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Prenatal deletion of DNA methyltransferase 1 in neural stem cells impairs
neurogenesis and causes anxiety-like behavior in adulthood
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ABSTRACT

Despite recent advances in our understanding of epigenetic regulation of central nervous system
development, little is known regarding the effects of epigenetic dysregulation on neurogenesis and
brain function in adulthood. In the present study, we show that prenatal deletion of DNA
methyltransferase 1 (Dnmt1) in neural stem cells results in impaired neurogenesis as well as
increases in inflammatory features (e.g., elevated glial fibrillary acidic protein [GFAP] expression in
astrocytes and increased numbers of microglia) in the adult mouse brain. Moreover, these mice
exhibited anxiety-like behavior during an open-field test. These findings suggest that Dnmt1 plays a
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critical role in regulating neurogenesis and behavior in the developing brain and into adulthood.

Adult neurogenesis occurs in 2 restricted brain
regions: the subventricular zone (SVZ) of the lateral
ventricles and the dentate gyrus (DG) in the hippo-
campus, in which neural stem cells (NSCs) are main-
tained throughout life.'* New neurons produced in
these regions are functionally integrated into the neu-
ral circuitry, and research has indicated that these
neurons may contribute to a wide variety of brain
functions.™® Indeed, neurogenesis in the DG has been
known to participate in learning and memory,
whereas newly generated neurons in the rodent SVZ
migrate into the olfactory bulb and contribute to
olfactory-related behaviors. Furthermore, accumulat-
ing evidence has implicated the dysregulation of adult
neurogenesis in several diseases, including Alz-
heimer’s disease, epilepsy, and various psychological
disorders.”'® Recently, research has revealed that
exposure to stress during prenatal and neonatal stages
of development reduces neurogenesis in the adult
stage, and that these decreases are strongly associated
with the development of psychological disorders."'
These findings suggest that early life experiences
strongly affect both neurogenesis and brain function

in adults, though the mechanisms underlying this
association remain unknown.

NSCs in the adult brain are maintained in a specific
microenvironment or “niche,” which is comprised of
those cells and structures that surround and support the
NSCs, such as astrocytes, blood vessels, and microglia.12
Extracellular cues released from these niche cells play a
key role in controlling the proliferation and determina-
tion of NSC fate under both normal physiological and
pathological conditions. For example, activation of
microglia under epileptic conditions results in the subse-
quent release of tumor necrosis factor o (TNF-a), which
attenuates the abnormal proliferation of NSCs and
aberrant neurogenesis induced by seizure activity."> In
addition to the contributions of the niche, processes of
epigenetic regulation—such as DNA methylation and
histone modification—have been observed to play key
roles in regulating adult neurogenesis.'* Inhibition of his-
tone deacetylase (HDAC) activity decreases proliferation
of NSCs,"> while deletion of DNA methyltransferase 1
(Dnmtl), the gene responsible for encoding the enzyme
that maintains DNA methylation in NSCs, impairs the
survival of newly generated neurons in the adult DG."°
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During development of the central nervous system
(CNS), epigenetic regulation plays a pivotal role in the
proliferation of embryonic NSCs as well as in the
determination of NSC fate.'” Accumulating evidence
has also indicated that epigenetic regulation provides
significant contributions to both cortical and DG
development.'®'® Previously, we observed that prena-
tal exposure to valproic acid (VPA) impairs neurogen-
esis and hippocampus-dependent learning and
memory even into adulthood.”® Furthermore, we have
also reported that prenatal deletion of DnmtI in NSCs
impairs DG development by attenuating neurogenesis
in the DG." The results of these studies have raised
the possibility that appropriate epigenetic regulation
during development of the prenatal brain is critical for
the establishment and maintenance of proper niche
environments and NSCs in adulthood. Therefore, in
the present study, we aimed to investigate the role of
Dnmtl in DG neurogenesis by examining the behavior
of adult mice in which the Dnmtl gene had been
deleted during a late prenatal stage, and by assessing
the effects of this mutation on brain structure.

The deletion of Dnmt1 in NSCs at early gestational
stages leads to neonatal lethality due to respiratory
failure.?! To avoid this complication, we crossed
Dnmt1"¥1°* mice with Nestin-CreER™> mice and
administered tamoxifen to the mice at embryonic day
(E) 15, achieving tamoxifen-inducible deletion of
Dnmtl1 in NSCs (cKO mice, Fig. 1A). After tamoxifen
treatment at E15, the offspring were analyzed at an
adult stage (8-week old) (Fig. 1B). Mice that had
undergone prenatal deletion of Dnmtl were allowed
to mature until adulthood and displayed no obvious
defects in body size, brain structure, or brain weight.19
Previously, we reported that prenatal deletion of
Dnmt] impairs adult neurogenesis in the DG."” How-
ever, the influence of such deletion on adult neurogen-
esis in the SVZ remains to be examined. Therefore, in
the present study, we further investigated the effects of
prenatal Dnmt]l deletion on adult neurogenesis in
both neurogenic niches, placing particular emphasis
on adult neurogenesis in the SVZ. Consistent with our
previous findings, immunostaining of sagittal brain
sections against the immature neuron marker double-
cortin (DCX) revealed that cKO mice exhibited signif-
icant reductions in the number of DCX+ cells as well
as decreased granule layer volume in the DG
(Fig. 1C). Furthermore, we observed that DCX+ new-
born neurons in the DG of ¢cKO mice exhibited

abnormal morphology and arrangement relative to
controls (Fig. 1D). Similarly, we also observed marked
reductions in the number of newborn neurons in the
SVZ of cKO mice (Fig. 1E, F). However, unlike DG,
the morphological difference of DCX+ cells between
control and cKO mice was not observed in the SVZ.

Newly generated neurons in the SVZ migrate into
the olfactory bulb via the rostral migratory stream
(RMS).” In cKO mice, we observed a drastic reduction
in the number of DCX+ cells in both the RMS and
olfactory bulb relative to controls. Ki67 is a typical
marker for proliferating cells, including NSCs, transit-
amplifying cells and neuroblasts,”” and we also
observed significant reductions in the number of
Ki67+-proliferating cells in ¢cKO mice relative to
controls (Fig. 1G, H). Taken together, these data
indicate that prenatal deletion of DnmtI impairs neu-
rogenesis in both the DG and SVZ in the adult brain.

In embryonic stages, Dnmtl plays an essential role
in preventing precocious astrocyte production in
NSCs,***” and deletion of Dnmt1 prior to the onset of
astrocyte production in cortical development leads to
increased expression of the astrocyte marker glial
fibrillary acidic protein (GFAP) at postnatal week
one.”* In light of these findings, we then investigated
whether loss of Dnmtl during the late embryonic
stage—by which time astrocyte production has already
begun—also increases expression of GFAP in postna-
tal stages. In contrast to our results obtained regarding
Dnmtl deletion prior to the onset of astrocyte produc-
tion, loss of Dnmtl during late embryonic develop-
ment did not significantly increase GFAP expression
in the cortex, at least within the first week of postnatal
development (Fig. 2A). However, we observed signifi-
cant increases in GFAP expression throughout the
cortex of cKO mice in the adult stage (Fig. 2A, B).
Furthermore, such increases in GFAP expression were
also observed in the DG and striatum near the SVZ in
cKO mice (Fig. 2B, C). We further revealed that differ-
ences in cortical GFAP expression between control
and cKO mice could be observed as early as postnatal
day (P) 21, becoming significant at P35 (Fig. 2D).

It is generally known that the cortex contains
several subtypes of astrocytes, such as fibrous and
protoplasmic astrocytes.”® Fibrous astrocytes reside in
white matter and express GFAP rather highly. On the
other hand, protoplasmic astrocytes, which reside in
the gray matter, exhibit relatively less GFAP expres-
sion than fibrous astrocytes. In control mice, GFAP
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Figure 1. Prenatal deletion of Dnmt1 impairs cell proliferation and neurogenesis in the adult brain. (A) Diagram of the Dnmt1 condi-
tional knockout strategy in NSCs. Dnmt 171 mice were crossed with Nestin-CreER™ mice, yielding progeny in which tamoxifen admin-
istration results in the deletion of Dnmt1 (exons 4 and 5) in Nestin-expressing NSCs. (B) Experimental scheme for assessing the effect of
Dnmt1 deletion on cortical development and neurogenesis. Pregnant mice were injected with tamoxifen (2 mg) at E15 to induce dele-
tion of Dnmt1 in NSCs, and the brains of the offspring were analyzed at 8-week old. (C) Representative immunofluorescence images of
DCX (red) in sagittal adult (8-week old) brain sections from control and cKO mice. White open rectangles indicating the RMS and DG are
shown in higher magnification images, respectively. (D) DCX immunostaining images (white) of representative newborn neurons in the
DG of control and cKO mice. (E) DCX immunostaining images (red) of representative SVZ neurons in coronal adult brain sections from
control and cKO mice. White open rectangles in the left panel images are shown in higher magnification in the right images. (F) DCX+
cells in (E) were quantified along the lateral wall of the lateral ventricle (mm) (Control = 3, cKO = 3). (G) Ki67 immunostaining (green)
images of representative SVZ neurons in coronal adult brain sections from control and cKO mice. The nucleus was stained with Hoechst
(Blue). (H) Ki67+ cells in (G) were quantified along the lateral wall of the lateral ventricle (mm) (Control = 3, cKO = 3). Scale bars are
indicated in each figure. Values represent mean =+ SEM; *P < 0.05, ***P < 0.001. Student's t-test. NSC: neuronal stem cells; Dnmt1: DNA
methyltransferase 1; DCX: doublecortin; RMS: rostral migratory stream; DG: dentate gyrus; SVZ: subventricular zone.

expression in S10084 (an astrocyte marker) cells was  observations suggest that elevated GFAP expression in
not clearly observed even in the adult cortex (Fig. 2E). =~ ¢KO mice may not result from increased astrocyte
However, S1008+ cells in cKO mice exhibited dra-  production during development, but rather from
matic increases in GFAP expression (Fig. 2E). These  upregulation of GFAP expression in protoplasmic
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Figure 2. Prenatal deletion of Dnmt1 increases expression of GFAP in astrocytes (A) Representative immunofluorescence images of GFAP (red)
in the cortex of coronal brain sections from control and cKO mice at various time points. (B) GFAP immunostaining images (red, left panels) of
representative cortical neurons in coronal adult brain sections from control and cKO mice. The nucleus was stained with Hoechst (gray, right
panels). Ctx: cortex. (C) GFAP immunostaining images (red) of representative regions including the SVZ in coronal adult brain sections from
control and cKO mice. (D) Representative GFAP immunofluorescence images (red) of cortical neurons in coronal brain sections from control
and cKO mice at various time points. (E) GFAP (red) and S1008 (green) immunostaining images of representative cortical astrocytes in coronal
brain sections from adult control and cKO mice. (F) Representative image of staining for S1008 (green) in the cortex of coronal brain sections
from adult control and cKO mice. (G) Quantification of S1008+ cells in the cortex in (F). (Control = 3, cKO = 3). Scale bars are indicated in
each figure. Values represent mean =+ SEM; n.s > 0.05. Student's t-test. GFAP: glial fibrillary acidic protein.



astrocytes. The comparable numbers of S1008+ cells
observed in cKO and control mice further support
this possibility (Fig. 2F, G). Collectively, these results
suggest that prenatal deletion of Dnmt1 in NSCs does
not increase astrogliogenesis but instead acts to upre-
gulate the expression of GFAP in existing astrocytes as
maturation progresses.

Increased expression of GFAP in astrocytes is one
of the hallmark features of reactive astrocytes, which
are produced in response to inflammation in the brain
under pathologic conditions such as injury or disease,
(e.g., autoimmune disease, multiple sclerosis, and
Alzheimer’s disease).””>' The inflammatory response
is triggered by the activation of microglia, which
releases pro-inflammatory factors and chemokines
that recruit other microglia to the lesion site.*> Micro-
glia also proliferate in response to inflammation.**>*
To address the possibility that prenatal deletion of
Dnmtl in NSCs produces inflammation in the brain,
we measured the number of microglia in the cortex at
P21 and P35 when increased GFAP expression was
observed in cKO mice. A larger number of Ibal+
microglia were detected in cKO mouse cortices com-
pared with those of control mice at both P21 and P35
(Fig. 3A, B). Interestingly, microglia in the DG were
most enriched at P14 and exhibited gradual reductions
as maturation progressed in control mice (Fig. 3C).
Although similar reductions in DG Ibal+ cells were
also observed in ¢cKO mice throughout maturation,
more enriched Ibal+ cells were observed in cKO mice
than in control mice from P14 to P35 (Fig. 3D).

Microglia highly express CD68 in response to
inflammation."”” We then assessed microglial activa-
tion and observed that the number of activated micro-
glia expressing CD68 increased in the DG of ¢cKO
mice relative to controls at each postnatal stage
(Fig. 3E). In control mice, activated microglia in the
DG were observed at young postnatal stages (P14 and
P21) but were rarely observed at P35. However,
activated microglia were clearly detected in cKO mice
even at P35. Taken together, these data suggest that
prenatal deletion of Dnmtl increases the number of
activated microglia most likely due to the induction of
inflammatory processes in the brain.

The cKO mice exhibited reduced adult neurogene-
sis and abnormal morphology of newborn neurons in
the DG (Fig. 1C, D). Although the precise functions of
newly generated neurons in the adult DG remain con-
troversial, increasing evidence suggests that reduced
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adult neurogenesis and neuroinflammation are impli-
cated in disorders of mood regulation, such as depres-
sion and certain forms of anxiety.'">* Therefore, we
investigated whether prenatal deletion of DnmtI could
produce anxiety-like behavior in mice during an open-
field test. Since mice fear open spaces, they avoid
entering the center of the open field in the testing
arena.” Thus, we recorded the time spent in the cen-
ter area in order to assess the degree of anxiety. While
the distance traveled was comparable between control
and cKO mice (Fig. 4A), cKO mice spent less time in
the center area than controls (Fig. 4B, C). These results
suggest that Dnmtl deletion in the prenatal stage
induces anxiety-like behavior in adult mice.

In this study, our data have indicated that prenatal
deletion of DnmtI in NSCs compromises neurogenesis
in both the SVZ and DG in the adult brain. We have
previously reported that the enzyme DMNTT1 is highly
expressed in NSCs in both embryonic and adult
brains.'”?® However, in contrast to the results
obtained for prenatal deletion, loss of Dnmt1 in NSCs
during the adult stage impairs neither proliferation
nor neuronal differentiation of NSCs.'® Furthermore,
upregulation of GFAP expression and activation of
microglia in the adult brain were not observed in mice
lacking Dnmtl in NSCs (data not shown). Although
the precise mechanisms underlying the observed dif-
ferences between prenatal and adult Dnmt1 ablation
remain unknown, it is possible that the effects of
Dnmtl deletion in NSCs on neurogenesis occur over a
longer period of time, though further studies are
required in order to more fully examine this point.

While DNMT1 is well known as a key enzyme for
DNA methylation, recent functional analyses have
suggested that Dnmtl can regulate gene expression
even without DNA methyltransferase activity.®>*
Research has indicated that DNMTI interacts with
histone modification enzymes, such as HDAC,
enhancer of zeste homolog 2 (Ezh2), and lysine-spe-
cific histone demethylase 1 (LSD1), suggesting that
Dnmtl is involved in modulating histone modification
via interaction with these enzymes.”® In fact, we previ-
ously reported that deletion of Dnmt1 in NSCs derived
from postnatal DGs decreased repressive histone
modification markers in the promoter region of a cell
cycle inhibitor p57°%? and increased its expression,
impairing proliferation of NSCs.'"” In the present
study, although we could not verify the exact mecha-
nisms whereby prenatal deletion of DnmtI influences
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Figure 3. Prenatal deletion of Dnmt1 increases microglia in the adult brain. (A) Representative Ibal immunofluorescence images (green)
in the cortex of coronal brain sections from control and cKO mice at various time points. (B) Quantification of Ibal+ cells in the cortex at
P35. (Control = 3, cKO = 3). (C) Iba1 immunostaining image (green) of representative DG neurons in coronal brain sections from control
and cKO mice at various time points. The nucleus was stained with Hoechst (blue). (D) Quantification of Ibal+ cells in the DG at P35.
(Control = 3, cKO = 3) (E) Representative immunofluorescence images of Ibal (green) and CD68 (red) in the DG of coronal adult brain
sections from control and cKO mice at indicated time point. The nucleus was stained with Hoechst (blue). Scale bars are indicated in
each figure. Values represent mean =+ SEM; “P < 0.05, “*P < 0.01. Student’s t-test.

the behavior of NSCs in the adult mouse brain, our
results may indicate that defects in NSCs induced by
Dnmtl deletion at the prenatal stage persist into
adulthood and impair adult neurogenesis.

We have further shown in the present study that
prenatal deletion of Dnmtl induces inflammatory
processes in the brain, including elevated expression
of GFAP in cortical astrocytes and increased numbers
of activated microglia in the cortex and DG. Deletion
of Dnmtl in NSCs during early stages of CNS

development leads to hypomethylation in neurons as
h,>"** suggesting
that the inflammatory features observed in the brains

well as increased neuronal cell deat

of cKO mice may be due to the death of neurons that
have differentiated from NSCs. Notably, the timeline
during which we observed activated microglia in the
DGs of cKO mice in the current study is consistent
with the timing of the onset of increased apoptosis, as
reported in our previous paper.'” Thus, the observed
increases in cell death may explain why microglia are
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Figure 4. Prenatal deletion of Dnmt1 induces anxiety-like behavior in adult offspring. (A-C) Exploratory behavior in the open-field test.
Histograms show the total distance moved in the test (A) and proportion of time spent in the center area of arena (B) (Control = 6,
cKO = 6). (C) Digital tracking of mice exposed to the open-field test. Representative traces of mice activity (gray) obtained from video
tracking. Blue box indicates the center area of arena. Values represent mean + SEM; n.s > 0.05, “P < 0.05. Student’s t-test.

activated in the DG of cKO mice. Researchers have
reported that pro-inflammatory factors derived from
activated microglia inhibit proliferation of NSCs and
neurite outgrowth/branching.”>*' In light of these
findings, it is possible that the decreased neurogenesis
and abnormal morphology of newborn neurons in the
DG of cKO mice are attributable to pro-inflammatory
factors released by activated microglia.

We also observed that prenatal deletion of Dnmtl
causes anxiety-like behavior in adult mice. Recent
studies have shown that exposure to prenatal and
neonatal stress—such as prenatal infection, forced
exercise, or maternal separation—augment anxiety-

like behavior in adult offspring,'' yet the mechanisms
underlying these effects remain elusive. It has become
apparent that epigenetic modifications are susceptible
to environmental changes.*”** Although a direct
relationship between early-life stress and epigenetic
modifications in the brain has yet to be verified, it is
conceivable that dysregulation of epigenetic modifica-
tions may occur due to prenatal and neonatal stress
exposure, resulting in depression and anxiety-like
behavior. However, further studies are required in
order to more fully elucidate the mechanisms underly-
ing the development of psychological disorders in
humans.
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Methods
Animals

Generation of Nestin-CreER™>/Dnmt1-conditional
mutant mice

For tamoxifen-inducible Cre-mediated Dnmtl
deletion in NSCs, Dnmt111°% mice?' were crossed
with Nestin-CreER™® transgenic mice in which
CreER™ was expressed under the Nestin promoter
and enhancer.”” Tamoxifen administration in Nestin-
CreER"?/Dnmt1-conditional (cKO)
inactivates Dnmtl via deletion of exons 4 and 5 of
Dnmtl in Nestin-expressing NSCs. Either Nestin-
CreER", Dnmt1%°¥*, or CreERTz—negative mice were
used as controls. For in vitro assay of NSCs, ICR back-
ground mice were used. All pregnant mice (ICR back-
ground) were obtained from SLC (Shizuoka, Japan).
For timed mating, the day of vaginal plug appearance

mutant mice

was considered embryonic day (E) 0.5, and the day of
birth was considered postnatal day (P) 0. Both male
and female mice were analyzed, with no distinction.
All mice used in this study were maintained on a 12-h
light/dark cycle with free access to food and water. All
animal procedures were in accordance with the animal
experimentation guidelines of the Nara Institute of
Science and Technology, which follow the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals. All efforts were made to
minimize animal suffering and to reduce the number
of animals used. Tamoxifen (Sigma, T5648) was
dissolved in sesame oil at 10 mg/ml. Intraperitoneal
injections of tamoxifen (2 mg) were administered to
pregnant mice using 27-gauge needles.

Immunocytochemistry

Mice were deeply anesthetized with sodium pentobar-
bital (50 mg/kg i.p.) prior to perfusion with 4% PFA
in PBS. Brains were dissected and postfixed with 4%
PFA in PBS overnight at 4°C. For cryoprotection,
fixed brains were stored in 15% sucrose in PBS
overnight at 4°C, and then transferred into 30%
sucrose in PBS overnight at 4°C. One side of the brain
was embedded in optimal cutting temperature (OCT)
compound (Tissue Tek, Sakura Finetek, 25608-930)
and frozen at —80°C for cryosectioning. Frozen brains
were serially sectioned with the Leica CM 1900 (Leica
Microsystems, Wetzlar, Germany) in the coronal or
sagittal plane at 40 um thickness. Cryosections were
washed with PBS and blocked for 1 h at room

temperature with blocking solution (3% FBS and 0.1%
Triton X-100), and incubated overnight at 4°C with
primary antibodies diluted in blocking solution. The
following primary antibodies were used in the present
study: mouse anti-Ki67 (1:500; BD Biosciences,
550609); goat anti-DCX (1:100; Santa Cruz Biotech-
nology, sc-8066); chick anti-GFAP (1:500; Millipore,
AB5541); rabbit anti-Ibal (1:500, Wako, 019-19741);
rat anti CD68 (1:500, AbD Serotec, FA-11). For
staining of Ki67, antigen retrieval was performed by
heating sections in the target retrieval solution
(DAKO) at 105°C for 15 min prior to blocking. After
three washes in PBS, sections were incubated for 2 h
with corresponding secondary antibodies: CF488
donkey anti-mouse IgG (H+L), highly cross-adsorbed
(1:500; Biotium, 20014); CF543 donkey anti-rabbit
IgG (H+L), highly cross-adsorbed (1:500; Biotium,
20038); CF647 donkey anti-goat IgG (H+L), highly
cross-adsorbed (1:500; Biotium, 20048); CF647
donkey anti-rabbit IgG (H+L), highly cross-adsorbed
(1:500; Biotium, 20047); and CF568 donkey anti-rat
IgG (H+L), highly cross-adsorbed (1:500; Biotium,
20092). Hoechst 33258 (1:500; Nacalai Tesque) was
used for nuclear staining. After a final rinse with PBS,
sections were mounted on glass slides with Immu-
Mount (Thermo Scientific, 9990412), and images were
taken using a Zeiss LSM 780 confocal microscope
(Carl Zeiss, Germany) or Leica AF600 fluorescence
microscope (Leica Microsystems GmbH, Germany).

Open-field test

The open-field test was performed with 8-week old
male mice. Each mouse was placed in the corner of
the open-field apparatus (50 cm x 50 cm x 30 cm;
O’Hara & Co., Tokyo, Japan), which was illuminated
at 100 Ix. Total distance traveled (cm) and time spent
in the center area were recorded. The center area was
defined as the 30 cm x 30 cm area located at the cen-
ter of the open field. Data were collected for 10 min.

Statistical analysis

At least 3 mice per group were analyzed for cell
counting, and 6 mice per group were used for
behavioral testing. Statistical analyses were performed
t-test.  All
independently replicated at least 3 times. Differences

using  Student’s experiments  were
were considered statistically significant at p < 0.05.
Asterisks indicate significant differences (* < 0.05;

* < 0.01, " < 0.001).



Abbreviations

cKO conditional knockout

CNS central nervous system
DCX  doublecortin

DG dentate gyrus

Dnmtl DNA methyltransferase 1
Ezh2  enhancer of zeste homolog 2
GFAP  glial fibrillary acidic protein
HDAC histone deacetylase

LSD1  lysine-specific histone demethylase 1
NSC neural stem cell

RMS  rostral migratory stream
SvVzZ subventricular zone

TNF-a  tumor necrosis factor o
VPA  valproic acid

WT wild-type
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