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ABBREVIATIONS
CNS: Central Nervous System; PFC: Prefrontal Cortex; mPFC: 
medial Prefrontal Cortex; DA: Dopamine; 5-HT: Serotonin; 
GABA: Gamma-Aminobutyric Acid; Glu: Glutamic acid; NE: 
Norepinephrine; Ach: Acetylcholine; TET1: Ten-eleven transloca-
tion methylcytosine dioxygenase 1; 5mC: 5-methylcytosine; 
5hmC: 5-hydroxymethylcytosine; CRS: Chronic Restraint Stress; 
NAc: Nucleus Accumbens; Dnmt3a: DNA methyltransferases; 
SSE: Stressful Social Experience; PPI: Prepulse Inhibition; ASDs: 
Autism Spectrum Disorders; PTSDs: Posttraumatic Stress Disor-
ders; WT: Wild-Type; KO: Knockout; KD: Knockdown.

INTRODUCTION
TET1 mediates the conversion of 5-methylcytosine (5mC) to 
5-hydroxycytosine (5hmC) in CpG dinucleotides and plays a very 
important role in the process of DNA demethylation (Kaas GA, 
et al., 2013). TET1 and its two family member transcripts (TET2/
TET3) exist in the brain.  expresses itself higher than in the 
cerebellum, cortex, and hippocampus than either TET2 or TET1 
(Kaas GA, et al., 2013). TET1 is the first enzyme that can catalyze 
the conversion of 5mC into 5hmC (Szwagierczak A, et al., 2010). 
The transcript level of TET1 shows a decreasing trend in vitro 
and in vivo and is regulated by neural activity (Tahiliani M, et al., 
2009). Deletion of TET1 leads to a significant decrease in TET1 
mRNA levels; however, its other two TET family members, TET2 
and TET3 transcripts, do not continuously respond to TET1 de-
letion (Kaas GA, et al., 2013). 
Chronic Restraint Stress (CRS) can induce depression-like be-
haviors in mice, especially in the Prefrontal Cortex (Chiba S, et 
al., 2012). Researchers found that the loss of TET1 and TET2 has 

a contracted influence on the susceptibility of mice to CRS (An-
tunes C, et al., 2019). Under social defeat stress conditions, the 
selective Knockout of TET1 in the Nucleus Accumbens (NAc) of 
adult mice can lead to antidepressant-like effects (Feng J, et al., 
2017). The amygdala, hippocampus, and PFC are the three main 
brain regions related to stress response and sociability. TET3 and 
DNA methyltransferases (Dnmt3a) in the amygdala increased 
the occurrence of early-life Stressful Social Experience (SSE) 
compared with the control group (Moy SS, et al., 2004). Social 
behavior dysfunction appears in various mental illnesses, such as 
schizophrenia, depression, and autism (Karen C and Rajan KE, 
2019; Chevallier C, et al., 2012). Several brain regions are related 
to social cognition, especially the amygdala (Charernboon T and 
Patumanond J, 2017), NAc (Adolphs R, 2009), hypothalamic nu-
clei (Dölen G, et al., 2013), midbrain (McHenry JA, et al., 2017; 
Molas S, et al., 2017), hippocampus (Franklin TB, et al., 2017), 
and Prefrontal Cortex (Okuyama T, et al., 2016; Bicks LK, et al., 
2015). In these brain regions, the Prefrontal Cortex is a critical 
region involved in high-order cognitive functions and emotional 
processing (Kim Y, et al., 2015; Zhong S, et al., 2018). Damage to 
the Prefrontal Cortex can cause impaired transmission of excit-
atory neurons, thus disrupting sociability (Finn ES, et al., 2019). 
Patients with a damaged frontal cortex suffer huge personal and 
social difficulties (Yizhar O, et al., 2011; Moss H and Damasio AR, 
2001). In the social interaction, elevated plus-maze, and shock-
probe tests, lesions of the mPFC in rats cause anxiolytic-like ef-
fects (Moss H and Damasio AR, 2001). Prefrontal dysfunction 
can lead to numerous complex cognitive deficits associated with 
diseases (e.g., schizophrenia (Shah AA and Treit D, 2003; Wein-
berger DR and Berman KF, 1996), Alzheimer’s disease (Frith C, 
1996), and Parkinson’s disease (Akbarian S, et al., 1995)).

ABSTRACT
TET1 (Ten-eleven translocation methylcytosine dioxy-
genase 1) is the enzyme methylcytosine dioxygenase 
of DNA demethylation in the nervous system. TET1 
controls and mediates gene transcription, memory 
formation, and extinction. However, little is known 
about TET1 in Prefrontal Cortex (PFC) functions es-
pecially in the medial Prefrontal Cortex (mPFC), which 
controls cortex flexibility and emotional reactivity in 
the Central Nervous System (CNS). This study con-
ducted behavioral tests including an open field test, 
sociability and social novelty preference tests, social 
dominance, and Prepulse Inhibition (PPI) test to ex-
amine brain functions, especially PFC functions after 
the deletion of TET1. The mPFC from TET1 KO mice 
and WT adult mice was analyzed using Quantitative 
Reverse-Transcription Polymerase Chain Reaction 
(qRT-PCR) to assess neuron growth-related genes, 
including GSK3β, PI3K, CRX4, FGFR1, FGFR2, EGFR, 

DBN1, AKT2, VEGF, VEGFR, and AKT3. Subsequently, 
primary PFC neuronal cells were administered shTET1 
to Knockdown (KD) the TET1 gene and function. We 
found that the deletion of TET1 in the mouse brains 
impaired social interaction, novelty, and Prepulse Inhi-
bition (PPI) in the mice. Knockdown of the TET1 gene 
influenced the growth and complexity of neurons. 
The increase in NGF and BDNF by Western blotting 
was found in TET1 deficient mice. The results support 
and complement the view that TET1 deficiency may 
be related to schizophrenia. 
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Recently, Müller U, et al., 2000, reported that TET1 mRNA, protein expres-
sion, and 5hmC levels were elevated in psychotic patients’ parietal cortexes 
compared with non-psychiatric subjects. TET1 has been expressed in the 
Prefrontal Cortex of mice (Dong E, et al., 2012). In Towers AJ, et al., 2018, 
TET1 regulated OXTR expression and hyper methylated CpG islands of 
OXTR. In addition, TET1 deletion impaired social and maternal care be-
haviors (Towers AJ, et al., 2018), however, it is unclear whether TET1 regu-
lates PFC functions including social interactions and social dominance. 
In the present study, we selected TET1 KO mice as the research subjects 
and initially investigated the TET gene family and 5hmC in the Prefrontal 
Cortex of TET1 KO mice. We investigated whether social interaction, so-
cial dominance, and Prepulse Inhibition underlie the mechanism by which 
TET1 regulates PFC functions in the Prefrontal Cortex. 

MATERIALS AND METHODS 
Animals 
TET1 KO mice were generated as described in previous research and were 
obtained from Zhejiang University (Zhang RR, et al., 2013). Most studies 
adopted nine adult male WT mice and nine adult male KO mice (all were 
aged 8-12 weeks old, weighing 15-20 g). We divided mice in each group 
into two cages (4 or 5 per cage). All TET1 KO mice (10) and WT mice (10) 
were housed and kept in constant conditions (temperature 20°C ± 2°C, 
humidity 40%-60%, 12-hour shift of the light-dark cycle) and were given 
the standard diet and water. All mice lived in 12-hour shifts of light-dark 
cycles. Before the behavioral tests, all mice were moved into the test room 
for one week to adapt to the environment. After the behavioral tests, we 
sacrificed all mice humanely. Then, the mice’s brains were extracted. Later, 
the cortex, mPFC, hippocampus, and cerebellum were dissected and fro-
zen immediately. The study was approved by the ethics review committee 
of experimental animal welfare of Zhejiang University (ZJU20170949). All 
animal procedures for behavioral tests and neuronal cell cultures were con-
ducted in accordance with Zhejiang University. The study was performed 
in accordance with Animal Research: Reporting of In Vivo Experiments 
(ARRIVE) guidelines.

Immunofluorescence staining and fluorescence microscopy
The experimental steps for making the brain slices were as follows. As 
noted in previous research (Song TT, et al., 2016), tissue sections and neur-
onal cells were fixed in 4% formaldehyde. Then we removed the brain tis-
sue, and dehydrated it with 30% sucrose for three days. After three days, 
we used a cryotome (HM 505E, Germany) to cut the brain tissues into 20 
μm slices. The brain slices were then removed for brain cortex immuno-
fluorescence staining.
The experimental steps for staining brain slices and neurons were as fol-
lows: The brain slices and the transfected neurons were washed with 0.01 
M Phosphate-Buffered Saline (PBS) three times for 5 minutes each time, 
and then were blocked with blocking solution (PBS, pH 7.4, containing 
10% goat serum). Primary antibody was then added and stained overnight 
in a refrigerator at 4°C. On the second day, the neurons were removed and 
shaken at room temperature for 1 hour and then washed with 0.01 M PBS 
three times for 5 minutes each time. After washing, the samples were incu-
bated with the second antibody for 1 hour and then washed with 0.01 M 
PBS three times for 5 minutes each time. After washing, we sealed the sam-
ples and collected images with a Zeiss microscope using image acquisition 
software (LSM 510; Carl Zeiss, Germany). The samples were then incubat-
ed with appropriate primary antibodies (GFAP, 1:500, Cell signaling, Ms, 
3671, USA; NeuN, 1:500, Millipore, Ms, MAB377, USA) and secondary 
antibodies (Alexa Fluor 545-tagged, 1:500, Invitrogen, goat anti-mouse, 
A11031, USA) in 0.1% saponin. Image collection was conducted on a Zeiss 
scanning microscope (LSM 510; Carl Zeiss, Germany). Then images were 
analyzed using LSM 510 software (LSM 510; Carl Zeiss, Germany). 

Behavioral tests 
The behavioral tests adopted double-blind experiments. In other words, 
the researchers performed testing on the TET1 KO and WT mice, and they 
were blind to which group of mice they were testing. Adult male TET1 
KO mice and littermate male WT mice (all were aged 8 weeks old, weigh-
ing 15-20 g) were used for the behavioral tests. All behavioral parameters 
were measured by t-tests/Analysis of Variance (ANOVA) for two geno-
types (P<0.05 was regarded as statistically significant). The outcomes of 
this research are expressed as mean ± Standard Error of Mean (SEM). As 
indicated in previous studies (Zhang RR, et al., 2013; Song TT, et al., 2016), 
an open field test and sociability and social novelty preference tests were 
conducted. The experiments are described as follows.

Open field test
The open field test was investigated in the early literature (Carlen M, et al., 
2012). The two types of genotype mice were put into a 45 cm × 45 cm × 
45 cm chamber separately and allowed to move freely for 5 minutes. We 
used TET1 KO mice (6) and WT mice (7) for open field test. Then, each 
TET1 KO and WT mouse was gently placed into the chamber for 30 min-
utes. Compared to staying in the central area, the mice usually spent more 
time moving along the edges of the chamber. If the mice spent more time 
moving in the central area, it showed that the mice may have anxiety-like 
behaviors (Feng J, et al., 2017; Kraeuter AK, et al., 2019). 

Sociability and social novelty preference tests
Sociability and social novelty preference tests have been utilized in previ-
ous research (Moy SS, et al., 2004). Briefly, TET1 KO (8) and WT (8) mice 
were put into the experimental room to adapt for one week. Then on the 
test day, mice were put into the test room to adapt for one hour. Before 
the tests, the subject mice were put into the middle room of the social ex-
periment device, where they could move freely to the other two rooms on 
both sides for 5 minutes. After the mice explored, they were put back into 
separate cages, and an empty metal cup Object (O) was placed in a small 
room on one side of the social experiment device, where Strange mouse 
1 (S1) was placed on the other side. Male C57/BL6J mice were purchased 
from Shanghai Slack Laboratories and used as ‘strangers’. In the sociability 
test, an unfamiliar male mouse (Stranger 1) that had no contact with the 
subject mouse before was placed in one of the side chambers. The subject 
mice were put into the middle room and the doors of the other two rooms 
on both sides were opened. The subject mice were free to move for 10 min-
utes. The contacts between the limbs and nose wings of stranger 1 mouse 
and the metal cup were calculated as the actual contact.
In the social novelty preference test, the subject mice were gently put back 
into the middle room. Then we removed the Object (O) from one side of 
the cup, placed a new unfamiliar mouse (Stranger 2) in the previous object 
cup, opened the doors on both sides, and allowed the subject mice to move 
freely in the rooms on both sides for 10 minutes. The time spent by stran-
ger 1 and stranger 2 was measured. 
All videos and analyses were collected and analyzed with Noldus Observ-
er software (Noldus Information Technology, Wageningen, Netherlands). 
During the experiments, the frequency and duration of mouse activities 
were recorded. When two mice-maintained vibrissae or nose-to-nose 
contact for one or more seconds, their activities were recorded. Data and 
videos were analyzed by our researchers, who were blinded to the mouse 
genotypes. 

Social dominance 
This research employed the tube test to explore social dominance (Moy 
SS, et al., 2004; Carlen M, et al., 2012). The tube test apparatus, a kind of 
plexiglass tube, has a length of 30 cm and an inside diameter of 3.5 cm. 
TET1 KO (4) and WT (4) mice (all were 8 weeks old, weighing 15-20 g) 
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Sholl analysis 
Sholl analysis was employed to calculate dendritic length using ImageJ 
(He W, et al., 2019). Neuron complexity, neurite number, and dendritic 
length were assessed using Sholl analysis on a Simple Neurite Tracer and 
are represented in full. Dendritic intersections were counted using ImageJ 
software. Forty-one neuronal cells in the control group and shTET1 group 
were included in the Sholl analysis. This study analyzed at least 41 repre-
sentative neurons.

Gene correlation analysis 
Gene correlation analysis was performed using GeneMANIA software 
(http://genemania.org) (He W, et al., 2019). GeneMANIA is a multifunc-
tional website for researchers to make hypotheses with gene functions, and 
gene lists and to conduct gene function analysis. First, the relevant infor-
mation was entered on the website. Then, we used the advanced options 
pane to expand the initial query screen. We then selected the required 
network. The network weighting method was then adopted. Finally, the 
GeneMANIA results were collected. 

RNA isolation and qRT-qPCR
We extracted total RNA from the brain cortex, mPFC, hippocampus, and 
cerebellum of TET1 WT and KO mice using TRIzol reagent (Ambion, 
USA). Total RNA was isolated, and then the concentration was quanti-
fied by using a NanoDrop Spectrophotometer 2000. Reverse Transcription 
(RT) was conducted on a total of 400 ng RNA by using an RT reagent kit 
(Vazyme, China) according to the manufacturer’s guidelines. Standard re-
al-time qPCR was conducted using SYBR Green mix (Vazyme, China). 
All real-time PCRs were performed three times. The analysis of the results 
was conducted according to the ΔΔCt method. The target genes’ relative 
expression levels were calculated by normalization to 18S. Data were ob-
tained from an ABI 7900HT Fast Real-Time PCR system (Applied Bio-
systems, USA). 

Western blot analysis
Total protein was extracted from mouse mPFC tissue by using 
Radioimmunoprecipitation Assay (RIPA) buffer. After measuring the 
protein concentration, electrophoresis on a sodium dodecyl sulfate-poly-
acrylamide gel was performed. Then, we transferred the proteins to a 
polyvinylidene difluoride membrane after electrophoresis. The follow-
ing primary antibodies were used: TRKA (diluted concentration 1:1000, 
ABclonal, A2098, China), NGF (diluted concentration 1:1000, ABclonal, 
A14216, China), Gskβ (diluted concentration 1: 1000, Cell Signaling, 9322, 
USA), p-AKT (diluted concentration 1:1000, Cell Signaling, 4691p, USA), 
and GAPDH (diluted concentration 1:10000, Ambion, AM4300, USA). 
The film was colored by adding ECL solution and detected it by the West-
ern blotting Detection System (Amersham Bioscience, UK). The intensity 
of images and bands were analyzed with Adobe Photoshop software. 

Statistical analysis 
All values are displayed as the means ± SEM. The unpaired t-test and 
ANOVA (GraphPad Prim 5.0 Program Software, San Diego, CA) was 
employed for data analysis. A value of P<0.05 was regarded as statistically 
significant.

RESULTS 
TET1 is expressed in Prefrontal Cortex neurons, and 5hmC is present in 
neurons. It is involved in regulating the activities of neurons and synap-
ses; however, its localization within the Prefrontal Cortex remains unclear. 
First, this study aimed to confirm the expression changes of the transcript 
levels of TET1 and its family members TET2 and TET3 in the cortex, 
hippocampus, and cerebellum and in the medial Prefrontal Cortex of WT 
mice (Figure 1a). Then TET1-TET3 levels were verified in the mPFC of 

were divided into 2 groups and were placed in the test room for at least one 
week for adaptation. Before the test, all mice had undergone 5 trials for 
tube training. On the test day, pairs of mice were released at two ends of 
the tube and met in the middle area of the tube. The two mice met in the 
middle of the tube. The mouse that drove the other mouse out of the tube 
was considered the winner. There were two mice in each group with no 
difference in body weight. Four mice between the two groups were tested 
against each other. The winning rate of each group was recorded. 

Prepulse Inhibition (PPI) test
Prepulse Inhibition (PPI) reflects sensory-motor gating and appropriate 
forebrain function (Zhou T, et al., 2017; Park MJ, et al., 2018). TET1 KO 
mice (10) and littermate WT (10) mice (all were 8 weeks old, weighing 15-
20 g) were used in a single testing session. The test started with a 5-minute 
acclimatization period, followed by 64 recorded trials. All stimuli were 
performed in a pseudorandom order within the background of 65 dB. Ac-
cording to equation (1) (Swerdlow NR, et al., 2001), the percentage of PPI 
of each prepulse stimulus intensity (75, 80 and 85 decibels) was calculated, 
where the individual score of the pulse was the mean value of the motion 
amplitude of the individual test. Startle amplitude and PPI value were ob-
tained through the Startle Response System, which reflects the animal’s 
sensorimotor gating function. When this function is normal, the animal 
has an obvious PPI phenomenon. When this function is damaged, the PPI 
value will increase or decrease.
%PPI=100 × ((pulse alone score)-(prepulse+pulse score)) ∕ pulse alone 
score (1)

Primary neuronal cell cultures
Primary PFC neuronal cultures were obtained from the Prefrontal Cortex 
of embryonic E13.5 C57BL/6J mice brains (Karacay B, et al., 2015). Brief-
ly, the mouse Prefrontal Cortex was dissociated by mechanical trituration 
before removing meninges and blood vessels. The isolated cells were incu-
bated in trypsin/EDTA solution (Thermo Fisher, USA) for 20 minutes in a 
humidified atmosphere of 5% CO2/95% air at 37°C. Then, these cells were 
suspended in Neurobasal medium (NB) within 2% B27 (Thermo Fisher, 
USA), 1% penicillin/streptomycin, and 1% GlutaMAX (Thermo Fisher, 
USA). We plated the detached cells on PDL coated coverslips in 35-mm 
dishes at a density of 30,000 cells/cm2. After incubating for 2 hours at 37°C, 
we detached the nonadherent cells and cultured the adherent cells with 
2% B27, 1% penicillin/streptomycin, and 1% GlutaMAX. The cell medium 
was changed over 3 days with 2% B27, 1% penicillin/streptomycin, and 1% 
GlutaMAX present. 

Transfections
To Knockdown the TET1 gene, this study used TET1 short hairpin RNAs 
(shRNAs). The sequence of the shRNA sequence was CCGGCAACTT-
GCATCCACGATTAATCTCGAGATTAATCGTGGATGCAAGTT-
GTTTTG. TET1 shRNAs were utilized for transfection into HEK293 cells 
as indicated by the manufacturer. The control samples were transfected 
with a lenti-control plasmid. Based on the instructions of the kit, we ex-
tracted plasmid DNA with a Qiagen plasmid kit (Qiagen, Hilden, Ger-
many). The purity and concentration and of plasmid DNA were tested by a 
NanoDrop and then stored at -20°C. We added 2.5 μgs plasmid DNA and 
3.3 μl of Lipofectamine 2000 (Thermo Fisher, USA) in 200 μl of NB to pre-
pare the transfection solution. After incubating at room temperature for 5 
minutes, the transfection solution was transferred to neuronal cells in 1 ml 
of fresh Neurobasal medium within L-glutamine. After being placed in the 
cell incubator at 37°C for 45 minutes, we washed neuronal cells in warm 
Neurobasal medium and cultured them back with the original conditioned 
medium. After 48 hours, we fixed neuronal cells and prepared them for 
immunocytochemistry, imaging, and Sholl analysis. 
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one of the important enzymes responsible for converting 5mC to 5hmC. 
Therefore, we conducted immunofluorescence staining (5hmC) in the 
medial Prefrontal Cortex of TET1 KO and WT mice. We found that 5hmC 
is abundantly expressed in the nucleus, especially in neurons. Then we 
double-labeled the Prefrontal Cortex sections with the neuronal marker 
NeuN and an antibody against 5 hmC. Immunohistochemical analysis was 
conducted later in neurons throughout the Prefrontal Cortex (Figure 1f). 
In neurons, we discovered that 5-hydroxymethylcytosine appeared in the 
nucleus and soma (Figure 1f). These results suggested that TET1 is abun-
dantly expressed in Prefrontal Cortex neurons and may play an important 
role in regulating cortex flexibility and emotion.

WT mice. We disrupted the TET1 gene using the deletion of exons 11-13, 
encoding the critical catalytic domain in deoxygenates (Zhang RR, et al., 
2013). Second, this study aimed to confirm the expression changes of the 
transcript levels of TET1 and its family members TET2 and TET3 in the 
Prefrontal Cortex. As such, we used quantitative Reverse-Transcription 
PCR for TETs in the medial Prefrontal Cortex. TET2 and TET3 were more 
abundantly expressed than TET1, especially TET3 (Figures 1b-1e). TET1-
TET3 have been researched in brain development and neurogenesis; how-
ever, little research on TETs has been conducted concerning social behav-
iors. The medial Prefrontal Cortex is one of the critical regions regulating 
social behavior and emotions in humans and mice. Additionally, TET1 is 

Figure 1: TET1 and 5hmC are expressed in the prefrontal cortex (a): Quantitative reverse-transcription Polymerase Chain Reaction (qRT-PCR)  
analysis of TET1 in the medial Prefrontal Cortex (mPFC), cortex, hippocampus, and cerebellum of Wild-Type (WT) mice; (b): TETs expression 
level in the mPFC in WT mice; (c-e): TET1-TET3 expression levels in the cortex of TET1 Knockout (KO) mice and WT mice; (f): NeuN and 5hmC 
labeled neuronal cells in the Prefrontal Cortex (PFC). NeuN and 5hmC are labeled in the soma. Scale bars, 200 μm; (g): High-magnification views 
of selected regions. Scale bars, 25 μm. Note: **P<0.01, ***P<0.001, ****P<0.0001, unpaired t-test/one-way Analysis of Variance (ANOVA) were 
uses in the analysis and Tukey’s multiple comparisons test. This research displayed data as means ± Standard Error of Mean (SEM).
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interaction test. TET1 KO mice showed no difference in close interaction 
time between stranger mice (S1) and stranger mice (S2). TET1 KO mice 
spend more time with object compared with WT littermates in terms of 
sociability (P<0.01) (Figure 2b). However, a significant difference existed 
in social novelty between the two groups (P<0.05) (Figure 2b). Preference 
for social novelty refers to the significant propensity that a mouse spends 
more time in contact with the second stranger (Stranger 2) or the first 
stranger (Stranger 1) (Moy SS, et al., 2004). Usually, normal mice spend 
more time in contact with Stranger 2. However, mice with social novelty 
dysfunction spend more time choosing Stranger 1. In our research TET1 
KO group mice showed no difference in interest between Stranger 1 and 
Stranger 2. However, WT group mice showed a higher interest in Stranger 
2 than Stranger 1. These findings indicated that deletion of TET1 impairs 
social cognition and social memory. Furthermore, social cognition and 
social memory play an important role in interpreting social signals, which 
can influence social behavior and identification of other mice met before. 
Briefly, TET1 KO mice did not prefer social novelty between Stranger 1 
and Stranger 2 nor could they distinguish strangers they had never met 
previously. 

TET1 ablation does not affect anxiety-like behaviors, but it reduces the 
total distances traveled. To evaluate the effects of TET1 ablation on cortex 
flexibility and emotional behaviors of adult mice, an open field test was 
conducted using 8-week-old TET1 KO and WT male littermate mice. 
None of the animals used in the tests had any overt anatomical or develop-
mental abnormalities. No significant difference existed between the two 
groups in distance for the center/total distance. TET1 KO mice spent more 
time entering the central zone than WT mice, showing that anxiety-like 
behaviors were reduced (P>0.05). However, the TET1 KO mice showed a 
lower total distance traveled and more central zone entries than the WT 
mice (P<0.05) (Figure 2a). TET1 KO mice showed reduced ambulatory 
ability to WT mice. 
TET1 KO mice present social deficits and social processing impairment. 
DNA (de)methylation in the cortex is essential for cortex flexibility and 
emotion (Ferreira TA, et al., 2014). To evaluate social interactions, we con-
ducted a three-chamber social interaction experiment. Time spent in close 
interaction with an object (O) versus stranger mouse (S1) in the phase 
II social interaction test. Time spent in close interaction with a familiar 
mouse (S1) versus the second stranger mouse (S2) in the phase III social 

Figure 2: TET1 KO mice displayed no depression or anxiety-like behaviors but showed social novelty deficits, low dominance-like behavior, 
and increased Prepulse Inhibition (PPI) levels. Note: (a): The TET1 KO mice’ total distance traveled was reduced and center zone entries and 
the percentage of time spent in the center increased in the open field test compared with that of WT mice; (b): Schematic representation of the 
three-chamber social behavioral test; (c): The tube test task between two unfamiliar mice with different genotypes; (d): PPI in TET1 knockout mice 
(n=9) and wild-type mice (n=9) at the indicated prepulse intensities. In all panels, this research displays data as mean ± SEM, *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. Statistical analysis was evaluated by unpaired t-test/one-way/two-way ANOVA andTukey’s multiple comparison test. 
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signaling in the mPFC. To understand TET1 expression in the mPFC, we 
performed qRT-PCR and Western blotting tests of the mPFC in 8-week-
old TET1 KO and WT mice. We found that TET1 KO upregulated BDNF, 
NGF, and TRKA but downregulated TRKC (Figure 3a). The NGF-TRKA 
signaling pathway is essential in neuron growth. We then performed qRT-
PCR on genes related to neuron growth. The GSK3β, PI3K, CRX4, FGFR1, 
FGFR2, EGFR, DBN1 and AKT2 genes were significantly upregulated, 
while the VEGF, VEGFR, and AKT3 genes were not significantly increased 
(Figure 3b). We conducted tests of the gene-gene interaction network for 
these genes using GeneMANIA and found that these genes influenced 
neuron growth (Figure 3c). We observed strong genetic correlations for 
neuron growth between these genes. NGF and BDNF act as important 
functions in regulating the survival, growth, development, and differen-
tiation of neuronal cells in the central and peripheral nervous systems (Lu 
AT, et al., 2004). Next, we performed Western blot analysis and found that 
NGF levels, NGF receptor (TRKA), and downregulation signals (GSK3β 
and p-Akt) were significantly increased in the mPFC of KO mice (Figure 3d).
Because the NGF-TRKA signaling pathway is essential for regulating neur-
on growth, we subsequently analyzed the growth and complexity of neur-
ons in E13.5 mice. PFC neurons were detached and cultured in vitro. We 
used lenti-shTET1 RNA to Knockdown TET1 to understand the growth 
and complexity of PFC neurons. The results of this study indicated that the 
length of dendrites and axons of TET1 Knockdown neurons was reduced and 
that the complexity became simplistic (Figures 4a-4d). These results suggested 
that TET1 Knockdown influenced the growth and complexity of neurons.

Social dominance of mice depends on their experiences of winning in 
social contests, and its effects are mediated by neuronal projections from 
the thalamus to the dorsomedial prefrontal cortex (Warde-Farley D, et al., 
2010). Social dominance is associated with aggressive behaviors and the 
attainment of resources, such as food, mates, and territory (Bicks LK, et 
al., 2015). Additionally, social hierarchies have important consequences 
for adaptation to living. This study employed the tube test to assess social 
dominance to check Prefrontal Cortex function. A standard tube test was 
conducted between TET1 KO and WT mice (Figure 2c). Previous research 
found that if two stranger mice met in the middle of a test tube, the domin-
ant mouse would move forward and would force the other mouse to leave 
the test tube (Sui L, et al., 2012). TET1 KO mice had a lower probability of 
winning the competition with WT mice (P<0.001) (Figure 2c). Winning 
percentage in test pairs between indicated genotypes, 11/15 (73%) of TET1 
Wild-Type (WT) and Knockout (KO), Students t-test, ***P<0.001, indi-
cates that the results were significantly different from an expected chance 
(50:50 win-lose outcome). There was no difference in body weight between 
the two groups 
PPI is an experiment that can test the function of sensory-motor gating. 
Our research showed that the PPI of TET1 KO mice was higher than that 
of WT mice under 85 dB auditory stimulation (P<0.01) (Figure 2d), indi-
cating that the sensory gating function of TET1 KO mice was impaired. 
Additionally, PPI increased slightly with 75 dB auditory stimulus and 80 
dB auditory stimulus but the increase was not statistically significant.
TET1 is critical for neuronal growth to maintain normal NGF-TRKA 

C

Figure 3: The expression level of neuron growth genes was increased significantly (a): qRT-PCR of BDNF, NGF, TRKA, TRKB and TRKC in 8-W 
adult Wild-Type (WT) and TET1 Knockout (KO) mPFC; (b): qRT-PCR of the neuron growth genes GSK3β, PI3K, CRX4, FGFR1, FGFR2, EGFR, 
DBN1, AKT2 and AKT3 in 8-W adult Wild-Type (WT) and TET1 Knockout (KO) mPFC; (c): Gene correlation analysis by GeneMANIA; (d): West-
ern blotting of NGF, TRKA, GSK3β, and p-Akt in 8-W adult Wild-Type (WT) and TET1 Knockout (KO) mPFCs. Note: Error bars are displayed 
as mean ± SEM of three independent experiments. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; Statistical analysis was evaluated by unpaired 
t-test/one-way/two-way ANOVA and Tukey’s multiple comparison test.
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TET1 knockdown primary neuron cells in vitro. Primary prefrontal cortex neurons were transfected 
with lenti-control plasmid and lenti-shTET1 plasmid by lippofection and cultured for 72 hours. Neurons expressing Lifeact-GFP which showed 
green signals in cells, were detected by immunofluorescence, and GFP-positive cells were imaged. (a): Neuron cells of the lenti-NC-control group 
and the lenti-shTET1 group after transfection for 72 hours. Scale bar, 200 μm; (b-c): The number of intersections between the lenti-NC-control 
group and the lenti-shTET1 group; (d) Length of dendrites of the lenti-NC-control group and the lenti-shTET1 group. Note: N=41 cells for three 
independent experiments, ***P<0.001. Error bars were displayed as mean ± SEM of three independent experiments. Statistical analysis was eval-
uated by unpaired t-test

regulates feeding and social behaviors (Song M, et al., 2017). These results 
suggested that the deletion of the TET1 gene influences mPFC neuronal 
growth, thereby affecting social behaviors and PPI, which may have a con-
nection with schizophrenia (Kraeuter AK, et al., 2020; Sampedro-Viana 
D, et al., 2021).
Previous studies focused on TET1 controlling CNS 5-methylcytosine hy-
droxylation, active DNA demethylation, gene transcription, memory for-
mation, and memory extinction (Isaev NK, et al., 2017; Liu Y, et al., 2011). 
TET1 regulates hippocampal neurogenesis, cognition, and development in 
the brain (Kaas GA, et al., 2013; Rudenko A, et al., 2013). However, we 
found that TET1 regulates neuronal cell growth by knocking down the 
TET1 gene in primary neuronal cells in vitro. 
In summary, our research contributes to the literature by identifying 
that the deletion of TET1 disrupts PFC function, resulting in impaired 
social behaviors and neuronal cell growth and complexity. We proposed 
that TET1 influences social interaction and information processing by 
disrupting neuronal growth factors and socially related genes. It is very 
important to understand the pathogenesis of social behavior defects in 
mental illness. Future research may explore other mouse models to study 
psychiatric diseases. 

CONCLUSION
This study found the effects of TET1 gene deletion on mouse social behav-
ior and information processing in the mPFC. This study first proposed that 
the TET1 gene is related to social behavior, information processing with 
mPFC neuron growth, and dysfunction. The findings underscore that the 
TET1 gene is a special factor that affects social behavior by influencing the 
expression of NGF and BDNF in the mPFC. 

DISCUSSION
The links between TETs, learning, and memory, as well as neurodevelop-
ment and neurogenesis, have been well explored (Dinçel N, et al., 2013; 
Bryn V, et al., 2015; Sun Z, et al., 2019; Kim H, et al., 2016). Epigenetic 
changes in neuronal development are obvious, but the effects of TET en-
zymes on social behaviors and information processing remain vague. Our 
research found that deletion of the TET1 gene can impair social behaviors, 
including social novelty, social dominance, and information processing by 
activating NGF/TRKA signaling pathways in the Prefrontal Cortex. Addi-
tionally, the Knockdown of the TET1 gene impairs neuron cell complexity 
in vitro and in vivo in the Prefrontal Cortex. Other research findings have 
shown that the mPFC is a primary site of the pathophysiology of depres-
sion, Posttraumatic Stress Disorders (PTSDs), schizophrenia, anxiety, and 
attention-deficit hyperactivity disorder (Zhu X, et al., 2016). Social stress 
is related to psychiatric illness that is characterized by impaired cogni-
tive functions mediated by the medial Prefrontal Cortex (mPFC) (Zhang 
RR, et al., 2013). Recent studies also discovered that children with autism 
have elevated levels of BDNF and NGF (Lu AT, et al., 2004; Zhou T, et al., 
2017; Wang F, et al., 2011). Moreover, these research examined socially re-
lated genes, including NGF (Veeraiah P, et al., 2014), BDNF (Urban KR 
and Valentino RJ, 2017), FGFR (Sloan EK, et al., 2008; Li A, et al., 2021), 
VEGF (Mierzwa AJ, et al., 2013), and EGFR (Rudenko O, et al., 2010) in 
the mPFC to determine mPFC function. The results showed that NGF 
and downstream signaling pathway genes were abnormally upregulated 
in the mPFC. In particular, BDNF, NGF, CRX4, FGFR1, FGFR2, VEGF, 
DBN1, and EGFR are abnormally expressed and are related to the growth, 
survival, and differentiation of neuronal cells (Nowacka MM, et al., 2015). 
Cholinergic neurons in the basal forebrain secrete NGF to support neuron 
growth and development (Futamura T, et al., 2003). The signaling system 

Figure 4: Neuron complexity decreased in 
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LIMITATIONS OF THE STUDY 
Although we found that deletion of the TET1 gene in mice neurons af-
fected the neuron growth, information processing and social behavior. 
Our study contains some limitations. First, although this study involved 
experiments on mice, PFC samples from psychiatric disease patients were 
not obtained to verify the experimental results. Thus, our research is not 
sufficient to establish a definitive mechanism about TET1 and social be-
haviors. Future research should obtain data from encephalon organoids 
of psychiatric disease patients for further investigation. Second, molecular 
players can be potential therapeutic targets to treat psychiatric disease pa-
tients. However, side effects or syndromes can occur during the treatment, 
which indicates that further exploration is needed.
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