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Abstract

TET3 is a member of the ten-eleven translocation (TET) family of enzymes which oxidize 5-methylcytosine (SmC) into
5-hydroxymethylcytosine (ShmC). Tet3 is highly expressed in the brain, where ShmC levels are most abundant. In adult
mice, we observed that TET3 is present in mature neurons and oligodendrocytes but is absent in astrocytes. To investigate
the function of TET3 in adult postmitotic neurons, we crossed Tet3 floxed mice with a neuronal Cre-expressing mouse line,
Camk2a-CreERT2, obtaining a Tet3 conditional KO (cKO) mouse line. Ablation of Tez3 in adult mature neurons resulted in
increased anxiety-like behavior with concomitant hypercorticalism, and impaired hippocampal-dependent spatial orientation.
Transcriptome and gene-specific expression analysis of the hippocampus showed dysregulation of genes involved
in glucocorticoid signaling pathway (HPA axis) in the ventral hippocampus, whereas upregulation of immediate
early genes was observed in both dorsal and ventral hippocampal areas. In addition, Tet3 cKO mice exhibit increased
dendritic spine maturation in the ventral CA1 hippocampal subregion. Based on these observations, we suggest that TET3 is
involved in molecular alterations that govern hippocampal-dependent functions. These results reveal a critical role for
epigenetic modifications in modulating brain functions, opening new insights into the molecular basis of neurological
disorders.

Introduction remarkable plasticity to respond to external stimuli. The
dynamic nature of neuronal function is precisely regulated by
epigenetic changes [1]. DNA methylation is one of the most
well-studied epigenetic marks and the discovery of the con-
version of 5-methylcytosine (SmC) into 5-hydroxymethyl-
cytosine (ShmC), catalyzed by ten-eleven translocation (TET)
family of dioxygenases [2], has contributed to a better

understanding of the DNA demethylation process.

Neurons are long-lived cells, governed by a strict molecular
regulation to maintain genomic stability, but also possess a
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very low levels were detected in immature neurons and
nonneuronal cell types [3-5]. Tet genes have also been shown
to be highly transcribed in the brain, with Tez3 being the most
abundant. Moreover, Tet3 levels are similar across different
forebrain regions, such as cortex, hippocampus, and cere-
bellum [6]. A putative link between neuronal TET protein
function and cognitive processes gained more relevance fol-
lowing the discovery that (de)methylation of DNA in the
brain appears to be relevant for learning and memory [7, 8].
Indeed, TET1 and TET2 were implicated in learning and
memory processes in adult mice [9-13]. Concerning TET3, it
was observed that Tet3 homozygous deletion in mice leads to
neonatal lethality [14] and that Tetl/3 double knockout mice
presented poor forebrain formation and abnormal facial
structures resembling holoprosencephaly [15]. In addition, it
was shown that fear extinction, a form of reversal learning,
leads to TET3-mediated accumulation of 5hmC, and the
knockdown of this enzyme in the infralimbic prefrontal cortex
(PFC) leads to a significant impairment in fear extinction
memory [16]. Kremer et al. further showed that Tet3
expression in hippocampal neurons, but not Tet! or Ter2, is
regulated in an activity-dependent manner and after formation
of fear memory; moreover, expression of genes related with
memory, such as Notchl, Crebl, Crebbp, and Gadd45b were
regulated by Ter3 levels [17]. Importantly, Tet3 was described
as a synaptic sensor, able to regulate neuronal activity, since
Tet3 knockdown in hippocampal neuronal cultures increased
excitatory glutamatergic synaptic transmission, whereas
overexpression of Ter3 catalytic domain decreased it [18].
Concordantly, Tet3 deletion in young mice increases excita-
tory synaptic transmission, whereas GABAjR-mediated
inhibitory synaptic transmission was significantly reduced
[19]. Moreover, transcriptome analyses revealed a key role for
TET3 in regulating gene expression in response to synaptic
activity [18].

Here, we addressed the role of TET3 in adult behavior,
namely in emotion and cognition, which are not independent
behavioral dimensions. In fact most of neural regions related
with modulation of emotional behavior are also involved in
cognitive processes, such as the hippocampus and the PFC
[20]. We mainly focused our study in hippocampal-dependent
behaviors, since this structure presents a complex connectivity
with numerous cortical and subcortical structures, integrating
the neural circuitry of cognitive and emotional functions [21].
Indeed, the dorsal hippocampus is essential for spatial mem-
ory and navigation tasks. The ventral hippocampus estab-
lishes connections with structures, such as PFC, amygdala,
and bed nucleus of stria terminalis (BNST), responsible for
emotions-like anxiety and fear [22].

We specifically induced Tet3 deletion in mature forebrain
neurons, at an adult stage, by crossing a Tet3 conditional
knockout mouse line with calcium/calmodulin-dependent
protein kinase II alpha-(Camk2a)-CreERT2-expressing
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transgenic line. Then, we performed behavioral analysis to
assess anxiety- and depressive-like behaviors, as well as
cognitive function. Our results showed that TET3 ablation in
postmitotic neurons leads to increased anxiety and impaired
spatial orientation, with concomitant hypercorticalism;
transcriptomic analysis unveiled a deregulation of genes
involved in glucocorticoid signaling pathway, controlled by
the hypothalamic—pituitary—adrenal (HPA) axis, specifically
in the ventral hippocampus. In addition, quantification of
gene-specific transcript levels demonstrated that immediate
early genes (IEGs) were upregulated in both dorsal and
ventral hippocampus. Furthermore, Tet3 cKO mice showed
increased synaptic maturation at the ventral CAl hippo-
campal region. Thus, our study points to a role for TET3 as a
regulator of HPA axis and neuronal activity-regulated genes,
possibly associated with anxiety-like behavior and spatial
orientation alterations in adult mice.

Material and methods
Animals and tamoxifen treatment

Ter3" mice on a C57BL/6N background [23, 24] were
crossed with B6;129S6 mice (JAX stock #012362—
Camk2a-CreERT?2 [25]) expressing a tamoxifen-inducible
Cre-recombinase under the control of the mouse Camk2a
promoter region to generate mice heterozygous for the
floxed Tet3 allele and Cre-recombinase. These mice were
interbred with C57BL/6N mice homozygous for the floxed
Tet3 allele to generate mice heterozygous for Cre-
recombinase and homozygous for the floxed Ter3 allele,
designated as Tet3 cKO mice. Mice homozygous for the
Tet3 floxed allele, but not carrying Cre-recombinase, were
used as controls. Animals were genotyped by PCR analysis
using genomic DNA and primers specific to Cre-
recombinase and the floxed Tet3 allele. Detection of the
floxed transgene was done using a primer specific to the
fragment, which allowed to detect the deleted or floxed
allele (Supplementary Table S1a). To induce Tet3 deletion,
6-week-old male mice were administered tamoxifen
(Sigma, St. Louis, MO; T-5648) dissolved in corn oil
(Sigma; C-8267) at 20 mg/ml. Six-week-old mice were
injected intraperitoneally with 50 mg/kg of tamoxifen twice
a day for 5 consecutive days, with 7 days break followed by
injections for 5 additional consecutive days. One month
after tamoxifen administration, blood samples were col-
lected from the animals, and corticosterone levels were
measured using a commercial kit (Enzo Life Sciences, New
York, USA). All procedures were carried out in accordance
with EU Directive 2010/63/EU and NIH guidelines on
animal care and experimentation and were approved by the
Portuguese Government/Dire¢do Geral de Alimentagdo e
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Veterindria (DGAV) with the project reference 0421/000/
000/2017.

Behavioral analyses

We used standard behavioral tests to evaluate the following
dimensions: motor and locomotor activity (OF—open
field), emotional behavior—anxiety-like (OF and EPM—
elevated plus maze) and antidepressant-like states (FST—
forced-swim test and TST—tail suspension test)), and
cognition (NOR—novel object recognition and MWM—
Morris water maze).

Animals were submitted to behavioral testing 1 month
after tamoxifen treatment. Mice were studied during the
light phase and habituated to testing rooms for at least
30 min before each test. Behavioral assessment was per-
formed following this order: OF, EPM, FST, TST, NOR,
and MWM. These tests are described in detail in Supple-
mentary information. The number of animals used for each
test was: OF: n =13 CTRL, 18 cKO; EPM: n =14 CTRL,
16 cKO; TST and FST: n =14 CTRL, 17 ¢cKO; NOR: n =
14 CTRL, 15 ¢cKO; MWM: n=9 CTRL, 11 cKO. We
performed all behavioral tests in two independent sets of
animals, except the MWM that was performed only to a
second set of animals. Animals were excluded from the
analysis when they did not perform the test (exclusion of
animals for each behavioral test is explained in the Supple-
mentary experimental procedures). Behavioral experiments
and analyses were conducted without randomization. The
investigator was blinded to the genotype during the
experiment and when assessing the outcome.

DNA/RNA extraction

After behavior assessment, the animals were first anesthe-
tized 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. Brains were carefully removed and
macrodissected, under a light microscope using anatomical
landmarks by a single experimenter, and tissue samples
were stored at —80°C. The tissues were prepared by
homogenization using Trizol® reagent (Invitrogen), and
extracted according to the manufacturer’s instructions. The
RNA was treated with DNase I (Thermo Scientific) and a
total of 500 ng RNA was used for cDNA synthesis using the
gScriptTM cDNA SuperMix (Quanta Biosciences, USA).

RNA sequencing analysis
RNA integrity was evaluated through chip-based capillary

electrophoresis (Bioanalyzer, Agilent®), with all samples
having a RQN (RNA Quality Number) >8.5. A total of

500 ng RNA was used for library construction, using the
QuantSeq 3'mRNA-Seq Library Prep Kit (Lexogen) (n =3
animals per group). The resulting library was then
sequenced on Illumina NextSeq500. RNA-seq analysis was
carried out on three independent technical replicates (GEO
Accession number: GSE140850). Quality control was car-
ried out on raw datasets using FastQC. Differential
expression analysis was performed using edgeR [26], and
genes were considered differentially expressed between
conditions if FDR <5% and an absolute fold change >2.
Gene ontology classification was carried out using Panther®
and Ingenuity Pathway Analysis (IPA, Qiagen, Redwood
City, CA, USA) software.

Immunofluorescence analysis of mouse brain
sections

Mice were transcardially perfused with phosphate-buffered
saline. Brains were then removed and fixed overnight in 4%
PFA. Brain coronal cryosections (20 um thick) collected
onto slides were incubated O/N at 4 °C, with primary
antibodies, sequentially. Primary antibodies were: NeuN
(Cell signaling, rabbit, D4640, 1:100), Tet3 (Abcam, rabbit,
ab153724, 1:100), GFAP (mouse, Thermo scientific, MAS-
12023, 1:100), and CNPase (mouse, Millipore, MAB326,
1:200). Secondary antibodies—Alexa Fluor 488 and Alexa
Fluor 594 (Molecular Probes)—were used for detection,
and incubation was performed for 2 h at RT. Nuclei were
counterstained using DAPI during 10 min at RT. Fluores-
cence images were acquired with the Olympus Fluoview
FV1000 confocal microscope (Olympus, Hamburg, Ger-
many) and the number of double-positive cells calculated
using FIJI software (three sections per animal and three
animals per group).

3D reconstruction of neurons

To assess the 3D dendritic morphology of hippocampal pyr-
amidal neurons, we used the Golgi—Cox impregnation tech-
nique [27]. Dendritic arborization and spine numbers/density/
types were analyzed in the dorsal and ventral CA1 of Control
and Tet3 cKO mice, as described previously [28, 29]. More
details are described in Supplementary information (n=06
neurons for each animal; n =3 animals per group).

Statistical analysis

The sample size was determined using G¥*Power [30]. The
animals were divided in two groups: CTRL and Tet3 cKO;
n =45 per group (effect size =0.25, a =0.05, 1-=0.80,
total sample size =90). Although it was not possible to
achieve this number of animals, statistical differences were
observed in several behavioral tests. A confidence interval

SPRINGER NATURE
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of 95% was assumed for hypothesis testing. Assumptions
for all variables were validated prior to statistical testing
(normality by the Shapiro—Wilk test and homoscedasticity
by Levene’s test). For the comparison of two means, the
two-tailed unpaired Student’s ¢ test was carried out, fol-
lowed by the Benjamini, Krieger, and Yekuteli correction
when multiple hypotheses were tested. Analysis of variance
(ANOVA) was used when two or more factors were tested,
followed by Sidak’s post hoc test. Comparison of propor-
tions was carried out using a two-tailed Chi-square statis-
tical test. Appropriate effect size measures were reported for
all statistical tests. All statistical analyses were carried out
using SPSS 22.0® or GraphPad Prism 8.0®. Test details are
described in figure captions, Supplementary information
and Supplementary Table S2.

Results

TET3 is present in mature neurons and
oligodendrocytes, but not in astrocytes, in adult
mouse cortex and hippocampus brain regions

To elucidate in which cell types TET3 is present in the adult
brain cortex and hippocampus, we performed double
immunofluorescence staining for TET3 and typical markers
for postmitotic neurons (NeuN, Neuronal nuclear protein),
astrocytes (GFAP, Glial fibrillary acidic protein), or oligo-
dendrocytes (CNPase, 2’,3’-Cyclic-nucleotide 3’-phospho-
diesterase). We observed a strong co-localization of TET3
and NeuN in the cortical and hippocampal brain regions,
pointing out neurons as the main source of TET3 protein
(Fig. 1a). We did not observe GFAP and TET3-double-
positive cells, and only a few number of cells co-expressed
CNPase and TET3, suggesting that TET3 is absent in
astrocytes and lowly expressed in oligodendrocytes
(Fig. la). In addition, in order to investigate if forebrain
regions presented a distinct pattern of expression of Tet3,
we measured Tezr3 levels in the PFC, hippocampus, amyg-
dala, and BNST. We observed similar Tet3 transcript levels
in these brain regions (Supplementary Fig. S1a).

Adult Tet3 conditional knockout mice show
significant reduction of Tet3 levels, but not Tet7 or
Tet2, in different forebrain regions

In order to determine the function of TET3 in mature
neurons at an adult stage, we generated a Tet3 conditional
knockout mouse model, by crossing Tet3 floxed mice, in
which the exon 7 (exon 5 of the coding sequence) of Tet3
gene is flanked by LoxP sites (for Cre-induced site-specific
recombination) [23, 24] with a Camk2a-CreERT?2 inducible
line to specifically delete Tez3 in mature forebrain neurons,
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after tamoxifen administration. Ter3 was disrupted by
deletion of the targeted exon resulting in a truncated protein
lacking the catalytic domain. Tet3 deletion was confirmed at
the DNA and mRNA levels, by PCR and RT-PCR,
respectively (Supplementary Fig. S2a, b). Tet3 cKO mice
showed a significant reduction of Tet3 mRNA levels in
several forebrain regions—PFC, amygdala, dorsal, and
ventral hippocampus (Fig. 1b—e) (s-test, p <0.05). We also
analyzed the BNST region but, no reduction of 7Tet3 tran-
scripts was observed (Supplementary Fig. S1b). Impor-
tantly, decreased levels of Tet3 did not interfere with
transcript levels of Tetl or Tet2 (Fig. 1b—e), suggesting the
absence of a compensatory effect in the brain. To better
determine the effectiveness of the conditional knockout
strategy in neuronal cells, we quantified the number of
postmitotic neurons (NeuN-positive cells) showing
TET3 staining in the hippocampus of control and Tet3 cKO
mice (Fig. 1f), and observed a significant reduction in
TET3/NeuN-positive cells (Adjusted #-test, p <0.05, a)zp =
0.841; Fig. 1g). We further assessed whether the conditional
deletion of Ter3 affected global ShmC levels in forebrain
regions using an ELISA-based assay, and observed no
changes in the PFC, hippocampus, and amygdala of Tet3
cKO mice when comparing to the control group (Fig. 1h).

Tet3 deletion in neurons results in increased
anxiety-like behavior and hypercorticalism, and
impaired spatial orientation

In order to ascertain if Ter3 ablation in adult postmitotic
neurons has an effect in the behavioral performance of
mice, we performed a plethora of behavioral tests assessing
various paradigms related to emotional and cognitive
domains (Fig. 2a). We used two behavioral tests to detect
anxiety-like behavior, namely the OF test and the EPM, and
the FST and TST to assess antidepressant-like behavior. No
differences were found in the average velocity and vertical
counts in the OF test (Supplementary Fig. S3a, b). In
addition, analysis of the total distance traveled in the open
arena and EPM arms revealed no differences between
groups, as they presented similar locomotor activity (Sup-
plementary Fig. S3c, d). Regarding the anxiety-like beha-
vioral dimension, Tet3 cKO mice spent less time in the
center of the OF (Fig. 2b). No statistical differences were
found in the time spent in the open arms of the EPM when
compared with the control group (Fig. 2c), but the magni-
tude effect, represented by Cohen’s d [31], is medium-large
(t-test, OF, p<0.05, d=0.810; EPM, p=0.114, d=
0.684). Moreover, in the EPM test, we found that Tet3 cKO
mice showed significantly lower frequency of head dips in
the open arms (Fig. 2d, p<0.01, d=1.400) and higher
latency to enter for the first time in the open arms when
compared with control animals (Fig. 2e, p<0.05,
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Fig. 1 TET3 is present in mature neurons and diminished in the
brain of Tet3 cKO mice, with no alteration in ShmC levels. a
Representative double immunostaining for NeuN and TET3 proteins,
showing strong expression of TET3 in postmitotic neurons in the
cortex and dorsal CA1 brain regions. TET3 expression was detected in
some oligodendrocytes stained with CNPase marker. No
TET3 staining was found in GFAP positive cells. Scale bars, 50 and
25 um. b—e Reduction in Ter3 mRNA levels and maintenance of Tet/
and Ter2 levels was observed in Tet3 cKO animals. mRNA expression
in forebrain regions was measured by qRT-PCR in control and Tet3
cKO animals in (b) prefrontal cortex; (c¢) dorsal hippocampus; (d)

d =0.881). In addition, we discovered a significant positive
correlation between the performance in the OF and EPM
behavioral tests (r=0.652; p<0.01) (Fig. 2f). Altogether,
these parameters are indicative of increased anxiety-like
behavior in Tet3 cKO animals.

ventral hippocampus; and (e) amygdala (n =3-5 per group). Two-
tailed Student’s ¢ test; *p <0.05, **p <0.01. f Representative double
immunostaining for NeuN and TET3 proteins in the CA1, CA3, and
DG hippocampal regions, showing reduction in TET3 expression in
the Tet3 cKO animals. Scale bars, 50 and 25 um. g The percentage of
TET3 positive cells in NeuN-positive cells (postmitotic neurons) was
quantified in Tet3 cKO animals, relative to controls (n =3 per group).
Quantifications are presented as the mean + SEM. Adjusted two-tailed
Student’s ¢ test; *p <0.05, **p <0.01. h No alterations were found in
the global ShmC levels in forebrain regions analyzed by ELISA (n =3
per group). Quantifications are presented as the mean + SEM.

In contrast, we did not observe differences in immobility
times between the two groups in the TST and FST (z-test,
TST, p=0.270, d=0.511; FST, p=0.316, d=0.353)
(Fig. 2g, h). Considering the involvement of the HPA axis
in the modulation of behavior, we further determined the
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Fig. 2 Tet3 cKO mice showed increased anxiety-like behavior and
corticosterone levels. a Scheme illustrating the protocol used to
induce Tet3 deletion and the behavior paradigm timeline. Six-week-
old mice were injected intraperitoneally with 50 mg/kg of tamoxifen
twice a day for 5 consecutive 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—f Anxiety-like behavior was tested
both in the open-field test (OF) (b) and elevated plus maze (EPM)
(c—e). b Time spent in the center of the OF; ¢ time spent in the open
arms of the EPM; d The frequency number of head dips (EPM);

serum basal levels of corticosterone in control and Tet3
cKO mice. Both in nadir and zenith time points, Tet3 cKO
mice presented an overactivation of the HPA axis, as sug-
gested by the increased levels of corticosterone (Adjusted
t-test, p<0.01, ®*, = 0.417; Fig. 2i).

Next, we assessed the possible effect of Tet3 neuronal
ablation in different cognitive domains, such as learning and
memory. We tested Tet3 cKO mice in the MWM test to
assess reference memory, a task that relies on hippocampal
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CTRL Tet3 cKO

8 a.m. 8 p.m.

e Latency to enter open arms (EPM); f Correlation between OF and
EPM performances (n=13-18 per group). The presence of
depressive-like behavior was assessed in the tail suspension test (TST)
(g) and forced swimming test (FST) (h) (n = 13—17 per group). i 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 =8 per group). Quantifications are
presented as the mean + SEM. b—e; g-h Two-tailed Student’s 7 test;
*p <0.05; f correlation Pearson; p<0.01; i Adjusted two-tailed Stu-
dent’s ¢ test; **p <0.01.

activity. Both Tet3 cKO and control mice were able to
successfully learn the spatial reference memory task, as
confirmed by the decreasing latencies during the trials
(Fig. 3a; mixed ANOVA, genotype, p=0.274, a)zp =
0.015) and by their performance in the probe trial, assessed
by the same preference (percentage of time swum) for the
goal quadrant, where the platform was located during the
acquisition phase (t-test, p =0.417, d=0.417) (Fig. 3b).
However, analysis of the strategies adopted by the mice to
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Fig. 3 Tet3 cKO mice showed spatial orientation impairment, but
normal recognition memory. a—¢ Morris Water Maze test. Spatial
acquisition performances were recorded during 4-day training.
a Escape latency. b Time in the target quadrant. ¢ Cognitive strategies
during water maze learning. A schematic representation and color code
for each group of strategy and the average prevalence by trial number
are shown. Representation of the percentage of mice using directed
strategies (hippocampal-dependent strategies) (n =8-11 per group).
d-f Novel object recognition test. Animals were allowed to explore
two identical objects for 10 min. d After an interval of 1h in their
home cages, the novel object was displaced to the opposite side of the

achieve the escape platform in the MWM task, divided in
random searching/scanning (nonhippocampal strategies) or
directed strategies (hippocampal strategies) [32], revealed
that Tet3 cKO mice adopted significantly less hippocampal-
dependent strategies when compared with control mice
(Chi-square test, p<0.05, ¢ =0.466), indicating a poor
spatial orientation (Fig. 3c).

To evaluate recognition memory, we performed the NOR
test. In this task, Tet3 cKO and control mice showed similar
time exploring the object displaced after a short period of

CTRL Tet3 cKO

CTRL Tet3 cKO

box and mice were allowed to explore this new configuration, evalu-
ating spatial recognition memory (displacement). e After 24 h, mice
were returned to the arena, where one of the familiar objects was
replaced with 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. One hour after, one object was replaced by a novel one,
and the animals placed in the arena, evaluating short-term memory
(n = 14-18 per group). Quantifications are presented as mean + SEM.
a Mixed ANOVA, genotype; b Two-tailed Student’s ¢ test; ¢ Chi-
square test; *p <0.05; d—f two-tailed Student’s 7 test.

time (1 h) (Fig. 3d; t-test, p = 0.553, d = 0.379) indicating
normal object location memory. Tet3 cKO and control mice
dedicated similar percentages of time exploring the novel
object displayed 24 h after habituation to familiar objects,
indicating no deficits in long-term object recognition
memory (Fig. 3e; #-test, p =0.462, d =0.267). Moreover,
when short-term memory was evaluated, Tet3 cKO dis-
played identical discrimination index, indicating no deficits
of short-term memory as well (Fig. 3f; r-test, p =0.504,
d=0.235).
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Transcriptomic analysis revealed that Tet3 deletion
affects gene expression mainly in the ventral
hippocampus

To determine which genes were affected by the loss of Tet3
and considering the impairment of hippocampal-dependent
function described above, we performed a transcriptomic
analysis, using QuantSeq 3’ mRNA Sequencing [33], in
RNA extracted from dorsal and ventral hippocampus of
Tet3 cKO and control mice. Notably, only 20 transcripts
were found to be differentially expressed in the dorsal
hippocampus of Tet3 cKO mice, with only seven being
protein coding and apparently with no particular biological
relevance for this study (Fig. 4a, b and Supplementary
Table S3); on the other hand, in the ventral hippocampus,
the number of differentially expressed genes was higher—
143 (Fig. 4a, c and Supplementary Table S4), with 90 being
downregulated and 53 upregulated. This reveals a greater
sensitivity of the ventral hippocampus to deletion of neu-
ronal Tet3.

Gene ontology analysis of differentially expressed tran-
scripts in the ventral hippocampus, using the Panther®
classification system [34], revealed that the most common
molecular function was binding activity, and the most
represented protein classes were transporters, hydrolases,
and enzyme modulators (Fig. 4d, e). Moreover, we per-
formed a level 4 and 5 gene ontology classification using
the Consensus Pathway Database [35]; while none of the
top 10 categories were specifically related with neuronal
activity (Fig. 4f), pathway enrichment analysis revealed an
impact in the glucocorticoid signaling pathway (HPA axis)
and FOXAL transcription factor network, amongst others
(Fig. 4g). Regarding HPA axis, we confirmed by qRT-PCR
the downregulation of corticotropin releasing hormone
receptor type 2 (Crhr2), involved in stress-related disorders,
such as anxiety and depression [36] (Fig. 4h). For FOXA1
transcription factor-related genes, we confirmed the down-
regulation of PouaZafi, ColS8al, and Lmxla (Fig. 4h). In
addition, we obtained information from the Ingenuity
Pathway Analysis software [37], namely in canonical
pathways (where glucocorticoid receptor signaling was
newly identified), upstream regulators (where Dopamine
Receptor D2 appears) or diseases and disorders (being the
most enriched category, cancer) (Supplementary
Fig. S4a—c).

Tet3 cKO mice displayed increased expression of
neuronal activity-regulated genes in the
hippocampus

A plethora of neuronal genes is involved in neural plasticity
related to learning and memory processes, and transcrip-

tional activity of these genes is crucial to control these

SPRINGER NATURE

cognitive processes. The QuantSeq RNA results allowed to
identify c-fos (Fos), as an upregulated gene in Tet3 cKO
animals (Supplementary Table S4). Hence, we explored
whether Tet3 deletion in neurons leads to dysregulation of
other activity-induced genes involved in synaptic plasticity
in the hippocampus (Fig. 4i, j) and observed an increase in
transcript levels of some of these genes. The IEGs Npas4
and c-fos were the most significantly upregulated in the
dorsal hippocampus of Tet3 cKO mice (Fig. 4i; adjusted #-
test, c-fos p <0.05, d =1.534; Npas4 p<0.01, d=2.321).
On the other hand, in the ventral part, only Npas4 was
significantly increased (Fig. 4j; adjusted #-test: Npas4, p <
0.05, d = 0.520; c-fos, p =0.248, d = 0.523). These results
suggest that TET3 regulates these IEG’s levels.

Tet3 cKO mice harbor increased dendritic spine
maturation in ventral hippocampal pyramidal
neurons

To further correlate the observed behavioral and neuronal
activity-regulated gene expression changes in Tet3 cKO
mice with putative alterations in neural plasticity mechan-
isms, we analyzed neuronal and spines morphology of
pyramidal neurons in the adult dorsal and ventral hippo-
campus CA1l. We did not observe alterations in dendritic
length and complexity of their arborization in the dorsal and
ventral regions of Tet3 cKO (Fig. 5a, b, e, f). However, and
although Tet3 deletion in neurons did not impact on spines
density (Fig. 5c, g), Tet3 cKO mice displayed a decrease in
the proportion of immature thin spines and an increase in
the mature mushroom type of spines specifically in the
ventral, but not in the dorsal, region of the hippocampus
(Fig. 5d, h; factorial ANOVA, genotype, p<0.001,
a)zp < 0), suggesting that TET3 regulates spine maturation in
the ventral CA1 region.

Discussion

Despite recent advances, the role of TET enzymes in the
brain, particularly of Tet3 which is highly transcribed, is
largely unknown. Here we show that, in forebrain regions of
the adult brain, TET3 is present in neurons, as observed by
others [16, 38], but sparsely expressed in oligodendrocytes
and absent in astrocytes.

Since TET3 is highly expressed in mature neurons in
forebrain regions of the adult brain, we used a conditional
and inducible knockout mouse model to ablate Tet3 in
Camk2a-positive mature neurons allowing to study the
function of TET3 in these cells at an adult stage. Impor-
tantly, Tet3 deletion did not affect Tet/ and Tet2 expression,
as we observed previously in neural precursor cells [39]; in
fact, this deletion did not influence the global genomic
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levels of 5ShmC, and this might reflect action of Ter/ and
Tet2, which also convert SmC into ShmC.

Our results show that neuronal Tet3 deletion increases
anxiety-like behavior and impairs hippocampal spatial
orientation. Regarding TET enzymes and the control of
anxiety-like behaviors, only the role of Tet! was previously

addressed. Although TET1 KO mice showed normal anxi-
ety and depression-related behaviors [11], Feng et al.
showed that neuronal Tet/ deletion in neurons of nucleus
accumbens produced antidepressant-like effects in several
behavioral assays [40]. In contrast, in our model in which
we deleted Tet3 in mature forebrain neurons, we observed
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Fig. 4 Transcriptome analysis showed a predominant alteration in
transcript levels in the ventral hippocampus. Gene expression
analysis showed an increase in the expression of neuronal activity-
regulated genes in both regions. a Number of differentially expressed
genes (up and downregulated) in the dorsal and ventral regions of the
hippocampus. b, ¢ Volcano plot of all transcripts identified in
the dorsal (29,407 targets) and ventral hippocampus (29,146 targets).
The log fold change represents control versus Tet3 cKO mice.
d, e Gene ontology classification of the molecular function and protein
class of differentially expressed targets in the ventral hippocampus of
Tet3 cKO mice, based on the PANTHER database. f, g Enriched level
4 and 5 gene ontology classes and pathways of differentially expressed
targets in the ventral hippocampus of Ter3 cKO mice, based on the
ingenuity pathway analysis (IPA). h Expression of selected genes from
the IPA analysis was evaluated by qRT-PCR, confirming the Quant-
Seq results (n = 3 per group). i, j Expression of immediate early genes
(IEGs) in the dorsal and ventral hippocampus (n =4—6 per group).
Fold change relative to controls was calculated using the 2~ AACT
relative gene expression analysis. Quantifications are presented as the
mean = SEM. h—j Two-tailed Student’s 7 test; *p <0.05, **p <0.01.

an anxiety-like phenotype. Nevertheless, the deletion of
Tetl and Tet3 in these two studies was performed in distinct
brain regions, possibly influencing the observed results. On
the other hand, the distinct behavioral phenotype triggered
by deletion of Tet/ and Tet3 might suggest a different
regulatory activity for these enzymes in the anxiety reg-
ulation of the adult brain.

We further showed that Ter3 cKO mice displayed a
specific impairment of hippocampal-dependent spatial
orientation; however, other hippocampal-dependent tasks,
such as object location and long- and short-term recognition
memories, remained unaffected. Importantly, Tet/ and Tet2
were shown to be relevant to control spatial learning [9, 10],
but Ter3 seems to be only critical to control spatial orien-
tation, since the spatial learning remained unaltered in our
model. This observation, linked to the finding of role of the
ventral hippocampus in spatial navigation [41], supports the
impact of Tet3 in the function of ventral hippocampus. In
addition, the impairment in the use of directed strategies
reflects alteration of the goal-directed behavior, and can be
correlated with the anxiety-like behavior, since the ability to
demonstrate goal-directed behavior requires a suppression
of emotional states, namely anxiety [42, 43].

The molecular mechanisms through which TET3 con-
trols anxiety and spatial orientation remained to be
explained. Hence, we studied whether Ter3 deletion could
impact the expression of gene networks known to be
involved in the dysregulation of behavioral domains. We
performed a transcriptomic analysis of the hippocampus of
Tet3 cKO mice that showed few dysregulated genes in the
dorsal region, but several networks were altered in the
ventral region. The ventral hippocampus has been shown to
be involved in the modulation of emotional behavior,
namely anxiety [22]. Strikingly, an impact of neuronal Tet3
deletion in key networks involved in the regulation of
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anxiety-like behavior was observed in the ventral hippo-
campal region.

Enrichment pathway analysis of differentially expressed
targets identified the glucocorticoid signaling pathway
(HPA axis), specifically in this hippocampal subregion. In
fact, dysfunction of the HPA axis has been implicated in the
pathogenesis of psychiatric disorders, including anxiety
disorders [44]. The persistent activation of the HPA system
results in a sustained increase of cortisol (humans) or cor-
ticosterone (rodents) levels, and is one of the most con-
sistent findings in psychiatry diseases, namely anxiety and
depression [44]. Importantly, Tet3 cKO animals presented
increased levels of corticosterone in the blood serum sug-
gesting an overactivation of the HPA axis, which can be
correlated with the increased anxiety-like behavior.
Remarkably, we also found Crhr2 to be downregulated in
the ventral hippocampus of Tet3 cKO mice; and CRHR2-
deficient mice display increased anxiety-like behavior
[45, 46], suggesting that the observed decrease of Crhr2
levels in the ventral hippocampus of Tet3 cKO mice can be
linked to the development of this altered emotional beha-
vior. However, Kishimoto et al. suggest that Crhr2 pre-
dominantly mediates a central anxiolytic effect independent
of the HPA axis activity, since they did not observe
hypercorticalism in Crar2~* and Crhr2”“mice at basal
levels. Nevertheless, hypercorticalism was observed in
Crhr2™~ mice upon acute stress in Kishimoto et al. work
[46], and in various other studies [47, 48]. Yet, the direct or
indirect causal relationship between Crhr2 decrease, corti-
costerone increases, and stress has not been established.
Importantly, it is relevant to consider that Kishimoto et al.
used a full KO mouse model, which can develop compen-
satory effects, hiding alterations in the basal corticosterone
levels.

Neuronal activity-regulated genes are known to play
important roles in diverse cellular processes such as neu-
rotransmission, neuronal plasticity, learning and memory
[49, 50]. Notably, and contrary to TET3 function in our
model, TET1 was shown to be a positive regulator of IEGs
expression [11-13]. Amongst all the IEGs analyzed in Tet3
cKO, we showed that the key upstream regulatory gene
Npas4 displayed the highest magnitude of change amongst
all the IEGs analyzed in Tet3 cKO. Npas4 controls a tran-
scriptional program involving neural activity-regulated
genes and is essential for cognitive function [50, 51].
Moreover, this gene is involved in neural circuitry plasti-
city, maintaining circuit homeostasis [51, 52]. Thus, we
speculate that 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 activity and
possibly explain the spatial orientation impairment
observed. Despite the vast amount of data supporting
changes in IEGs expression in cognitive processes, in
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Fig. 5 Three-dimensional morphometric analysis of Golgi-
impregnated neurons of the CA1l hippocampus reveals an
increase in dendritic spine maturation in Tet3 cKO mice. Tet3 cKO
presented no alterations in neuronal morphology, in dorsal and ventral
hippocampus, assessed by total length and Sholl analysis (a-b; e-f).
Regarding spines analysis, no differences were found at the dorsal part
(c, d), but a robust increase in spine differentiation (mushroom type)

psychiatric conditions, only few studies have evaluated the
direct implication of IEGs. However, it was already shown
that Npas4 KO mice have less anxiety when compared with
control animals [53]. Accordingly, Tet3 cKO mice showed
increased anxiety-like behavior and increased expression of
Npas4 mRNA transcript in the ventral hippocampus. Based
on our results, we hypothesize that upregulation of Npas4
can lead to an increase in the expression of its targets,
namely c-fos, promoting increased hippocampal neuronal
activity. This dysfunctional hippocampal neuronal activity
may alter the capacity of neurons to correctly respond to
stimulus and culminate in behavioral dysfunction. Our
hypothesis is in agreement with findings that TET3 is a
negative regulator of synaptic activity [18, 19]. In accor-
dance, we herein observed that Tet3 deletion triggered a
shift of thin immature spines to the mushroom mature type
in the ventral CA1 hippocampus. This increased synaptic
complexity [54] fits with the observations of increased
glutamatergic transmission in 7Tet3 deficient animals [19]
and with the role of glutamate in spine maturation [55, 56].
Hence, our data first suggest that dendritic spine morphol-
ogy is modified by Tet3 deletion specifically in mature
neurons. This overactivation of the ventral hippocampus is
suggestive of an anxiogenic phenotype in these animals and
may reveal to be an interesting therapeutic target.

g Global Spine density vCA1 h Spines Type Analysis vCA1

0.6+ 801
I~ I CTRL
E 2
3 £ 60+ B Tet3 cKO
~0.44 % dehek
2 £ 40
) b=}
° [
© 02 S
£ S 20
a ®
0.04 0
&0 & & o
¢ & < & & 6;\(‘0
\!9’;0 &

and a decrease in immature spines (thin type) of the apical dendrites
spines was found in the ventral region in Tet3 cKO mice (h), without
alterations in spine density (g). n = 13-20 neurons; three mice per
group. Quantifications are presented as the mean+SEM. a, b, e, f
Factorial ANOVA; ¢, g Two-tailed Student’s ¢ test; d, h Factorial
ANOVA, genotype; ***p <0.001.

In summary, we here suggest that Ter3 plays an impor-
tant role in modulation of anxiety-like behavior, as well as
in spatial orientation tasks. The epigenetic control of
behavior and neurophysiology is a topical subject currently
and very relevant to various neurological and psychiatric
conditions [57]. However, TET3 has been poorly studied in
the context of psychiatric disorders, and to our knowledge,
there is only one report showing no alterations in Tet3 levels
in the parietal cortex of psychotic patients [58]. Future
research on TET3 function, as well as on other members of
TET family, may contribute to our understanding of the
impact of epigenetic regulation on behavioral performance.
Particularly, TET3 can represent a potential therapeutic
target in pathologies related with anxiety spectrum.
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