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MicroRNA134 of Ventral Hippocampus Is Involved
in Cocaine Extinction-Induced Anxiety-like
and Depression-like Behaviors in Mice
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We previously found that cocaine abuse could increase micro-
RNA134 (miR134) levels in the hippocampus; yet the roles of
miR134 in cocaine-related abnormal psychiatric outcomes
remainunknown. In this study, using the cocaine-induced condi-
tioned place preference (CPP) mice model, we found that mice
exhibit enhanced anxiety-like and depression-like behaviors dur-
ing the cocaine extinction (CE) period of CPP, accompanied by
obviously increased miR134 levels and decreased levels of 19
genes that are associated with synaptic plasticity, glia activity,
and neurochemical microenvironments, in the ventral hippo-
campus (vHP). Knockdown of miR134 in vHP in vivo reversed
the changes in 15 of 19 potential gene targets of miR134 and
rescued the abnormal anxiety-like anddepression-likebehavioral
outcomes inCEmice. Inparallel, knockdownofmiR134 reversed
CE-induced changes in dendritic spines and synaptic proteins
and increased the field excitatory postsynaptic potential (fEPSP)
of CA1 pyramidal neurons in the vHP of CE mice. In addition,
knockdown of miR134 suppressed the CE-enhanced microglia
activity, inflammatory, apoptotic, and oxidative stress statuses
in the vHP. With the data taken together, miR134 may be
involved in cocaine-associated psychiatric problems, potentially
via regulating the expressions of its gene targets that are related
to synaptic plasticity and neurochemical microenvironments.
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INTRODUCTION
Cocaine addiction is characterized by a loss of control over drug
intake and a high rate of relapse.1,2 In both humans3 and rodents,4,5

psychostimulants could enhance anxiety and depression behaviors,
which contribute to relapse to the drugs.2,6 In recent decades, micro-
RNAs (miRNAs) have been extensively studied in the abuse of psy-
chostimulants such as cocaine.7–9 Previously, we found a remarkable
increase of miRNA 134 (miR134) in rat hippocampus during the
extinction period of cocaine-induced conditioned place preference
(CPP),10 yet whether and how miR134 is involved in cocaine-related
abnormal behaviors remain unknown.

miRNAs are small, endogenous, non-protein-coding RNA molecules
that regulate gene expression by interacting with target genes.11 In
particular, miRNAs have emerged as promising diagnostic markers
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and novel therapeutic targets against anxiety,12 depression,13 and
cocaine addiction.14 miR134 is enriched in the hippocampus.9,15

miR134 plays important roles in the regulation of the size9 and vol-
ume16 of dendritic spines17,18 and might be implicated in glia activity
and neurochemical microenvironments around neurons. The hippo-
campus is one of the brain regions that are most sensitive to the psy-
chostimulants’ neurotoxicity and plays a major role in cocaine addic-
tion.19,20 The ventral hippocampus (vHP) has prominent roles in
emotional processes such as anxiety, depression, fear, and stress.21,22

In the present study (Figure 1A), we propose a link between abnormal
behaviors and the miR134 in cocaine-exposed mice. miR134 of vHP
might be involved in cocaine-induced abnormal behavioral outcomes
through regulating its target genes and subsequent synaptic plasticity
as well as neurochemical microenvironments in the vHP. Managing
the miR134 signal pathway in the vHPmight be an effective approach
for the treatment of abnormal behaviors caused by cocaine use.
RESULTS
miR134-5P LevelsWere Increased in the vHP during the Cocaine

Extinction (CE) Period, and Knockdown of miR134 in vHP

Rescued the Enhanced Anxiety-like and Depression-like

Behaviors in CE Mice

To assess CE models, the CPP procedure was used in mice (Fig-
ure 1B). Saline-extinction (SE)-treated mice were used as controls.
rapy: Nucleic Acids Vol. 19 March 2020 ª 2020 The Author(s). 937
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Figure 1. miR134-5P Level Is Increased by CE in the

vHP of Mice

(A) Proposed model of the present study. (B) Experimental

design and timeline. (C) CPP scores (left, n = 16) and

miR134-5P levels (right, n = 6) of vHP. CPP, conditioned

place preference; CE, cocaine extinction mice; EPM,

elevated plus maze; OFT, open field test; TST, tail sus-

pension test; FST, forced swim test; SE, saline extinction

mice; vHP, ventral hippocampus. **p < 0.01, versus SE

mice; N.S., p > 0.05, versus SE mice.
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As shown in the left panel of Figure 1C, mice spent more time in
the cocaine-paired chamber after 14-day cocaine administration
(p < 0.01, versus pre-test) and similar time after the subsequent
18-day extinction training (p > 0.05, versus pre-test), indicating
938 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
that cocaine CPP acquisition and extinction
were successfully established in mice in the
present study. By contrast, saline treatment
could cause neither CPP acquisition nor
extinction (SE) in mice. In parallel, miR134-
5P levels were significantly increased in the
vHP of CE mice when compared to that of
SE mice after the extinction training (t(4) =
2.9, p = 0.0458; Figure 1C, right).

To assess the cell types in the vHP that
miR134 is mainly expressed, the BaseScope
method combined with immunostaining of
specific cell markers was used in naive mice.
As shown in Figure 2A, miR134 mostly co-
labeled with CAMKII, a marker of pyramidal
neurons, but not with GFAP (glial fibrillary
acidic protein, a marker of astrocyte) and
Iba-1 (a marker of microglia) in the vHP,
indicating that miR134 is mainly located in
neurons of the vHP.

In this study, an adeno-associated virus (AAV),
AAV9-mmu-miR134-5P-RNAi-GFP (miR134-
RNAi-virus), was microinjected into the bilat-
eral vHP of CE mice (CE-miR134-RNAi mice)
to knock down miR134 expression in vivo. In
order to evaluate miR134-RNAi-virus-trans-
fected efficiency and transfected cell types
in the vHP of CE mice, quantification of
miR134-5P (compared with controlled virus-in-
jected CE mice; CE-control mice) and the
localization of GFP with specific cell markers
were examined in the CE mice. As shown at
the top of Figure 2B, the AAV was mainly
injected into vHP and about 93% of miR134
was knocked down by miR134-RNAi-virus
in the CE mice (t(4) = 6, p = 0.004 versus
CE-control). In addition, miR134-RNAi-virus was mostly transfected
in neurons, as indicated by co-localization of GFP with NeuN
(a marker of neuron), but not GFAP and Iba-1 (Figure 2B, middle
and bottom).
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Knockdown of miR134 in the vHP Rescued the Enhanced

Anxiety-like and Depression-like Behaviors in CE Mice

In this study, the elevated plus maze (EPM) and open field test (OFT)
were used to assess anxiety-like behaviors, while the tail suspension
test (TST) and forced swim test (FST) were used to examine depres-
sion-like behaviors in mice. CE mice spent less time in the open arms
(t(22) = 9.008, p < 0.0001, versus SE mice; Figure 3A, left) of the EPM
and in the central zone (t(22) = 5.182, p < 0.0001, versus SE mice; Fig-
ure 3B, middle) of the OFT, indicating the enhanced anxiety-like be-
haviors by CE exposure in mice. The distance traveled in the OFT
apparatus did not differ between groups (t(22) = 0.5555,
p = 0.5841; Figure 3B, left), indicating that CE did not influence the
locomotive ability of mice. In both the TST (t(22) = 6.870,
p < 0.0001; Figure 3C, left) and the FST (t(22) = 8.938, p < 0.0001; Fig-
ure 3D, left), the immobility times were higher in CE mice than in SE
mice, indicating enhanced depression-like behaviors in CE mice.
These enhanced anxiety-like and depression-like behaviors were
rescued by knockdown of miR134 in the vHP, as indicated by
decreased time spent in the open arms (t(22) = 5.384, p < 0.0001,
versus CE-control; Figure 3A, right) of the EPM and the central
zone (t(22) = 5.091, p < 0.0001, versus CE-control; Figure 3B, right)
of the OFT for CE-miR134-RNAi mice, as well as deceased immo-
bility time in the TST (t(22) = 8.862, p < 0.0001, versus CE-control;
Figure 3C, right) and the FST (t(22) = 5.999, p < 0.0001, versus CE-
control; Figure 3D, right) for the CE-miR134-RNAi mice.

Potential Gene Targets of miR134 that Involved in CE Were

Scanned in the vHP of Mice

Based on the miRBase database (http://www.mirbase.org/) and refer-
ences that were searched with the keywords “miRNA,” “plasticity,”
and “glia,” 49 potential gene targets of miR134 were selected and
quantified in the vHP. As shown in the left panel of Figure 4A, 19
of 49 genes decreased (p < 0.05, p < 0.01 versus SE) by CE, therefore
being regarded as gene target candidates of miR134. After miR134-
RNAi-virus treatment, 15 of the 19 gene target candidates were
increased in the vHP of CE-miR134-RNAi mice (p < 0.05, p < 0.01
versus CE-control; Figure 4A, right), suggesting that these 15 genes
may be involved in CE-related neuroadaptations as the downstream
targets of miR134 in the vHP.

In order to further clarify the mRNA results of this study, the proteins
coded by the several mRNAs of the 15 target genes of miR134 were
quantified in the vHP. As shown in Figure 4B, all the tested pro-
teins—including CREB, BDNF, SNAP23, STXBP5, and TICAM2—
were decreased by CE in mice (p < 0.05, p < 0.01 versus SE) but
Figure 2. miR134-Expressed and miR134-RNAi-virus-Transfected Cell Types in

(A) Illustration of miR134-expressed cell types in the vHP of native mice (left). White arr

GFAP, and Iba-1); white triangles indicate colocalization withmiR134 (red) and biomarke

miR-134-positive cells (right). (B) Illustration of miR134-RNAi-virus-transfected cell typ

expression of virus (green, middle; scale bar, 100 mm), and miR-134-5P levels (right) in

Bottom panels: miR134-RNAi-virus-transfected cell types in the vHP (left). White arrows

Iba-1); white triangles indicate colocalization with GFP (green) and biomarkers (red). Sca

(right).
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were reversed to higher levels by knocking down the miR134-5P in
CE-miR134-RNAi mice (p < 0.05, p < 0.01 versus CE-control).
Knockdown of miR134 in the vHP Ameliorated the Changes in

Synaptic Plasticity in CE Mice

The density of dendritic spine and synapse and the levels of synaptic
proteins were examined to assess the synaptic plasticity in the vHP of
mice. As shown in Figure 5, both the density of dendritic spines
(t(10) = 5.469, p = 0.0003; Figure 5A, left) and density of synapses
(t(10) = 4.802, p = 0.0004; Figure 5B) were significantly decreased,
when compared with that of SE mice. In parallel, remarkable de-
creases of synapsin I (SYP I) (t(4) = 3.183, p = 0.0334) and PSD-95
(t(4) = 2.944, p = 0.0422) protein levels were observed in CE mice,
when compared with that of SE mice (Figure 5C, left).

Knockdown of miR134 in the vHP reversed some changes in synaptic
plasticity by CE, as indicated by an increased density of dendritic
spines (t(10) = 4.466, p = 0.0012; Figure 5A, right) and protein levels
of SYP I (t(4) = 3.236, p = 0.0318) and PSD-95 (t(4) = 4.315,
p = 0.0125; Figure 5C, right) in the vHP of CE-miR134-RNAi mice
when compared with that in CE-control mice. In parallel, knockdown
of miR134 significantly enhanced the theta burst stimulation (TBS)-
induced field excitatory postsynaptic potential (fEPSP) of CA1 pyra-
midal neurons in the vHP of CE mice (p < 0.01 versus CE-control;
Figure 5D), indicating a negative regulation of miR134 in the devel-
opment of long-term potentiation (LTP) of the vHP during CE.
Knockdown of miR134 Reversed the Changes in Microglia

Activity andNeurochemicalMicroenvironments byCE in the vHP

In this study, GFAP and Iba-1 were used as marks for astrocyte and
microglia, respectively, and the neurochemical microenvironments—
including pro-inflammation factors, apoptotic molecules, and oxida-
tive stress status—were examined in the vHP. As shown in the left
panel of Figure 6A, the protein levels of Iba-1 (t(4) = 6.7,
p = 0.0428), but not GFAP (t(4) = 0.1891, p = 0.8592), were signifi-
cantly increased in the vHP of CE mice compared with that in SE
mice. Levels of pro-inflammatory factors, including interleukin
(IL)-6 (t(4) = 2.895, p = 0.0444), IL-1b (t(4) = 6.7, p = 0.0026), tumor
necrosis factor alpha (TNF-a) (t(4) = 9.87, p = 0.0006), and nuclear
factor kB (NF-kB) (t(4) = 2.888, p = 0.0447), were increased by CE
in the vHP (Figure 6B, left). Levels of apoptotic molecules such as
caspase-3 (CAS3) (t(4) = 3.265, p = 0.0309), Bcl-2 (t(4) = 4.427,
p = 0.0114), and Bcl-2 associated X protein (Bax) (t(4) = 6.401,
p = 0.0031) were increased in the vHP of CE mice (Figure 6C, left).
the vHP
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Figure 3. Knockdown of miR134 in the vHP Rescues CE-Enhanced Anxiety-like and Depression-like Behaviors in Mice

(A) EPM. Percentage of time spent in the open arms of EPM in SE and CEmice (left, n = 24), as well as in miR134 RNAi and controlled RNAi of CEmice (right, n = 24). (B) OFT.

Distance traveled in the OFT apparatus (left); percentage of time spent in the central zone of the OFT (middle) in SE and CE mice (n = 24), as well as that in miR134 RNAi and

(legend continued on next page)
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In parallel, activities of superoxide dismutase (SOD) (t12 = 3.405,
p = 0.0067) were decreased, and levels of malondialdehyde (MDA)
(t12 = 3.802, p = 0.0034) were increased in the vHP of CE mice
compared with that of SE mice (Figure 6D, left).

Knockdown of miR134 reversed the higher statuses in microglial ac-
tivity, inflammation, apoptosis, and oxidative stress by CE in the vHP,
as indicated by the attenuated levels of Iba-1 (t(4) = 6.505, p = 0.0029;
Figure 6A, right), IL-6 (t(4) = 3.926, p = 0.0172), IL-1b (t(4) = 5.366,
p = 0.0058), TNF-a (t(4) = 6.777, p = 0.0025), NF-kB (t(4) = 5.89,
p < 0.0001; Figure 6B, right), CAS3 (t(4) = 6.278, p = 0.0033), Bax
(t(4) = 3.206, p = 0.0327; Figure 6C, right), and MDA (t(12) =
4.974, p = 0.0006; Figure 6D, right) and increased SOD (t(12) =
8.399, p < 0.0001) activity in the vHP of CE-miR134-RNAi mice,
when compared with those in CE-control mice. In parallel, knock-
down of miR134 failed to affect the levels of GFAP (t(4) = 0.18,
p = 0.8664) and Bcl-2 (t(4) = 5.135, p = 0.6188) in the vHP of CE-ex-
perienced mice.

DISCUSSION
Cocaine addicts with high anxiety and depression levels are likely to
relapse to drug use.2,6 In this study, CE exposure triggered an increase
of miR134 level in the vHP, accompanied by changes in several poten-
tial target genes, synaptic plasticity, glia activity, and neurochemical
microenvironments. Local knockdown of miR134 expression in vivo
rescued the abnormal behaviors and reversed CE-induced changes in
target genes, synaptic plasticity, glia activity, and microenvironment
in the vHP of mice.

miR134 Is Involved in CE-Enhanced Anxiety-like and

Depression-like Behaviors in Mice

miR134 is abundantly expressed in hippocampus. Several studies
demonstrated that miR134 expressions are significantly
increased17,23–25 or decreased7,26 in nervous diseases, such as
seizure, ischemic stroke, and neuropathic pain. Blockade or activa-
tion of miR134 could suppress brain damage,15,27 suggesting that
targeting miR134 signaling has potential therapeutic effects on brain
disorders. Previously, we found a remarkable upregulation of the
miR134 level in the intact hippocampus by cocaine exposure.10

Here, we further investigated the expression of miR134 in the
ventral part of hippocampus, a brain region that is closely associated
with the regulation of emotions such as anxiety, depression, stress,
and fear. Consistent with previous results, CE significantly triggered
miR134 expression in the vHP, accompanied by enhanced anxiety-
like and depression-like behaviors in mice. A recent study reports
that silencing miR134 in the brain alleviates depression-like
behavior induced by chronic stress exposure in animals.24 Similarly,
we found that local knockdown of miR134 expression in the vHP
reduced anxiety-like and depression-like behaviors in CE mice, sug-
controlled RNAi of CE mice (right, n = 24). (C) TST. Immobility time during the TST in SE a

(right, n = 24). (D) FST. Immobility time during the FST in SE and CE mice (left, n = 24), a

versus SE mice; ##p < 0.01 versus CE-control mice. CE, cocaine extinction mice; SE,

RNAi, miR134-RNAi-injected CE mice.
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gesting an involvement of miR134 in cocaine-use-related psychiatric
problems.

Drug-induced neurotoxicity depends on changes in gene expres-
sion.28 Based on a miRNA database (http://www.mirbase.org/) and
previous reports of miR134 and nervous system diseases, we scanned
49 potential target genes of miR134 and found that 19 of them were
decreased by CE in the vHP (Figure 4A). Importantly, knockdown of
vHP miR134 in vivo could restore 15 gene levels of them, indicating
that these 15 genes were regulated by miR134, which was involved in
CE-induced abnormal behavioral outcomes. Further, we also exam-
ined the protein levels of CREB, BDNF, SNAP23, STXBP5, and
TICAM2, which were consistent with the mRNA results. It has
been well established that miRNAs act by binding to target mRNAs
and initiating either cleavage or a reduction in the translational effi-
ciency of the target mRNA, depending on the degree of sequence
complementarity.29 Based on the TargetScan database, miR134-5p
and Creb1 have predicted a consequential pairing of the target region.
Studies also show that Creb-1 and Bdnf are important molecular
mechanisms underlying the plasticity deficit that are regulated by
miR134.27,30,31 In the present study, we found that miR134 was pre-
dicted to target Creb-1 and post-transcriptionally regulated the
expression of CREB and BDNF in CE mice, which was consistent
with previous results. In addition, we also identified other genes regu-
lated by miR134. Some of them are closely involved in synaptic plas-
ticity and transmission, such as Snap23, Sypl2, Stxbp5, Stxbp1, Nfib,
Grik3, Gnao1, and Drd5;15,32,33 some contribute to glia and related
microenvironments around neurons, such as Bdnf, Snap23, Ticam2,
Ndnf, Nanog, and Cdh9; and most of them play important roles
in psychiatric disorders, including depression, addiction, and epi-
lepsy.34,35 Although no existing evidence has demonstrated that
they have a direct complementary sequence of miR134, our results
confirmed that these 15 genes were directly or indirectly regulated
by miR134. We think that these target genes might be downstream
of the miR134 directly regulated genes, such as Bdnf being regulated
by Creb1 expression.

miR134 Is Involved in CE-Caused Changes in Synaptic Plasticity

in vHP of Mice

Until now, no effective therapeutic medicine has been available for the
treatment of addiction, partially because addictive drugs of abuse lead
to complicated changes in gene expression and subsequent plasticity
in the brain. Schratt et al.9 first reveal that miR134 is expressed near
synaptic sites on dendrites and enriched in synaptoneurosome. Later,
Numakawa et al.36 show a glial role of miR134 in relation to basic
fibroblast growth factor (bFGF) function in astrocyte. It is intriguing
to explore whether the altered levels of miR134 in vHP are a neuronal
or glial response. In this study, BaseScope data showed that the
expression of miR134 in the vHP was highly restricted in neurons,
nd CE mice (left, n = 24), as well as in miR134 RNAi and controlled RNAi of CE mice

s well as in miR134 RNAi and controlled RNAi of CE mice (right, n = 24). **p < 0.01

saline extinction mice; CE-control, controlled RNAi-injected CE mice; CE-miR134-
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Figure 4. Target Gene Candidates of miR134 Are Scanned in Mice
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but not astrocytes or microglia, in naive mice. In addition, we injected
an adeno-associated virus (AAV9-mmu-miR134-5P-RNAi-GFP) to
knock down the expression of miR134 in the vHP, which also primar-
ily transfected into the neurons (NeuN as a marker) but not the
GFAP- and Iba-1-positive glial cells. These results indicated that
miR134 mainly localized in the glutamatergic neurons in the vHP.
Studies have shown that miR134 negatively regulates the develop-
ment of dendritic spine and synaptic plasticity in the hippocam-
pus.15,37 In the present study, some target genes of miR134, such as
Sypl2, Snap23, Bdnf, and Creb1, have been reported to play important
roles in dendritic spine and synaptic plasticity,38–40 raising the possi-
bility that vHP miR134 might modulate behaviors via regulating the
synaptic plasticity. The number of dendritic spines is closely associ-
ated with the strength of excitatory transmission.41,42 An in vivo study
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 943

http://www.moleculartherapy.org


A

B

C

D
en

dr
iti

c 
sp

in
e 

(in
 5

0
m

)

SE CE
0
5

10
15
20
25 **

D
en

dr
iti

c 
sp

in
e 

(in
 1

0
m

)

##

CE-Control
CE-miR134-RNAi

0

5

10

15

D

Time (min)

Fi
el

d
EP

SC
(n

or
m

)

TBS

-10 0 10 20 30 40 50 60

0
50

10
0

15
0

20
0 CE-miR134-RNAi

CE-Control

0.1mV

2ms

##

PSD95
-actin

SYP I

PSD95
-actin

SYP I

SE CE

SYP I PSD95

0.2

0.4

0.6

0.8

Pr
ot

ei
n *

*

SYP I PSD95

0.5

1.0

1.5

Pr
ot

ei
n #

#

`1 μm

1 μm

SE CE

5 μm5 μm

SE CE

Sy
na

pt
ic

 d
en

si
ty

(in
 3

6
m

2 )

SE CE
0

5

10

15

20 **

1 μm 1 μm

SE CE
CE-Control
CE-miR134-RNAi

00

Figure 5. Knockdown of miR134 in the vHP Ameliorates CE-Induced Changes in Synaptic Plasticity of the vHP

(A) Dendritic spines. Representative images of dendritic spines in the vHP of SE and CEmice (left, n = 12; scale bars, 5 mm), as well as in miR134 RNAi and controlled RNAi of

CEmice (right, n = 12; scale bars, 1 mm). Red arrows indicate the spines. (B) Synapses. Representative images of synapses (left) and graph of synaptic density (right, n = 12) in

the vHP of SE and CE mice. Red arrows indicate synapses. Scale bars, 1 mm. (C) Protein levels of synapsin I (SYP I) and PSD-95 in the vHP of SE and CE mice (left, n = 6), as

well as in miR134 RNAi and controlled RNAi of CE mice (right, n = 6). (D) fEPSP of the vHP in miR134 RNAi and controlled RNAi of CE mice. Representative traces of EPSP

(top) and slopes of EPSP (bottom; n = 12) of vHP in controlled RNAi and miR134 RNAi mice. *p < 0.05 and **p < 0.01, versus SE mice; #p < 0.05 and ##p < 0.01, versus CE-

control mice. CE, cocaine extinction mice; SE, saline extinction mice; CE-control, controlled RNAi-injected CE mice; CE-miR134-RNAi, miR134-RNAi-injected CE mice.

Molecular Therapy: Nucleic Acids

944 Molecular Therapy: Nucleic Acids Vol. 19 March 2020



A

B

C

-actin

SE CE

NF B

IL-1

TNF

IL-6

-actin

SE CE

Bcl-2

CAS3

Bax

SE CE
0

20

40

60

80 **

SO
D

  (
U

/m
g)

CE-Control
CE-miR134-RNAi

0

20

40

60

80 ##

SO
D

  (
U

/m
g)

SE CE
0

2

4

6

8

M
D

A 
 (n

m
ol

/m
g) **

M
D

A 
 (n

m
ol

/m
g)

CE-Control
CE-miR134-RNAi

0
2
4
6
8

10 ##

D

Iba-1
GFAP

-actin

IL-6

TNF

-actin

IL-1

NF B

-actin

Bax

CAS3

Bcl-2

GFAP

-actin

SE CE

Iba-1

Iba-1
0.0

0.5

1.0

1.5

2.0
SE CE

Pr
ot

ei
n

*

IL-6
IL-1

β
TNFα

NF κB

1.5

1.0

0.5  

SE CE

Pr
ot

ei
n

* **
**

*

GFAP Iba-1
0.0

0.5

1.0

1.5

CE-Control
CE-miR134-RNAi

#

Pr
ot

ei
n

1.5

1.0

0.5

CE-Control
CE-miR134-RNAi

Pr
ot

ei
n

# ##

##
##

CAS3 Bcl-2 Bax

1.5

1.0

0.5 

SE CE

* *
**

Pr
ot

ei
n

CAS3 Bcl-2 Bax

1.5

1.0

0.5

CE-Control
CE-miR134-RNAi

Pr
ot

ei
n

##

#

GFAP

IL-6
IL

-1
β

TNF
α

NF
Bκ

0
0

00

Figure 6. Knockdown of miR134 in the vHP Relieves the Enhancements in Microglia Activity and Inflammatory, Apoptotic, and Oxidative Stress Statuses of

CE Mice

(A) Protein levels of GFAP and Iba-1 in the vHP of SE and CEmice (left, n = 6), as well as in miR134 RNAi and controlled RNAi of CEmice (right, n = 6). (B) Protein levels of pro-

inflammatory factors in the vHP of SE andCEmice (left, n = 6), as well as inmiR134 RNAi and controlled RNAi of CEmice (right, n = 6). (C) Protein levels of apoptotic molecules

in the vHP of SE and CE mice (left, n = 6), as well as in miR134 RNAi and controlled RNAi of CE mice (right, n = 6). (D) Activities of SOD (top) and level of MDA (bottom) in

the vHP of SE and CE mice (left, n = 12), as well as in miR134 RNAi and controlled RNAi of CE mice (right, n = 12). *p < 0.05 and **p < 0.01, versus SE mice; #p < 0.05 and
##p < 0.01, versus CE-control mice. CE, cocaine extinctionmice; SE, saline extinctionmice; CE-control, controlled RNAi-injected CEmice; CE-miR134-RNAi, miR134-RNAi-

injected CE mice.

www.moleculartherapy.org

Molecular Therapy: Nucleic Acids Vol. 19 March 2020 945

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
showed that higher levels of miR134 negatively regulate EPSP in the
hippocampus via blockade of key plasticity proteins such as CREB.15

Consistent with this finding, we found that both densities of dendritic
spines and synapses, as well as the levels of synaptic proteins,
including SYP I and PSD-95, were significantly reduced by CE in
the vHP of mice, suggesting an attenuated synaptic transmission in
the vHP by CE. Most importantly, local knockdown of vHP
miR134 in vivo restored the decreased levels of synaptic proteins,
accompanied by an enhanced fEPSC in the CA1 of vHP, indicating
that miR134 negatively regulates excitatory transmission in mice dur-
ing the CE period.

Most studies demonstrate the negative regulation of miR134 on hip-
pocampal dendritic spine size9 and density.15 However, one recent
study found that silencing miR134 in the pyramidal neurons of hip-
pocampus could reduce spine density in prolonged-seizure animals,
which could suppress seizures.7 Dendritic spines are targets of excit-
atory axons in the brain;41,43 thus, spine loss is supposed to result in
the attenuation of excitatory responses.44 The reason for the discrep-
ancy among studies may be due to the different disease models and
different sub-region of hippocampus studied.

miR134 Is Involved in CE-Caused Changes in Neurochemical

Environments in vHP of Mice

In recent decades, increasing evidence has demonstrated that the
microenvironment of the neuron could be damaged by these addic-
tive drugs, always being due to the overactive glial cells, oxidative
stress, or inflammatory or apoptotic status around neurons.45–49

Thus, rescuing the microenvironment in the brain might be a com-
mon and effective therapeutic approach for treatment of addiction
and related psychiatric disorders.

miR134 has been reported to be involved in inflammation, oxidative
stress, mitochondrial function, apoptosis, and autophagy in the hip-
pocampus.25,50–52 Here, knockdown of vHP miR134 suppressed
CE-enhanced oxidative molecules, pro-inflammatory and pro-
apoptotic factors in the vHP. Microglia, but not astrocytes, were
reversed by miR134 inhibition, indicating that microglia may be po-
tential intervention targets for miR134. Since we found that miR134
was mainly expressed in neurons of vHP but not glial cells, there must
be a crosstalk mechanism between neurons and glia that miR134
plays its regulatory roles in the glia activities and neurochemical
microenvironments.

In summary, our studies link miR134 with the increased anxiety and
depression by CE exposure. A limitation of this study is not identi-
fying the role of miR134 in the crosstalk between neuron and glial
cells under the condition of cocaine abuse. The results of this study
demonstrate that the miR134 signaling pathway in the vHP contrib-
utes to the development of drug-related psychiatric problems,
mechanically through regulating synaptic plasticity and microenvi-
ronment. miR134 may be a promising therapeutic target for the treat-
ment of drug-related psychiatric disorders and a potential biomarker
to evaluate the therapeutic efficacy against addiction.
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MATERIALS AND METHODS
All experiments were performed in accordance with the Nanjing Uni-
versity of ChineseMedicine Guide for the Care and Use of Laboratory
Animals, Nanjing, China. The study has been approved by the Nanj-
ing University of Chinese Medicine Institutional Animal Care and
Use Committee.
Animals

C57BL/6 male mice were maintained on a reverse light:dark cycle
with food and water available ad libitum. All mice were allowed to
acclimate for 7 days before receiving any experimental manipulation.
Mice were assigned to receive a daily injection of cocaine hydrochlo-
ride (15 mg/kg in saline, intraperitoneally [i.p.], Qinghai Pharmaceu-
tical, Qinghai, China) or saline for 14 consecutive days. CPP proced-
ures were performed in all mice. Some cocaine-experiencedmice were
subjected to local knockdown treatment of miR134 in the vHP. Brain
tissue was collected on day 33 from some mice, and the behavioral
tests were carried out from day 34 in the other mice (Figure 1B).
Behavior Tests

CPP

Cocaine CPP procedures were performed as described previously.10

The TopScan3D CPP apparatus (CleverSys, Reston, VA, USA) is con-
structed of two distinct chambers separated by a removable guillotine
door. The CPP procedure consisted of five phases: the pre-condition-
ing test (pre-test, day�1), acquisition conditioning (days 0–14), post-
conditioning test (CPP test, day 15), extinction training (days 16–31),
and extinction test (day 32). During CPP acquisition conditioning,
mice received an injection of saline (0.2 mL per mouse) or cocaine
(15 mg/kg, i.p.) once daily and were kept in one fixed chamber
(drug-paired chamber) for 45 min. To train CPP extinction, mice
were confined to the drug-paired chamber for 45 min once daily
without any drug treatment. During the pre-test, CPP test, and
extinction test, mice were allowed to freely access two chambers for
15 min. Time spent in the drug-paired chamber was recorded as
the CPP score. Mice that exhibited cocaine-extinct CPP were defined
as CE mice, and saline-extinct CPP mice served as SE mice.

Anxiety-like and Depression-like Behavior Tests

Anxiety levels were evaluated with the EPM on day 34 and the OFT
on day 37. Time in the open arms and central zone (measured using
the EPM and OFT, respectively) were calculated. Depression levels
were evaluated with the TST on day 40 and the FST on day 43. The
movement status of each mouse was recorded for 6 min. Immobility
time during the last 4 min of the tests was measured.

The EPM apparatus consists of four elevated arms (70 cm above the
floor) arranged in a cross pattern with two 1-cm walled arms (open
arms) and two 40-cm walled arms (close arms). Mice were released
from the central platform individually, and the behaviors were re-
corded for 5 min with a camera positioned overhead. Between each
trail, the maze was cleaned with ethanol and water. The time spent
in the open arms was measured.
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In the OFT, mice were placed gently in the center of the open field
apparatus (60 cm � 60 cm) individually, and the behaviors were re-
corded for 5 min with a camera positioned overhead. The time spent
in the central zone (30 cm � 30 cm) and the distance traveled in the
apparatus were measured.

In the TST, each mouse was suspended 40 cm above the tabletop sur-
face with adhesive tape placed 1 cm from the tip of the tail. Movement
was recorded using a camera for 6 min, and the immobility duration
in the last 4 min was calculated. Mice were considered immobile only
when they hung motionless.

In the FST, mice were placed individually in a clear plastic cylinder
(45 cm high, 20-cm diameter) filled with 30 cm of water (25�C).
Immobile time during last 4 min of the 6-min test was scored. Mice
were judged to be in an immobile state whenever they remained
floating in the water without struggling and only made movements
necessary to remain afloat. Latency to immobility was defined as
the time between an introduction to the chamber and the first
instance of immobility.

Virus Injection

Mice were anesthetized with isoflurane and injected with 0.5 mL
AAV9-mmu-miR134-5P-RNAi-GFP virus or control virus into the
bilateral vHP (Figure 2B). The vHP coordinates were as follows: ante-
rior-posterior (AP), �3.4 mm; medial-lateral (ML), ±2.8 mm; and
dorsal-ventral (DV),�5.0 mm.53 Infusions were made with a syringe
pump at a rate of 0.2 mL/min connected to Hamilton syringes
attached via polyethylene tubing to injectors. The injectors were
kept in place for an additional 5 min to allow for virus diffusion.
The detailed information about AAV9-mmu-miR134-5P-RNAi-
GFP is presented in Supplemental Methods.

Immunofluorescence

Mice were perfused with 4% paraformaldehyde (PFA) in PBS buffer
(pH 7.4). The brains were removed and post-fixed in the same 4%
PFA for 2 h and then were put in 30% sucrose overnight and cut
on cryostat to form frozen coronal sections (15 mm). Frozen sections
were incubated at 4�C overnight with primary antibodies, CaMKII
(1:1,000 dilution, Cell Signaling Technology, Danvers, MA, USA),
GFAP (1:500 dilution, Abcam, Cambridge, MA, USA), Iba-1 (1:500
dilution, Wako Pure Chemicals Industries, Osaka, Japan), and
NeuN (1:500 dilution, Abcam, Cambridge, MA, USA). Then, the sec-
tions were incubated with the Cy3- and fluorescein isothiocyanate
(FITC)-labeled secondary antibodies (1:100 dilution, Sigma, St. Louis,
MO, USA) at 37�C for 1 h. Negative control sections were performed
by replacing the primary antibodies with PBS buffer. The number of
double-stained cells was counted by software (Leica, Wetzlar,
Germany).

BaseScope Assay

Single-molecule miRNA fluorescent in situ hybridization was per-
formed using BaseScope probes (ACDBio, Newark, CA, USA) ac-
cording to the manufacturer’s protocol. Mouse brains were perfused
with freshly prepared 4% PFA in 1� PBS, and then, brains were
dissected and placed in 4% PFA for 24 h at 4�C. Brains were immersed
in 30% sucrose in 1� PBS at 4�C until they sank to the bottom of the
container. Fresh frozen mouse brains were sectioned at 15-mm thick-
ness on a cryostat (Leica, Wetzlar, Germany). Slides were baked in a
dry-air oven for 30 min at 60�C, and then slides were washed with 1�
PBS for 5 min. RNAscope Hydrogen Peroxide was added for 10 min
at room temperature (RT). Next, the slide rack was submerged into
the hot 1� RNAscope Target Retrieval solution for 5 min and imme-
diately transferred to distilled water. Slides were washed in fresh 100%
EtOH and air dried. The slides were incubated with RNAscope Pro-
tease Plus at 40�C for 30 min. Mouse miRNA134 probe (#726821)
was used for detecting miR134, and DapB-1ZZ probe (#701021)
was used as a negative control. Then, we proceeded to the normal
immunofluorescence assay described previously after performing
the RNAscope 2.5 HD RED assay. Images were obtained from
consecutive sections, using the same exact camera settings under a
Leica DM6B upright digital research microscope at 20� original
magnification.

Reverse Transcription and Quantitative Real-time PCR

RNA isolation, reverse transcription and quantitative real-time PCR
(qPCR) procedures were performed as described previously.10 In
brief, total RNA were reversely transcripted and analysis of qPCR re-
action was performed using the SYBR Green PCR Master Mix Kit
(SuperArray Bioscience, Frederick, MD, USA) and the ABI 7900HT
Fast Real-Time PCR System (Applied Biosystems, Beverly, MA,
USA). miR134-5P and 49 potential gene targets were quantified in
the vHP. The specific primer for mmu-miR134-5P was as follows:
50- TGTGACTGGTTGACCAGAGG-30. Other primers of this study
are listed in Supplemental Methods. The expression of U6 small
nucleolar RNA and Gapdh was used as the internal control for
miR134-5P and gene targets, respectively. The relative expression
level was calculated by the comparative CT method (2�DDCt).

Dendritic Spine Counting

Mice were deeply anesthetized with isoflurane and decapitated, and
the vHP region was separated immediately. In this study, dendrites
and spines were stained using the Golgi staining method and the
GFP-labeled virus method.

The Golgi staining procedure was carried out according to the
manufacturer’s instructions for the FD Rapid GolgiStain Kit (FD
NeuroTechnologies, Columbia, MD, USA). Sections were cut at
100 mm on a cryostat. Individual pyramidal neurons were selected
from CA1 and traced on a microscope (Leica Microsystems, Wetzlar,
Germany). The spines on secondary and tertiary dendrites of neurons
were calculated at a dendritic segment length of 50 mm.

The virus used in this study is GFP-labeled AAV9, which can be
transfected and expressed in the pyramidal neurons of vHP CA1.
Dendritic spines can be shown by GFP expression. The spines on
the secondary and tertiary dendrites of neurons were calculated at a
dendritic segment length of 10 mm.
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Synaptic Density

Transmission electron microscopy (TEM) was used to observe the
structure of the vHP. Mouse brains were removed, and the vHP re-
gion was separated immediately on ice. The vHP was fixed in glutar-
aldehyde at 4�C for 6 h. Sections were post-fixed by immersion in 1%
OsO4 for 2 h at room temperature and dehydrated in graded alcohol
solution and embedded in propylene oxide. 60-nm sections were
stained with uranyl acetate and lead citrate and imaged using the Tec-
nai G2 Spirit Bio TWIN (FEI, Eindhoven, the Netherlands).
Western Blot

Western blot was performed as described previously.5 Total protein
was extracted using RIPA lysis buffer (Beyotime Institute of Biotech-
nology, Beijing, China). Protein samples (30 mg) were loaded and
electrophoresed on 10% SDS-PAGE gels and transferred to polyviny-
lidene fluoride (PVDF) membranes. Membranes were incubated with
one of the following primary antibodies at 4�C overnight: SYP I (Sig-
nalway Antibody, College Park, MD, USA); PSD-95 (Signalway Anti-
body, College Park, MD, USA); b-actin (Santa Cruz Biotechnology,
Santa Cruz, CA, USA); GFAP (Abcam, Cambridge, MA, USA);
Iba-1 (Boster Biotechnology, Wuhan, China); IL-6 (Boster Biotech-
nology, Wuhan, China); IL-1b (Boster Biotechnology, Wuhan,
China); TNF-a (Boster Biotechnology, Wuhan, China); NF-kB (Bos-
ter Biotechnology, Wuhan, China); CAS3 (Boster Biotechnology,
Wuhan, China); Bcl-2 (Boster Biotechnology, Wuhan, China); and
Bax (Boster Biotechnology, Wuhan, China). The membranes were
washed with Tris-Buffered Saline with Tween-20 (TBST) and then
incubated with horseradish peroxidase (HRP)-conjugated secondary
antibody (Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h at
room temperature. The blots were visualized by an enhanced chem-
iluminescence (ECL) kit (Beyotime Institute of Biotechnology, Bei-
jing, China). Quantitative analysis of density was normalized to
b-actin protein expression.
Oxidative Stress Assays

The protocols were performed as described previously.5 The samples
were homogenized and centrifuged, and then the supernatant was
used for the oxidative stress assay. Commercial detection kits (Jian-
cheng Bioengineering Institute, Nanjing, China) were used to
measure the activity of SOD and the level of MDA according to the
manufacturer’s instructions.
fEPSP Recording

For brain slice preparation, mice were deeply anesthetized with iso-
flurane and decapitated. Brains were quickly removed and submerged
in cutting solution (in millimolar as follows: 119 NaCl, 2.5 KCl, 6 ky-
nurenic acid, 1 NaH2PO4, 13.5 glucose, 100.1 sucrose, 77.9 NaHCO3,
3.5 CaCl2, and 7.3 MgCl2). Horizontal sections (350 mm) containing
the vHP were cut using a vibratome (Leica Microsystems, Wetzlar,
Germany) in ice-cold cutting solution. Brain slices were submerged
in ACSF (artificial cerebrospinal fluid in millimolar as follows: 119
NaCl, 2.5 KCl, 1 NaH2PO4, 11 glucose, 26.2 NaHCO3, 2.5 CaCl2,
and 1.3 MgCl2) at 32�C for 30 min and equilibrated with 95% O2
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and 5% CO2. Slices were then individually transferred to the
recording chamber and superfused continuously with 28�C ACSF.

For extracellular recording, the electrodes were filled with ACSF and
placed in the stratum radiatum of the CA1. Resistance varied from 3
to 4 MU. A bipolar stimulating electrode used to evoke fEPSP was
placed on the pathway from CA3 to CA1. Adjusted stimulus, which
evoked 40%–50% of the maximum response, was delivered at
0.066 Hz. After 30 min of stable baseline recording, LTP was induced
via four theta burst stimulation (TBS) trains (each with 10 bursts con-
taining 4 pulses at 100 Hz and repeating at 5 Hz), given at 20-s inter-
vals. Slopes of eight consecutive fEPSP responses were averaged as an
index for synaptic intensity.
Statistical Analyses

Statistical analysis was carried out using GraphPad Prism software.
All results are expressed as mean ± SD, and data between groups
were compared using two-tailed Student’s t test. p < 0.05 was consid-
ered significant in all tests.
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