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Abstract
Alzheimer’s disease (AD) and other tauopathies are histopathologically characterized by tau aggregation, along with a chronic 
inflammatory response driven by microglia. Over the past few years, the role of microglia in AD has been studied mainly in 
relation to amyloid-β (Aβ) pathology. Consequently, there is a substantial knowledge gap concerning the molecular mecha-
nisms involved in tau-mediated toxicity and neuroinflammation, thus hindering the development of therapeutic strategies. 
We previously demonstrated that extracellular soluble tau triggers p38 MAPK activation in microglia. Given the activation 
of this signaling pathway in AD and its involvement in neuroinflammation processes, here we evaluated the effect of p38 
inhibition on primary microglia cultures subjected to tau treatment. Our data showed that the toxic effect driven by tau in 
microglia was diminished through p38 inhibition. Furthermore, p38 blockade enhanced microglia-mediated tau phagocytosis, 
as reflected by an increase in the number of lysosomes. In conclusion, these results contribute to our understanding of the 
functions of p38 in the central nervous system (CNS) beyond tau phosphorylation in neurons and provide further insights 
into the potential of p38 inhibition as a therapeutic strategy to halt neuroinflammation in tauopathies.
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Introduction

Alzheimer’s disease (AD) is the most common form of 
dementia, affecting 47 million people worldwide. It is the 
main cause of dependence in older adults and the fifth cause 

of death. Although this disease has an incredibly high socio-
economic burden, there are still no effective therapies [1, 
2]. AD is characterized by the presence of senile plaques 
(comprised of amyloid-β peptide (Aβ)) [3–5] and neurofi-
brillary tangles (NFTs) (formed by the aggregation of hyper-
phosphorylated tau) [6–8] in the brain, which cause synaptic 
dysfunction, neuron loss and marked glial activation [9].

Tau is a microtubule-associated protein that regulates 
axonal transport and stabilizes and spatially organizes the 
microtubules of neurons [10, 11], among other functions [12]. 
Tau protein is subjected to numerous post-translational modi-
fications, phosphorylation being the most recurrent [13]. This 
process is physiologically regulated throughout life. However, 
in some neurodegenerative diseases called tauopathies (such 
as AD), tau is hyperphosphorylated [14]. The state of phos-
phorylation plays a very important role in regulating the physi-
ological function of tau, since it reduces the binding affinity of 
tau to microtubules and promotes its aggregation, thus com-
promising the integrity of neurons [15, 16]. On the other hand, 
several authors have reported that NFTs are not as toxic as pre-
viously believed, thereby suggesting that small aggregates and 
soluble tau species are the main drivers of neurodegeneration 
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in tauopathies [17–25]. In this regard, various mechanisms can 
release tau into the extracellular space, where it interacts with 
other neurons [26–29] or glial cells such as astrocytes [30, 31] 
and microglia [32, 33].

Microglia are the resident macrophages of the brain [34, 
35] and make up 5–12% of central nervous system (CNS) 
cells [36]. Alois Alzheimer was the first to recognize the 
involvement of glia in the disease that bears his name [37]. 
However, it was in the 1990s that microglia were shown to 
interact with Aβ and tau [38, 39]. For the last thirty years, the 
scientific community, supported by the amyloid hypothesis, 
has focused on studying the contribution of Aβ to neuroinflam-
mation, while less attention has been paid to the association 
between microglia and tau pathology. In this context, Ising 
et al. recently showed that tau promotes NLRP3 inflamma-
some activation [40]. Moreover, previous work by our group 
demonstrated that tau induces a pro-inflammatory response in 
microglia through p38 MAPK activation [41].

Mitogen-activated protein kinase (MAPK) signal trans-
duction pathways are ubiquitous and highly evolutionar-
ily conserved mechanisms that coordinate and integrate 
responses to diverse stimuli (e.g., pathogen-associated 
molecular patterns (PAMPs), danger-associated molecular 
patterns (DAMPs), cytokines and environmental stresses) 
and are thus associated with various cellular processes 
[42]. The p38 MAPK subfamily, comprising four isoforms 
encoded by MAPK14 (p38α), MAPK11 (p38β), MAPK12 
(p38γ) and MAPK13 (p38δ) [43], is one of the most impor-
tant signaling pathways in inflammation [44]. p38 activation 
in AD [45] has been fundamentally attributed to its ability 
to phosphorylate tau in neurons [46–49], while its function 
in microglia has not been fully elucidated.

Here we show that extracellular tau exerts a toxic effect 
in microglia that is reversed by pharmacological inhibition 
of p38. Furthermore, p38 blockade promotes an increase 
in tau phagocytosis, although it diminishes tau-mediated 
microglial migration. These results support the notion that 
targeting p38 signaling might offer a potential therapeutic 
strategy through which to improve microglial function and 
prevent neuroinflammation in tauopathies.

Materials and Methods

Recombinant Tau Preparation

pRKT42, which encodes full-length tau protein of human 
origin (2N4R), was transformed into lipopolysaccha-
ride (LPS)-free ClearColi (BL21(DE3)) cells (Lucigen, 
Cat#60810) following the manufacturer’s instructions. 
Single colonies were grown in LB medium with 100 µg/ml 
of ampicillin, and 0.4 mM IPTG was added when  OD600 
reached 0.6–0.8. Four hours later, bacteria were pelleted 

(20 min, 1,000 g, 4 °C) and sonicated in extraction buffer 
(0.1 M MES, 2 mM EGTA, 0.5 mM  MgCl2, 0.5 M NaCl, 
5 mM β-mercaptoethanol, and 1 mM PMSF). The soni-
cated product was then centrifuged (10 min, 23,700 g, 
4 °C) and the supernatant was boiled for 10 min to prevent 
possible contamination of endogenous enzymatic activi-
ties. The boiled sample was incubated on ice for 5 min and 
subsequently centrifuged (30 min, 23,700 g, 4 °C). Tris 
was then added to the supernatant until pH = 11.

To induce tau precipitation, the sample was stirred for 
1 h at 4 °C in a magnetic mixer and  (NH4)2SO4 was added 
until reaching 50% saturation. Next, the sample was centri-
fuged (1 h, 23,700 g, 4 °C) and the pellet was resuspended 
in PBS. The resuspension was dialyzed in PBS with a 
Spectra/Por3 membrane (Repligen, Cat#132720) overnight 
at 4 °C in a magnetic mixer. The next day, the dialyzed 
product was incubated for 30 min at 37 °C while shaking 
with 10 µg/ml of RNase A (Roche, Cat#10109169001). To 
stop the enzymatic activity of the RNase and remove it, the 
sample was incubated for 1 min at 100 °C and centrifuged 
(1 min, 15,900 g, 4 °C).

To efficiently remove the remaining endotoxins, the 
supernatant was subjected to Triton X-114 phase sepa-
ration. First, Triton X-114 was added at a concentration 
of 1% and the sample was incubated for 30 min at 4 °C 
in a rotating shaker with a vortex step every 5 min. The 
sample was then incubated for 10 min at 56 °C in a water 
bath and centrifuged (10 min, 20,000 g, 25 °C) to obtain 
the liquid phase. This procedure was repeated three times 
and the liquid phase of the third cycle was processed 
through a Pierce detergent removal spin column (Thermo 
Fisher, Cat#87779), following the manufacturer’s instruc-
tions. The eluted volume was passed through a polymyxin 
B-agarose (Sigma Aldrich, Cat#P1411) endotoxin removal 
column, and endotoxin levels were quantified by LAL 
assay (HyCult Biotech, RRID:AB_10130891).

For some experiments, purified tau was labeled with 
sulfoindocyanine Cy5 (GE Healthcare, Cat#PA25001), fol-
lowing the manufacturer’s recommendations. Briefly, 1 ml 
of recombinant tau protein (1 mg/ml), which comprises 
mainly monomers and dimers [50], was mixed with a sam-
ple of Cy5 dye for 1 h at room temperature. To remove 
the excess of free-dye, the mixture was dialyzed in PBS 
overnight at 4 °C and filtered through a Sephadex G-50 
column. Finally, each eluted fraction was tested for the 
presence of tau by dot blot, and tau-containing fractions 
were combined.

Primary Microglia Cultures

Mice were housed in 403 (W) × 165 (D) × 174 (H) mm cages 
(4–5 mice/cage) at the specific pathogen-free animal facility 
of the “Centro de Biología Molecular Severo Ochoa.” They 
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had access to food and water ad libitum and were maintained 
on a 12/12 h light/dark cycle in a temperature-controlled 
environment. Animal housing and maintenance protocols 
followed the guidelines of the Council of Europe Conven-
tion ETS123, revised as indicated in Directive 86/609/EEC. 
Animal experiments were performed under protocols (P15/
P16/P18/P22) approved by the Institutional Animal Care 
and Utilization Committee (PROEX 291/15) and following 
ARRIVE guidelines.

Microglia were cultured from newborn C57BL/6  J 
(Charles River, RRID:MGI:6151402) mice (P0-P3). Ani-
mals were decapitated, and brains were dissected in cold 
 Ca2+/Mg2+-free HBSS and stripped of meninges. The tissue 
was then digested with 0.25% trypsin for 10 min at 37 °C. 
Trypsinization was stopped by the addition of the medium 
used for this cell culture: DMEM supplemented with 1% 
Glutamax (Gibco, Cat#35050–038), 10% FBS (Gibco, 
Cat#26140–079), 100 U/mL of penicillin and 0.1 mg/mL 
of streptomycin (Gibco, Cat#15240–062). Next, 0.2 mg/ml 
DNase (Roche, Cat#11284932001) was added to the digested 
tissue and centrifuged (10 min, 300 g, 4 °C). A single-cell 
suspension of the pellet was obtained by repeated pipetting. 
Subsequently, cells were passed through a 40-μm nylon filter 
and seeded into 75  cm2 flasks coated with 0.1 mg/ml poly-L-
lysine (Sigma Aldrich, Cat#P9155) (2 brains/flask), which 
were maintained at 37 °C in humidified 5%  CO2–95% air. 
The next day, the plating medium was discarded, the flasks 
were washed three times with PBS, and fresh medium sup-
plemented with 10% L929 conditioned medium was added. 
Microglia were collected after 7–10 days by shake off and 
centrifugation (10 min, 300 g, room temperature).

Live‑Cell Imaging

One hundred thousand cells/well were seeded on an M24 
plate. After 2 days, cells were treated with 1 µg/ml of LPS 
(from E. coli O55:B5, Sigma Aldrich, Cat#L2880), 0.5 µM 
tau, or PBS (control). Some of the experiments were sub-
jected to a 30 min pre-treatment with 20 μM SB203580 
(Sigma Aldrich, Cat#S8307), 10 μM cytochalasin D (Sigma 
Aldrich, Cat#C2618) or vehicle (DMSO). The plate was 
immediately placed in an Incucyte S3 system (Sartorius) 
and 9 images/well were taken every hour for 24–48 h with a 
10 × objective. Automated image processing (Supplemen-
tary Fig. S1) and quantification were carried out by the inte-
grated controller unit (Sartorius) using Incucyte S3 v.2017A 
software. The total sum of the Cy5 signal of all cells in 
each image ((RCU × µm2)/image) was calculated to analyze 
tau-Cy5 internalization by microglia. Cell death events were 
visualized by adding 250 nM Cytotox Red reagent (Sarto-
rius, Cat#4632), following the manufacturer’s instructions. 
Confluence analysis was performed by calculating the per-
centage of area occupied by the cells.

Western Blot

One hundred thousand cells/well were seeded on an M24 
plate. After 2 days, cells were pre-treated for 30 min with 
20 μM SB203580 (Sigma Aldrich, Cat#S8307), 10 μM 
cytochalasin D (Sigma Aldrich, Cat#C2618) or vehicle 
(DMSO), and 0.5 µM tau or PBS (control) was subsequently 
added for 30 min. Afterwards, cells were washed three times 
with PBS to remove excess tau. Finally, the samples were 
lysed using the RIPA buffer (50 mM Tris–HCl pH 7.4, 
150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycho-
late, and 0.1% SDS) with a mixture of protease (cOmplete, 
Roche, Cat#11697498001) and phosphatase (0.1 mM oka-
daic acid and 5 mM orthovanadate) inhibitors. After a cen-
trifugation step (5 min, 845 g, 4 °C), the protein concentra-
tion of the supernatant was determined using the BCA assay 
(Thermo Fisher, Cat#23225).

5 × Laemmli buffer (0.125 M Tris–HCl pH 6.8, 20% 
glycerol, 5% SDS, 0.004% bromophenol blue, and 2% 
β-mercaptoethanol) was added to the protein extracts, which 
were denatured at 100 °C for 5 min. Proteins were then sep-
arated by standard SDS-PAGE electrophoresis in 10–12% 
polyacrylamide gels. They were then transferred to polyvi-
nylidene difluoride membranes (Millipore, Cat#IPVH00010) 
using a Mini-PROTEAN system (Bio-Rad) at a constant 
amperage of 150 mA for 50 min (90 min for Hsp27 and 
phospho-Hsp27 immunoblotting). Membranes were blocked 
with 5% BSA in 0.1% TBS-T for 2 h at room temperature 
and incubated overnight at 4 °C with primary antibodies. 
The following day, membranes were washed 3 times with 
0.1% TBS-T and incubated with secondary antibodies for 
2 h at room temperature. Finally, membranes were subjected 
to 3 washes with 0.1% TBS-T before being developed with 
ECL (PerkinElmer, Cat#NEL105001EA) and photographed 
on an ImageQuant LAS 4000 mini system (GE Healthcare). 
The signal intensity was quantified by densitometry using 
Fiji v.2.1.0/1.53c (RRID:SCR_002285). To correct for pos-
sible loading errors, the densitometry values obtained were 
normalized with loading controls.

Lentiviral Stock Preparation

HEK 293 T cells (RRID:CVCL_1926. Authenticated by STR 
profiling, confirmed for mycoplasma negative, and not listed 
as commonly misidentified cell line by the International Cell 
Line Authentication Committee) were seeded at a passage 
number lower than 10 in 100-mm dishes and co-transfected 
at 85% confluency with 5 µg of the packaging plasmid 
pCMVR8.74 (RRID:Addgene_22036), 2 μg of the VSV-G 
envelope protein plasmid pMD2.G (RRID:Addgene_12259) 
and 5 µg of the corresponding lentivector plasmid pWPI 
(RRID:Addgene_12254) or pWPI-Tau (kindly provided by 
Prof. Kenneth S. Kosik. Encodes full-length tau (2N4R) and 
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GFP reporter) using Lipofectamine Plus (Thermo Fisher, 
Cat#18324–012), following the manufacturer’s instructions. 
The next day, the transfection medium was replaced with 
5 ml of fresh microglia medium. After 24 h, the medium was 
passed through a 0.45  μm low binding pore filter and work-
ing titers (1.06–1.73 ×  106 infective units/ml) were quanti-
fied by flow cytometry using a FACSCalibur 4CA (BD) and 
FlowJo v.10.4 (RRID:SCR_008520).

Bv‑2 Infection

The Bv-2 microglial cell line (RRID:CVCL_0182. Not 
listed as commonly misidentified cell line by the Interna-
tional Cell Line Authentication Committee) was grown in 
modified RPMI medium (10 mM HEPES, 4.5 g/l of glu-
cose, and 1.5 g/l of sodium bicarbonate) supplemented 
with 2 mM L-glutamine, 1 mM sodium pyruvate, 50 μg/
ml of gentamycin and 10% FBS (Gibco, Cat#26140–079). 
Two hundred thousand cells/well were seeded at a passage 
number lower than 10 on an M6 plate. Two days later, len-
tiviral vectors were used to transfect the cells at a MOI of 
1 in the presence of 8 μg/ml of polybrene (Sigma Aldrich, 
Cat#TR-1003). The medium was replaced every day and 
Green fluorescent protein (GFP) reporter expression was 
visualized under a microscope after 72 h. The percentage of 
infection was quantified by flow cytometry using a FACS-
Calibur 4CA (BD) and FlowJo v.10.4 (RRID:SCR_008520). 
Cells were then treated with 0.5 µM tau or PBS (control) for 
30 min. Afterwards, they were washed three times with PBS 
to remove excess tau. Finally, the samples were lysed using 
the RIPA buffer with a mixture of protease and phosphatases 
inhibitors (composition detailed above). After a centrifuga-
tion step (5 min, 845 g, 4 °C), the protein concentration of 
the supernatant was determined by the BCA assay (Thermo 
Fisher, Cat#23225).

Tau Internalization Assay

Fifty thousand cells/well were seeded on an M96 black plate. 
After 2 days, cells were pre-treated for 30 min with 20 μM 
SB203580 (Sigma Aldrich, Cat#S8307) or vehicle (DMSO), 
and 0.5 µM tau-Cy5 or PBS-Cy5 (control) was subsequently 
added at different time points (from 0.5 to 6 h). The culture 
medium was then removed from the wells and cells were 
washed three times with PBS. Finally, Cy5 fluorescence 
was measured in an Infinite M200 PRO plate reader (Tecan, 
RRID:SCR_019033) at an excitation wavelength of 630 nm 
and emission wavelength of 680 nm.

Lysosomal Mass Quantification

Three hundred thousand cells/well were seeded on an M24 
plate. After 2 days, cells were pre-treated for 30 min with 

20 μM SB203580 (Sigma Aldrich, Cat#S8307) or vehi-
cle (DMSO), and 0.5 µM tau or PBS (control) was sub-
sequently added for 6 h. 75 nM Lysotracker Red (Thermo 
Fisher, Cat#L7528) was then added for 45 min, and cells 
were washed twice with PBS. Trypsin was then used to lift 
cells from the plate and cells were again washed twice with 
PBS by centrifugation (5 min, 150 g, 4 °C). Finally, cells 
were resuspended in 200 μl of PBS and analyzed using 
a FACSCanto II flow cytometer (BD) and FlowJo v.10.4 
(RRID:SCR_008520). 1 µg/ml DAPI (Merck, Cat#268298) 
was used to exclude dead cells from the analysis.

Microglia Migration Assay

One hundred cells were seeded onto an 8-μm pore size 
insert (Merck, Cat#MCEP24H48). Inserts were placed into 
an M24 plate containing 300 µl of medium with 0.5 µM 
tau or PBS (control) and 20 μM SB203580 (Sigma Aldrich, 
Cat#S8307) or vehicle (DMSO). After 3 h of incubation, 
inserts were removed and the medium was transferred to 
1.5 ml tubes, which were centrifuged (5 min, 150 g, 4 °C). 
Pellet was resuspended in 10 μl trypan blue and cell count-
ing was carried out using a 10-well hemocytometer (Kova 
International, Cat#87144E).

Immunofluorescence

Sixty thousand cells/well were seeded on an M24 plate with 
12 mm coverslips. After 2 days, cells were pre-treated for 
30 min with 20 μM SB203580 (Sigma Aldrich, Cat#S8307) 
or vehicle (DMSO), and 0.5 µM tau-Cy5 or PBS-Cy5 (con-
trol) was subsequently added for 6 h. Afterwards, cells were 
washed three times with PBS to remove excess tau-Cy5, 
fixed in 4% paraformaldehyde (Electron Microscopy Sci-
ences, Cat#15710) for 15 min at room temperature and 
washed again three times with PBS. Cells were then permea-
bilized with PBS containing 0.2% Triton X-100 for 10 min at 
room temperature and washed three times with PBS. After 
30 min of blocking with 1% BSA in PBS-T at room tempera-
ture, cells were washed three times with PBS and stained 
with phalloidin 488 (Thermo Fisher, Cat#A12379) at 1:300 
dilution in PBS for 1 h at room temperature. Finally, cells 
were washed three times in PBS, nuclei were labeled with 
1 µg/ml DAPI (Merck) for 10 min at room temperature and 
rinsed with PBS.

Images were obtained using the SpinSR10 confocal sys-
tem coupled to an IX83 inverted microscope (Olympus) 
with a 40 × objective. Each image is an overlay of 37 stacks 
with a separation of 1 μm between them. The proportion 
of migrating cells (characterized by the presence of a large 
filopodium) was quantified manually using the Cell Coun-
ter tool of Fiji. The occupied area was measured by draw-
ing the contour of each cell individually. Fifty cells were 
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analyzed for each experimental condition of three independ-
ent experiments.

Statistical Analysis

Data were evaluated using GraphPad Prism v.9.0.0 
(RRID:SCR_002798) of at least three independent experi-
ments. The presence of outliers was checked using the 
Grubbs test. Subsequently, Shapiro–Wilk and D’Agostino-
Pearson tests were used to verify that the remaining values 
were adjusted to a normal distribution. The area under the 
curve (AUC) was calculated when analyzing a variable over 
time. For the comparison between two experimental groups, 
data were analyzed by Student’s t test (two-tailed). One and 
two-way analysis of variance (ANOVA) tests were applied 
to compare more than two experimental groups, and post 
hoc comparisons were performed using Tukey’s multiple 
comparison test. Details of the number of independent cell 
culture experiments (n), data representation (mean ± stand-
ard error of the mean (SEM)), the statistical test used, and 
significance levels are provided in the caption of each fig-
ure. This work is an exploratory study and it was not pre-
registered. No randomization, sample calculation or blinding 
was performed.

Results

Tau Exerts a Toxic Effect on Microglia

We previously reported that extracellular tau is internalized 
by microglia [33, 51]. However, little is known about its 
consequences at the cellular level. Using live-cell imaging, 
we observed that microglia treated with tau of human origin 
acquired an amoeboid morphology and showed vacuoles, 
which is characteristic of an activated phenotype against 
harmful stimuli such as LPS (Fig. 1A–C). Confluence analy-
sis also revealed a decrease in the area occupied by micro-
glia in the presence of tau after 6 h of treatment compared 
with the LPS condition (Fig. 1D–E). This observation may 
indicate that tau compromises the survival of these cells. To 
address this issue, we used Cytotox Red, a highly sensitive 
cyanine nucleic acid dye that allows the evaluation of cell 
death. In this regard, we observed that the decrease in con-
fluence in microglia subjected to tau treatment was accom-
panied by an increase in cell death (Fig. 1F–G and Sup-
plementary video S1). This result confirms that tau exerts 
a toxic effect on microglia, as has been described in other 
cell types of the CNS such as neurons [52] (Supplementary 
Fig. S2). Given that cytotoxicity did not increase signifi-
cantly between 24 and 48 h (Fig. 1F), the rest of the live-cell 
imaging experiments had a maximum duration of 24 h.

Phagocytosis Inhibition Decreases Tau‑Mediated 
Cytotoxicity in Microglia

The toxic effect of tau protein could be due to its internali-
zation by microglia. Phagocytosis is one of the essential 
functions of these cells since it intervenes in the correct 
development of the CNS and it is fundamental to eliminate 
pathogens and protein aggregates that accumulate with age 
[53]. In this context, tau can be released by neurons into 
the extracellular space and subsequently be internalized 
by neighboring cells [54]. To reinforce the notion that tau 
protein is phagocytosed by microglia, we subjected these 
cells to cytochalasin D (CytoD) treatment, a well-known 
phagocytosis inhibitor [55]. We next added tau labeled with 
Cy5 (tau-Cy5) to analyze the internalization of this protein, 
observing that phagocytosis inhibition prevented microglia-
mediated tau uptake (Fig. 2A–D and Supplementary video 
S2). The diffuse signal observed in Fig. 2A and B corre-
sponded to extracellular tau-Cy5 added to the cell culture 
prior to image acquisition. Also, to determine whether tau 
internalization gave rise to cell death, we analyzed cytotox-
icity under phagocytosis inhibition. Although CytoD per se 
caused some toxicity, this drug significantly, but not totally, 
decreased tau-mediated cytotoxicity in microglia (Fig. 2E–J 
and Supplementary video S3).

Tau Activates p38 Independently of Its 
Internalization by Microglia

After describing that phagocytosis blockade partially 
reduced the toxic effect of tau, we questioned whether the 
inflammatory response of these cells was also decreased 
under this condition. In this regard, p38 MAPK is one of 
the molecular triggers of inflammation [44], and previ-
ous work by our group demonstrated that tau induces p38 
activation in microglia [41]. Taking this into considera-
tion, we sought to determine whether the inhibition of tau 
phagocytosis reduced p38 activation. To this end, micro-
glia were subjected to a 30 min pre-treatment with CytoD 
or SB203580 (SB), the latter a widely used p38 inhibitor. 
The cells were then incubated in the presence of tau for 
a further 30 min. Western blot analysis (Fig. 3A) showed 
that both p38 (Fig. 3B) and its downstream target MAPK-
activated protein kinase 2 (MK2) (Fig. 3C) were activated 
despite blocking phagocytosis. This result indicates that tau 
promotes the activation of microglia without the need for 
its internalization.

p38 Is Specifically Activated in the Presence 
of Extracellular Tau

We also wanted to demonstrate whether endogenous tau 
expression in microglia (that do not tau express per se [56, 
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Fig. 1  Tau exerts a toxic effect 
on microglia. Representative 
images of microglia treated 
with PBS (control) (A), LPS 
(B) or tau protein (C) for 48 h. 
Cytotox Red labeling indicates 
cytotoxicity. (D–E) Conflu-
ence analysis shows a dramatic 
increase in cell activation from 
0 to 6 h with LPS and tau 
treatments. (F–G) Cytotoxicity 
analysis reveals that tau protein 
is toxic for microglia. n = 4. 
Graphs show mean ± SEM. 
***p < 0.001 from one-way 
ANOVA. Scale bar, 100 µm. 
AUC, area under the curve; 
LPS, lipopolysaccharide; PBS, 
phosphate-buffered saline
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Fig. 2  Phagocytosis inhibition decreases tau-mediated cytotoxicity in 
microglia. Representative images of microglia treated with tau-Cy5 
(red) in the absence (A) or presence of cytochalasin D (CytoD) (B) 
for 24 h. (C–D) CytoD-mediated inhibition of phagocytosis prevents 
tau internalization. ***p < 0.001 from Student’s t test (two-tailed). 
Representative images of microglia treated for 24 h with PBS (con-
trol) (E and G) and tau protein (F and H) in the absence (E–F) or 

presence of CytoD (G–H). Cytotox Red labeling indicates cytotox-
icity. (I–J) Cytotoxicity analysis shows that phagocytosis inhibition 
decreases tau-mediated cytotoxicity. **p < 0.01; ***p < 0.001 from 
one-way ANOVA. n = 4. Graphs show mean ± SEM. Scale bars, 
100  µm. AUC, area under the curve; DMSO, dimethyl sulfoxide; 
PBS, phosphate-buffered saline; RCU, total red object integrated den-
sity
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57]) activates p38 in these cells. For this purpose, we made 
use of a lentiviral vector (pWPI-Tau) (Fig. 4A) that allows 
the efficient expression of tau in Bv-2 mouse microglia, 
as reported by the GFP reporter gene by flow cytometry 
(Fig. 4B) and western blot (Fig. 4C). Infected cells and their 
corresponding controls were treated with tau for 30 min, and 
p38 activity was quantified by western blot (Fig. 4C), show-
ing that this kinase was activated exclusively in the presence 
of exogenous tau (Fig. 4D).

p38 Inhibition Decreases Tau‑Mediated Cytotoxicity 
in Microglia

Thus far, we have reported that the inhibition of tau phago-
cytosis decreased cytotoxicity in microglia (Fig. 2). How-
ever, this approach did not prevent p38 activation in these 
cells (Fig. 3). At this point, we sought to explore the possible 
beneficial effect of p38 inhibition on tau-mediated cytotoxic-
ity. To this end, microglia were treated with SB for 30 min 
and tau was subsequently added for 24 h. Cytotox Red analy-
sis revealed that SB per se had no toxic effect on these cells 
(Fig. 5A, C, E–F). Moreover, we confirmed that tau pro-
moted an increase in cell death (Figs. 5A–B, E–F), as we had 
previously observed (Fig. 1 and 2). However, tau-mediated 
cytotoxicity was considerably reduced when SB was present 
(Fig. 5B, D–F and Supplementary video S4). The analysis of 
cell death by flow cytometry confirmed these results (Sup-
plementary Fig. S3), thereby indicating that p38 inhibition 
alleviates cytotoxicity in microglia treated with tau.

p38 Inhibition Enhances Tau Phagocytosis 
by Microglia

Given that tau accumulates in the extracellular space in cer-
tain neurodegenerative diseases [58] and that the phagocytic 

capacity of microglia decreases with age [59], the discovery 
of potential targets that enhance phagocytosis is crucial to 
ensure the maintenance of CNS homeostasis. In this context, 
we analyzed the effect of p38 inhibition on tau phagocytosis 
by microglia. Cells were subjected to a 30 min pre-treatment 
with SB, and tau-Cy5 was subsequently added at different 
time points. A period between 1 and 6 h was chosen since 
there was not a drastic increase in cell death during this 
time interval (Fig. 1F). We observed that p38 inhibition 
increased tau phagocytosis in microglia (Fig. 6A–B). These 
data were further confirmed by flow cytometry (Supplemen-
tary Fig. S4).

In view of these results, we next sought to identify the 
mechanism responsible for this increase in tau internaliza-
tion. Stancu et al. reported that tau is taken up by micro-
glia and sorted to lysosomes [60]. Keeping this in mind, 
we studied whether there was an increase in the number of 
lysosomes. Using the Lysotracker Red probe, we detected 
an increase in lysosomal mass when cells were treated with 
SB (Fig. 6C–D). This observation thus suggests that p38 
inhibition enhances tau phagocytosis through an increase in 
lysosome number.

p38 Inhibition Partially Diminishes Tau‑Mediated 
Microglial Migration

Microglia constantly survey their environment thanks to 
their high motility, thus allowing them to rapidly detect 
changes in the brain parenchyma [61, 62]. During AD, 
NFTs (formed by the aggregation of hyperphosphorylated 
tau) act as an inflammatory focus, causing the surround-
ing microglia to approach the damaged area and exert a 
protective function [38]. However, studies analyzing the 
migration of microglia in the presence of tau are lack-
ing. To address this gap, we performed an in vitro cell 

Fig. 3  Tau activates p38 independently of its internalization by 
microglia. Western blot (A) and quantification of p38 (B) and MK2 
(C) activity in microglia treated for 30  min with PBS (control) 
and tau in the absence or presence of cytochalasin D (CytoD) or 
SB203580 (SB). Note that only in the presence of SB is tau-mediated 

p38 activation suppressed, as shown by the measurement of MK2 
activity. n = 4. Graphs show mean ± SEM. *p < 0.05; **p < 0.01; 
***p < 0.001 from two-way ANOVA. DMSO, dimethyl sulfoxide; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MK2, MAPK-
activated protein kinase 2; PBS, phosphate-buffered saline
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migration assay, which consisted of seeding the cells 
on an insert placed in a well with that its corresponding 
treatment (Fig. 7A). After 3 h of incubation under dif-
ferent experimental conditions, a significant increase in 
microglial migration in the presence of tau was observed. 
Nonetheless, simultaneous addition of SB and tau reduced 
the migration of these cells (Fig. 7B). To provide a pos-
sible explanation for this phenomenon, we analyzed the 
activity of heat shock protein 27 (Hsp27), a downstream 
target of p38 that regulates actin dynamics and, therefore, 
cell motility [63]. In this regard, western blot analysis 
showed an increase in Hsp27 activity when microglia were 
subjected to tau treatment. However, the addition of SB 
slightly reduced this activation (Fig. 7C–D). Additionally, 
a phalloidin staining was performed in order to analyze the 
dynamics of the actin cytoskeleton (Fig. 7E). When micro-
glia were subjected to tau treatment, an increase in the pro-
portion of migrating cells was observed (Fig. 7F). These 

cells are characterized by the presence of a large filopo-
dium (orange arrows in Fig. 7E2) and their cytoplasmatic 
protrusions called filopodia. Consequently, microglia also 
increased their occupied area (Fig. 7G). However, as it 
was observed with the in vitro assay, the inhibition of p38 
considerably reduced tau-mediated microglial migration.

Discussion

Tau pathology is a hallmark of several neurodegenera-
tive diseases whose incidence has grown rapidly in recent 
years due to the aging of the world population. Current 
research has focused on the role of tau in health and dis-
ease, as well as on strategies to mitigate tau accumulation, 
prevent its aggregation and promote its clearance [64]. 
However, there is a substantial knowledge gap concerning 
the molecular pathways involved in tau-mediated toxicity 
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and neuroinflammation, thus hindering the identification 
of potential therapeutic targets for tauopathies such as AD. 
During the progression of this neurodegenerative disorder, 
neurons release various components into the extracellu-
lar space, including tau, usually as a result of neuronal 
death. However, these cells also present different mecha-
nisms for the physiological release of tau, thus contribut-
ing to its propagation [54]. In this context, extracellular 
tau has a toxic effect on neuronal cells [52]. However, 
the repercussions on other cell types of the CNS, such 
as microglia, remain unexplored. To address this knowl-
edge gap, we made use of primary microglia cultures in 
combination with live-cell imaging techniques and several 
in vitro assays to study tau toxicity in this cell popula-
tion. While previous research shed light on the mechanism 
of tau internalization by microglia [32, 33, 51], this is 
the first study evidencing the toxic effect of extracellular 
tau on these cells. In this regard, inhibition of phagocytic 

function decreased tau-mediated cytotoxicity in microglia. 
However, the blockade of tau internalization did not pre-
vent microglia from triggering an inflammatory response, 
as revealed by p38 activation.

The p38 MAPK signaling pathway is involved in 
a plethora of functions [43]. Although this kinase is 
expressed mainly in glia [56, 57], its role in the CNS 
has been associated with tau phosphorylation in neu-
rons [65–67]. Nonetheless, recent research conducted 
by our group revealed that tau triggers an inflammatory 
response in microglia through p38 activation [41]. Also, 
that study showed that p38 inhibition reduces the levels of 
pro-inflammatory cytokines in microglia treated with tau. 
However, the effect of p38 blockade on tau-mediated cyto-
toxicity in these cells remained unknown. To address this 
question, here we demonstrate that p38 inhibition through 
SB203580 (SB) treatment decreases tau-mediated cyto-
toxicity in microglia. This finding is in agreement with 

Fig. 5  p38 inhibition decreases tau-mediated cytotoxicity in micro-
glia. Representative images of microglia treated for 24  h with PBS 
(control) (A and C) or tau (B and D) in the absence (A–B) or pres-
ence of SB203580 (SB) (C–D). Cytotox Red labeling indicates 
cytotoxicity. (E–F) Cytotoxicity analysis shows that p38 inhi-

bition decreases tau-mediated cytotoxicity. n = 3. Graphs show 
mean ± SEM. ***p < 0.001 from two-way ANOVA. Scale bar, 
100  µm. AUC, area under the curve; DMSO, dimethyl sulfoxide; 
PBS, phosphate-buffered saline
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previous observations by Xia et al., who determined that 
p38 signaling is critical for the induction of cell death 
processes [68].

Since p38 inhibition markedly reduced the mortality 
of microglia, we next explored whether SB treatment had 
additional effects on certain functions of these cells, such 
as phagocytosis or migration. Regarding the former, the 
CNS requires an efficient system that eliminates poten-
tially harmful components present in the extracellular 
space [53]. In this context, microglia can internalize tau 
in vitro and in vivo [33], and here we show that p38 inhibi-
tion increased tau phagocytosis by these cells. This finding 
is in line with those of other studies which indicate that 
enhanced microglial phagocytosis may offer an effective 
therapeutic strategy during aging and in several neurode-
generative diseases [32, 69, 70]. Conversely, Reed-Gea-
ghan et al. reported that p38 inhibition reduces Aβ phago-
cytosis [71]. This opposing effect could be attributed to 
distinct Aβ- and tau-associated microglial profiles in AD 
patients, which would support the notion that these cells 

have distinct phenotypes depending on the histopathologi-
cal hallmark present [72].

In addition, this improvement in phagocytic function 
must be accompanied by effective molecular machinery 
capable of degrading toxic proteins. Consistent with this 
idea, recent studies reported that extracellular tau is inter-
nalized by microglia and sorted to lysosomes, which play 
an essential role in tau clearance [60, 73]. Taking this into 
consideration, we observed that p38 inhibition promoted an 
increase in lysosomal mass, thereby indicating that SB treat-
ment enhanced tau phagocytosis through an increment in the 
number of lysosomes. In line with these findings, several 
studies support the notion that p38 signaling plays a key 
function in the endocytic pathway [74–76]. However, little 
is known about the role of p38 and its specific inhibitors in 
lysosomal biogenesis [77]. In this sense, more research is 
needed to elucidate the precise molecular mechanisms that 
induce an increase in tau internalization. Such information 
would then help to identify potential therapeutic targets for 
tauopathies [78].

Fig. 6  p38 inhibition enhances 
tau phagocytosis by micro-
glia through an increase in 
lysosomal mass. (A–B) Time 
course of tau internalization by 
microglial cells in the absence 
or presence of SB203580 (SB). 
(C–D) Lysotracker red quan-
tification reveals an increase 
in lysosomal mass when p38 
is inhibited in microglial 
cells. n = 3–4. Graphs show 
mean ± SEM. **p < 0.01; 
***p < 0.001 from Student’s 
t test (two-tailed). AUC, area 
under the curve; DMSO, 
dimethyl sulfoxide; MFI, mean 
fluorescence intensity; OD, 
optic density
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Fig. 7  p38 inhibition dimin-
ishes tau-mediated microglial 
migration. (A) Representative 
diagram of the device used for 
the migration assay. The cells 
are seeded on the insert through 
which they can gradually 
migrate towards the base of the 
well. (B) Migration analy-
sis shows that tau promotes 
microglial migration. However, 
when tau and SB203580 (SB) 
are added simultaneously, 
migration is reduced. Western 
blot (C) and quantification of 
Hsp27 activity (D) in microglia 
treated for 30 min with PBS 
(control) and tau in the absence 
or presence of SB. (E) Repre-
sentative images of microglia 
stained with phalloidin. Orange 
arrows indicate migrating cells, 
which are characterized by the 
presence of a large filopodium. 
Quantification of the proportion 
of migrating vs. non-migrating 
cells (F) and the percentage 
of area occupied (G). n = 3–4. 
Graphs show mean ± SEM. 
*p < 0.05; **p < 0.01 from two-
way ANOVA. Scale bar, 50 µm. 
DMSO, dimethyl sulfoxide; 
GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; 
Hsp27, heat shock protein 27; 
PBS, phosphate-buffered saline

1 3

Molecular Neurobiology  (2022) 59:1632–1648 1643



Regarding microglial migration, both senile plaques and 
NFTs act as inflammatory foci, thus causing surround-
ing microglia to approach them and exert their protective 
function [38, 79]. While several authors have analyzed 
microglial migration in the context of Aβ [80–82], studies 
that describe this phenomenon in the presence of tau are 
lacking. In this regard, we report that tau induced micro-
glia migration in vitro. This observation, together with the 
ability of these cells to degrade tau [83], supports the neu-
roprotective role of microglia in tauopathies. However, the 
migratory capacity of microglia decreases with age [84, 
85], and it is crucial to find strategies to strengthen this 
feature. Accordingly, we examined whether p38 inhibition 
could fulfill this function. Contrary to what was expected, 
we found that SB treatment decreased microglial migra-
tion. This observation could be explained by the fact that 
p38 activation promotes actin polymerization and, con-
sequently, cell motility [63]. Based on this evidence, we 
analyzed the activity of Hsp27, an F-actin capping protein 
whose phosphorylation gives rise to actin polymerization 
[86]. We found that the enhanced microglial migration 
caused by the presence of extracellular tau was accompa-
nied by an increase in the Hsp27 phosphorylation, while 
p38 inhibition had the opposite effect. These observations 
support the notion that p38 activation during inflammation 
serves as a homeostatic function to regulate actin dynam-
ics, which would otherwise be destabilized during disease 
processes [63]. However, although p38 inhibition reduces 
microglial migration, this pharmacological treatment also 
has other beneficial effects capable of counteracting tau 
toxicity, namely, attenuation of inflammation, reduction in 
cell death and improvement of phagocytic function.

Another significant finding of this study is that endog-
enous tau expression did not lead to p38 activation, mean-
ing that this signaling pathway is activated only when 
extracellular tau interacts with distinct membrane recep-
tors. In this regard, there is previous evidence about the 
interaction of tau with the plasma membrane [87] and 
recent studies have characterized the binding of tau with 
several receptors in neurons (LRP1, M1 and M3) [27, 
88] and astrocytes (αV/β1) [89]. Conversely, the interac-
tion of tau with microglial receptors is poorly understood 
and it has only been described that tau binds to a specific 
microglia receptor named C-X3-C chemokine receptor 1 
(CX3CR1) [51]. Zhuang et al. demonstrated that the natu-
ral ligand (C-X3-C chemokine ligand 1. CX3CL1) of this 
receptor triggers p38 activation in microglia [90]. Surpris-
ingly, we found that extracellular tau also activated this 
kinase in Cx3cr1−/− microglia (Supplementary Fig. S5). 
Taken together, these results suggest that tau interacts with 
other receptors involved in the p38 signaling cascade. In 
this sense, it is plausible that tau could be interacting with 

receptors of the innate immune system such as Toll-like 
or complement receptors, whose association with Aβ has 
already been described [91, 92]. However, studies based 
on the analysis of tau interactome have not yet identified 
any potential candidates [93–95]. Therefore, more research 
is needed to provide additional clues to understand the 
molecular mechanism underlying tau toxicity in microglia.

Current research efforts are focused on defining the 
dynamics of p38 activation [96, 97] with the aim of devel-
oping more efficient compounds. Accordingly, several p38 
inhibitors have been tested in animal models of Aβ accu-
mulation [98–100], while less attention has been paid to 
tau pathology [101], in which we have recently shown that 
p38 activation occurs predominantly in microglia (in prep-
aration). Regarding human clinical trials, neflamapimod 
(formerly known as VX-745) is the only p38 inhibitor that 
has completed phase 2 studies in patients with mild AD. 
The results of those trials indicated that a 24-week treat-
ment did not improve episodic memory, although it caused 
a modest decrease in cerebrospinal fluid biomarkers asso-
ciated with synaptic dysfunction. These findings thus sug-
gest that a longer treatment at a higher dose would be 
needed to assess the effects on AD progression [102]. On 
the basis of our findings, future studies in humans require 
a distinction between Aβ, tau pathology, or their combina-
tion, to provide a comprehensive view of the effects of p38 
inhibition in these patients.

In conclusion, our results make a significant contribu-
tion to enhancing our understanding of the dysregulated 
molecular mechanisms underlying tau toxicity in micro-
glia. Moreover, our data reveal that p38 inhibition reduces 
the levels of pro-inflammatory cytokines, decreases cell 
death, and stimulates the phagocytic function of micro-
glia, thus having a great impact on the resolution of neu-
roinflammation and extracellular tau clearance during tau 
pathology. Given these effects, p38 inhibition emerges as 
a potential therapeutic strategy for tauopathies.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12035- 021- 02715-0.
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