post-injection (dpi); AAV-hTau (h-Tau)
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Fig. 10 AAV-hTau PLX groups did not show a clear block of C3* reactive astrocytes, but C3* astrocytes were closely associated with surviving microglia. A
Representative images and quantification of number of B GFAP™ cells and C C3 intensity in GFAP* area in the hippocampus in control, AAV-hTau mice, and
AAV-hTau PLX groups (PLX d-7, PLX d7, PLX d14, PLX d21, PLX d28) 56 dpi. Scale bars: 50 um (63X). D Correlation between DI in the NOR test and C3 inten-
sity in GFAP* area in hippocampus in AAV-hTau PLX mice 56 dpi. Pearson correlation analysis, (r=—0.14, p=0.50) (two-tailed). E Representative images and
F quantification of C3 intensity in regions Iba1™ (blue) and Iba1~ (black) in the same hippocampus in hTau PLX groups 56 dpi. Data are presented as indi-
vidual values in Iba1* and Iba1.” regions (n="5-7 mice). Significance was determined by the unpaired two-tailed Student’s t-test. *p < 0.05; **p < 0.01. Data
are presented as mean +SEM, and sample sizes (mice) are indicated by dots within the figure panels. Significance was determined by one-way ANOVA
with Dunnett’s post hoc test or unpaired two-tailed Student’s t-test. *p < 0.05; **p < 0.01. Field of vision (FOV); days post-injection (dpi); AAV-hTau (h-Tau)

(Fig. 10D). These results support the fact that C3* astro-
cytes in our tauopathy model do not seem to directly reg-
ulate neurodegeneration.

Differential localization of C3* astrocytes with Iba1* cells

A potential explanation for the trend rather than the
expected full blockade of C3* astrocytes induction fol-
lowing microglia depletion could be PLX5622's effi-
ciency. In fact, similar results were obtained in an LPS
mouse model, where the small subset of microglia that
remained after CSFIR inhibitor treatment mounted a
response to LPS still producing C3" astrocytes [9]. As
our efficiency in microglia depletion was around 90% in
AAV-hTau mice, we tested this hypothesis in our model,
by immunostaining mouse brains with C3 and Ibal. We
then evaluated the intensity of C3 in two types of regions
in the same hippocampus: regions completely devoid of
Ibal® cells (Ibal-) and regions with still surviving Ibal*
cells (Fig. 10E). The presence of surviving Ibal* cells in
all PLX5622-treated AAV-hTau mice was associated with
higher levels of C3 next to them in comparison with neg-
ative regions for Ibal in the same hippocampus (Fig. 10E,
F), indicating that proximity of Ibal* cells seems to play
an important role for astrocyte reactivity.

Discussion

In this study, we investigated the role of microglia across
the progression of tauopathy using a rapid inducible
AAV-hTau™"'" model combined with temporally con-
trolled microglia depletion using the CSF1R inhibitor
PLX5622. Our results show that microglial depletion at
different disease stages differentially impacts tau pathol-
ogy, glial responses, hippocampal layer integrity, and
cognitive performance.

The AAV-hTauP*’" model offers several advantages
over traditional transgenic systems, allowing temporal
and spatial control of tau expression and enabling rapid
disease progression. In this model, pathological tau phos-
phorylation precedes complement activation, glial reac-
tivity, structural alterations in hippocampal layers, and
cognitive impairment, broadly consistent with previ-
ous reports [51, 58]. While this system introduces some
experimental artificiality, it provides a tractable frame-
work for dissecting temporal relationships between path-
ological events.

Microglial activation emerged as an early feature, with
increased Ibal and CD68 signals peaking between 14 and
21 dpi. Importantly, the subsequent decline in Ibal/CD68
intensity, despite ongoing disease progression, should not
be interpreted as reduced microglial involvement. Rather,
it likely reflects a transition from an early reactive/phago-
cytic state to a later dysfunctional or hypofunctional phe-
notype, as described in tauopathy models [53, 61, 68].
In this context, early microglial activation may initiate
downstream pathogenic cascades, including complement
deposition and astroglial reactivity, whose consequences
persist beyond the peak of CD68 expression.

Consistent with this, we observed early and robust
Clq deposition, particularly in regions with prominent
tau pathology. Given that microglia are a major source of
Clq [9], the reduction in Clq following PLX5622 treat-
ment is expected. Importantly, we limit our interpreta-
tion to this well-established relationship. While C1q has
been implicated in synapse elimination [13], synaptic
alterations were not directly measured in this study, and
therefore any role in synapse loss should be considered
hypothetical. Supporting a functional link, we observed
a significant negative correlation between hippocampal
Clq deposition and cognitive performance in the NOR
test, suggesting that increased Clq may be associated
with impaired function in this model.

Previous studies have already shown that microglia
contribute to tau pathology and neurodegeneration [17,
69], that complement Clq is involved in tau-related syn-
aptic injury [52], and that activated microglia can induce
C3/A1-like reactive astrocytes [9]. The main contribution
of our study is the temporal integration of these events
within a single inducible model, together with behav-
ioral outcomes and stage-specific microglial depletion.
Given that microglial depletion is achieved rapidly after
PLX5622 administration and was sustained in all treat-
ment groups, the observed differences are more likely to
reflect the stage at which treatment was initiated rather
than differences in depletion efficacy. Within this context,
our data support a stage-dependent therapeutic effect.

Microglial depletion also reduced p-tau accumulation,
particularly insoluble AT8-positive species, supporting a
role for microglia in shaping tau pathology. However, the
relationship between tau burden and functional impair-
ment is not necessarily linear, and it remains unclear
whether neuroprotection is primarily driven by reduced
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tau pathology or by direct attenuation of microglia-medi-
ated neurotoxicity.

Microglia—astrocyte crosstalk was also evident in this
model. C3-positive astrocytes appeared after microglial
activation and Clq deposition, consistent with previous
reports [9, 51]. Despite a trend toward reduced astrocytic
C3 reactivity after PLX5622 treatment, global C3 signal
was not significantly reduced at the endpoint. There-
fore, our data do not support a simple linear relation-
ship between total residual Ibal* cell number and total
C3* astrocyte burden. Instead, we observed a more local
and state-dependent association: astrocytic C3 intensity
correlated with microglial CD68 reactivity, but not with
Ibal® cell number, and was higher in regions containing
residual Ibal* cells compared to adjacent Ibal™ areas.
Thus, residual microglia may contribute to the local
induction and/or maintenance of astrocytic C3 reactiv-
ity, but they are unlikely to fully explain the persistence
of global C3 signal after PLX5622 treatment. Therefore,
our data do not allow us to determine the mechanisms
underlying the persistence of C3 signal after microglial
depletion.

Although reductions in Clq deposition and reactive
astrocytes correlate with neuroprotection, these param-
eters were not independently manipulated and therefore
cannot be assigned a causal role.

Despite prior reports of neuroprotective effects of
CSF1R inhibition [17, 69], our study extends these find-
ings by integrating behavioral outcomes and tempo-
ral intervention strategies. However, differences across
studies likely reflect variability in model systems, disease
kinetics, and depletion paradigms.

Several limitations should be considered. First, Ibal
does not distinguish resident microglia from infiltrat-
ing monocyte-derived macrophages, particularly in
the context of stereotaxic injection; therefore, the cel-
lular identity of residual Ibal* cells after PLX5622 can-
not be conclusively determined. Second, only male mice
were used. In animal models, microglial depletion is less
effective in females [70 and our study], whereas women
show increased susceptibility to tau accumulation and
cognitive decline [71-73], suggesting that therapeu-
tic responses may be sex-dependent. Finally, although
microglial depletion shows promise in preclinical mod-
els, long-term suppression of brain innate immunity
raises safety concerns, including potential infection risk
and compensatory infiltration of peripheral myeloid cells.
Therefore, defining optimal timing and potentially com-
bining transient depletion with repopulation strategies
may be required for clinical translation.
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Conclusions

1. Bihippocampal delivery of AAV-hTau"*"'" in mice
provides a model that recapitulates key hallmarks
of tauopathy such as hyperphosphorylation of tau,
complement activation, glial reactivity, structural
alterations in hippocampal layers, and cognitive
impairment.

2. Microglial activation is an important contributor
to structural changes in hippocampal layers and
cognitive decline in the context of tau pathology.

3. Microglial depletion may confer neuroprotection
through mechanisms associated with reduced levels
of insoluble p-tau oligomers, partial inhibition of C3*
astrocyte induction, and attenuation of microglial
reactivity.

Overall, these findings support a stage-dependent thera-
peutic window in which microglia-targeted interventions
may modify disease progression, particularly before overt
neurodegeneration is established.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/540478-026-02291-1.

Supplementary figure 1. Characterization of the humanized tauopathy in
vivo mouse model. (A) Representative images of protein expression levels
of TY9 and GFP from hippocampal lysates in control (n = 3) and AAV-hTau
(n =4) mice 14 and 28 dpi. (B) Representative images of GFP, TY9 and AT8
intensity in brain slices of control and AAV-hTau mice 56 dpi. Scale bar: 500
pm (5X). (C) Correlation between TY9 and AT8 intensity in hippocampus

in AAV-hTau (n = 26) mice. Pearson correlation analysis, r = 0.79, ****p <
0.0001 (two-tailed). days post-injection (dpi); AAV-hTau (h-Tau)

Supplementary figure 2. Time-dependent reduction of CA1 and DG
thickness and increase in locomotor activity y h-Tau mice. Representa-
tive Hoechst-stained images of (A) CAT and (B) dentate gyrus (DG) in
control and hTau mice at 7, 14, 21 and 28 dpi. The CA1 layer shown is the
pyramidal cell layer (PCL), and the DG layer represented is the granule
layer (GL) Scale bars: CAT images 30 um (40X); DG images 50 pm (40X). (C)
Locomotor activity in the openfield test and quantification of the distance
travelled and mean speed 28 and 56 dpi in control (white bars) and hTau
(blue bars) mice. Data are presented as mean + SEM. Significance was
determined by two-way ANOVA followed by Sidék's multiple comparisons.
*p < 0.05. Days post injection (dpi); AAV-hTau (h-Tau)

Supplementary figure 3. Strong correlation between DG layer thickness
and recognition memory impairment. (A) Relationship between DG gran-
ule cell layer thickness (x axis), CA1 pyramidal cell layer thickness (y axis),
and DI from the NOR test. Each dot represents an individual mouse, the
dot colour indicates the experimental group, and the dot size corresponds
to increased values of DI (all data have been previously reported in Fig. 2).
Significant Pearson'’s correlations were observed between DG layer thick-
ness to DI (r = 0.70, ****p < 0.0001) and between CA1 layer thickness and
DI (r=041, *p < 0.05). A positive correlation was observed between thick-
ness of both layers (r = 0.64, *****p < 0.0001). The same correlations were
also performed in AAV-hTau mice group alone: DG thickness vs DI (r = 0.62,
**p < 0.01), DG vs CA1 thickness (r=0.62, ***p < 0.001), CA1 thickness vs
DI (r=0.38, p =0.187). (B) Correlation between DG thickness layer and DI
in AAV-hTau mice alone (n = 18). Pearson correlation analysis, r = 0.62, **p
< 0.01 (two-tailed). (C) Relationship between DG granule cell layer thick-
ness (x axis), DI from NOR test (y axis), and AT8 intensity in hippocampus.
Each dot represents an individual mouse, the dot colour indicates the

experimental group, and the dot size corresponds to increased values of
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AT8 intensity in hippocampus (all data previously reported in Fig. T and 2. Leyns CEG, Holtzman DM (2017) Glial contributions to neurodegeneration in
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