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Abstract 

Background Fragile X syndrome (FXS) is a leading cause of autism spectrum disorder (ASD) and resulted from a loss 
of the FMR1‑encoded fragile X messenger ribonucleoprotein 1 (FMRP) protein due to large CGG repeat expansions 
in the promoter region of the FMR1 gene. The microtubule‑associated protein Tau is a promising target for Tauopathic 
diseases and our preliminary study found that Tau protein levels were increased in the brain of Fmr1 knockout (KO) 
mice, a model of FXS. However, whether Tau reduction can prevent autism‑like features in Fmr1 KO mice and become 
a novel strategy for FXS treatment remain unknown.

Methods Tau was genetically reduced in Fmr1 KO mice through crossing Fmr1± female mice with Mapt± male mice. 
The male offspring with different genotypes were subjected to various autism‑related behavioral tests, RNA sequenc‑
ing, and biochemical analysis. Fmr1 KO male mice were treated with Tau‑targeting antisense oligonucleotide (ASO) 
and then subjected to behavioral tests and biochemical analysis.

Results Tau expression was increased in the cortex of Fmr1 KO mice. Genetically reducing Tau prevented social 
defects, stereotyped and repetitive behavior, and spine abnormality in Fmr1 KO mice. Tau reduction also reversed 
increased periodic activity and partially rescued Per1 expression reduction in Fmr1 KO mice. Moreover, Tau reduction 
reversed compromised P38/MAPK signaling in Fmr1 KO mice. Finally, Tau‑targeting ASO also effectively alleviated 
autism‑like phenotypes and promoted P38/MAPK signaling in Fmr1 KO mice.

Limitations Our study is limited to male mice, in agreement with the higher incidence of FXS in males than females. 
Whether Tau reduction also exerts protection in females deserves further scrutiny. Moreover, although Tau reduction 
rescues impaired P38/MAPK signaling in Fmr1 KO mice, whether this is the responsible molecular mechanism requires 
further determination.

Conclusion Our data indicate that Tau reduction prevents autism‑like phenotypes in Fmr1 KO mice. Tau may become 
a new target for FXS treatment.
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Background
Fragile X syndrome (FXS) is a one of the most com-
mon autism spectrum disorders (ASDs) and results 
from mutations in the X-linked FMR1 gene: the 5’ 
untranslated region of FMR1 contains a CGG-triplet 
repeat, whose abnormal expansion (> 200 repeats) can 
cause epigenetic silencing of FMR1 and thus a loss of 
FMR1-encoded fragile X messenger ribonucleoprotein 
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1 (FMRP). FXS patients exhibit a series of cognitive and 
behavioral deficits, such as intellectual disability, lan-
guage impairment, social defects, and stereotyped and 
repetitive behavior [1–3]. Currently there is no effective 
treatment for FXS and it is urgent to identify new tar-
gets for therapeutic strategy development.

Tau is a microtubule-associated protein and encoded 
by the MAPT gene. Tau is highly enriched in neurons 
and regulates physiological functions of microtubule 
and synapses. Dysregulated modifications of Tau and/
or mutations of MAPT underlie the pathogenesis of 
Tauopathy that includes Alzheimer’s disease, fronto-
temporal dementia, Pick’s disease, etc., making Tau 
a promising target for Tauopathy treatment [4–6]. 
Moreover, several recent studies have shown that 
genetic ablation of Tau and Tau reduction can attenuate 
autism-like phenotypes in Cntnap2−/− mice and Dravet 
syndrome model mice (Scn1aRX/+) [7–10]. Neverthe-
less, whether Tau reduction exerts protection for FXS, 
a leading cause of ASD, remains unknown.

Materials and methods
Animals
Fmr1 (FVB background) and Mapt (C57BL/6/SV129 
background) knockout (KO) mice were kind gifts from 
Drs. Chen Zhang and Peng Lei, respectively [11, 12]. 
Mice were maintained at 20–25  °C with a 12  h light/
dark cycle and with free access to food and water 
at Laboratory Animal Center of Xiamen University. 
Fmr1± female mice were mated with Mapt± male mice 
to obtain wild type (WT), Mapt±, Fmr1−/y, and Fmr1−/
y;Mapt± male offspring (in FVB;C57BL/6/SV129 mixed 
background) that were used for following studies.

Quantitative real‑time PCR (qRT‑PCR)
Total mRNAs were isolated from tissues of the hip-
pocampus and the entire cerebral cortex using TRIzol 
reagent (ThermoFisher) and transcribed into cDNA 
using the Rever Tra Ace qPCR RT Kit (TOYOBO). qRT-
PCR was performed using the FastStart Universal SYBR 
Green Master (ROX). Primer sequences for target genes 
were as follows: Fmr1, forward-5′-TTT CGA AGT CTG 
CGC ACC AA-3′, reverse-5′-CAC TGC ATC TTG ATC 
CTC TCCAT-3′; Mapt, forward-5′-ACT GAG AAC CTG 
AAG CAC CA-3′, reverse-5′-GGA TGT TCC CTA ACG 
AGC CA-3′; Per1, forward-5′-CAA ACG GGA TGT GTT 
TCG GG-3′, reverse-5′-GTT AGG CGG AAT GGC TGG 
TA-3′; β-actin, forward-5′-AGC CAT GTACG TAG CCA 
TCCA-3′, reverse-5′-TCT CCG GAG TCC  ATC ACA 
ATG-3′.

Behavioral tests
By crossing Fmr1± female mice (FVB background) with 
Mapt± male mice (C57BL/6/SV129 background), we 
acquired the offspring with an FVB;C57BL/6/SV129 
mixed background. Because FXS afflicts males much 
more than females and disease phenotypes are already 
obvious in pediatric and adolescent patients [1–3], we 
selected the male offspring at 1 month of age, which is 
roughly equivalent to 3.5-year-old and 12.5-year-old 
humans based on total life span and based on matura-
tional rate comparisons, respectively (LIFE SPAN AS A 
BIOMARKER: https:// www. jax. org/ resea rch- and- facul 
ty/ resea rch- labs/ the- harri son- lab/ geron tology/ life- 
span- as-a- bioma rker) [13], for the following behavioral 
tests.

Open field test: mice were individually placed in the 
center of an open field (40 × 40 × 40  cm) and allowed 
to explore freely for 10 min. Total travel distance, time 
spent in the center, and center entry numbers were 
recorded for analysis [14–16].

Three-chamber social interaction test: this test was 
performed in a rectangular box with three chambers. 
There was an empty cage in each side chamber. The test 
mouse was first allowed to habituate in the three cham-
bers for 10 min, and then moved into the middle cham-
ber. After placing a strange mouse (stranger 1) into 
one of the empty cages, the test mouse was allowed to 
explore freely for 10 min. Then, another strange mouse 
(stranger 2) was placed into the other empty cage and 
the test mouse was allowed to explore freely for another 
10  min. Mouse movement and contact time with the 
cage were recorded for analysis [15, 16].

Self-grooming test: the test mouse was placed in 
a clean cage lined with fresh bedding. After 5  min of 
habituation, mouse was recorded for its spontaneous 
behavior for 10 min and the time spent grooming and 
bout numbers were analyzed [15, 16].

Nest building test: the test mouse was placed in a 
cage containing fresh bedding and a square piece of 
cotton (3 g). The next morning, the nest was scored in 
a 1–5 scale: score 1, 90% nesting cotton remains intact; 
score 2, 50–90% of nesting cotton remains intact; score 
3, 50% nesting cotton was shredded and spread around 
the cage; score 4, 90% of nesting cotton was torn and 
clustered together; score 5, 90% of nesting cotton was 
torn and reformed into a (nearly) perfect nest [15–17].

Autonomous wheel-running test: the test mouse was 
placed in a cage equipped with a running wheel one 
day in advance for habituation, and then recorded for 
the activity for 5 consecutive days in constant darkness 
environment [18–20].

https://www.jax.org/research-and-faculty/research-labs/the-harrison-lab/gerontology/life-span-as-a-biomarker
https://www.jax.org/research-and-faculty/research-labs/the-harrison-lab/gerontology/life-span-as-a-biomarker
https://www.jax.org/research-and-faculty/research-labs/the-harrison-lab/gerontology/life-span-as-a-biomarker
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Golgi staining
Golgi staining was performed following previously 
reported protocols [14, 15]. Briefly, mouse brains were 
dissected, sliced into coronal slices (150  μm thick), and 
stained using FD Rapid Golgi Stain Kit (FD Neuro Tech-
nologies). Images of the secondary apical dendrites of 
cortical layer II/III neurons were acquired with an Olym-
pus FV1000MPE-B confocal microscope. Spine density 
and ratios of mature (mushroom shape) and immature 
(thin and stubby shape) spines were analyzed.

RNA sequencing and analysis
Total mRNAs derived from mixed cortical and hip-
pocampal tissues of studied mice were subjected to 
standard RNA sequencing and data cleaning by Bei-
jing Genomics Institute (BGI). Differentially expressed 
genes (DEGs) were determined with an absolute value 
of  log2(fold change) ≥ 0 and a Q-value ≤ 0.05. Analysis 
of Gene Ontology (GO) enrichment was performed on 
BGI’s Dr. Tom platform (https:// report. bgi. com).

Western blotting
Protein lysates of tissues of the hippocampus and the 
cerebral cortex of studied mice were subjected to SDS-
PAGE, transferred to PVDF membranes, and then incu-
bated sequentially with indicated primary antibodies, 
appropriated HRP-conjugated secondary antibodies, and 
enhanced chemiluminescence reagents for protein band 
development. Primary antibodies used were: anti-Tau 
(Tau5, Invitrogen, #AHB0042, 1:1000), anti-FMRP (CST, 
#4317S, 1:1000), ant-p-S6 (Ser240/244, CST, #5364S, 
1:1000), anti-S6 (CST, #2217S, 1:1000), anti-p-AKT 
(Ser473, CST, #9271S, 1:1000), anti-AKT (CST, #9272S, 
1:1000), anti-p-mTOR (Ser2448, CST, #5536S, 1:1000), 
anti-mTOR (CST, #2983S, 1:1000), anti-p-ERK1/2 
(Thr202/Tyr204, CST, #4370S, 1:1000), anti-ERK1/2 
(CST, #4695S, 1:1000), anti-p-P38 (Thr180/Tyr182, Pro-
teintech, #28796-1-AP, 1:1000), anti-P38 (CST, #8690S, 
1:1000), anti-β-actin (CST, #8457S, 1:10000), and anti-
GAPDH (Abclonal, #AC001, 1:10000). Secondary anti-
bodies used were: Goat anti-Rabbit IgG (H + L)-HRP 
(ThermoFisher, #31460, 1:4000) and Goat anti-Mouse 
IgG (H + L)-HRP (ThermoFisher, #31430, 1:4000).

Mouse Tau antisense oligonucleotides (ASOs) 
and treatment
The sequences of mouse Tau ASO (5′-ATC ACT GAT 
TTT GAA GTC CC-3′) and scrambled ASO (5′-CCT 
TCC CTG AAG GTT CCT CC-3′) and their modifications 
followed a previous study [21]. For treatment, Fmr1 KO 
male mice (FVB background) at four weeks old were 
anesthetized and 14-day osmotic intracerebroventricular 

(ICV) pumps (RWD) with ASO were implanted subcu-
taneously on mouse back. The catheter was placed in 
the right lateral ventricle using the coordinates based on 
bregma: − 0.5 mm posterior, − 1.0 mm lateral, − 2.5 mm 
ventral [21, 22]. Catheters were removed two weeks later. 
Mice were allowed for another two-week recovery and 
then subjected to above-mentioned behavioral tests.

Statistics
Statistical analyses were performed with GraphPad 
Prism 8 software. Unpaired t test was used for com-
parison between two groups. One-way analysis of vari-
ance (ANOVA) with Tukey’s post hoc test or two-way 
ANOVA with Bonferroni’s post hoc test were used for 
multiple group comparisons. p < 0.05 was considered 
to be statistically significant. Data are presented as the 
mean ± SEM.

Results
Tau expression is increased in the cortex of Fmr1 KO mice
We first detected and found that both Tau protein (Cor, 
t(16) = 2.565, p = 0.0207, unpaired t test, Fig.  1A) and 
Mapt mRNA (Cor, t(6) = 4.096, p = 0.0064, unpaired t test, 
Fig.  1B) levels were significantly increased in the corti-
cal but not in the hippocampal regions of Fmr1 KO mice 
when compared to WT controls. These results suggest 
that Fmr1 regulates the expression of Mapt and thus tau 
protein levels. On the other hand, neither FMRP protein 
nor Fmr1 mRNA levels were altered in the cortical and 
hippocampal regions of Mapt KO mice (Fig. 1C, D).

Genetically reducing Tau attenuates autism‑like behaviors 
in Fmr1 KO mice
We crossed Fmr1± female mice with Mapt± male mice 
to obtain WT, Mapt±, Fmr1−/y, and Fmr1−/y;Mapt± male 
offspring. These mice were studied for their behav-
iors at 1  month of age. In the open field test, we found 
that time spent in the center, entries into the center and 
total travel distance were not different among the four 
groups of mice (Fig.  2A–C). In the nest building test, 
Fmr1−/y mice had poorer nesting scores than those of 
WT mice, whereas Fmr1−/y;Mapt±mice had better nest-
ing scores than Fmr1−/y mice (F(3,37) = 3.559, p = 0.0112 
for Fmr1−/y versus WT, p = 0.0470 for Fmr1−/y;Mapt± ver-
sus Fmr1−/y, one-way ANOVA followed by Tukey’s post 
hoc test, Fig. 2D). In the self-grooming test, the groom-
ing time (F(3,37) = 21.46, p < 0.0001 for Fmr1−/y versus WT, 
p = 0.0002 for Fmr1−/y;Mapt± versus Fmr1−/y, one-way 
ANOVA followed by Tukey’s post hoc test, Fig. 2E) and 
bout numbers (F(3,37) = 3.455, p = 0.0211 for Fmr1−/y ver-
sus WT, one-way ANOVA followed by Tukey’s post hoc 
test, Fig. 2F) of Fmr1−/y mice were significantly increased, 

https://report.bgi.com
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whereas Tau reduction reversed the increased grooming 
time in Fmr1−/y mice. In the three-chamber social inter-
action test, none of the four groups of mice showed pref-
erence for each chamber during the habituation phase 
(Fig.  2G). During the social preference testing phase, 
although all four groups of mice interacted more with a 
stranger mouse (Stranger 1) than an empty cage, Fmr1−/y 
mice had less preference ratios to Stranger 1 than WT 

and Fmr1−/y;Mapt±mice (F(3,74) = 13.29, p < 0.0001 for 
Empty versus Stranger 1 in all four groups, p = 0.0012 for 
Stranger 1 in Fmr1−/y versus Stranger 1 in WT, p = 0.0497 
for Stranger 1 in Fmr1−/y;Mapt± versus Stranger 1 in 
Fmr1−/y, two-way ANOVA followed by Bonferroni’s post 
hoc test, Fig. 2H). During the social novelty testing phase, 
Fmr1−/y mice showed no preference for a novel stran-
ger mouse (Stranger 2) when compared to the familiar 

Fig. 1 Tau and Mapt mRNA levels are increased in the cortex of Fmr1 KO mice. A Tau protein in the cortex and hippocampus of WT and Fmr1 KO 
mice (FVB background, 1.5‑month‑old) was detected by western blotting; and protein levels were quantified by densitometry for comparison 
after normalizing to those of GAPDH. WT: n = 6; Fmr1 KO: n = 6. B Mapt mRNA levels in the cortex and hippocampus of WT and Fmr1 KO mice (FVB 
background, 1.5‑month‑old) were detected by qRT‑PCR and compared after normalizing to those of β‑actin. WT: n = 4; Fmr1 KO: n = 4. C FMRP 
protein was detected by western blotting in the cortex and hippocampus of WT and Mapt KO mice (C57BL/6/SV129 background, 4‑month‑old); 
and protein levels of three major FMRP isoforms (1, 2, and 3) were individually quantified by densitometry for comparison after normalizing to those 
of β‑actin. WT: n = 3; Mapt KO: n = 3. D Fmr1 mRNA levels in the cortex and hippocampus of WT and Mapt KO mice (C57BL/6/SV129 background, 
4‑month‑old) were detected by qRT‑PCR and compared after normalizing to those of β‑actin. WT: n = 3; Mapt KO: n = 3. Unpaired t test. ns: 
not significant; *p < 0.05, **p < 0.01
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Stranger 1. While both WT and Fmr1−/y;Mapt±mice not 
only showed preference for Stranger 2 when compared to 
Stranger 1, but also had more preference ratios to Stran-
ger 2 than Fmr1−/y mice (F(3,74) = 8.640, p < 0.0001 for 
Stranger 2 versus Stranger 1 in WT, Mapt±, and Fmr1−/
y;Mapt± groups, p = 0.0238 for Stranger 2 in Fmr1−/y 
versus Stranger 2 in WT, p = 0.0161 for Stranger 2 in 
Fmr1−/y;Mapt± versus Stranger 2 in Fmr1−/y, two-way 
ANOVA followed by Bonferroni’s post hoc test, Fig. 2I). 
Together, these results indicate that Tau reduction can 
ameliorate social defects and stereotyped and repetitive 
behavior in Fmr1 KO mice.

Tau reduction reverses spine abnormality in Fmr1 KO mice
In the cortex of FXS patients and Fmr1 KO mice, spine 
density is found to be increased and accompanied by 
decreased mature spines and increased immature spines 
[23–25]; and this may underlie dysregulated neuronal 
functions and abnormal behaviors in FXS [26]. We 
conducted Golgi staining and confirmed significantly 
increased spine density (F(3,58) = 35.84, p < 0.0001 for 
Fmr1−/y versus WT, p = 0.0006 for Fmr1−/y;Mapt± versus 
Fmr1−/y, one-way ANOVA followed by Tukey’s post hoc 
test, Fig. 3A, B) and numbers of immature spines, as well 
as decreased mature spines (F(2,9) = 155.3, p < 0.0001 for 

Fig. 2 Genetically reducing Tau prevents autism‑like behaviors in Fmr1−/y mice. A–I Fmr1 KO mice and Mapt KO mice were crossed 
and the offspring (1‑month‑old, FVB;C57BL/6/SV129 mixed background) were studied for their behaviors. In the open field test, time spent 
in the center (A), center entry numbers (B), and total travel distance (C) were analyzed. In the nest building test, nesting scores were analyzed 
(D). In the self‑grooming test, grooming time (E) and bout numbers (F) were analyzed. In the three‑chamber social interaction test, time spent 
in each chamber (G), time spent interacting with a Stranger 1 mouse and the empty cage (H), and time spent interacting with the Stranger 
1 mouse and a Stranger 2 mouse (I) were analyzed. WT: n = 11; Mapt±: n = 11; Fmr1−/y: n = 9; Fmr1−/y;Mapt±: n = 10. One‑way ANOVA followed 
by Tukey’s post hoc test for (A–F). Two‑way ANOVA followed by Bonferroni’s post hoc test for G‑I. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001
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all comparisons, one-way ANOVA followed by Tukey’s 
post hoc test, Fig. 3A, C) in cortical neurons of Fmr1−/y 
mice. Importantly, these alterations were reversed in 
Fmr1−/y;Mapt± mice (Fig. 3A–C).

Tau reduction reverses altered periodic activity in Fmr1 KO 
mice
By performing RNA sequencing using a mixture of hip-
pocampal and cortical tissues, we identified 96 upregu-
lated and 65 downregulated DEGs in Mapt± versus WT, 
589 upregulated and 989 downregulated DEGs in Fmr1−/y 
versus WT, 1040 upregulated and 1259 downregulated 
DEGs in Fmr1−/y;Mapt± versus Mapt±, and 4 upregulated 
and 5 downregulated DEGs in Fmr1−/y;Mapt± versus 
Fmr1−/y (Fig. 4A).

With an assumption that genes responsible for Tau 
reduction-exerted protection would be those whose 
expressions are altered in Fmr1−/y versus WT and 
reversed in Fmr1−/y;Mapt± versus Fmr1−/y, we first deter-
mined DEGs that were shared by Fmr1−/y versus WT 
and Fmr1−/y;Mapt± versus Fmr1−/y. However, we only 
found 4 DEGs overlapped in the two groups as Per1, 
Gm52433, Shc3, and Mbp (Fig. 4B). Among the 4 DEGs, 
only the expressions of Per1 and Gm52433 showed oppo-
site direction change between Fmr1−/y versus WT and 
Fmr1−/y;Mapt± versus Fmr1−/y, whereas the expression 
change directions were the same for Shc3 and Mbp in the 
two groups.
Per1 is an important circadian rhythm gene [27]. Since 

it is reported that FXS patients and animal models also 
exhibit abnormal circadian behavioral rhythm [28, 29], 
we further studied Per1 mRNA expression by qRT-PCR. 
Consistent with RNA sequencing data, we found that 
Per1 mRNA expression was decreased in Fmr1−/y mice 

and partially reversed by Mapt deficiency (F(3,12) = 63.12, 
p < 0.0001 for Fmr1−/y versus WT, p = 0.0308 for Fmr1−/
y;Mapt± versus Fmr1−/y, one-way ANOVA followed 
by Tukey’s post hoc test, Fig.  4C). In the autonomous 
wheel-running test performed under constant darkness, 
we found that Fmr1−/y mice had more periodic activity 
than WT mice, especially at the time around the night-
day transition (F(3,192) = 11.37, p = 0.0001 for Fmr1−/y ver-
sus WT, two-way repeated-measures ANOVA, Fig. 4D); 
this is implies a circadian rhythm defect in Fmr1−/y mice. 
While the periodic activity of Fmr1−/y;Mapt± mice were 
less than Fmr1−/y mice and comparable to WT mice 
(F(3,192) = 11.37, p = 0.0270 for Fmr1−/y;Mapt± versus 
Fmr1−/y, two-way repeated-measures ANOVA, Fig. 4D).

Interestingly, we noticed that Mapt± mice also had 
decreased Per1 mRNA expression (F(3,12) = 63.12, 
p = 0.0176 for Mapt± versus WT, one-way ANOVA fol-
lowed by Tukey’s post hoc test, Fig.  4C) and increased 
periodic activity in the autonomous wheel-running test 
when compared to WT mice (F(3,192) = 11.37, p < 0.0001 
for Mapt± versus WT, two-way repeated-measures 
ANOVA, Fig.  4D). Therefore, the rescuing effect of Tau 
reduction on autism-like phenotypes in Fmr1 KO mice is 
unlikely through reversing Per1 expression and periodic 
activity defect.

Tau reduction reverses impaired P38/MAPK signaling 
in  Fmr1−/y mice
Since Tau deficiency minimally affected gene expres-
sion in Fmr1 KO mice, we wondered whether gene pro-
cesses/pathways affected by Tau deficiency could balance 
those affected by Fmr1 deficiency and thereby providing 
the protection. By comparing the top 20 GO processes 
enriched with DEGs found in Fmr1−/y versus WT and 

Fig. 3 Genetically reducing Tau reverses spine abnormality in Fmr1−/y mice. A Representative projection images of dendritic spines from cortical 
neurons from WT, Fmr1−/y, and Fmr1−/y;Mapt± mice (2.5‑month‑old, FVB;C57BL/6/SV129 mixed background). Mature and immature dendritic 
spines were indicated by red and green arrowheads, respectively. Scale bars: 5 μm. B, C Comparisons of spine density (B) and ratios of mature 
and immature spines (C) of cortical neurons. One‑way ANOVA followed by Tukey’s post hoc test. WT: n = 4; Mapt±: n = 4; Fmr1−/y: n = 4; Fmr1−/y;Mapt±: 
n = 4. ***p < 0.001, ****p < 0.0001
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those found in Mapt± versus WT (Fig. 5A, B), we found 
two overlapped GO processes: “response to light stimu-
lus” and “inactivation of MAPK activity”, of which the 
former is related to circadian rhythm.

We then detected levels of MAPK pathway-related 
proteins in cortical tissues and found that levels of 
phosphorylated P38 were significantly decreased 
in Fmr1−/y mice when compared to WT mice; and 
this decrease was reversed in Fmr1−/y;Mapt± mice 
(F(3,20) = 4.689, p = 0.0174 for Fmr1−/y versus WT, 
p = 0.0094 for Fmr1−/y;Mapt± versus Fmr1−/y, one-way 
ANOVA followed by Tukey’s post hoc test, Fig.  5C, 
D). While P38 phosphorylation was not different 
between Mapt± and WT mice. The ERK signaling is 
another important MAPK pathway. However, although 
some studies reported increased ERK phosphoryla-
tion in Fmr1 KO mice [30–32], other work suggested 
no change or even decrease of ERK phosphorylation 
[33–35]. Herein, we found that ERK phosphorylation 

was not altered in Fmr1−/y mice when compared to 
WT mice but was significantly increased when Tau 
was genetically reduced (F(3,20) = 12.26, p = 0.0194 for 
Mapt± versus WT, p = 0.0002 for Fmr1−/y;Mapt± ver-
sus Fmr1−/y, one-way ANOVA followed by Tukey’s post 
hoc test, Fig. 5C, E). Overall, these results suggest that 
Tau reduction promotes MAPK signaling.

A previous study showed that Tau interacted with 
PTEN and Tau reduction prevented over-activation 
of the mTOR/PI3K/Akt signaling [8]. Although some 
previous studies found that the mTOR/PI3K/Akt sign-
aling was over-activated in Fmr1 KO mice [30, 36, 37], 
inconsistent results were also reported [32, 38]. Herein, 
we observed no significant phosphorylation changes of 
S6, Akt, and mTOR, all of which are indicative of the 
mTOR/PI3K/Akt signaling activity, in Fmr1 KO mice 
when compared to WT mice (Additional file  1: Fig. 
S1A–D). Nor did we notice that Tau reduction affected 
the mTOR/PI3K/Akt signaling.

Fig. 4 Genetically reducing Tau rescues circadian rhythm defect in Fmr1−/y mice. A RNA sequencing identified DEGs between mice with different 
genotypes (FVB;C57BL/6/SV129 mixed background, 2.5 month‑old). B DEGS shared by Fmr1−/y versus WT and Fmr1−/y;Mapt± versus Fmr1−/y groups 
and their information. C Per1 mRNA levels in the brain of mice with different genotypes were determined by qRT‑PCR for comparison. One‑way 
ANOVA followed by Tukey’s post hoc test. WT: n = 4; Mapt±: n = 4; Fmr1−/y: n = 4; Fmr1−/y;Mapt±: n = 4. D In the autonomous wheel‑running test, 
the activities of different groups of mice were recorded for 5 consecutive days in a constant darkness environment and compared. Two‑way 
repeated‑measures ANOVA. WT: n = 3; Mapt±: n = 3; Fmr1−/y: n = 3; Fmr1−/y;Mapt±: n = 3. ns: not significant, *p < 0.05, ***p < 0.001, ****p < 0.0001
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Tau‑targeting ASO rescues autism‑like phenotypes in Fmr1 
KO mice
To further determine whether targeting Tau has thera-
peutic potential for FXS, we used osmotic pumps to 
release Tau-targeting ASO (ASO-Tau) and control ASO 
(ASO-NC) into the lateral ventricles of 1-month-old 

Fmr1−/y mice with an FVB background for two weeks. 
After another two weeks, mice were subjected to various 
behavioral tests (Fig. 6A). We found that downregulation 
of Tau by ASO-Tau (t(10) = 3.896, p = 0.0030, unpaired 
t test, Fig.  6L, M) had no effects on time spent in the 
center, entries into the center, and total travel distance 

Fig. 5 Genetically reducing Tau rescues impaired P38/MAPK signaling in Fmr1−/y mice. A, B GO process enrichment analysis based on DEGs 
identified in Fmr1−/y versus WT (A) and in Mapt± versus WT (B) groups. Red ones indicate GO processes shared in (A) and (B). C–E Equal amounts 
of protein lysates from mouse cortical tissues were analyzed by western blotting for indicated proteins (C). Levels of phosphorylated p38 (D) 
and ERK (E) in different groups of mice (FVB;C57BL/6/SV129 mixed background, 2.5‑month‑old) were normalized to respective total protein levels 
for comparison. One‑way ANOVA with Tukey’s post hoc test. WT: n = 6; Mapt±: n = 6; Fmr1−/y: n = 6; Fmr1−/y;Mapt±: n = 6. ns: not significant; *p < 0.05, 
**p < 0.01, ***p < 0.001

Fig. 6 Tau‑targeting ASO rescues autism‑like phenotypes in Fmr1−/y mice. A ASO treatment paradigm. Fmr1−/y mice (FVB background, 1‑month‑old) 
were treated with 25 μg/d ASO‑Tau or ASO‑NC via intracerebroventricular infusion for 2 weeks and the catheters were then removed. After another 
2 weeks, behavioral tests were performed. B–D In the open field test, time spent in the center (B), center entry numbers (C), and total travel 
distance (D) were analyzed. E, F In the self‑grooming test, grooming time (E) and bout numbers (F) were analyzed. G In the nest building test, 
nesting scores of mice were analyzed. H–J In the three‑chamber social interaction test, time spent in each chamber (H), time spent interacting 
with a Stranger 1 mouse and the empty cage (I), and time spent interacting with the Stranger 1 mouse and a Stranger 2 mouse (J) were analyzed. 
K In the autonomous wheel‑running test, mouse activity was recorded for 5 consecutive days in a constant darkness environment and compared. 
For behavioral tests in B‑J, ASO‑NC: n = 10; ASO‑Tau: n = 11. For tests in K, ASO‑NC: n = 7; ASO‑Tau: n = 7. L–O Equal amounts of protein lysates 
from 2.5‑month‑old mouse cortical tissues were analyzed by western blotting for indicated proteins (L). Total Tau levels were normalized to those 
of GAPDH for comparison (M); and levels of phosphorylated P38 (N) and ERK (O) were normalized to respective total protein levels for comparison. 
ASO‑NC: n = 6; ASO‑Tau: n = 6. Unpaired t test for (B–G, M–O). Two‑way ANOVA followed by Bonferroni’s post hoc test for H‑J. Two‑way 
repeated‑measures ANOVA for K. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

(See figure on next page.)
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of mice in the open field test (Fig.  6B–D). In the self-
grooming test, ASO-Tau treatment significantly reduced 
self-grooming time (t(19) = 3.133, p = 0.0055, unpaired 
t test, Fig.  6E), though not bout numbers (Fig.  6F) of 

Fmr1−/y mice. In the nest building test, ASO-Tau mice 
achieved higher scores than ASO-NC mice (t(19) = 3.444, 
p = 0.0027, unpaired t test, Fig. 6G). In the three-chamber 
social interaction test, neither ASO-Tau nor ASO-NC 

Fig. 6 (See legend on previous page.)
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mice showed preference for each chamber during the 
habituation phase (Fig.  6H). During the social prefer-
ence testing phase, although both mice interacted more 
with a Stranger 1 mouse than an empty cage, ASO-Tau 
mice had more preference ratios to Stranger 1 than ASO-
NC mice (F(1,38) = 14.55, p < 0.0001 for Stranger 1 versus 
Empty in all groups, p = 0.0143 for Stranger 1 in ASO-
Tau versus Stranger 1 in ASO-NC, two-way ANOVA fol-
lowed by Bonferroni’s post hoc test, Fig. 6I). During the 
social novelty testing phase, ASO-NC mice showed no 
preference for a novel Stranger 2 mouse when compared 
to the familiar Stranger 1. While ASO-Tau mice not 
only showed preference for Stranger 2 when compared 
to Stranger 1, but also had more preference ratios to 
Stranger 2 than ASO-NC mice (F(1,38) = 16.21, p < 0.0001 
for Stranger 2 versus Stranger 1 in ASO-Tau group, 
p = 0.0103 for Stranger 2 in ASO-Tau versus Stranger 2 
in ASO-NC, two-way ANOVA followed by Bonferroni’s 
post hoc test, Fig. 6J). In the autonomous wheel-running 
test, ASO-Tau mice showed decreased periodic activ-
ity when compared to ASO-NC mice (F(1,240) = 20.55, 
p < 0.0001, two-way repeated-measures ANOVA, 
Fig.  6K). Together, these results indicates that ASO-Tau 
treatment attenuates autism-like behaviors in Fmr1 KO 
mice.

Similar to above findings in Fmr1 KO mice with an 
FVB;C57BL/6/SV129 mixed background, phosphoryla-
tion levels of P38 were decreased (t(8) = 1.146, p = 0.0360, 
unpaired t test, Additional file  1: Fig. S2A, F), whereas 
phosphorylation levels of S6, Akt, and mTOR were 
unaltered (Additional file  1: Fig. S2A–D) in the cortex 
of Fmr1 KO mice with an FVB background when com-
pared to those of WT controls. However, ERK phospho-
rylation was increased in the cortex of Fmr1 KO mice 
(t(8) = 2.779, p = 0.0240, unpaired t test, Additional file 1: 
Fig. S2A, E) with an FVB background but not those with 
an FVB;C57BL/6/SV129 mixed background. Moreo-
ver, we found that ASO-Tau treatment promoted both 
P38 phosphorylation (t(10) = 6.098, p = 0.0001, unpaired t 
test, Fig.  6L, N) and ERK phosphorylation (t(10) = 4.227, 
p = 0.0018, unpaired t test, Fig.  6L, O) but not the 
mTOR/PI3K/Akt signaling activity (Additional file  1: 
Fig. S3A–D) in the cortex of Fmr1−/y mice with an FVB 
background.

Discussion
There is an urgent need to identify therapeutic targets for 
ASDs that affiliate about 1% of the world’s population. 
Several studies have found that Tau reduction prevents 
autism-like phenotypes in Scn1aRX/+ and Cntnap2−/− 
mice but not in Shank3B−/− mice [7–10]. Due to a high 
heterogeneous etiology of ASDs, whether Tau reduc-
tion exerts protection in other types of ASDs deserves 

scrutiny. FXS is a leading cause of ASDs and results 
from epigenetic silencing of the FMR1 gene that encodes 
FMRP. A variety of approaches to treat FXS, such as 
peptides [39], small molecule inhibitors[40], and gene 
therapy [41, 42] are currently under exploration. A pre-
vious study found that Tau protein levels were increased 
in the hippocampi and cerebral cortex of autistic-like 
rats induced by prenatal exposure of valproic acid [43]. 
Herein, we also found that Tau expression was increased 
in the cortex but not the hippocampi of Fmr1 KO mice. 
The reason for specific Tau upregulation in the cortex is 
unclear. One possibility is that FMRP associates with cer-
tain factors specifically expressed in the cortex to regulate 
Tau expression. More importantly, we showed that both 
genetically reducing and ASO treatment for Tau reduc-
tion effectively alleviated social defects, stereotyped and 
repetitive behavior, circadian rhythm dysregulation, and 
spine abnormality in Fmr1 KO mice, indicating that Tau 
reduction is also a promising strategy for FXS treatment.

One study found that Tau interacted with PTEN to 
suppress PTEN activity, whereas Tau reduction pre-
vented over-activation of the PI3K/Akt/mTOR signal-
ing pathway in in Scn1aRX/+ and Cntnap2−/− mice [8]. 
Although some previous studies suggested that the PI3K/
Akt/mTOR signaling pathway was also over-activated in 
various brain regions of Fmr1 KO mice and FXS patients 
[30, 36, 37], there were some other contradictory results. 
For example, Sawicka et  al. and Saré et  al. found that 
mTOR phosphorylation indicative of activation was not 
altered in the cortex of Fmr1 KO mice compared to WT 
controls [32, 38]. Herein, we also found that the PI3K/
Akt/mTOR signaling was not over-activated in our Fmr1 
KO mice. Nor did Tau reduction affected the PI3K/Akt/
mTOR signaling in Fmr1 KO mice.

To explore the molecular mechanism underlying 
the protection by Tau reduction, we carried out RNA 
sequencing. However, we only found that the expressions 
of Per1 and Gm52433 were altered in Fmr1−/y versus 
WT and reversed in Fmr1−/y;Mapt± versus Fmr1−/y. Per1 
is an important circadian rhythm gene and we indeed 
found that Tau reduction not only partially reversed Per1 
expression reduction, but also reversed increased peri-
odic activity in Fmr1 KO mice. However, since Mapt± 
mice also had decreased Per1 mRNA expression and 
abnormal periodic activity when compared to WT mice, 
the reversal of Per1 expression is probably only a phe-
nomenon accompanied with the overall improvement by 
Tau reduction in Fmr1 KO mice, rather than a responsi-
ble molecular mechanism.

Another possibility for Tau reduction to exert pro-
tection is that Tau deficiency-affected gene processes/
pathways can balance those affected in Fmr1 KO mice. 
Among the top 20 enriched GO processes in Fmr1−/y 



Page 11 of 12Zhao et al. Molecular Autism           (2023) 14:42  

versus WT and in Mapt± versus WT, we found two 
overlapped GO processes: “response to light stimulus” 
and “inactivation of MAPK activity.” “Response to light 
stimulus” is related to circadian rhythm and we already 
showed that abnormal periodic activity in Fmr1 KO mice 
was rescued by Tau reduction. Several previous studies 
have suggested that FXS is associated with a dysregula-
tion of the MAPK signaling [33, 44, 45]. Indeed, we found 
that phosphorylation of P38 was significantly decreased 
in Fmr1 KO mice with different backgrounds; and this 
decrease was reversed by Tau reduction. The ERK signal-
ing is another important MAPK pathway and suggested 
to be involved in FXS [37]. However, different studies 
generated contradictory results. Although many studies 
found increased ERK phosphorylation indicative of over-
activation [30–32], some other work suggested no change 
or even a decrease of ERK phosphorylation in Fmr1 KO 
mice [33–35]. Herein, we found that although ERK phos-
phorylation was either unaltered in Fmr1−/y mice with an 
FVB;C57BL/6/SV129 mixed background or increased in 
Fmr1−/y mice with an FVB background when compared 
to respective WT controls, it was significantly increased 
when Tau was reduced in both Fmr1−/y mice. These 
results implicate that Tau reduction prevents autism-like 
phenotypes in Fmr1 KO mice through modulating the 
P38 signaling but not the ERK signaling; and this requires 
further confirmation.

Limitations
We only investigated male animals in this study. 
Although FXS afflicts males much more than females 
[1–3], whether Tau reduction also attenuates ASD-like 
phenotypes in females deserves further scrutiny. In addi-
tion, our study only indicates that Tau ASO treatment 
attenuates deficits in Fmr1 KO mice but we do not know 
whether this is a partial or complete rescue. Further stud-
ies using WT mice as controls may help determine this. 
Moreover, although we found that Tau reduction res-
cued impaired P38/MAPK signaling in Fmr1 KO mice, 
whether this is the responsible molecular mechanism has 
yet to be further determined.

Conclusion
In summary, our results highlight the participation of 
Tau in FXS. By demonstrating that Tau reduction pre-
vents autism-like phenotypes possibly through modulat-
ing the P38/MAPK signaling in Fmr1 KO mice, this study 
provides strong evidence that Tau is a new target for FXS 
therapeutics.

Abbreviations
ASD  Autism spectrum disorder
ASO  Antisense oligonucleotide

DEGs  Differentially expressed genes
FMRP  FMR1‑encoded fragile X messenger ribonucleoprotein 1
FXS  Fragile X syndrome
GO  Gene ontology;
ICV  Intracerebroventricular
KO  Knockout

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13229‑ 023‑ 00574‑1.

Additional file 1: Supplementary figures. Fig. S1. Tau reduction prevents 
autism‑like behaviors in Fmr1−/y mice independent of the PI3K/Akt/mTOR 
pathway. Fig. S2. P38 and ERK signaling are altered in the cortex of Fmr1 
KO mice with FVB background. Fig. S3. Tau‑targeting ASO treatment has 
no effect on the PI3K/Akt/mTOR pathway.

Acknowledgements
We thank Dr. Chen Zhang for providing Fmr1 KO mice and Dr. Peng Lei for 
providing Mapt KO mice.

Author contributions
SZ and Y‑WZ conceived the study and designed the experiments. SZ, XJ, LH, 
YJ, and XZ performed the experiments. YW, JM, XZ, and HL provided technical 
supports. SZ and Y‑WZ wrote the manuscript. All authors read and approved 
the final manuscript.

Funding
This work was supported by grants from National Natural Science Foundation 
of China (U21A20361 and 82130039 to Y.‑w.Z.).

Availability of data and materials
The datasets used and/or analyzed in the current study are available from the 
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All animal experimental procedures were conducted in accordance with the 
National Institutes of Health Guide for the Care and Use of Laboratory Animals 
and were approved by the Animal Ethics Committee of Xiamen University 
(#XMULAC20220203).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 19 July 2023   Accepted: 30 October 2023

References
 1. Hagerman RJ, Berry‑Kravis E, Hazlett HC, Bailey DB, Moine H, Kooy RF, Tas‑

sone F, Gantois I, Sonenberg N, Mandel JL, et al. Fragile X syndrome. Nat 
Rev Dis Primers. 2017;3:17065.

 2. Sitzmann AF, Hagelstrom RT, Tassone F, Hagerman RJ, Butler MG. Rare 
FMR1 gene mutations causing fragile X syndrome: a review. Am J Med 
Genet A. 2018;176(1):11–8.

 3. Bhat S, Acharya UR, Adeli H, Bairy GM, Adeli A. Autism: cause factors, early 
diagnosis and therapies. Rev Neurosci. 2014;25(6):841–50.

 4. Tapia‑Rojas C, Cabezas‑Opazo F, Deaton CA, Vergara EH, Johnson GVW, 
Quintanilla RA. It’s all about tau. Prog Neurobiol. 2019;175:54–76.

 5. Zhang Y, Wu KM, Yang L, Dong Q, Yu JT. Tauopathies: new perspectives 
and challenges. Mol Neurodegener. 2022;17(1):28.

https://doi.org/10.1186/s13229-023-00574-1
https://doi.org/10.1186/s13229-023-00574-1


Page 12 of 12Zhao et al. Molecular Autism           (2023) 14:42 

 6. Li C, Gotz J. Tau‑based therapies in neurodegeneration: opportunities and 
challenges. Nat Rev Drug Discov. 2017;16(12):863–83.

 7. Shao E, Chang CW, Li ZY, Yu XX, Ho K, Zhang M, Wang X, Simms J, Lo I, 
Speckart J, et al. TAU ablation in excitatory neurons and postnatal TAU 
knockdown reduce epilepsy, SUDEP, and autism behaviors in a Dravet 
syndrome model. Sci Transl Med. 2022;14(642):5527.

 8. Tai C, Chang CW, Yu GQ, Lopez I, Yu XX, Wang X, Guo WK, Mucke L. Tau 
reduction prevents key features of autism in mouse models. Neuron. 
2020;106(3):421–37.

 9. Gheyara AL, Ponnusamy R, Djukic B, Craft RJ, Ho K, Guo W, Finucane MM, 
Sanchez PE, Mucke L. Tau reduction prevents disease in a mouse model 
of Dravet syndrome. Ann Neurol. 2014;76(3):443–56.

 10. Modi ME, Sahin M. Tau: a novel entry point for mTOR‑based treatments in 
autism spectrum disorder? Neuron. 2020;106(3):359–61.

 11. Yang C, Tian Y, Su F, Wang Y, Liu M, Wang H, Cui Y, Yuan P, Li X, Li A, et al. 
Restoration of FMRP expression in adult V1 neurons rescues visual deficits 
in a mouse model of fragile X syndrome. Protein Cell. 2022;13(3):203–19.

 12. Lei P, Ayton S, Finkelstein DI, Spoerri L, Ciccotosto GD, Wright DK, Wong 
BX, Adlard PA, Cherny RA, Lam LQ, et al. Tau deficiency induces parkinson‑
ism with dementia by impairing APP‑mediated iron export. Nat Med. 
2012;18(2):291–5.

 13. Dutta S, Sengupta P. Men and mice: relating their ages. Life Sci. 
2016;152:244–8.

 14. Zhao DD, Meng J, Zhao YJ, Huo YH, Liu Y, Zheng NZ, Zhang MX, Gao Y, 
Chen ZC, Sun H, et al. RPS23RG1 is required for synaptic integrity and 
rescues Alzheimer’s disease‑associated cognitive deficits. Biol Psychiat. 
2019;86(3):171–84.

 15. Meng J, Han L, Zheng N, Wang T, Xu H, Jiang Y, Wang Z, Liu Z, Zheng 
Q, Zhang X, et al. Microglial Tmem59 deficiency impairs phagocyto‑
sis of synapse and leads to autism‑like behaviors in mice. J Neurosci. 
2022;42(25):4958–79.

 16. Zhang M, Zhou Y, Jiang Y, Lu Z, Xiao X, Ning J, Sun H, Zhang X, Luo H, Can 
D, et al. Profiling of sexually dimorphic genes in neural cells to identify 
Eif2s3y, whose overexpression causes autism‑like behaviors in male mice. 
Front Cell Dev Biol. 2021;9: 669798.

 17. Deacon RM. Assessing nest building in mice. Nat Protoc. 
2006;1(3):1117–9.

 18. Xu Y, Padiath QS, Shapiro RE, Jones CR, Wu SC, Saigoh N, Saigoh K, Ptacek 
LJ, Fu YH. Functional consequences of a CKIdelta mutation causing famil‑
ial advanced sleep phase syndrome. Nature. 2005;434(7033):640–4.

 19. Xu Y, Toh KL, Jones CR, Shin JY, Fu YH, Ptacek LJ. Modeling of a human 
circadian mutation yields insights into clock regulation by PER2. Cell. 
2007;128(1):59–70.

 20. Chen S, Feng M, Zhang S, Dong Z, Wang Y, Zhang W, Liu C. Angptl8 
mediates food‑driven resetting of hepatic circadian clock in mice. Nat 
Commun. 2019;10(1):3518.

 21. DeVos SL, Goncharoff DK, Chen G, Kebodeaux CS, Yamada K, Stew‑
art FR, Schuler DR, Maloney SE, Wozniak DF, Rigo F, et al. Antisense 
reduction of tau in adult mice protects against seizures. J Neurosci. 
2013;33(31):12887–97.

 22. Smith RA, Miller TM, Yamanaka K, Monia BP, Condon TF, Hung G, 
Lobsiger CS, Ward CM, McAlonis‑Downes M, Wei HB, et al. Antisense 
oligonucleotide therapy for neurodegenerative disease. J Clin Invest. 
2006;116(8):2290–6.

 23. Martinez‑Cerdeno V. Dendrite and spine modifications in autism and 
related neurodevelopmental disorders in patients and animal models. 
Dev Neurobiol. 2017;77(4):393–404.

 24. Pan F, Aldridge GM, Greenough WT, Gan WB. Dendritic spine instability 
and insensitivity to modulation by sensory experience in a mouse model 
of fragile X syndrome. Proc Natl Acad Sci USA. 2010;107(41):17768–73.

 25. Cruz‑Martin A, Crespo M, Portera‑Cailliau C. Delayed stabilization of 
dendritic spines in fragile X mice. J Neurosci. 2010;30(23):7793–803.

 26. Bagni C, Greenough WT. From mRNP trafficking to spine dysmorphogen‑
esis: the roots of fragile X syndrome. Nat Rev Neurosci. 2005;6(5):376–87.

 27. Siepka SM, Yoo SH, Park J, Lee C, Takahashi JS. Genetics and neurobiol‑
ogy of circadian clocks in mammals. Cold Spring Harb Symp Quant Biol. 
2007;72:251–9.

 28. Zhang J, Fang Z, Jud C, Vansteensel MJ, Kaasik K, Lee CC, Albrecht 
U, Tamanini F, Meijer JH, Oostra BA, et al. Fragile X‑related proteins 
regulate mammalian circadian behavioral rhythms. Am J Hum Genet. 
2008;83(1):43–52.

 29. Sare RM, Harkless L, Levine M, Torossian A, Sheeler CA, Smith CB. Deficient 
sleep in mouse models of fragile X syndrome. Front Mol Neurosci. 
2017;10:280.

 30. Bhattacharya A, Kaphzan H, Alvarez‑Dieppa AC, Murphy JP, Pierre P, 
Klann E. Genetic removal of p70 S6 kinase 1 corrects molecular, syn‑
aptic, and behavioral phenotypes in fragile X syndrome mice. Neuron. 
2012;76(2):325–37.

 31. Hou L, Antion MD, Hu D, Spencer CM, Paylor R, Klann E. Dynamic 
translational and proteasomal regulation of fragile X mental retarda‑
tion protein controls mGluR‑dependent long‑term depression. Neuron. 
2006;51(4):441–54.

 32. Sawicka K, Pyronneau A, Chao M, Bennett MV, Zukin RS. Elevated ERK/p90 
ribosomal S6 kinase activity underlies audiogenic seizure susceptibility in 
fragile X mice. Proc Natl Acad Sci U S A. 2016;113(41):E6290–7.

 33. Kim SH, Markham JA, Weiler IJ, Greenough WT. Aberrant early‑phase ERK 
inactivation impedes neuronal function in fragile X syndrome. Proc Natl 
Acad Sci U S A. 2008;105(11):4429–34.

 34. Hu H, Qin Y, Bochorishvili G, Zhu Y, van Aelst L, Zhu JJ. Ras signaling 
mechanisms underlying impaired GluR1‑dependent plasticity associated 
with fragile X syndrome. J Neurosci. 2008;28(31):7847–62.

 35. Liu ZH, Huang T, Smith CB. Lithium reverses increased rates of cerebral 
protein synthesis in a mouse model of fragile X syndrome. Neurobiol Dis. 
2012;45(3):1145–52.

 36. Hou Y, Zhao J, Yang D, Xuan R, Xie R, Wang M, Mo H, Liang L, Wang W, 
Wu S, et al. LF‑rTMS ameliorates social dysfunction of FMR1(‑/‑) mice via 
modulating Akt/GSK‑3beta signaling. Biochem Biophys Res Commun. 
2021;550:22–9.

 37. D’Incal C, Broos J, Torfs T, Kooy RF, Van den Berghe W. Towards kinase 
inhibitor therapies for fragile X syndrome: tweaking twists in the autism 
spectrum kinase signaling network. Cells. 2022;11:8.

 38. Sare RM, Song A, Loutaev I, Cook A, Maita I, Lemons A, Sheeler C, Smith 
CB. Negative effects of chronic rapamycin treatment on behavior in a 
mouse model of fragile X syndrome. Front Mol Neurosci. 2017;10:452.

 39. Zhan XQ, Asmara H, Cheng N, Sahu G, Sanchez E, Zhang FX, Zamponi 
GW, Rho JM, Turner RW. FMRP(1–297)‑tat restores ion channel and 
synaptic function in a model of Fragile X syndrome. Nat Commun. 
2020;11(1):2755.

 40. Dolan BM, Duron SG, Campbell DA, Vollrath B, Rao BSS, Ko HY, Lin GG, 
Govindarajan A, Choi SY, Tonegawa S. Rescue of fragile X syndrome phe‑
notypes in Fmr1 KO mice by the small‑molecule PAK inhibitor FRAX486. 
Proc Natl Acad Sci USA. 2013;110(14):5671–6.

 41. Hooper AWM, Wong H, Niibori Y, Abdoli R, Karumuthil‑Melethil S, Qiao 
C, Danos O, Bruder JT, Hampson DR. Gene therapy using an ortholog of 
human fragile X mental retardation protein partially rescues behav‑
ioral abnormalities and EEG activity. Mol Ther Methods Clin Dev. 
2021;22:196–209.

 42. Jiang Y, Han L, Meng J, Wang Z, Zhou Y, Yuan H, Xu H, Zhang X, Zhao Y, Lu 
J, et al. Gene therapy using human FMRP isoforms driven by the human 
FMR1 promoter rescues fragile X syndrome mouse deficits. Mol Ther 
Methods Clin Dev. 2022;27:246–58.

 43. Gassowska‑Dobrowolska M, Kolasa‑Wolosiuk A, Cieslik M, Dominiak A, 
Friedland K, Adamczyk A. Alterations in tau protein level and phospho‑
rylation state in the brain of the autistic‑like rats induced by prenatal 
exposure to valproic acid. Int J Mol Sci. 2021;22(6):3209.

 44. Matic K, Eninger T, Bardoni B, Davidovic L, Macek B. Quantitative phos‑
phoproteomics of murine Fmr1‑KO cell lines provides new insights into 
FMRP‑dependent signal transduction mechanisms. J Proteome Res. 
2014;13(10):4388–97.

 45. Casingal CR, Kikkawa T, Inada H, Sasaki Y, Osumi N. Identification of FMRP 
target mRNAs in the developmental brain: FMRP might coordinate Ras/
MAPK, Wnt/beta‑catenin, and mTOR signaling during corticogenesis. Mol 
Brain. 2020;13(1):167.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Tau reduction attenuates autism-like features in Fmr1 knockout mice
	Abstract 
	Background 
	Methods 
	Results 
	Limitations 
	Conclusion 

	Background
	Materials and methods
	Animals
	Quantitative real-time PCR (qRT-PCR)
	Behavioral tests
	Golgi staining
	RNA sequencing and analysis
	Western blotting
	Mouse Tau antisense oligonucleotides (ASOs) and treatment
	Statistics

	Results
	Tau expression is increased in the cortex of Fmr1 KO mice
	Genetically reducing Tau attenuates autism-like behaviors in Fmr1 KO mice
	Tau reduction reverses spine abnormality in Fmr1 KO mice
	Tau reduction reverses altered periodic activity in Fmr1 KO mice
	Tau reduction reverses impaired P38MAPK signaling in Fmr1−y mice
	Tau-targeting ASO rescues autism-like phenotypes in Fmr1 KO mice

	Discussion
	Limitations
	Conclusion
	Anchor 28
	Acknowledgements
	References


