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Abstract
Mice transgenic for human P301S tau protein exhibit many characteristics of the human tauopathies, including 
the formation of abundant hyperphoshorylated tau filaments, the associated neuroinflammation and disease 
phenotype. However, the exact underpinning mechanisms are still not fully addressed that hinder our 
understanding of the tauopathy diseases and the development of possible therapeutic targets.Methods: In the 
current study, hippocampus from three disease time points (2, 4 and 6 months) of P301S mice were further 
characterized in comparison to the age and sex matched control wild type mice (WT) that do not express the 
transgene. Different spectrum of hippocampal dependent cognitive tests, biochemical and pathological analysis 
were conducted to understand the disease progression and the associated changes in each stage. Results: 
Cognitive impairment was manifested as early as 2 months age, prior to the identification of tau aggregation and 
phosphorylation by immunostaining. P301S mice manifested an increased pro-inflammatory related changes at 
mRNA transcription level (IL-1b and IL17A) with the progression of the disease and when compared to the WT 
mice of the same age. Among the identified genes in the current study, the nuclear factor (erythroid-derived 
2)-like 2 (Nrf2) genes expression that is considered as the master regulator of an endogenous inducible defense 
system was significantly impaired in P301S mice by 4 and 6 months when compared to healthy WT controls. A 
data that was also supported by the immunostaining of the serial brain sections including the both brain stem 
and hippocampus. The current result is suggesting that the downregulation of Nrf2 gene and the impaired Nrf2 
dependent anti-inflammatory mechanisms in P301S mice brain is possibly contributing -among other factors- 
in the neuroinflammation and tauopathy, and that modulation of Nrf2 signaling impairments can be further 
investigated as a promising potential therapeutic target for tauopathy.
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Introduction
The microtubule associated protein Tau is abundantly 
expressed in the central nervous system and has been 
widely recognized as being a fundamental protein in the 
assembling, stabilization and organization of the micro-
tubules in axons [1]. Although the previous works failed 
to address the full physiological functions of Tau, the 
prominent filamentous Tau inclusions are heavily linked 
to the pathology of several neurodegenerative diseases 
collectively called tauopathy. This includes Alzheim-
er’s disease (AD), sporadic frontotemporal dementia 
(FTDs), progressive supra nuclear palsy, Pick’s disease, 
amyotrophic lateral sclerosis/parkinsonism-dementia 
complex, corticobasal degeneration and others [2–4]. 
Six isoforms of tau exist in a homeostatic balance in the 
adult neuronal cells [5], [6], and the mutations of the 
tau encoding gene (MAPT), altered isoform expression, 
hyperphosphorylation or conformational changes of the 
tau protein are all suggested to be actively contributing in 
the pathophysiology of different tauopathies [2], [7]. Sub-
sequently, tau is consistently considered to be an attrac-
tive target for an effective therapy. To date, 67 different 
mutations in MAPT are identified in more than 100 fami-
lies to cause frontotemporal dementia and parkinsonism 
linked to chromosome 17 (FTDP-17T) [8] establishing 
the concept that mutation of tau protein can in-part ini-
tiate a neurodegeneration, however there is little agree-
ment on the possible mechanism. Although promising 
results were reported in experimental set ups, the lack of 
understanding of molecular mechanisms had hinder to 
translate those successes to the clinical trials.

Different mice models were developed in the last two 
decades, including P301S, that exhibit tau aggregation, 
post translational modification, in addition to glial activa-
tion, neuronal loss, and spectrum of different behavioral 
phenotype mimicking those observed in human AD and 
other tauopathies, and had been used extensively either 
to investigate the disease mechanism [9–14] or to try a 
tau-targeting therapeutic agents [15–18].

In addition to the protein aggregations, inflamma-
tion and oxidative damages have received a considerable 
interest as a potential candidate in the pathogenesis of 
neurodegenerative diseases, and many works have been 
devoted to study the inflammatory processes in neurode-
generative diseases, especially AD and PD [19–21]. The 
available data is suggesting that neuroinflammation and 
gliosis occur in early stages and also chronically persist 
throughout the disease progression, sparking the inter-
est that inflammation can plays a fundamental role to 
exacerbate disease pathology, phenotype and neurode-
generation. Different attempts were also running to test 
anti-inflammatory drugs as a possible therapeutic option 
for AD, PD and associated tauopathy.

While the association of inflammation to tau pathol-
ogy is already reported in both clinical and experimen-
tal studies using different models [10, 12, 14, 22–28], still 
there is no enough information regarding the molecular 
level alterations at the earlier stages, before the pheno-
type development or tau hyperphophorylation. While 
this is not trivial, the identification of a potential candi-
date can accelerate our understanding and further be 
implemented for therapeutic potential and diagnostic 
potential as a possible biomarker. In the current study, we 
investigated the different inflammatory profiling of the 
widely used P301S tauopathy mice model, aligning the 
inflammatory changes at the RNA level, with the devel-
opment and progression of the cognitive impairment and 
tau aggregation. Comparing the inflammation related 
profile at each time point of P301S compared to the age 
and sex matching -mutagen free- WT mice, had given us 
the insight for the possible impaired signals that can be 
contributing to the disease progression including Nrf2. 
The current data, while need a further investigation, 
demonstrated that inflammatory changes were not only 
closely associated to the phenotype and tau accumulation 
in P301S but also proceed the tau aggregation in some 
brain regions like hippocampus.

Materials and methods
Mice
This study protocol was approved by the Institutional 
research board Committee of Faculty of Medicine, Man-
soura University (approval code: R.21.02.1220) and con-
formed complying with ARRIVE guidelines and were 
conducted in accordance with U.K. Animals ACT, 1986. 
Mice were bred and housed at temperature around 25◦C 
in the animal facility of Medical Experimental Research 
Center (MERC), Faculty of Medicine, Mansoura Univer-
sity, Egypt. Mice were conditioned in standard cages (4 to 
5 mice per cage) with an alternating 12 h light/dark cycle. 
Fed standard chow, and water was available ad libitum. 
Male Homozygous transgenic mice that overexpresses 
0N4R human P301S mutant tau under the murine thy1 
promoter on a C57BL/6 background developed origi-
nally at Michel Goedert lab (University of Cambridge, 
UK) [29] were used and referred to as (P301S) through-
out the manuscript. For the controls, an age and sex 
matching C57BL/6 purchased form MERC were used to 
ensure the genetic similarities between both groups, and 
are referred to as wild type (WT) thoughout manuscript. 
The study included three time points (2, 4 and 6 months) 
where at each time point 9–11 P301S and WT mice were 
randomly allocated.

Sample size
Sample size was calculated by using Power Analysis and 
Sample Size (PASS) Software (version 15, 2017). NCSS, 
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LLC. Kaysville, Utah, USA. Based on review of the lit-
erature, we hypothesized a factorial design with two fac-
tors; age with 3 levels (2, 4, and 6 months), and group 
with 2 levels (P301S and WT), i.e., 6 cells would have sig-
nificant effects on behavioral and PCR parameters with 
large effects sizes (Cohen’s f = 0.4). A total of 66 mice are 
required to provide 11 mice per cell. This design achieves 
82% power when an F test is used to test age factor at a 
5% significance level and the effect size is 0.400, achieves 
89% power when an F test is used to test grouping fac-
tor at a 5% significance level and the effect size is 0.400, 
and achieves 82% power when an F test is used to test the 
Age*group interaction at a 5% significance level and the 
effect size is 0.400.

Behavioral tests
To evaluate the cognitive function and its temporal 
aspect, Morris water Maze (MWM) and T-maze were 
used, while Open field test was conducted to test the 
exploratory behavior and the motor performance.

Morris water maze
To analyze the hippocampal dependent spatial learn-
ing and memory, the MWM was performed at 2, 4 and 
6 months of age (n = 11 per group) in a 110  cm diame-
ter cylindrical water basin with white painted walls as 
described originally with Richard Morris with slight mod-
ifications [30, 31]. A white painted platform was used and 
placed in the fixed place during the training days. Four 
bright and colorful signs were placed on the basin wall at 
each quadrant and the basin was not moved, nor the sur-
roundings, during the test performance days to ensure a 
fixed proximal and distal cues. The test is composed of 
five days, pre-training (Day 0), training (Day 1, 2 and 3) 
and probe trial (Day 4). For pre-training, mice were left 
in the water to swim for 60 s freely with no platform. For 
training (Day 1, 2 and 3), mice were placed gently, fac-
ing the wall of the arena and let them swim to reach the 
platform that is submerged under the water level. Each 
mice get three trials daily, once from each quadrant apart 
from the one where the platform is placed. The interval 
between trials ranges between 4 and 9 min, depending on 
the performance of mice in each group to finalize all the 
mice. The time taken by each mouse to reach the plat-
form is recorded and reported for each day as the latency 
period. Those mice that failed to reach the platform in 
the training days during the given 60 s were guided gen-
tly (without lifting them from the water) to the platform 
and left on the platform for 20 s, and the latency period 
for those mice are recorded as 60  s. Water was dyed 
using starch and not changed throughout the trial days, 
a part of cleaning up any floating poop pellets. During 
the probe trial (Day 4), the platform is removed, and each 
mouse is placed gently and let to swim freely for 60 s, the 

time each mice spent in the quadrant that used to have 
the platform, are measured to address the preference to 
the correct quadrant. The temperature of the water was 
adjusted at 24 °C and mice were dried up after each trial 
and placed underneath the heat lamp at the end of each 
session to keep their body warm. The recorded videos of 
training and probe trial days were exported and analyzed 
using ANYMAZE software.

Reward alteration in T-maze
To test the hippocampal dependent task with another 
procedure, a reward alteration test was as described 
earlier [32]. The test was carried out in total 5 days. The 
first day (Habituation) mice were just introduced to the 
T-maze arena and left to explore it freely with both arm 
gates are opened. The sweated condensed milk (Nestle) 
is introduced in the cage at this stage to ensure that the 
reward is palatable for the mice as a reward. For the 
training (Day 2,3 and 4), mice were trained to learn the 
alteration pattern of the reward in the T maze arena, non-
sweated condensed milk is given in alternations in each 
arm. Ten trials were run for each mouse in a daily session 
for the 3 days. For the test day (Day 5), 10 trials were per-
formed for each mice. Firstly, the mice are placed in the 
start arm, and forced to one arm with the reward in, by 
closing the sliding door of the opposite side, the mice are 
left to consume the reward (0.07 ml) and then left gently 
from the arena back to a cage. After completion of this 
stage for the all mice of the same group, each mice was 
gently placed to the starting point with the two sliding 
doors of both arms opened, but the reward is only placed 
at the opposite arm. The mice were allowed to con-
sume the reward if entered the correct arm and counts 
as “Correct choice” while if the mice failed to alternate 
and entered the same arm, then it is counted as “Incor-
rect choice”. The percentage of correct choices out of the 
10 trials in the test days are calculated and reported for 
each mouse. The setting up of reward alteration are made 
randomly in advance for the all 10 trials, with the maxi-
mum of three consecutive arm of the same side to have 
the reward, as a precaution against temporary position 
habits developing.

Open field
For the investigation of locomotor and exploratory activ-
ity, an open field test was done using a clear 40  cm × 
40 cm box (Stoelting cat # 60,100) for 120 s in a dim light. 
A camera fixed at the roof of arena was used to record 
the session that is later analyzed using ANYMAZE 
software tracking system. The software divides the OF 
arena into a total of equal 16 squares, 4 (L) X 4 (W). The 
recorded videos were used to calculate the time spent 
in the peripheral zones i.e.: 12 squares in the perimeter 
of the arena, the central zones i.e.: total 4 squares in the 
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center of the arena, and the numbers of crossing lines to 
evaluate the locomotor function.

Mice sacrifice and sample collection
For sample collection, mice were injected with mixture of 
halothane and ketamine by an Intraperitoneal l injection, 
then after ensuring the anesthesia by checking the pedal 
reflex, the trans-cardiac perfusion were performed, either 
by using phosphate buffer saline (PBS) only (for samples 
collected for real time PCR), or PBS and followed with 
10% formaline for samples collected for IHC were done. 
For RT-PCR, both hippocampi were extracted on cold 
petri dish and snap freezed immediately on dry ice and 
stored in − 80  °C till the time of analysis. For mice allo-
cated for IHC, mice brain were kept in 10% formaline fol-
lowing extraction for overnight at 4 °C, to ensure proper 
fixation of brain tissue then proceed into paraffin blocks 
and kept at room temperature (RT) as described earlier 
[33].

mRNA quantification by real-time reverse transcription-
PCR (qRT-PCR)
During processing, liquid nitrogen was used to homog-
enize hippocampi samples. To extract total cellular RNA, 
QIAzol (Qiagen, Germany) was used. Thermo Scientific 
NanoDrop One (USA) was used to check the yield of 
RNA and determine its concentration and purity. Using 
a Proflex Thermal Cycler (Applied Biosystems, USA) and 
SensiFASTTM cDNA synthesis Kit (Bioline, UK), first 
strand cDNA was synthesized from 1 ug of RNA. Prim-
ers were annealed for 10 min at 25 ºC, reverse transcrip-
tion took place for 15 min at 42 ºC, and inactivation took 
place for 5 min at 85 ºC.

Azure Cielo 6 (Azure, USA) real-time PCR was used to 
amplify cDNA templates. Ten microliters of SYBR green 
PCR Master Mix (Bioline, UK), 1 µl cDNA template, 2 µl 
(10 pmol/µl) of gene primer, and 7  µl of nuclease-free 
water made up the 20  µl reaction volume. After adjust-
ing the thermal profile for two minutes at 95 ºC, there 
were forty cycles: five seconds of denaturation at 95 ºC, 
followed by thirty seconds of annealing and extending at 
60 ºC.

Some primers were newly designed using Primer3: 
https://primer3.ut.ee/. Version 4.1.0 Accessed on 5th 
February 2022, others were extracted from previous pub-
lications as demonstrated in (Supplementary Table 1). 
All primers’ specificity was checked using NCBI Primer- 
BLAST program [https://www.ncbi.nlm.nih.gov/tools/
primer-blast/] and purchased from Vivantis (Vivantis 
Technologies, Malaysia). Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used as a reference gene. A 
melting curve analysis was performed to verify the PCR 
products’ specificity. Primer sets were acquired as a Rela-
tive gene expression levels were represented as ΔCt = Ct 

target gene – Ct housekeeping gene; 2−ΔΔCT method was used to 
calculate the fold change in gene expression [34]. Cal-
culations were done as two independent set ups, where 
the first considered the P301S mice of 2 month-age as a 
control group, then the genes fold change of the other 
P301S groups (4 and 6 months) were calculated versus it 
to evaluate the changes that occurs through the progres-
sion of the disease and age advancement of P301S. For 
the second set up, the wild type of each age was used as 
a control group for calculation of the genes fold change 
between the P301S mice group and the control WT of 
the same age.

  • ΔCt1 (Control samples) = Ct (target gene) – Ct 
(housekeeping gene)

  • ΔCt2 (Diseased samples) = Ct (target gene) – Ct 
(housekeeping gene)

  • ΔΔCt = ΔCt2 - ΔCt1
  • Relative quantitation or fold change (RQ) = 2-ΔΔct

Immunohistochemistry and image quantification
The formalin fixed brains were dehydrated with ascending 
concentration of ethyl alcohol then cleared in xylene and 
embedded in the paraffin blocks till the time of analysis. 
Using a microtome (MicroTec cut 4050, Germany) brain 
was dissected into a serial 5  μm sections and mounted 
on VWR® Superfrost® Plus Micro Slides. For Immunos-
taining, serially selected sections from P301S and WT 
groups were deparaffinized and rehydrated in xylene and 
an inverse dilution of alcohol then distilled water. For 
immune staining, sections underwent antigen retrieval 
in citrate buffer in microwave (set on max. power for 
15  min) then left to cool in RT for 15  min. Followed 
with the routine quenching, sections were incubated for 
20 min at RT with 0.5% Tritonx100/PBS for permeabili-
zation with gentle shaking then 3% BSA/PBS was used as 
a blocking agent. Sections were then incubated with fol-
lowing primary antibodies: Antiphosphorylated Tau (Ser 
202,Thr205) (AT8, cat# MN1020, Invitrogen 1:500) and 
(Thr212,Ser214) (AT100 cat#MN1060, Invitrogen 1:500), 
Anti-GFAP (D1F4Q) XP® Rabbit mAb #12,389, Cell Sig-
naling Technology, 1:1000), NRF2 (Rabbit cat#A0674, 
ABclonal, 1:100) Primary antibody mixture made in 5% 
BSA were incubated for overnight in an in-house made 
humidity chamber with gentle shaking at 4  °C. Sections 
were then washed for three times − 15  min each- using 
TBS/0.03% TritonX. The slides were stained with diami-
nobenzidine (DAB) (Mouse and rabbit HRP/DAB (ABC) 
detection IHC kit, ab64264, Abcam, UK) and the immu-
noreactivity was visualized as a brown color. Glial Fibri-
lary Acidic protein (GFAP) and Nrf2 stained sections 
were then counterstained with hematoxylin for 60  s. As 
negative control, sections from each group underwent 

https://primer3.ut.ee/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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the samr steps but with skipping the primary antibody 
and replacing it with the 5% BSA (Supplementary file 2). 
For imaging, Olympus CX41 was used to examine the 
sections and figures were photographed for quantifica-
tion using a digital camera Olympus SC100. For quan-
tification, FUJI was used, where seven non-overlapping 
random fields per section from each mouse were cap-
tured by x40 objective lens, tau reactive signals (AT8 and 
AT100), Nrf2 and GFAP signals were detected by count-
ing the reactive cells then averaged per field for each 
section then for each animal in each group. Mean signal 
density was also calculated using FIJI for GFAP and Nrf2 
staining as described earlier [35], briefly, in each image 
we implement the color deconvolution option, where the 
images are split into three channels and the DAB signal 
can be then quantified.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
8.0.2. Data were tested for normality using the Shap-
iro–Wilks test. When comparing two groups (WT and 
P301S of same age) Student’s T test was used for the 

normally-distributed data or Mann-Whitney U test for 
the non-normally distributed data. To compare more 
than two groups, one-way or repeated measures ANOVA 
followed by post hoc Tukey test was used when nor-
mally distributed or a non-parametric Kruskal–Wallis 
test followed with Dunn’s multiple comparison test for 
the non-normally distributed data. A p-value below 0.05 
was considered significant where *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 except if otherwise mentioned 
in each figure legend.

Results
P301s mice demonstrated a cognitive impairment as early 
as age of two months prior to the motor phenotype
Morris water maze performance is linked to the spa-
tial memory and long-term potentiation and therefore, 
used consistently for the assessment of the hippocam-
pal dependent cognitive functions. P301S mice showed 
the impaired performance in the water maze as early as 
age of 2 months compared to the sex and age matching 
WT mice in finding the platform, demonstrated by tak-
ing a significantly longer latency time (Fig. 1a, b,c). The 

Fig. 1 A progressive memory deficit of P301S in hippocampal dependent tasks using Morris Water Maze a, b, c: Dot chart demonstrating the latency 
time to reach platform (in seconds) in MWM from Day 1 to Day 3 showing a significant defect in the performance of P301S mice compared to the two, 
four and six months age matching WT mice. d. Bar chart demonstrates the mean of time spent in the target quadrant (TQ) during the probe trial of MWM, 
showing an age dependent significant impairment of retrieving the correct site of the platform for P301S mice in addition to the significant reduction in 
comparison to WT strains at 6 month-age. e. Representative tracking chart of ANYMAZE for 6 month-age WT and P301S mice showing the lack of prefer-
ence to swim at the target quadrant (TQ) for P301S in comparison to WT mice. f. Bar graph representing the average swimming speed (m/sec) in MWM 
arena during the probe test day, showing a significant increase of the speed for 2 months P301S compared to the age matching WT and other groups. g. 
Bar graph representing the mean of total distance (m) covered by each group during the probe test in MWM arena, showing the significant hyperkinesia 
of 2 M P301S compared to other groups. Data are shown as mean ± SEM of 9–11 mice per group, and significance is tested with Students T test when 
comparing between P301S and WT strains of the same age, or using one way ANOVA test with post-hoc Tukey HSD test when comparing P301S at differ-
ent age points or Kuskal-Wails followed with Dunn’s multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
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reduction of the latency time seen by 3rd day compared 
to the 2nd and 1st day performance (p value = 0.02 and 
0.0002 respectively) suggest that P301S mice are still 
capable to learn the task till the age of 6 months, but 
still significantly taking more time compared to the WT 
group of the same age. During the probe test, the time 
spent in the correct quadrant (SW) was only significantly 
reduced by 6 months age group. At the age of 4 months, 
P301S mice showed tendency to spent less time at the 
correct quadrant compared to WT mice, however failed 
to reach the statistical significance (Fig.  1d, e). P301S 
mice swam a longer total distance and with higher speed 
in the maze during the probe test compared to the 2 
month-age WT, but no difference regarding the distance 
or swimming speed was detected at the 4 or 6 months 
ages, suggesting that the motor function of P301S were 
not affected at this disease stage. (Fig. 1f, g). In T maze 
test, mice of all age groups were taught to choose the 
alternated arm that contains a reward, 4 and 6 month-age 
P301S failed significantly to make correct choices during 
the test day compared to the control WT mice (Fig. 2,a).

For the assessment of motor functions and the explo-
ration behavior, mice were placed gently to move freely 
using open field test arena. The motor impairment was 
detected as a reduction of total numbers of crossed lines 
by four and six months age for P301S mice (Fig.  2,b). 
Although no differences were detected in the time spent 
in the periphery nor the center of the arena in 2 and 4 
months, P301S mice of 6 months-age, spent more time in 
the central zones than peripheral zones compared to WT 
of the same age (Fig. 2, c, d). This was correlated to the 
immobility of the majority of mice in this group identi-
fied through the examiners and tracking data, suggesting 
a motor impairment developed at this stage for P301S, or 
at least the unwillingness of mice to move during the test.

Tau aggregation and phosphorylation start by four month-
age and significantly increases by 6 months in the P301S 
mice with regional variations
Phosphorylation of tau has been used widely to iden-
tify the pathologically aggregated tau where different 
phosphorylation sites were reported to be identified at 
the pathological aggregated forms of the Tau proteins. 
Immunostaining of P301S brain sections revealed that 
accumulation of AT8 and AT100 reactive phosphorylated 
tau are detected by four months-age with a significant 
increase in six months age P301S (Fig.  3). No Tau sig-
nals were detected neither in the 2 month stage of P301S 
nor the all tested points of WT sytain (data not shown). 
Majority of tau aggregates were found in the brain stem 
(Fig.  3a, b) and show a significant increase with disease 
progression (Fig. 3, c, d) while tau aggregation at the hip-
pocampus were only identified sparsely later at 6 months 
(Fig. 3e, f ).

Alteration of the inflammation related genes foreruns the 
tau phosphorylation in the hippocampus of P301S brain
Neuroinflammation is closely associated with different 
neurodegenerative diseases including AD. Many stud-
ies suggested that tau aggregation can either initiates or 
causes a disruption in redox balance leading to an imbal-
ance between anti and pro-inflammatory phenotypes of 
glia cells. To assess the changes of inflammation related 
genes of hippocampus through the disease progression in 
P301S, hippocampi from each time-point were analyzed 
for evaluation of their relative expression level by qPCR. 
Nrf2 and HOX1 that are considered as a cytoprotective 
genes were significantly down regulated with progression 
of the disease at 4 and 6 months (Fig. 4a, b), while IL1-
β, IL-17  A, iNos, TNF-α that considered pro-inflamma-
tory cytokines were significantly increased (Fig. 4d, f, h, 
i) or showed a tendency to decreased as in IL-6 (Fig.  4, 
e). Other showed no significant alterations like Iba1 
and IL-10 with disease progression (Fig. 4, c, g). We also 
looked at apoptosis related genes and while Bax were 
increased, none of Bcl2 nor Caspase3 showed a signifi-
cant alteration at the studied time points (Fig. 4j, k, l).

P301S hippocampi are more vulnerable for inflammatory 
insults than the age matching WT mice
To study the effect of transgene on the inflammatory 
related genes expression, we compared the qPCR data 
of P301S and WT of same age points. Nrf2 gene showed 
a striking reduction observed at 4 months with further 
reduction at 6 months compared to the age matching 
WT mice. This however, comes after a surprising initial 
elevation at 2 months that failed shortly to reach a sta-
tistical significance at p value of 0.059 (Fig. 5,a). This can 
suggest the possible failure of cytoprotective machin-
ery in P301S in line with tau aggregation, that comes at 
later stages after the failure to overcome the homeostasis 
imbalance at the earlier age points where inflammatory 
changes were already started. HMOX1, the downstream 
gene of Nrf2, that suggested to have an anti-inflammatory 
and neuroprotective effect showed a significant reduc-
tion compared to WT mice in line with the reduction 
of Nrf2 in P301S in comparison to WT (Fig. 5, b). Pro-
inflammatory cytokines like IL-1β and IL-17  A mRNA 
expression level was found to be higher in P301S mani-
fested at 6 months age but not IL-6 (Fig. 5,d, e,f ). IL-10 
mRNA expression level, that is considered to be anti-
inflammatory cytokine were found to be significantly 
reduced at the age of 2 months in P301S, suggesting the 
P301S can be more prone for inflammation at this early 
time point (Fig. 5,g). Other genes (Iba1, iNOS and TNF-
α) didn’t show significant alteration in our hands com-
pared to the age matching WT (Fig. 5c, h, i). Out of the 
tested apoptosis related genes, only Bax showed signifi-
cant increase compared to WT mice at 6 months (Fig. 5, 
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Fig. 2 P301S mice demonstrated a behavioral and motor deficit identified by using T maze Reward alteration test and Open field test. (a) Bar graph show-
ing the mean percentage of the correct choices (out of 10 trial) made by each group in Reward based T-maze test, showing the reduction of succesfuol 
alteration in 4 and 6 months P301S mice. (b) Bar chart showing the mean of number of crossed lines during the open field test session suggesting the 
motor impairment in P301S mice at age of 4 and 6 months. c, d. Bar chart showing the mean of time spent in the peripheral and central zone of Open 
field test arena (in seconds) out of 120 s session. Data are shown as mean ± SEM of 9–11 mice per group, and significance is tested with Students T test 
when comparing between P301S and WT strains of the same age, or using one way ANOVA test with post-hoc Tukey HSD test when comparing P301S at 
different age points. * p < 0.05, ** p < 0.01, *** p < 0.001

 



Page 8 of 13Mohamed et al. Journal of Inflammation           (2024) 21:29 

Fig. 4 Relative mRNA expression level of the inflammation and cell death associated genes show a significant alteration through the tauopathy progres-
sion in P301S mice. The relative mRNA expression levels are presented by bar graphs for (a) NFE2L2 (b) HMOX1, (c) Iba1, (d)IL-1β, (e)IL-6, (f) IL-17 A (g)IL-10, 
(h) iNOS, (i)TNF-α, (j)Bax, (k)Bcl-2 and (l)Caspase 3. Data are shown as mean +/- SEM of 4–6 mice per group, and significance is tested with One-way ANOVA 
test followed with post hoc Tukey test when a significance between tested groups were detected. * p < 0.05, ** p < 0.01

 

Fig. 3 Immunostaining of brain tissue shows a progressive accumulation of phosphorylated tau protein. a and b. Representative image of brain stem 
from P301S mice stained with (a) AT8 and (b) AT100 antibody shows i: No AT8 or AT100 tau signals were detected at brain of 2 months age P301S. ii and 
iii: show progressive accumulation of AT8 and AT100 reactive tau in P301S mice at 4 and 6 months respectively. c and d: Representative image from the 
hippocampus showing AT8 (c) and AT100 (d) reactive tau aggregates appears at 6 months P301S mice. Black arrows for tau apecefic signals, white arrow 
for nonspecific nuclear signal detected by AT100. (e) and (f): Bar graphs showing quantification of the AT8 and AT100 immunoreactive tau at the three age 
points represented as mean +/- SEM of brain sections from 4–6 mice per group. P value is tested by One-way ANOVA test followed with post hoc Tukey 
test where ** p < 0.01 and **** p < 0.0001. Scale bars = 100 μm
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j), but no significant changes were detected at the level of 
Bcl2 or caspase3 (Fig. 5, k and l).

Astrogliosis fore-run the tau aggregation in P301S mice
Immunostaining of P301S mice and the age match-
ing controls with GFAP showed an evident astroglio-
sis, where GFAP reactive cell numbers and their density 
were both significantly increased as earlier as 2 months 
age group compared to WT, and increased progressively 
in P301S mice with disease progression. The astroglio-
sis was detected at both brain stem (with the heavy tau 
phosphorylation) and also the hippocampus (where tau 
were less abundant). Meanwhile the age progression 
showed no difference in GFAP expression in the WT 
controls (Fig. 6a-d).

Reduced Nrf2 expression in the brain of P301S, goes 
in parallel to the tau aggregation and the increased 
astrogliosis
To evaluate the expression level of total Nrf2 at each 
P301S disease time point, serial brain sections were 
stained with anti Nrf2 antibody. Nrf2 immunoreactive 
cell numbers and their density were reduced significantly, 
with sparse nuclear translocation in the P301S mice at 
4- and 6-months ages in parallel to the aggregation of 

tau phosphorylation and increased astrogliosis. While 
at 2 months point, there were an increased Nrf2 expres-
sion observed at some sections suggestion that Nrf2 can 
be increasing at the earlier stages of the tauopathy mice 
model in line with qPCR data, but it failed to reach a sta-
tistical significance. (Fig. 6e-h).

Discussion
In the current study, we validated and characterized the 
inflammatory profile of P301S tauopathy mice model that 
had been used constantly in the field but brought for the 
very first time to our lab in MERC, Mansoura Univer-
sity, Egypt. P301S strain is reported to show an increased 
insoluble tau from starting around 5 months, in addition 
to signs of inflammatory response [10]. The current study 
investigated the earlier stages of tauopathy progression in 
P301S mice model, before the initiation of tau phosphor-
ylation, aggregation or neuronal loss.

Through examining the three different time points 
(2,4, and 6 months) of disease progression, our data 
revealed that P301S strain shows an obvious hippocam-
pal dependent cognitive impairment in both Morris 
water maze and the reward alteration T maze tests by 4 
and 6 months. P301S mice were still able to learn the task 
in MWM test, noted by the reduction of latency period 

Fig. 5 Relative mRNA expression level of Inflammation and cell death associated genes of P301S mice show distinct pattern compared to their age 
matching wild type controls. The relative mRNA expression levels are presented by bar graphs for (a) NFE2L2 showing an increased expression level at 2 
month age of P301S compared to WT that is followed with reduction at 4 and 6 months age (b) HMOX1 expression is significantly reduced compared to 
WT at 6 months (c) Iba1, (d)IL-1β showed a high expression at 6 month, (e) IL-6, (f) IL-17 A (g) IL-10 showed a significant reduction at 2 and 6 months groups, 
(h) iNOS, (i)TNF-α, (j) Bax, (k) Bcl-2 and (l) Caspase 3. Data are shown as mean +/- SEM of 4–6 mice per group, and significance is tested with One-way 
ANOVA test followed with post hoc Tukey test when significance between tested groups were detected. * p < 0.05, ** p < 0.01. x-axis shows the relative 
mRNA expression in all graphs
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during the training days of MWM, still, the latency the 
time required to reach the platform was significantly lon-
ger throughout the test. In addition, the spatial recall-
ing of the “correct quadrant” during the probe test was 
defective significantly compared to the age matched WT 
controls at 6 months age. Evaluation of swimming speed 
and distances showed no significant reduction at tested 
time points for P301S mice compared to WT, suggest-
ing that the reduction of time spent in the correct quad-
rant is mostly due to the cognitive impairment rather 
than a significant inability of the mice to swim at those 
disease stages in the water maze. T maze tests results 
showed the impaired ability to recall the alteration of 
reward place by 4 months and 6 months age groups in-
line with results of MWM. In OF test, an initial increase 
in the speed and covered distance at 2 months age group 
were identified, in line with the earlier reported data by 
other groups at this age groups [10]. The motor impair-
ment demonstrated by reduction of numbers of crossed 
lines and reduced covered distance in OF test, in con-
trast to the non affected swimming distance and speed 

of P301S mice to perform in MWM, is mostly due to the 
lack of aversive stimuli in the OF test in contrast to the 
MWM that force mice to swim for a sake of dry platform. 
The motor impairment of P301S at this stage has been 
reported earlier due to the affection of the anterior horn 
cells with tau overexpression and aggregation [23].

For assessment of tau phosphorylation in P301S brain 
at the assigned time points, antibodies targeting different 
phosphorylation sites that are reported to be associated 
with pathological aggregation were used (S202, Thr205, 
Thr212 and Ser214). Our data revealed a progressive 
accumulation of phosphorylated Tau at different brain 
regions mainly the hindbrain and to less extent at the 
hippocampus of P301S mice starts only at 4 months and 
increase progressively by 6 months. No phosphorylated 
tau was detected at 2 months aged P301S. This goes in 
line with most of the studies at our target points [10, 12, 
14, 27, 36]. While the cognitive impairment progression 
during the probe test and T maze goes in consistence 
with the accumulation of tau in P301S mice, an earlier 
behavioral phenotype detected including the training 

Fig. 6 Immunostaining of brain sections from P301S and WT mice demonstrates a significant increase of astrogliosis and reduction of Nrf2 through the 
progression of tauopathy. a and b : Representative images of GFAP staining from WT mice (upper panel) and P301S (lower panel) from brain stem (a) 
and hippocampus (b) showing the early accumulation of GFAP reactive astrocytes by 2 month age for P301S mice and shows a progressive increase at 
4 and 6 months. GFAP signals from P301S manifest a bold cytoplasmic processes (arrow) while a few resting astrocytes with fine cytoplasmic processes 
and mild expression are shown from the brain sections of WT mice (arrow heads). Scale bar = 20 μm. c and d: Bar graphs representing the quantitative 
analysis of mean of GFAP+ cell counts per field from all the imaged brain sections for 2, 4 and 6 months P301S and WT mice (c) and GFAP signals mean 
density (d). e and f: Show the representative figures from Nrf2 staining of brain section of WT mice (upper panel) and P301S (lower panel) from brain stem 
(e) and hippocampus (f), showing a reduction of Nrf2 expression with the progression of the tauopathy in P301S compared to sections from WT mice at 
4 and 6 months. The perinuclear staining of Nrf2 identified in the brain sections from WT or the early stages of P301S (arrow), is significantly reduced at 4 
and 6 months P301S. g and h: Bar graphs representing the quantitative analysis of mean of Nrf2 + cell counts per field (c) and Nrf2 signals mean density 
per examined field from all the imaged brain section (d). Data for all graphs are expressed as mean +/- SEM of brain sections from 5 to 6 mice. P value is 
tested by using Student’s T test to compare between two strains of the same age group. p values throughout the figure are expressed as follow: * p < 0.05, 
** p < 0.01, *** p < 0.001 and **** p < 0.0001
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stages of MWM, the hyper activity detected in OF and 
the observation that tau accumulation is not the most 
abundant in the hippocampus, are suggesting that part 
of the identified behavioral phenotypes are not solely 
Tau dependent and other changes can be contributing 
actively at the earlier points of the disease.

Many evidences suggest that neuroinflammation is a 
fundamental component of different neurodegenera-
tive diseases such as AD, PD, and ALS [20, 21, 37–43]. 
Inflammatory changes were also reported for patients 
with FTD [26], and have been consistently reproduced 
in mice models of tauopathy [10, 24, 27]. To depict the 
relation between the detected early hippocampus depen-
dent behavioral phenotype, tau aggregation process and 
the neuroinflammation, hippocampi from the each time 
points were isolated and different panels of inflammation 
dependent genes were evaluated in the current study. 
Current data demonstrated the over expression of pro 
inflammatory genes like IL-1b, IL-17  A and iNOS, sug-
gesting the upper hand of inflammation with the dis-
ease progression, with reduction of anti inflammatory 
machinery like Nrf2 and Hox1. On comparing qPCR data 
of P301S with the control B6 mice, revealed that P301S 
strain is more vulnerable for inflammatory changes than 
WT mice due to the deficient expression of cytoprotec-
tive genes like Nrf2 and its downstream genes Hox1, 
detected significantly at 4- and 6-months age groups. 
Nrf2 is a transcription factor that its main function is to 
protect cells from oxidative stress, thus maintaining the 
cells’ redox homeostasis. Different studies had demon-
strated Nrf2 reduction in normal aging and diseases like 
AD and PD, in both experimental and clinical set ups 
[44–48]. In addition, studies showed earlier that knock-
ing out (Nrf2KO) in mice models reported to develop a 
cognitive impairment, mimicking the aging phenotype 
and exacerbates the AD-like symptoms [49, 50]. This is 
consistent with our data that shows that Nrf2 reduction 
is manifested in the hippocampus of P301S mice as early 
as 4 months and the level reduces more progressively 
by 6 months, which aliens with the further progression 
of cognitive impairment and tau aggregates accumula-
tion in P301S brain. This also correlate favorably with 
other signs of inflammation observed with the qPCR 
data (including elevation of IL-1β, IL-17 A and TNFα and 
reduction of IL-10) and the evident astrogliosis detected 
by IHC, that collectively suggesting that Nrf2 reduction 
in the hippocampus of P301S mice allows the oxidative 
stress to go unmitigated and drive the disease pheno-
type. Additionally, we need to emphasize on the effect of 
aging, and how the defective anti-inflammatory genes in 
P301S can be compromising the efficiency of handling 
the age-associated inflammatory insults, considering 
the progressive nature of tau accumulation and the pro-
inflammatory profile observed. It’s also noteworthy that 

the downstream gene of Nrf2, HMox1, was also found to 
be reduced by the time of tau aggregation at 6 months 
and significantly lower than the expression level in the 
age matching WT mice. The suggested role of HMox1 as 
an anti-inflammatory and neuroprotective transcription 
factor [51–53] elaborates on our conclusions that P301S 
mice is more vulnerable than WT mice for neuroinflam-
mation at the studied disease stage.

Contrarily to the advanced stages of the disease, Nrf2 
expression at 2 months P301S group showed a consistent 
tendency to increase when compared to the WT con-
trol. Although it came short for a statistical significance, 
relative mRNA expression was increased compared to 
control 2 month with (p value of 0.059), also this ini-
tial increase was complemented with IHC data of brain 
sections stained with anti Nrf2 that showed an initial 
increase in few sections at 2 months P301S. Although it 
should be further investigated and handled with caution 
till supported with more data at other time points like 1 
and 3 months P301S, the current data suggests that Nrf2 
level elevation can be an initial attempt to overcome the 
cellular imbalance at 2 months P301S age group, prior to 
tau aggregation in accordance with the astrogliosis. This 
necessarily need not to be overlooked, because the pos-
sible hypothesis is that an initial attempt to the cytopro-
tective mechanisms of the cells come at early stages of 
the disease and forerun the Tau protein aggregation, as 
an attempt for boosting neuronal anti-oxidant response. 
Although some available data in literatures suggest that 
acute inflammatory responses induced by protein aggre-
gation or an induced oxidative stresses in neurons or 
microglia cell lines can be Nrf2 independent [54, 55] fur-
ther experiments using a validated animal models and 
human samples can help to genuinely understand the 
molecular responses at the earlier stages of the disease. In 
spite the important finding that relate the inflammatory 
responses to tau aggregation, we are aware that our study 
also have number of limitations. A further characteriza-
tion of Nrf2 in specific cells, including neuron and glia 
cells can be fundamental to understand the pivotal role 
played by Nrf2 signaling in auxopathies, also implement-
ing further experiments to include female P301S is also 
essential, to understand the effect of sex dimorphism as 
reported earlier by other groups in P301S. Future experi-
ments that include more time points can help to under-
stand the role played via Nrf2 modulation throughout the 
tauoapthy progression and can pave the way for suggest-
ing Nrf2 activators as a promising approach to mitigate 
neurodegeneration in tauopathy and other related neuro-
degenerative diseases.
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Conclusion
Increasing evidences are suggesting inflammation is play-
ing a fundamental role in pathogenesis of neurodegen-
erative diseases including tauopathy. In this study, we 
have demonstrated that the inflammatory modulation 
in hippocampus is closely associated to the phenotype 
development and progression. A possible role of spe-
cific genes like Nrf2 is strongly suggested where a further 
experiment including more time points can help to more 
clearly understand the possible role played as a master of 
neuromodulation as described earlier. We conclude that 
the consistent reduction of Nrf2 expression is actively 
contributing the tauopathy disease progression and phe-
notypes in P301S, while it is also important to further 
investigate the possible increased of Nrf2 at the earlier 
stages that can be a good candidate for an earlier inter-
vention or biomarker.
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