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Abstract
TET enzymes (TET1-3) are dioxygenases that oxidize 5-methylcytosine (5mC) into 5-hydroxymethylcytosine (5hmC) and 
are involved in the DNA demethylation process. In line with the observed 5hmC abundance in the brain, Tet genes are highly 
transcribed, with Tet3 being the predominant member. We have previously shown that Tet3 conditional deletion in the brain 
of male mice was associated with anxiety-like behavior and impairment in hippocampal-dependent spatial orientation. In 
the current study, we addressed the role of Tet3 in female mice and its impact on behavior, using in vivo conditional and 
inducible deletion from post-mitotic neurons. Our results indicate that conditional and inducible deletion of Tet3 in female 
mice increases anxiety-like behavior and impairs both spatial orientation and short-term memory. At the molecular level, 
we identified upregulation of immediate-early genes, particularly Npas4, in both the dorsal and ventral hippocampus and 
in the prefrontal cortex. This study shows that deletion of Tet3 in female mice differentially affects behavioral dimensions 
as opposed to Tet3 deletion in males, highlighting the importance of studying both sexes in behavioral studies. Moreover, it 
contributes to expand the knowledge on the role of epigenetic regulators in brain function and behavioral outcome.
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Introduction

Epigenetic regulation represents a crucial set of mechanisms 
impacting gene regulation, neural differentiation, and syn-
aptic plasticity, which ultimately affects a panoply of cog-
nitive functions such as learning and memory [1]. Histone 
tail modifications, noncoding RNAs, and DNA (de)methyla-
tion are the main types of epigenetic regulatory mechanisms 
[2]. The ten-eleven translocation (TET) family of enzymes 

consists of three dioxygenases involved in the DNA dem-
ethylation process, converting 5-methylcytosine (5mC) 
into 5-hydroxymethylcytosine (5hmC) and subsequently 
5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) [3, 
4]. These modified nucleotides can then be substituted by 
unmodified cytosines through the action of thymine DNA 
glycosylase (TDG) and base excision repair (BER) [5, 6]. In 
addition to taking part in the DNA demethylation process, 
5hmC is thought to be a stable modification that is highly 
prevalent in the brain and dynamically regulated by neural 
activity [7, 8].

In adult mice, TET enzymes have been implicated in 
learning and memory processes [9–14] [reviewed in 15]. 
Interestingly, Tet3 is the most transcribed member in the 
brain, but its role is still largely unexplored [16, 17]. The 
main limitation has been the lethal phenotype observed in 
the constitutive Tet3 knockout (KO) mouse model [18]. 
Nonetheless, it has been described that fear extinction leads 
to Tet3-mediated accumulation of 5hmC within the infral-
imbic prefrontal cortex [14]. Transcriptional analysis in 
the hippocampus 30 min after contextual fear conditioning 
showed that genes related to synaptic plasticity and memory 
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are sensitive to Tet3 upregulation [19]. Regarding neuro-
physiology, it was shown that synaptic activity bi-direc-
tionally regulates neuronal Tet3 expression since Tet3 levels 
increase when synaptic activity is elevated with bicuculline 
and decrease when global synaptic activity is reduced in 
the presence of tetrodotoxin, and that TET3 regulates syn-
aptic transmission via DNA oxidation and repair pathways 
in hippocampal neurons [20]. Our recent work showed 
that TET3 is present in mature neurons and is not detected 
in astrocytes of the mouse cortex and hippocampal brain 
regions [21]. Conditional and inducible deletion of Tet3 in 
neurons increases anxiety-like behavior in male mice, with 
a concomitant increase in corticosterone levels and impaired 
spatial orientation. Moreover, it modifies the expression of 
genes related to the hippotalamic-pituitary-adrenal (HPA) 
axis and neuronal activity [21].

During the last decades, mouse studies on anxiety and 
cognition have been performed mostly in males, with con-
comitant sex-biased interpretations. There are intrinsic 
biological variances between males and females, which are 
important to consider in brain (dys)function. The most evi-
dent is hormonal regulation; however, genetic and epigenetic 
factors are also key variables to consider when unraveling 
the sex-specific differences in brain function [22].

Here, we evaluated the impact of Tet3 neuronal deletion 
on the behavior of female mice. In this work, we showed 
that Tet3 conditional knockout (cKO) females presented an 
increased anxiety-like behavior, assessed by the elevated 
plus maze (EPM) and open-field (OF) tests, and an impair-
ment in spatial orientation, demonstrated by a decrease in 
the use of hippocampal-dependent strategies in the Mor-
ris water maze (MWM), as we previously observed in 
male mice. Interestingly, we found significant sex-specific 
impairment of short-term memory in female mice with Tet3 
deletion, not observed in Tet3 cKO males. At the molecular 
level, we observed increased expression of Npas4 and c-Fos 
immediate-early genes in both the dorsal and ventral hip-
pocampus of Tet3 cKO females. Therefore, with this study, 
we reinforce the involvement of Tet3 in anxiety-like behavior 
and spatial orientation and suggest a new role for Tet3, spe-
cifically in the acquisition of short-term memory in female 
mice. This study contributes to a deeper understanding of 
sex-specific epigenetic regulation of brain function.

Materials and Methods

Animals

Experiments were performed as previously described 
[21] using mice with inducible Tet3 deletion in forebrain 
post-mitotic neurons, Tet3fl/fl; Camk2a-CreERT2 (Tet3 
cKO) in C57BL/6 N&B6;129S6 mixed background, and 

the respective littermate controls – mice homozygous for 
the Tet3 floxed allele, but not carrying Cre-recombinase, 
Tet3fl/fl (Ctrl). Tet3fl/fl were kindly provided by Wolf Reik lab 
[23, 24]. Animals were genotyped by PCR analysis using 
genomic DNA and primers specific to Cre-recombinase 
and the floxed Tet3 allele. Detection of flox transgene was 
performed using a primer specific to the fragment, which 
allowed detection of the deleted or floxed allele (Supple-
mentary Table S1a; Supplementary Fig. S2a). Experiments 
started at 6 weeks of age, and the mice were euthanized at 
16 weeks of age.

Mice were housed (five per cage) under standard labora-
tory conditions (12 h light/12 h night cycles (8–20 h) at 
a temperature of 22–24 ℃, relative humidity of 55%, and 
with ad libitum access to water and food). Housing con-
ditions were enriched with paper rolls and soft paper. All 
experiments were conducted in accordance with EU Direc-
tive 2010/63/EU and NIH guidelines on animal care and 
experimentation and approved by the Portuguese Govern-
ment/Direção Geral de Alimentação e Veterinária (DGAV) 
with the project reference 0421/000/000/2017.

Tamoxifen Administration

Mice were injected intraperitoneally twice daily with 50 mg/
kg of tamoxifen (Sigma, St. Louis, MO; T-5648), dissolved 
in corn oil (Sigma; C-8267) at 20 mg/ml, for 5 consecutive 
days, with 7 days break, followed by 5 additional consecu-
tive days of tamoxifen administration.

Behavioral Analysis

The behavior testing was conducted 1 month after the last 
tamoxifen injection, during the light phase with habituation 
to testing rooms for 30 min before each test. The behavioral 
assessment was performed following this order: Elevated 
plus maze (EPM), open-field (OF), forced swimming test 
(FST), novel object recognition (NOR), and Morris water 
maze (MWM). All behavioral data analysis was performed 
with the researcher blinded to the genotype. A detailed 
explanation of each behavioral test is provided in the sup-
plementary methods.

Determination of Estrous Cycle Stage

Vaginal smears were collected immediately after each 
behavioral test to determine the stage of the estrous cycle. 
Vaginal smears were performed by inserting a drop of sterile 
0.9% saline solution in the vagina with the help of a 1 ml 
syringe, collecting the cell suspension by inserting a small 
plastic inoculation loop, and performing a smear into a glass 
slide. Smears were air-dried, fixed in 96% ethanol for 5 min, 
and stained using the Papanicolaou protocol. Briefly, smears 
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were hydrated in tap water, stained with Harris hematoxylin 
for 1 min, rinsed in running tap water for 2 min, regressively 
stained by a single dip in alcohol–acid solution, rinsed in 
tap water for 2 min, dehydrated in 96% ethanol for 1 min, 
stained with orange G for 1 min, washed in 96% ethanol for 
1 min, stained with Eosin Azure 50 for 1 min, dehydrated 
in a decreasing series of alcohol concentration, and cleared 
with xylene. Slides were analyzed under a light microscope, 
and the proportion of cornified epithelial cells, nucleated 
epithelial cells, and leukocytes was used for the determina-
tion of the estrous cycle phases [25].

Serum Corticosterone Levels

Blood samples for basal measurements of corticosterone 
were collected one week before the behavior assessment. 
Two independent collections were made at two different 
time points, 8 a.m. and 8 p.m., on two consecutive days. 
The blood was quickly collected after a small incision in the 
tail of the animals and then centrifuged at 13,000 rpm for 
10 min, and the supernatant was removed and stored at − 80 
℃ until use. Total corticosterone levels (corticosterone free 
in circulation and bound to corticosteroid-binding globulin) 
in serum were measured by radioimmunoassay using the 
Corticosterone ELISA kit (Enzo Life Sciences, New York, 
USA), according to the manufacturer’s instructions.

DNA/RNA Extraction

Brains were obtained after deep anesthesia with a mixture 
of ketamine (75 mg/kg, i.p.; Imalgene 1000, Merial, EUA) 
and medetomidine (1 mg/kg, i.p.; Dorbene Vet, Pfizer, 
EUA), and transcardially perfused with 0.9% saline. Brain 
regions (PFC, dorsal/ventral hippocampus, and amygdala) 
were macrodissected by the same experienced researcher, 
and tissue samples were stored at − 80 ℃. Brain tissue was 
homogenized using Trizol® reagent (Invitrogen). Both 
nucleic acids were extracted according to the manufacturer’s 
instructions. RNA was treated with DNase I (Thermo Sci-
entific), and a total of 500 ng of RNA was used for cDNA 
synthesis using the qScript cDNA SuperMix (Quanta Bio-
sciences, USA).

qRT‑PCR

cDNA was diluted 1:10 and used as a template for quantita-
tive real-time PCR reactions using the 5 × HOT FIREPol 
EvaGreen qPCR supermix (Solis Biodyne) and primers 
designed to specifically amplify each mRNA of interest 
(Supplementary Table S1b). Amplification reactions were 
performed in duplicate and cycle threshold (Ct) data 
obtained in a 7500 Fast Real-time PCR System (Applied 

Biosystems). The relative abundance of each gene of interest 
was calculated on the basis of the ΔΔCt method [26]

3D Reconstruction of Neurons

Neuronal reconstruction was performed as previously 
described by Antunes et al. [21]. CA1 neurons were identi-
fied by their typical triangular soma-shape and apical den-
drites extending toward the striatum radiatum. For each 
experimental group, three animals were assessed, and for 
each one, a minimum of three neurons per area were recon-
structed and evaluated (a minimum of 9 neurons per area). 
Neurons were selected for reconstruction following these 
criteria: (i) identification of soma within the pyramidal layer 
of CA1; (ii) full impregnation along the entire length of the 
dendritic tree; (iii) no morphological changes attributable 
to incomplete dendritic impregnation of Golgi-Cox stain-
ing or truncated branches. The dendritic reconstruction was 
performed at 100 × (oil) magnification using a motorized 
microscope (BX51, Olympus) and Neurolucida software 
(Microbrightfield). The analyzed dendritic features were 
total length, number of endings and nodes, and Sholl analy-
sis (number of dendrite intersections at radial intervals of 
20 mm). Dendritic spine density (calculated as the number 
of spines/dendritic length) was evaluated in proximal and 
distal segments of dendrites. To identify changes in spine 
morphology, spines in the selected segments were classi-
fied into thin, mushroom, thick, or ramified [27] and the 
proportion of spines in each category was calculated for each 
neuron.

Statistical Analysis

A confidence interval of 95% was assumed for hypothesis 
testing. Normality was assumed for all continuous variables 
after testing with the Shapiro–Wilk test. Homoscedasticity 
and sphericity were assumed for all respective variables 
after testing with Levene’s and Mauchly’s tests, respectively. 
For the comparison of two means, the two-tailed unpaired 
Student’s t-test was carried out with the two-stage step-up 
method of Benjamini, Krieger, and Yekuteli used for mul-
tiple comparisons correction. For the comparison of means 
with two independent variables, a factorial analysis of vari-
ance (ANOVA) was performed; for one independent and 
one repeated measures variable, a mixed-design ANOVA 
was used and post-hoc analysis was performed using the 
Sidak correction. For the comparison of proportions, the 
two-sided chi-square test was carried out. Appropriate effect 
size measures were reported for all statistical tests. All statis-
tical analyses were carried out using SPSS 22.0® or Graph-
Pad Prism 8.0® and are detailed in Supplementary Table S2.
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Results

Tet3 Ablation in Adult Mouse Neurons Does 
not Affect Tet1 nor Tet2 Expression

To characterize the function of Tet3 in mature neurons of 
adult female mice, we used a previously described Tet3 
cKO mouse model [23, 24], in which exon 5 of the coding 
sequence of the Tet3 gene is flanked by LoxP sequences 
for Cre-induced site-specific recombination. We crossed 
this mouse line with a Camk2a-CreERT2 transgenic line 
that expresses a tamoxifen-inducible Cre-recombinase 

under the control of the mouse Camk2a (calcium/calmo-
dulin-dependent protein kinase II alpha) promoter region. 
Tamoxifen administration at 6 weeks of age led to Tet3 
downregulation in Camk2a-expressing neuronal popula-
tions in the cortex, hippocampus, amygdala, and other 
structures (Supplementary Fig. S1) [21, 28]. Tet3 dele-
tion was assessed by genotyping PCR and RT-PCR, after 
behavioral analysis, at 16 weeks of age (Fig. 1a; Supple-
mentary Fig. S2a,b).

Tet3 conditional knockout (Tet3 cKO) mice presented a 
significant reduction of Tet3 mRNA levels in all forebrain 
regions analyzed – prefrontal cortex, amygdala, dorsal, and 
ventral hippocampus (Supplementary Fig. S1a–d) (t-test, 

Fig. 1   Tet3 cKO female mice showed increased anxiety-like 
behavior and no alterations in depressive-like behavior. (a) 
Scheme illustrating the protocol used to induce Tet3 deletion and the 
behavior paradigm timeline. Six-week-old mice were injected intra-
peritoneally with 50 mg/kg of tamoxifen twice a day for 5 consecu-
tive days, with 7 days break, followed by injections for 5 additional 
consecutive days. Animals were submitted to behavioral testing 
1  month after the last tamoxifen injection and euthanized after this 
assessment. (b, c) Anxiety-like behavior was tested both in the ele-
vated plus maze (EPM) (b) and in the open-field test (OF) (c), show-

ing increased anxiety-like behavior in Tet3 cKO female mice. (d) The 
presence of depressive-like behavior was assessed in the forced swim-
ming test (FST) (n = 13–17 per group), showing no deficits in Tet3 
cKO female mice. (e) Basal serum concentration of corticosteroids in 
control and Tet3 cKo mice, both in the morning and at night, revealed 
a significant increased production by Tet3 cKO mice (n = 9-10 per 
group). Quantifications are presented as the mean ± SEM. (b–d) Two-
tailed Student’s t-test; *p < 0.05; (e) adjusted two-tailed Student’s 
t-test. *p < 0.05
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p < 0.05). Also, downregulation of Tet3 did not result in sig-
nificant changes in Tet1 or Tet2 transcription levels in any 
of the brain regions analyzed (Supplementary Fig. S1a–d).

Tet3 Deletion in Female Mice Leads to Increased 
Anxiety‑like Behavior, Impaired Spatial Orientation, 
and Impaired Short‑term Memory

We tested the performance of Tet3 cKO female mice in dif-
ferent behavioral paradigms to assess its impact on emo-
tional and cognitive domains (Fig. 1a). Two behavioral 
tests were performed to assess anxiety-like behavior – the 
elevated-plus maze (EPM) and the open-field (OF) – and 
to assess depressive-like behavior, the forced swimming 
test (FST). To evaluate cognitive performance, we used the 
Morris water maze (MWM) test and the novel object recog-
nition (NOR) test. Importantly, females’ estrous cycle was 
assessed at the end of each behavioral paradigm, and all 
females (controls and cKOs) were in the luteal phase (Sup-
plementary Fig. S3), suggesting an arrested estrous cycle as 
a consequence of tamoxifen administration.

Tet3 cKO mice spent less time in the open arms of the 
EPM when compared to the control group (t-test, p = 0.02; 
Fig. 1b). Also, in the OF, Tet3 cKO female mice displayed a 
decreased percentage of time spent in the center of the arena 
(t-test, p = 0.05; Fig. 1c), indicating an anxiety-like behavior 
in both tests. In the FST, Tet3 cKO and control mice dis-
played similar immobility levels (p = 0.824; Fig. 1d), indi-
cating no alterations in learned helplessness. Taking into 
account the involvement of the HPA axis in the modulation 
of behavior, we determined the basal corticosterone levels in 
the serum of control and Tet3 cKO mice. We did not detect 
any differences at nadir, but in the zenith phase, Tet3 cKO 
female mice presented reduced corticosterone levels when 
compared to control mice (adjusted t-test, p < 0.01; Fig. 1e).

We also evaluated the impact of Tet3 conditional dele-
tion on cognitive function. Experimental groups were sub-
jected to the reference memory task of the MWM test, a 
task dependent on hippocampal function. Both Tet3 cKO 
and control mice were able to successfully learn the task, 
as confirmed by the decreasing latencies during the trials 
(Fig. 2a). In the probe trial, both control and Tet3 cKO 
mice presented similar performances, shown by the same 
preference (percentage of time swum) for the goal quadrant 
where the platform was located during the acquisition phase 
(t-test, p = 0.109) (Fig. 2b). However, analysis of the strate-
gies adopted by mice to find the escape platform, divided 
into random searching/scanning (non-hippocampal strate-
gies) or directed strategies (hippocampal strategies) [29], 
revealed that Tet3 cKO female mice used significantly less 
hippocampal-dependent strategies than control mice (chi-
square test, p = 0.022; Fig. 2c), indicating deficits in spatial 
orientation.

To further clarify the impact of Tet3 deletion on hip-
pocampal function, we performed the NOR test, which 
evaluates recognition memory. In this task, Tet3 cKO and 
control mice showed similar time exploring the object dis-
placed after a short period of time (1 h) (t-test, p = 0.872; 
Fig.  2d), indicating normal object location memory. 
Moreover, Tet3 cKO and control mice dedicated similar 
percentages of time exploring the novel object displayed 
24 h after being exposed to two equal objects (familiar), 
indicating no deficits in long-term object recognition 
memory (t-test, p = 0.708; Fig. 2e). After 24 h, two new 
objects were used and, 1 h after, replaced with a novel one 
to evaluate short-term memory. Here, Tet3 cKO females 
displayed a decreased discrimination percentage, indicat-
ing an impairment in short-term memory (t-test, p < 0.001; 
Fig. 2f).

Thus, our results indicate that conditional and inducible 
deletion of Tet3 in female mice increases anxiety-like behav-
ior and impairs both spatial orientation and short-term mem-
ory. On the other hand, no alterations in learned helpless, 
object location, and recognition memory were observed.

Tet3 cKO Mice Displayed Increased Expression 
of Neuronal Activity‑regulated Genes in Forebrain 
Regions

Considering our previous work which showed that Tet3 cKO 
male mice presented an increase in immediate-early genes 
(IEGs) expression [21], we evaluated whether Tet3 deletion 
in females resulted in the same deregulation. We analyzed 
the prefrontal cortex (PFC), dorsal and ventral hippocampus 
(dHip and vHip), and amygdala (Fig. 3a–d), observing the 
increased expression of several neuronal activity-regulated 
genes in Tet3 cKO female mice, particularly of Npas4 which 
was significantly increased in the prefrontal cortex and in 
the dorsal and ventral hippocampus (adjusted t-test, Npas4: 
PFC, p = 0.047; dHip, p = 0.047; vHip, p = 0.010; Fig. 3a–c), 
which is in line with our previous observations in the male 
hippocampus. In the PFC, Egr1 (a.k.a. Zif268) expression 
was also significantly increased in Tet3 cKO mice (adjusted 
t-test, Egr1: p = 0.045; Fig. 3a). In the ventral hippocam-
pus, c-Fos was also significantly increased (adjusted t-test, 
c-fos: p = 0.007; Fig. 3c). In the amygdala, only Creb1 was 
significantly increased in Tet3 cKO females when compared 
to control littermates (adjusted t-test, p = 0.006).

Taking into account the implication of dendritic and spine 
remodeling in the neuroplastic process, known to modulate 
cognitive performance, we analyzed neuronal and spines 
morphology in the dorsal and ventral CA1 hippocampus 
sub-regions. No differences were found between Tet3 cKO 
and control mice in the parameters evaluated, namely den-
dritic length, spine density, and type (Fig. 4a–h).
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Discussion

This study addresses the effects of Tet3 ablation in mature 
neurons of female mice and adds novel evidence that 

supports Tet3 role as a modulator of complex behavior in the 
adult mouse brain, as we previously described in the male 
mice [21]. Specifically, we observed that ablation of Tet3 in 
female mature neurons leads to an increase in anxiety-like 

Fig. 2   Tet3 cKO female mice show impairment of spatial learn-
ing and short-term recognition memory. (a–c) Morris water maze 
test. Spatial acquisition performances were recorded during the 4-day 
training. (a) Escape latency. (b) Time in the target quadrant. (c) 
Cognitive strategies to reach the hidden platform during water maze 
learning. A schematic representation and color code for each group of 
strategy and the average prevalence by trial number are shown. Rep-
resentation of the percentage of mice using directed strategies (hip-
pocampal-dependent strategies) (n = 8–11 per group). Results indicate 
a decrease in hippocampal-dependent strategies in Tet3 cKO female 
mice. (d–f) Novel object recognition test. Animals were allowed to 
explore two identical objects for 10 min. (d) After an interval of 1 h 
in their home cages, the novel object was displaced to the opposite 

side of the box and mice were allowed to explore this new configura-
tion, evaluating spatial recognition memory (displacement). (e) After 
24  h, mice returned to the arena, where one of the familiar objects 
was replaced by a novel one, evaluating long-term memory. (f) After 
24 h, two new objects were placed in the box and mice were allowed 
to explore them; 1  h after, one object was replaced by a novel one 
and the animals were placed in the arena to evaluate short-term mem-
ory (n = 14–18 per group). Results show impairment in short-term 
memory in Tet3 cKO female mice. Quantifications are presented as 
mean ± SEM. (a) Mixed ANOVA, genotype; (b) two-tailed Student’s 
t-test; (c) chi-square test; *p < 0.05; (d–f) two-tailed Student’s t-test, 
***p < 0.001
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Fig. 3   Tet3 cKO female 
mice showed an increase in 
the expression of neuronal 
activity-regulated genes. (a–d) 
mRNA expression of immedi-
ate-early genes (IEGs) in fore-
brain regions was measured by 
qPCR in controls and Tet3 cKO 
animals in the (a) prefrontal 
cortex, (b) dorsal hippocam-
pus, (c) ventral hippocampus, 
and (d) amygdala (n = 4–6 per 
group). Quantifications are 
presented as the mean ± SEM. 
(a–d) Two-tailed Student’s 
t-test; *p < 0.05, **p < 0.01

Fig. 4   Three-dimensional morphometric analysis of Golgi-
impregnated neurons of the dorsal and ventral hippocampus 
sub-regions reveals no major alterations by Tet3 conditional dele-
tion in neuronal morphology and dendritic spine density. Overall, 
Tet3 cKO animals display no differences for all the parameters evalu-

ated. (a,e) Total length; (b,f) sholl analysis; (c,g) global spine den-
sity; (d,h) spines type analysis. n = 9–15 neurons; 3 mice per group. 
Quantifications are presented as the mean ± SEM. (a,b,e,f) Factorial 
ANOVA; (c,g) two-tailed Student’s t-test; (d,h) factorial ANOVA, 
genotype
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behavior and impairs spatial orientation, showing that, for 
these behavioral dimensions, Tet3 function is most likely 
gender-independent, as similar results were observed for 
male mice.

Previous studies have addressed the role of another 
member of the TET family, TET1, in emotional behav-
ior. Although Tet1 KO mice showed normal anxiety and 
depression-related behaviors in one study [11], another study 
showed that selective deletion of Tet1 in nucleus accum-
bens (NAc) neurons produced antidepressant-like effects 
in several behavioral tests [30]. In contrast, in our model, 
in which we deleted Tet3 specifically in mature forebrain 
neurons, we observed an anxiety-like phenotype, which 
was independent of gender. A recent study on human TET3 
deficiency, with genetic variants detected in eight families, 
showed common phenotypic features such as intellectual 
disability and/or global developmental delay, hypotonia, 
autistic traits, movement disorders, growth abnormalities, 
and facial dysmorphism [31]. Moreover, consistent with 
our results, anxiety and short-term memory deficits were 
reported in two mothers that were heterozygous for the TET3 
mutated allele. Indeed, Tet3 cKO females showed a signifi-
cant impairment in short-term recognition memory, contrary 
to what was observed in males. It is essential to note that 
while patients bearing homozygous TET3 mutations have 
much more severe phenotypes than Tet3 cKO mice (male 
and female), the mutation in patients was present throughout 
development, while loss of Tet3 in mice was only induced 
in adulthood. This indicates that additional roles of TET3 in 
development are also key for normal behavior in adult life.

Regarding object location and long-term recognition 
memories, Tet3 cKO females do not display any impair-
ment, in agreement with our previous observations in 
males. Importantly and contrarily to long-term memory 
which requires gene expression and new protein synthesis, 
short-term memory only involves the alteration of preexist-
ent proteins [32]. Thus, the loss of Tet3 as a DNA dem-
ethylation agent and the putative consequent alteration of 
gene expression cannot explain this impairment by itself. 
We speculate that Tet3 deletion, which starts several weeks 
before the behavioral assessment, can introduce permanent 
structural and/or functional neuronal alterations and conse-
quently affect the short-term memory function. Since short-
term memory is dependent on the PFC and hippocampal 
regions [33], we hypothesize that Tet3 deletion impairs neu-
ronal structure and/or function in these regions, resulting in 
short-term memory deficits. Nevertheless, it remains elusive 
how males and females are differentially affected by Tet3 
deletion, specifically in this type of memory. It is known 
that males and females present diverse sex-specific differ-
ences induced by environmental, hormonal, and (epi)genetic 
factors [22]; studies unraveling epigenetic mechanisms to 
explain differences in brain function are only now emerging. 

Particularly relevant for the short-term memory differences 
could be the variation of the DNA (de)methylation pattern 
according to gender. Indeed, it is already known that the 
female brain has higher levels of DNA methylation, with 
more methylated CpG sites than males [34]. Moreover, the 
opposite pattern for 5-hydroxylmethylcytosine is observed in 
the males’ prefrontal cortex, presenting higher 5hmC levels 
compared to females [22]. Therefore, the targets of the activ-
ity of TET enzymes, namely TET3, can be different in males 
and females, explaining the variance in short-term memory 
performance between sexes.

Regarding transcriptional regulation in Tet3 cKO mice, 
we investigated the expression of a variety of known neu-
ronal activity regulatory genes. These genes are known 
to play important roles in diverse cellular processes such 
as neurotransmission, neuronal plasticity, learning, and 
memory [35, 36]. We have previously shown that Npas4 
and c-Fos are upregulated in the hippocampus of Tet3 cKO 
male mice [21]. Notably, and contrary to Tet3 function in our 
model, Tet1 was shown to be a positive regulator of IEGs 
expression, with Tet1 KO animals showing a reduction in 
mRNA levels of neural-activity-regulated genes, namely 
Npas4, c-Fos, Arc, and Egr2 [11, 12]. Surprisingly, we 
observed that Tet3 deletion in post-mitotic forebrain neu-
rons increases the expression of IEGs in the hippocampus 
(c-Fos and Npas4, as we previously observed in Tet3 cKO 
male mice), in the PFC (Npas4 and Egr1), and in the amyg-
dala (Creb1). Given that anxiety in rodents involves strong 
interaction between brain regions such as PFC, amygdala, 
and hippocampus [37], we suggest that the anxiety-like 
behavior can be attributed to the hyperactivation of excita-
tory neurons in these regions, which is in accordance with 
the results showing that endogenous Tet3 negatively regu-
lates excitatory synaptic transmission in young mice [38]. 
Thus, on the one hand, the aberrant increase in Npas4 and 
c-Fos transcript levels in the dorsal hippocampus of Tet3 
cKO mice might lead to a dysregulation of neuronal activ-
ity and possibly explain the spatial orientation impairment; 
on the other hand, the impairment in the use of directed 
strategies reflects alteration of the goal-directed behavior 
and can be associated with the anxiety-like behavior, since 
the capacity to demonstrate goal-directed behavior involves 
suppression of emotional states, namely anxiety [39, 40]. 
Curiously, we observed decreased levels of corticosterone at 
the zenith time point in Tet3 cKO females, differently from 
our observations in males [21].

Throughout the behavioral assessment, we observed 
an arrest of mice in the estrous cycle, which is a prob-
able consequence of tamoxifen administration. Indeed, 
CreERT2 recombinases are insensitive to endogenous 
estrogen, but activated by the synthetic estrogens recep-
tor (ER) antagonist 4-hydroxytamoxifen (OHT), which is 
metabolized from 3,4-dihydroxy tamoxifen [33]; the OHT 
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has a high affinity to the ERα and ERβ estrogen recep-
tors, interfering with the normal estrogens binding to these 
receptors and with the estrous cycle regulation [41]. Thus, 
as all females were in the luteal phase of the estrous cycle, 
it was possible to perform the behavior characterization in 
a more homogeneous sample.

In conclusion, this work complements the previous 
observations in male mice with a conditional deletion 
of Tet3 in mature neurons and contributes to the current 
knowledge on the mechanisms modulating adult mouse 
behavior, specifically introducing new insights into 
females’ brain function regulation.
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