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When facing stressful conditions, some people tend to be
impulsively aggressive whereas others are not. However,
the causes and underlying mechanisms remain elusive. It
has been reported that acute stress induces outbursts of
aggression in post-weaning social isolation (SI) mice but
not in group housing (GH) mice. Here we report epigenetic
regulation of impulsive aggression in SI mice. At post-natal
day 21, mice were randomly assigned to GH or SI groups.
We found that SI mice exhibited a higher level of microRNA
206 (miR-206) compared with GH mice. Intra-hippocampal
injection of AM206, an antagomir of miR-206, decreased
stress-induced attack behavior in SI mice and increased
BDNF expression. Moreover, BDNF expression was required
for AM206 effects on the reduction of aggression. On the
other hand, miR-206 overexpression in GH mice induced
attack behavior. Intranasal administration of AM206 rather
than a scramble control significantly reduced attack behavior
and depression-like behavior in SI mice. Our results suggest
that miR-206 mediates development of maladaptive impul-
sive aggression in early life adversity and that its antagomir
could potentially be a therapeutic target against stress-exac-
erbated aggressive behavior.

INTRODUCTION
Maladaptive impulsive aggression is a major school and social prob-
lem and contributes to a cost burden on society. Impulsive aggres-
sion is characterized by unplanned and reactive aggression that ex-
ceeds appropriate levels in an event-induced emotional status.
Under acutely stressful conditions, some people are susceptible to
stress and have a tendency to attack another being with out-of-
context and exaggerated levels, but other people do not. Post-wean-
ing social isolation (SI) mice have been reported to exhibit violent
attack behavior after acute stress, but group housing (GH) mice
do not attack intruder mice.1 However, little is known about the
mechanism whereby early life influences maladaptive impulsive
aggression.

The external environment and genes interplay to shape brain devel-
opment and neural plasticity and affect adult behaviors. It is
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through epigenetic regulation that the environment modulates
gene expression and even mediates development of neuropsychiatric
disorders.2,3 One of these epigenetic mechanisms is RNA translation
repression through microRNA (miRNA). miRNAs are small, evolu-
tionary conserved, non-coding RNA molecules (�22 nt) that nega-
tively regulate gene expression by binding to the 30 untranslated re-
gion (30 UTR) of their target mRNAs.4,5 miR-206, a member of the
muscle-specific miR-1 family, was originally known to regulate em-
bryonic development of skeletal muscle.6 Recently, studies have
shown that miR-206 is also involved in neurological diseases
through its target, brain-derived neurotrophic factor (BDNF).
miR-206 is increased in olfactory mucosal tissues7 and in the tem-
poral cortex of human Alzheimer disease (AD) patients and in
brains of Tg2576 mice.8 miR-206 has been shown to regulate
BDNF expression and is involved in the pathogenesis of AD.8 In
dorsal root ganglia, miR-206 specifically targets long 30 UTRs to
regulate BDNF expression without affecting short 30 UTR counter-
parts.9 These studies suggest that miR-206 could post-transcription-
ally regulate BDNF expression.

BDNF plays a crucial role in brain development and is also associated
with neuroplasticity10,11 and neuroprotection.12 In human studies,
there is a single-nucleotide polymorphism in the BDNF gene, leading
to a valine-to-methionine substitution (Val66Met). The Met allele of
BDNF Val66Met exhibits significantly decreased hippocampal gray
matter volumes compared with Val homozygotes.13 In addition, an
increased number of BDNF Met alleles is associated with increased
aggressive behavior in a population of schizophrenic patients.14 It
has also been shown that people who carry the BDNF Met-Met
variant are vulnerable to environmental risk and have increased
risk for aggressive behavior in adolescence compared with Val-Val
carriers.15,16 These clinical studies suggest that BDNF can potentially
uthors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. SI Micewith HighermiR-206 Levels Exhibit

a Higher Level of Aggression

(A) The experimental design and procedures. Mice at

P21 were randomly assigned to group housing (GH) or

social isolation (SI) groups. 5 weeks later, the mice

were subjected to five footshocks 30 min before the RI

test. (B) SI mice showed a higher number of biting

attacks toward intruders compared with GH mice.

Unpaired Student’s t test, t(13) = 4.90, ***p < 0.001

versus GH; n = 8 and 7 in GH and SI mice, respec-

tively. (C) vHip tissues were dissected out for quanti-

tative real-time PCR analysis. SI mice showed higher

levels of miR-206 compared with GH mice. Unpaired

Student’s t test, t(13) = 3.074, **p < 0.01 versus GH. (D)

There was a significant positive correlation when the

number of attacks was plotted against the levels of

miR-206 in SI mice. R2 = 0.62, *p < 0.05, n = 7 in SI

mice. Data represent mean ± SEM.
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intervene in aggression. In rodents, reduction of hippocampal hyper-
activity blunted attack behavior via upregulation of BDNF in SI
mice.17 Additionally, mice with hippocampus-restricted BDNF
knockout show increased aggression.18 The purpose of this study
was to investigate the involvement of epigenetic regulation in impul-
sive aggression in SI mice. We demonstrated that miR-206 levels of
the ventral hippocampus (vHip) was significantly higher in SI mice
compared with GH mice. AM206, a specific miR-206 antagomir,
decreased stress-provoked attack behavior, and the effect required
increased BDNF expression. Moreover, intranasal delivery of
AM206 significantly reduced attack behavior and depression-like
behavior in SI mice. Our results demonstrate that miR-206-depen-
dent epigenetic regulation promotes impulsive aggression in post-
weaning SI model and suggest a potential therapeutic approach for
impulsive aggression, such as noninvasive intranasal administration
of AM206.

RESULTS
The Level of miR-206 Is Higher in SI Mice

miR-206 has been shown to specifically target long 30 UTRs to repress
BDNF expression,9 and we have reported previously that BDNF
expression is involved in regulation of impulsive aggression in SI
mice.17 We investigated a role of miR-206 in stress-provoked aggres-
sion. Mice on post-natal day 21 (P21) were randomly assigned to GH
or SI experimental groups. After 5 weeks, they were subjected to five
footshocks 30 min before the resident-intruder (RI) test (Figure 1A).
The next day, vHip tissues were dissected out for quantitative real-
time PCR analysis. Figure 1B shows that SI mice had higher attack
numbers (Figure 1B) and higher miR-206 levels (Figure 1C)
compared with GH mice. Furthermore, the number of attacks was
significantly correlated with the levels of miR-206 in SI mice (Fig-
ure 1D; the linear regression of correlation, R2 = 0.6211). The results
indicated that there was a positive correlation between attack levels
and miR-206 levels after post-weaning SI.
AM206 Decreases the SI-Induced Increase in miR-206 and

Stress-Provoked Attack Numbers

To investigate whether miR-206 was involved in the aggression trait
of SI mice, we infused the antagomir of miR-206, AM206 (20-O-meth-
ylated antisense oligonucleotides), into the vHip, a brain area that me-
diates stress-induced aggression in SI mice.19 We used fluorescent
Cy3 to attach the 50 end of the AM206 oligonucleotide to visualize
the AM206 injection sites. First we examined whether AM206
improved BDNF expression in vivo and then tested whether inhibit-
ing miR-206 with AM206 reduced attack behavior. On P21, mice
were assigned to GH or SI groups. On P49, scramble or AM206
(500 mM, 0.8 mL/side) was infused into the bilateral vHip of mice.
Two weeks later, the vHip tissues of these mice were analyzed after
the RI test. Two-way ANOVA revealed a significant group (SI versus
GH) � drug (AM206 versus scramble) interaction effect in Bdnf
mRNA levels (Figure 2A). Intra-vHip infusion of AM206 significantly
increased BdnfmRNA in SI mice but not in GHmice (Figure 2A). In a
western blot analysis (Figures 2B and 2C), intra-vHip infusion of
AM206 increased hippocampal BDNF protein expression in vivo
(Figure 2C). AM206 significantly increased proBDNF and BDNF
expression in both SI and GH mice, indicating that AM206 did not
involve the process of proBDNF into mature BDNF. Interestingly,
in scramble-transduced mice, proBDNF and BDNF protein levels
were lower in SI mice compared with GH mice (Figures 2B and
2C), whereas Bdnf mRNA levels were comparable between SI and
GH mice (Figure 2A). These results suggested that SI involved modi-
fication of BdnfmRNA rather than its pre-RNA production. In addi-
tion, the SI-decreased BDNF protein level in scramble mice (Fig-
ure 2C) is consistent with the result showing that SI increased the
miR-206 level (Figure 1C).

The tropomyosin receptor kinase B (TrkB) receptor is a receptor for
BDNF. Consistent with the BNDF results, the levels of phospho-TrkB
(p-TrkB; the active form of the TrkB receptor) in scramble-treated SI
Molecular Therapy: Nucleic Acids Vol. 20 June 2020 813

http://www.moleculartherapy.org


Figure 2. The miR-206 Antagomir Increases BDNF

Protein Expression

(A) AM206 had no effect on Bdnf mRNA in GH mice

but increased Bdnf mRNA in SI mice. Two-way

ANOVA, F(1,22) = 9.18, **p < 0.01 in the interaction

effect, Bonferroni’s post hoc test, scramble versus

AM206, **p < 0.01 in SI mice, p = 0.72 in GH mice. n =

10, 5, 6, and 5 in scramble-GH, AM206-GH, scramble-

SI, and AM206-SI mice, respectively. (B) The repre-

sentative images of Western blotting in (C). (C) AM206

significantly increased the protein expression of miR-

206 downstream targets. Two-way ANOVA, significant

main effects of AM206: F(1,22) = 9.72, **p < 0.01 in

BDNF protein levels; F(1,22) = 118.6, **p < 0.001 in

proBDNF protein levels; F(1,22) = 180.2, **p < 0.001 in

p-TrkB levels; F(1,22) = 18.6, **p < 0.001 in HDAC4

protein levels. In scramble-treated mice, BDNF,

proBDNF, and p-TrkB protein levels were significantly

lower in SI mice compared with GH mice. GH versus

SI, t(14) = 9.55, #p < 0.05, t(14) = 6.34, ##p < 0.01, and

t(11) = 3.46, ##p < 0.01 in BDNF, proBDNF, and p-TrkB

of scramble control, respectively. However, the HDAC4

level of scramble-treated GH mice was not different

from the one of scramble-treated SI mice (t(11) = 0.30,

p = 0.77). In total TrkB and CRF protein expression,

there was no difference among groups (one-way

ANOVA, F(3,22) = 2.9, p > 0.05 and F(3,22) = 0.14, p >

0.05 in TrkB and CRF, respectively). For BDNF and

proBDNF protein, n = 10, 5, 6, and 5 in scramble-GH,

AM206-GH, scramble-SI, and AM206-SI mice,

respectively. For p-TrkB, TrkB, HDAC4, and CRF

protein, n = 6, 7, 7, and 6 in scramble-GH, AM206-GH,

scramble-SI, and AM206-SI mice, respectively. Data

represent mean ± SEM.
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mice was lower than those of scramble-treated GH mice (Figures 2B
and 2C). It suggested that BDNF signaling was less activated in SI
mice compared with GH mice. Moreover, AM206 treatment
increased p-TrkB levels in GH and SI mice (Figures 2B and 2C), indi-
cating that AM206 treatment activated BNDF signaling. There was no
difference in total TrkB protein expression among groups.

Histone deacetylase 4 (HDAC4) is one of the downstream targets of
miR-206 in skeletal muscle.20,21 We found that AM206 treatment
significantly increased HDAC4 levels in the vHip of SI and GH
mice. However, in scramble-treated groups, the HDAC4 level was
not different between SI and GH mice (Figures 2B and 2C). In addi-
tion, protein expression of corticotropin-releasing factor (CRF),
which regulates functions of the hypothalamic-pituitary-adrenal
(HPA) axis, was not different among groups, indicating that
AM206 treatment has no effects on CRF expression (Figures 2B
and 2C). Thus, intra-vHip infusion of AM206 efficiently increased
BDNF levels, the downstream target of miR-206, in vivo.

We visualized the distribution of AM206 by checking the injection
sites of Cy3-labeled AM206 (500 mM, 0.8 mL/side) in the vHip of SI
814 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
mice (Figure 3A). The results confirmed the presence of Cy3-
AM206 in the vHip. Cy3-AM206 was present in NeuN-positive (a
neuronal marker, Figure 3B, top; 70.46% ± 2.5%) and GFAP-positive
cells (a glial cell marker, Figure 3B, bottom; 28.29% ± 1.67%), indi-
cating that Cy3-AM206 was mainly distributed in neurons (Fig-
ure 3C). Importantly, BDNF signals (green) were highly co-localized
with Cy3-positive (red) cells in the vHip of AM206-treated mice (Fig-
ure 3D, bottom). Cy3-positive cells with BDNF were 51.08% ± 3.06%
in Cy3-positive cells with AM206 treatment (Figures 3D and 3E, bot-
tom) and 12.14% ± 2.78% in Cy3-positive cells with scramble treat-
ment (Figures 3D and 3E, top), indicating that AM206 treatment
induced BDNF expression in Cy3-positive cells compared with
scramble treatment.

Regarding aggressive behavior, two-way ANOVA showed a signifi-
cant group� drug interaction in attack numbers (Figure 4A). Bonfer-
roni’s test showed that AM206 significantly reduced attack numbers
in SI mice but not in GH mice (Figure 4A). In an open field test,
AM206 had no effects on total distance traveled (Figure 4B) and cen-
tral duration (Figure 4C) in GH and SI mice, indicating that AM206
did not affect locomotor function in mice. In the forced swimming



Figure 3. Distribution of Cy3-AM206 after Intra-hippocampal Injection

(A) The infusion site of Cy3-labeled AM206. The scale bar represents 550 mm. (B) The fluorescence of Cy3-AM206 was distributed throughout the vHip and present in NeuN-

positive (top) and glial fibrillary acidic protein (GFAP)-positive (bottom) cells. The scale bar represents 50 mm. In the insets on the right, the scale bar represents 20 mm. (C) The

percentage of Cy3+-NeuN+ cells among NeuN+ cells is higher than that of Cy3+-GFAP+ cells among GFAP+ cells. Unpaired Student’s t test, t(14) = 14.47, ***p < 0.001. n = 7

and 9 brain slices in 3 mice for NeuN and GFAP, respectively. (D) BDNF expression (green) was highly colocalized with Cy3-positive cells (red) in the vHip of AM206-treated

mice (bottom). The scale bar represents 50 mm. In the insets on the right, the scale bar represents 20 mm. (E) AM206 treatment increased BDNF protein expression in Cy3-

positive cells compared with the scramble control. Unpaired Student’s t test, t(22) = 9.42, ***p < 0.001. n = 12 brain slices in 3 mice per group. Data represent mean ± SEM.
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test (FST), two-way ANOVA revealed a significant group � drug
interaction effect (Figure 4D). AM206 significantly reduced immo-
bility duration in SI mice but not in GH mice (Figure 4D), suggesting
that AM206 produces antidepressant effects in SI mice but not in GH
mice. In contrast, mismatch of the AM206 sequence has no effect on
SI mice. The effects of the mismatch antagomir were similar to those
of the of scramble control in the RI test, FST test, and open field test.
Thus, AM206 infusion into the vHip reduced attack behavior and
depression-like behavior in SI mice.

Knockdown of BDNF in the vHip Prevents AM206-Mediated

Reduction in Attack Behavior

To examine whether the AM206 effect depended on hippocampal
BDNF protein, we combined Bdnf small hairpin RNA (shRNA) trans-
duction with microinjection of AM206 into the vHip. We confirmed
that mice with transduction of Bdnf shRNA had reduced expression
levels of BDNF protein in the hippocampus (Figure 5A), indicating
the efficiency of BDNF knockdown. Another group of GH and SI
mice was microinjected with AM206 and, 6 days later, transduced
with a lentivirus carrying scramble or Bdnf shRNA. Ten days later,
these mice were subjected to five footshocks 30 min before the RI
test (Figure 5B). Two-way ANOVA revealed a significant transduc-
tion (shBdnf versus scramble) � group (GH versus SI) interaction
in attack numbers (Figure 5C). Bonferroni’s test showed that attack
numbers were not different between scramble- and Bdnf shRNA-
transduced GH mice, indicating that BDNF knockdown per se did
not induce attack behavior. However, attack numbers in Bdnf
shRNA-transduced SI mice were significantly higher than in
Molecular Therapy: Nucleic Acids Vol. 20 June 2020 815
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Figure 4. Intra-hippocampal Infusion of AM206 Produces Anti-aggression

Effects in SI Mice

(A) In the RI test, there was a significant interaction effect in AM206 and SI mice (two-

way ANOVA, F(1,70) = 21.84, ***p < 0.001). AM206-treated SI mice (500 mM, 0.8 mL/

side) had significantly lower attack numbers than scramble-treated SI mice (500 mM,

0.8 mL/side) (Bonferroni’s post hoc test, p < 0.001). In contrast, intra-hippocampal

AM206 infusion had no effect in GH mice (Bonferroni’s post hoc test, p > 0.1). For

mismatch control of the AM206 sequence, mismatch-treated SI mice had signifi-

cantly higher attack behavior than AM206-treated SI mice (one-way ANOVA,

F(2,46) = 16.47, ***p < 0.001; Bonferroni’s post hoc test, p < 0.05), but mismatch-

treated SI mice showed no difference from scramble-treated SI mice (Bonferroni’s

post hoc test, p > 0.9). (B and C) AM206 had no effect on the locomotion activity (B)

and central duration (C) in the open field test in GH and SI mice. Two-way ANOVA,

F(1,70) = 0.02, p = 0.89 in the interaction effect of total distance traveled (B). F(1,70) =

0.22, p = 0.63 in the interaction effect of central duration (C). Formismatch control of

the AM206 sequence, mismatch-treated SI mice showed no difference from

AM206- and scramble-treated SI mice (one-way ANOVA, F(2,46) = 0.59, p > 0.05 in

total distance; F(2,46) = 0.01, p > 0.05 in duration traveling in the central area). (D) In

the FST, AM206 significantly reduced immobility time in SI mice but not in GH mice.

Two-way ANOVA, F(1,70) = 19.60, ***p < 0.001 in the interaction effect of immobility

duration. Bonferroni’s post hoc test, AM206 versus scramble, **p < 0.01 in SI mice.

For mismatch control of the AM206 sequence, mismatch-treated SI mice showed

no difference from scramble-treated SI mice (p > 0.9).n = 14 and 20 in scramble-

and AM206-GH mice, respectively. n = 20, 20, and 9 in scramble-treated, AM206-

treated, and mismatch SI mice, respectively. Data represent mean ± SEM.

Molecular Therapy: Nucleic Acids
scramble-transduced SI mice, indicating that the anti-aggression ef-
fect of AM206 was reversed by BDNF knockdown. In the open field
test, there were no effects on total distance traveled (Figure 5D), indi-
cating that BDNF knockdown did not involve general locomotion
ability. These results suggested that the anti-aggression effect of
AM206 depended on BDNF protein expression.

Overexpression of miR-206 in GH Mice Provokes Attack

Behavior

Because SI mice exhibited increased miR-206 levels, we next deter-
mined whether miR-206 overexpression in GHmice produced effects
similar to SI. Four-week-old GH mice were infused with a lentivirus
carrying a miR-206 mimic into the vHip. Seven days later, these mice
816 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
were given RI tests without and with footshocks on sequential days
(Figure 6A). To ensure overexpression of miR-206, we harvested
vHip tissues for quantitative real-time PCR. As shown in Figure 6B,
the levels of miR-206 were significantly higher in miR-206 mimic-
transduced mice compared with control-transduced mice. Corre-
spondingly, the expression of BDNF protein was lower in miR-206
mimic-transduced mice (Figure 6C). Mixed two-way ANOVA re-
vealed a significant transduction � stress interaction effect in attack
behavior in GH mice (Figure 6D). miR-206 mimic-transduced mice
exhibited higher levels of attack behavior than control mice.
Moreover, acute stress induced higher levels of attack behavior in
miR-206 mimic-transduced GH mice but not in control GH mice.
It indicated that miR-206 overexpression produced attack behavior
in GH mice. In the open field test, miR-206 overexpression had no
effect on total distance traveled (Figure 6E) or central duration (Fig-
ure 6F). In the FST, transduction with the miR-206 mimic did not
significantly affect immobility duration (Figure 6G). These results
suggest that an increase in miR-206 in the vHip induced attack
behavior but not depression-like behavior in mice.

Intranasal Administration of AM206 Produces Anti-aggression

and Antidepressant Effects

We used intranasal administration to deliver AM206 from the nasal
cavity directly to the brain. First we determined whether AM206
could reach the brain via this route of administration. Twenty-four
hours after administration of Cy3-AM206, the mice were sacrificed,
and vHips were sectioned for immunofluorescence staining. Fig-
ure 7A shows the presence of Cy3-AM206 in the vHip, and Cy3-
AM206 was in NeuN-positive cells. After confirming that intranasal
Cy3-AM206 delivery could reach the vHip, another group of SI
mice received intranasal administration of AM206 after a pre-intra-
nasal RI test. 7 days later, these mice received a post-intranasal RI
test and other behavioral tests (Figure 7B). Mixed two-way
ANOVA revealed a significant interaction effect on attack behavior
(Figure 7C). Intranasal administration of AM206 rather than the
scramble control significantly reduced the attack numbers (Fig-
ure 7C). In the FST, AM206-administered mice had lower immobility
duration than scramble-administered mice (Figure 7D). In the open
field test, there was no difference in total distance traveled between
AM206 and scramble mice (Figure 7E). These results suggested that
intranasal administration of AM206 decreased attack behavior and
depression-like behavior in SI mice.

DISCUSSION
The major findings of this study are as follows: (1) miR-206 levels
were higher in SI mice than in GHmice; (2) miR-206 levels positively
correlated with the levels of attack behavior in SI mice; (3) miR-206
overexpression in GH mice induced attack behavior; (4) intra-vHip
infusion of AM206 decreased attack behavior, which depended on
the downstream target of miR-206, BDNF; and (5) intranasal admin-
istration of AM206 rather than a scramble control reduced attack
behavior and ameliorated depression-like behavior. These results sug-
gest that miR-206 mediates stress-provoked attack behavior in SI
mice.



Figure 5. Knockdown of BDNF Prevents the Effects of AM206 in SI Mice

(A) Transduction with Bdnf shRNA into the vHip significantly decreased BDNF protein expression. Unpaired Student’s t test, t = 3.29, *p < 0.05, n = 3 per group. (B) The

experimental procedure of combination of AM206 with BDNF knockdown. Six days after mice received amicroinjection of AM206, the mice were transduced with a lentivirus

carrying scramble or Bdnf shRNA through the cannula. Ten days later, the mice were given footshocks 30 min before the RI test. (C) BDNF knockdown increased the attack

behavior of AM206-treated SI mice but did not have effects on AM206-treated GH mice. Two-way ANOVA, F(1,28) = 26.63, ***p < 0.001 in the interaction effect of the attack

number. Bonferroni’s test, BDNF knockdown versus scramble, ***p < 0.001 in AM206-treated SI mice, p > 0.05 in AM206-treated GH mice. n = 8 per group. (D) BDNF

knockdown had no effects on total distance traveled in the open field test. Two-way ANOVA, F(1,28) = 0.001, p > 0.05 in the interaction effect. n = 8 per group. All data

represent mean ± SEM.
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miR-206 is known to inhibit proliferation and promote differentia-
tion of skeletal muscle.22 This study found that, in the central nervous
system, post-weaning SI promotes impulsive aggression through
epigenetic regulation of miR-206. miR-206 degrades its target
mRNA and subsequently regulates protein expression. One of miR-
206’s downstream targets is BDNF, which promotes survival of neu-
rons and neuroplasticity. Thus, upregulation of miR-206 may impair
neuronal function and induce maladaptive behavior. Consistent with
this scenario, SI mice had increased miR-206 levels and decreased
BDNF protein levels in the vHip. Moreover, SI mice with higher levels
of miR-206 exhibited higher levels of attack behavior. To determine
the relationship between miR-206 and attack behavior, we overex-
pressed miR-206 in the vHip of GH mice. Under our experimental
conditions, GH mice rarely attacked the intruders, even when they
encountered stress (5 footshocks).1,17 However, after miR-206 over-
expression, GH mice attacked the intruders, and attack behavior
was further aggravated when themice encountered stress. In addition,
miR-206 overexpression directly repressed BDNF translation in GH
mice. These results imply that social isolation results in increased
expression of miR-206 and decreased expression of BDNF in the
vHip, leading to promotion of attack behavior.

An antagomir is a chemically engineered oligonucleotide used to
silence endogenous miRNA. In agreement with previous reports
that proved that AM206 silences miR-206 effects,8 infusion of
AM206 into the vHip of SI mice increased BDNF mRNA and protein
levels and subsequently ameliorated aggressive behavior. Moreover,
AM206 treatment induced phosphorylation of the TrkB receptor,
an active form of BDNF receptor. In vivo, AM206 treatment also
increased BDNF expression in Cy3-labeled cells of the vHip. Impor-
tantly, knockdown of BDNF protein abolished the AM206 effect,
indicating that inhibition of miR-206 by AM206 decreased attack
behavior, which depended on BDNF signaling. Conversely, miR-
206 overexpression in GH mice promoted attack behavior. These re-
sults demonstrate a novel role of miR-206 in the development of mal-
adaptive impulsive aggression underlying post-weaning SI and sug-
gest a possible therapeutic approach using AM206.

HDAC4 is a class IIa HDAC and modulates the expression of multiple
genes with neuroprotective effects.23 HDAC4 is one of the downstream
targets of miR-206 and regulates the expression of fibroblast growth
factor (FGF)21 and glial cell-derived neurotrophic factor (GDNF).24

In the present study, although the AM206 antagomir increased
HDAC4 expression, there were no different HDAC4 protein levels be-
tween scramble-treated GH and scramble-treated SI mice. Thus,
HDAC4 is likely not a contributor to the impulsive aggression of SI
mice. In addition, CRF is a peptide hormone that regulates the HPA
axis and modulates stress responses. CRF is not on the list of putative
targets of miR-206 in the TargetScanMouse database. Indeed, this
study found that AM206 did not increase CRF expression as a negative
control for AM206 effects. These results suggest that AM206 decreases
stress-induced attack behavior through the BDNF signaling pathway.
Although our data show that HDAC4 is likely not a contributor to
impulsive aggression, the role of increasedHDAC4 and its downstream
targets in AM206 effects requires future investigation.

It was noted that miR-206 overexpression, which decreased BDNF
levels in GH mice, did not significantly affect immobility duration
Molecular Therapy: Nucleic Acids Vol. 20 June 2020 817
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Figure 6. Overexpression of miR-206 in the vHip of GH Mice Provokes Attack Behavior

(A) The experimental procedure of miR-206 overexpression in GHmice. 4-week-old GHmice were infused with a lentivirus carrying a miR-206 mimic to the vHip. Seven days

later, the mice were given RI tests without receiving footshocks. The next day, the mice were given footshocks 30 min before receiving RI tests. (B) vHip tissues were

harvested for quantitative real-time PCR, and the levels of miR-206 were significantly higher in lenti-miR-206-transduced mice compared with lenti-blank-transduced mice.

Unpaired t test, t(14) = 3.65, **p < 0.01, n = 8 per group. (C) The expression of BDNF protein was lower in lenti-miR-206 transduced mice than in lenti-blank-transduced mice.

Unpaired t test, t(8) = 2.40, **p < 0.05, n = 5 per group. (D) Transduction with the miR-206 mimic significantly increased the attack behavior of GH mice. Mixed two-way

ANOVA, F(1,15) = 20.66, ***p < 0.001 in the main effect of miR-206 overexpression. Acute stress also exacerbated the level of attack behavior in miR-206 mimic-transduced

GH mice but not in blank-transduced GH mice. Mixed two-way ANOVA, F(1,15) = 4.98, *p < 0.05 in the miR-206 overexpression � acute stress interaction effect in attack

behavior. Bonferroni’s test, stress versus no stress, *p < 0.05 in miR-206 mimic-transduced GHmice, p > 0.05 in blank-transduced GHmice. (E and F) In the open field test,

transduction with themiR-206mimic had no effect on total distance traveled (unpaired Student’s t test, t(15) = 0.85, p = 0.41; E) and central duration (unpaired Student’s t test,

t(15) = 0.96, p = 0.35; F). (G) In the FST, transduction with the miR-206mimic did not significantly affect immobility duration. Unpaired Student’s t test, t(15) = 0.77, p = 0.45. n =

9 and 8 in blank- and miR-206 mimic-transduced GH mice, respectively. Data represent mean ± SEM.
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in the FST (Figure 6G). Although preclinical and clinical studies sug-
gest that BDNF is critically involved in antidepressants, some contro-
versial studies show that mice with adulthood BDNF knockdown do
not exhibit baseline depression-like behavior.25,26 It is currently
accepted that BDNF is critical for antidepressant effects but not
necessary for depression pathophysiology.27–29 Moreover, adminis-
tration of BDNF into the nucleus accumbens (NAc) has a prodepres-
sion-like effect in the FST, and blockade of BDNF in NAc produces an
818 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
antidepressant-like effect.30,31 The discrepancies could be attributed
to the location of BDNF in different brain regions.

Bypassing the blood-brain barrier (BBB), noninvasive intranasal
administration of drugs can rapidly reach the brain.32–35 In the pre-
sent study, we detected intranasally delivered Cy3-AM206 in the py-
ramidal cell layer of the vHip, a brain area that mediates maladaptive
impulsive aggression.19 Moreover, 1 week after intranasal delivery,



Figure 7. Intranasal Administration of AM206

Reaches the vHip and Ameliorates Attack Behavior

(A) Twenty-four hours after intranasal administration of

Cy3-AM206, the mice were sacrificed, and vHips were

sectioned for immunofluorescence staining. Cy3-AM206

was present in NeuN-positive cells of the vHip. The scale

bar in the left image represents 50 mm. The scale bar in

the other image represents 25 mm. n = 3 intranasal

AM206-SI mice. (B) Experimental timeline of intranasal

AM206 administration. After the RI test (the pre-intranasal

test), SI mice received intranasal delivery of AM206.

7 days later, the mice received the second RI test (the

post-intranasal test). n = 5 per group. (C) Intranasal de-

livery of AM206 rather than a scramble control signifi-

cantly reduced the attack behavior of SI mice. Mixed two-

way ANOVA, F(1,8) = 9.01,*p < 0.05 in the interaction ef-

fect. Bonferroni’s test, pre-intranasal versus post-intra-

nasal test, **p < 0.01 in AM206 delivery, p > 0.05 in

scramble delivery. (D) Intranasal delivery of AM206

decreased immobility duration in the FST. Unpaired Stu-

dent’s t test, t(8) = 2.69, p < 0.05. (E) In the open field test,

intranasal AM206 delivery had no effect on total distance

traveled. Unpaired Student’s t test, t(8) = 0.0007, p > 0.05.

Data represent mean ± SEM.
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AM206, but not a scramble control, decreased the attack behavior of
SI mice. These results suggest that intranasal delivery of the AM206
antagomir may be convenient for maladaptive impulsive aggression.

In conclusion, we found that SI mice exhibited a higher level of miR-
206 compared with GHmice. Intra-hippocampal injection of AM206
decreased the SI-induced increase in miR-206 and attack behavior
without affecting locomotion activity. In parallel, hippocampal
BDNF protein levels were increased by AM206 and required for
AM206 effects on aggression and depression. Intranasal administra-
tion of AM206, but not a scramble control, significantly reduced
attack behavior and immobility duration in the FST. Our results sug-
gest that AM206 potentially has therapeutic effects against stress
exacerbation of aggressive behavior.

MATERIALS AND METHODS
Animals

Male C57BL/6JNarl mice on P21 were purchased from the National
Laboratory Animal Center, Taiwan, and randomly assigned to GH
(5 mice per cage) or SI (one mouse per cage). 3-week-old male
BALB/c mice were purchased from the National Laboratory Animal
Center, Taiwan, and group-housed under the same conditions with
C57BL/6JNarl mice. The animals were housed on a 12 h/12 h light/
dark cycle (room temperature of 24�C ± 2�C) with food and water
available ad libitum. The experimental procedures were based on Na-
tional Institutes of Health guidelines and approved by the National
Cheng Kung University Medical Center Animal Care and Use
Committee.

RI Test

To assess aggressive behavior in mice, we used the RI test. The day
before and during the RI test, the bedding of cage-resident mice
was not renewed. The resident mice were given five 0.1-mA foot-
shocks (as acute stress) 30 min before the RI test. The intruder, a
male BALB/c mouse, was placed into the home cage of the resident
mice for 15 min. A Sony digital camera (HDR-XR150) recorded
videos. The number of attacks was defined by the bites of the resident
mice to the intruder.

Open Field Test and Locomotor Activity

The open field test was used to measure the locomotor activity and
anxiety-like behavior of the mice. After 1-h habituation, mice were
placed into the corner of a 40 cm � 40 cm � 40 cm square box
with a white floor and black walls. The trials were recorded by the
Noldus video tracking system for 10 min. The total distance traveled
in the box showed the locomotor activity of the mice, whereas the
duration in the central zone showed the anxiety-like behavior of the
mice. The box was cleaned with 75% ethanol to prevent olfactory
cues after every trial. All data were analyzed using EthoVision
XT5.1 software.

FST

The FST is used to assess depression-like behavior in rodents. Mice
were placed in a transparent Pyrex cylinder (height, 25 cm; diameter,
20 cm) filled with water to a height of 20 cm at 20�C ± 1�C. 10 min
later, the mice were removed from the bath and placed in a clean cage.
The water was changed between trials. The videos were recorded by a
Sony digital camera (HDR-XR150). All data were analyzed with Etho-
Vision XT5.1 software.

Drugs

A miR206-neutralizing antagomir (AM206, 50-Cy3-[20-O-methylated-
50-dC]CACACACUUCCUUACAUUCCA-30), a scrambled sequence
control (50-Cy3-[20-O-methylated-50-A]AGGCAAGCUGACCCUGA
Molecular Therapy: Nucleic Acids Vol. 20 June 2020 819
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AGUU-30),8 or a mismatch of AM206 sequence control (50-Cy3[20-O-
methylated-50-dC]CAAACAAUUCAUUACCUUCAA-30) was dis-
solved in diethyl pyrocarbonate (DEPC)-treated phosphate-buffered
saline.

Surgery

Mice were anesthetized with chloral hydrate (50 mg/kg, intraperito-
neally [i.p.]) and placed on a stereotaxic apparatus (Kopf). The
mice were infused with 500 mM of AM206, mismatch, or scramble
into the vHip (anteroposterior, �3.0 mm; mediolateral, ± 3.2 mm;
dorsoventral, �3.8 mm) for 0.8 mL/side at a rate of 0.1 mL/min
through a stainless cannula.

Quantitative Real-Time PCR Analysis

We used the commercial Quik-RNA Mini Prep kit (Zymo Research,
catalog number R2024) for total and microRNA extraction. cDNA
synthesis was done by TaqMan Small RNA Assay kit (Applied Bio-
systems, code 15591044). The thermal cycler conditions followed
the manufacturer’s protocol. The levels of miR-206 and Bdnf
mRNA were measured using a StepOnePlus real-time PCR system
(Applied Biosystems) and analyzed using StepOne software v.2.3
(Applied Biosystems) via comparative cycle threshold (Ct) method.
The probes used in the experiments were purchased from Applied
Biosystems: BDNF (Mm04230607), miR-206 (000510), and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH, Mm99999915). The
levels of miR-206 and bdnf mRNA were normalized by Gapdh
mRNA for each sample.

Western Blot Analysis

vHip tissues were lysed in 0.32 M sucrose buffer (0.32 M sucrose,
10 mM Tris-HCl [pH 7.4], 1 mM EDTA, 2 mM sodium fluoride
(NaF), 5 mM vanadate, 1 mM PMSF, 1.5 g/mL leupeptin, and prote-
ase and phosphatase inhibitor cocktail [Roche]). Supernatants were
collected after 800 � g centrifugation for 10 min. To obtain the syn-
aptosomal fraction, the supernatants were centrifuged at 9200� g for
20 min. The samples (40 mg total proteins) were mixed with sample
buffer (1.54% Dithiothreitol (DDT), 25% glycerol, 4% SDS,
12.5 mM Tris, and 0.02% bromophenol blue) and denatured at
98�C for 10 min. Equal amounts of protein samples were loaded to
SDS-PAGE with the appropriate gel concentration, depending on
the molecular weight of the target protein. Then they were transferred
to a polyvinylidene fluoride (PVDF) membrane (Millipore) using a
semi-dry transfer system (Bio-Ray). Rabbit anti-BDNF (N20,
1:1,000, Santa Cruz Biotechnology), rabbit anti-p-TrkB (1:1,000,
Millipore), rabbit anti-TrkB (1:1,000, GeneTex), rabbit anti-
HDAC4 (1:1,000, Cell Signaling Technology), rabbit anti-CRF
(1:10,000, Millipore), and mouse anti-tubulin (1:2,000, Millipore)
were used. After horseradish peroxidase (HRP)-conjugated second-
ary antibodies (1:5000, Jackson ImmunoResearch Laboratories) and
chemiluminescence detection reagent (enhanced chemiluminescence
[ECL], Perkin Elmer), images were acquired by UVP BiospectrumTM.
The images were analyzed and quantified using ImageJ software. The
protein levels were first normalized to the internal control (tubulin)
for each sample. All experiments were performed at least in triplicate.
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Immunofluorescence

Mice were anesthetized with chloral hydrate (50 mg/kg, i.p.) and
perfused with 4% paraformaldehyde. Brains were fixed in 4% parafor-
maldehyde for an additional 24 h and incubated with 30% sucrose.
Coronal sections (25-mm thickness) were obtained by cryostat
(CM3050S, Leica). After washing with PBST (PBS with 0.1% Tween
20), floating sections were incubated in 1 � saline sodium citrate
(SSC) with 85�C for 15 min and then incubated in 1% Triton X-
100 for 1 h. 30 min after blocking with 1% normal goat serum and
5% BSA dissolved in CAS-blockTM reagent (Invitrogen), the sections
were incubated in 0.1% Fab goat anti-mouse immunoglobulin G
(IgG) dissolved in CAS-block reagent for 2 h. The sections were
then incubated overnight in primary antibodies dissolved in CAS-
block reagent at 4�C. Primary antibodies used in immunofluores-
cence were rabbit anti-GFAP (1:1,000, Millipore), rabbit anti-NeuN
(1:1,000, GeneTex), rabbit anti-BDNF (1:500, GeneTex), and mouse
anti-Cy3 (1:2,500, Abcam). The sections were incubated in Alexa
594 goat anti-mouse and Alexa 488 goat anti-rabbit antibody
(1:500) in CAS-block reagent for 90 min and then incubated in
0.1% DAPI (Sigma, USA) dissolved in PBS for 15 min. Images were
acquired by a Leica DM2500 microscope coupled to a Zyla sCMOS
sensor (ANDORTM, Oxford Instruments) with MetaMorph software
(Molecular Devices).

Lentivirus Injection

For BDNF knockdown, mice were implanted with a cannula and
infused with AM206 as described above. 6 days later, lentiviruses
with shRNA of BDNF (50-TGAGCGTGTGTGACAGTATTA-30) or
scramble (50-TCCTAGAGAAAGTCCCGGTAT-30) were adminis-
tered bilaterally into the vHip with a volume of 0.8 mL at a rate of
0.2 mL/min. The Bdnf shRNA and scramble plasmids were purchased
and packed into lentiviruses from the National RNAi Core Facility
(Institute of Molecular Biology, Academia Sinica, Taiwan). After
resting for 10 days, the mice performed behavior tests. For miR-206
overexpression, the pLenti-miRa-GFP-mmu-miR-206-3p vector
(catalog number mm10215) and pLenti-III-mir-GFP-Blank control
vector (catalog number m001) were purchased from Applied Biolog-
ical Materials (Vancouver, Canada) and packed into lentiviruses by
the National RNAi Core Facility (Institute of Molecular Biology,
Academia Sinica, Taiwan). The target sequence of the miR-206-3p
mimic was as follows: 50-UGGAAUGUAAGGAAGUGUGUGG-30.
Lentiviruses with the miR-206 mimic or with a blank control were
infused bilaterally into the vHip of GH mice as described above.

Intranasal Delivery of AM206

One day after the pre-intranasal RI test, mice were handled in a su-
pine position with the head upright. AM206 or a scramble control
(5 nmol in 24 mL DEPC-treated PBS buffer) was administrated
through a pipette in 4 drops (total of 6 fractions with a 2-min
interval).

Statistical Analysis

GraphPad Prism 6 (GraphPad, San Diego, CA, USA) was used for
data analysis. Data were analyzed using a Student’s t test or
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ANOVA and expressed as mean ± SEM. Bonferroni’s multiple com-
parisons test was used for post hoc comparisons of ANOVA. The level
of significance was p <0.05.
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