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Abstract
Methamphetamine (METH) abuse has become a major public health concern worldwide without approved pharmacotherapies.
The brain renin–angiotensin system (RAS) is involved in the regulation of neuronal function as well as neurological disorders.
Angiotensin II (Ang II), which interacts with Ang II type 1 receptor (AT1-R) in the brain, plays an important role as a
neuromodulator in dopaminergic transmission. However, the role of brain RAS in METH-induced behavior is largely unknown.
Here, we revealed that repeated METH administration significantly upregulated the expression of AT1-R in the striatum of mice,
but downregulated dopamine D3 receptor (D3R) expression. A specific AT1-R blocker telmisartan, which can penetrate the
brain–blood barrier (BBB), or genetic deletion of AT1-R was sufficient to attenuate METH-triggered hyperlocomotion in mice.
However, intraperitoneal injection of AT1-R blocker losartan, which cannot penetrate BBB, failed to attenuate METH-induced
behavior. Moreover, intra-striatum re-expression of AT1 with lentiviral virus expressing AT1 reversed the weakened locomotor
activity of AT1

−/− mice treated with METH. Losartan alleviated METH-induced cytotoxicity in SH-SY5Y cells in vitro, which
was accompanied by upregulated expressions of D3R and dopamine transporter. In addition, intraperitoneal injection of
perindopril, which is a specific ACE inhibitor and can penetrate BBB, significantly attenuated METH-induced hyperlocomotor
activity. Collectively, our results show that blockade of brain RAS attenuatesMETH-induced hyperlocomotion and neurotoxicity
possibly through modulation of D3R expression. Our findings reveal a novel role of Ang II–AT1-R in METH-induced
hyperlocomotion.
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Introduction

Methamphetamine (METH), a h ighly addic t ive
psychostimulant, has become a major worldwide public
health concern [1]. Repeated administration of METH in-
duces psychostimulant behaviors and causes neurotoxicity
in the striatum by increasing extracellular dopamine (DA)
concentration through facilitating DA release and/or
inhibiting its reuptake [2, 3]. Studies have shown that
METH-induced hyperlocomotion and neurotoxicity are
associated with an increase in dopaminergic transmission
in the brain, which is mediated by the structural plasticity
of dopaminergic mesolimbic system [2]. Dopamine D3
receptor (D3R), a member of the D2-like DA receptor
family, has emerged as a compelling therapeutic target
for addictions and related disorders [4–7]. Exposure to
METH induces alterations in locomotor activity and cog-
nitive function by impairing dopaminergic function in the
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striatum [8]. Moreover, a negative association between
impulsivity and striatal D3R expression is observed in
METH users [9, 10].

The renin–angiotensin system (RAS) is a hormone system
that is involved in the regulation of the plasma sodium con-
centration and arterial blood pressure. It is now well
established that the brain has its own intrinsic RAS with all
its components, such as Ang II, angiotensin-converting en-
zyme (ACE), and AT1-R [11]. Brain RAS is involved in the
regulation of neuronal function as well as brain diseases, such
as Alzheimer’s and Parkinson’s diseases [12–14]. Ang II is
thought to be a modulator of DA release and plays an impor-
tant role in the regulation of central dopaminergic neurotrans-
mission [15]. Ang II type 1 and 2 receptors (AT1-R and AT2-
R) are expressed in the mesolimbic dopaminergic neurons,
and Ang II facilitates dopamine release in the striatum through
interaction with AT1-R both in vitro and in vivo [16].
Moreover, AT1-R is highly expressed in DA-rich brain areas
[17, 18]. AT1-R antagonist increases dopamine D1 receptor
(D1R) but decreases D3R expression [19, 20]. AT1-R interacts
with D2R directly, forming functional heteromers in the
striatal neurons [21]. Studies suggest that interaction between
AT1-R and amphetamine (AMPH) participates in the neuroa-
daptative and long-term changes in AT1-R density as well as
angiotensinogen expression [22, 23]. Increased locomotor ac-
tivity induced by AMPH challenge is inhibited by AT1-R an-
tagonist losartan administration in the caudate putamen of rats
[24]. AT1-R is also involved in learning and memory alter-
ations induced by amphetamine in rats [25]. These findings
hint the potential role of brain RAS components in neuroa-
daptative changes. However, the role of brain RAS in METH-
induced behavioral effect is largely unknown.

In the present study, we demonstrated that pharmacological
blockade or genetic knockout of AT1-R attenuates METH-
triggered hyperlocomotion in mice. AT1-R participates in
METH-induced behavioral effect possibly through negative
modulation of D3R expression.

Materials and Methods

Drugs

METH-HCl was purchased from the National Institute for the
Control of Pharmaceutical and Biological Products (Beijing,
China). METH was dissolved in 0.9% saline. Perindopril
erbumine, telmisartan, and losartan potassium were purchased
from Selleck Chemicals (Houston, TX).

Animals

Adults male C57BL/6 mice (8-12 weeks old, body weight 22-
24 g) were bred and housed in clear plastic cages with 12 h

light/dark cycle (07:00/19:00 h) at constant temperature (20-
25 °C) with food and water ad libitum. Before behavioral
testing began, the mice were adapted to the conditions for
3 days. All experimental procedures and use of the animals
were in accordance with the study protocols which were ap-
proved by the Institutional Animal Care and Use Committee
of Sichuan University. AT1

−/− mice with C57BL/6 back-
ground were purchased from The Jackson Laboratory (No.
002682). Gene identification of mice was conducted, and the
mice with AT1 knockout homozygote were used. The whole
genes were obtained from mice tails and amplified with poly-
merase chain reaction (PCR). Different genes were separated
and distinguished by agarose gel electrophoresis.

Construction of Lentiviral Vectors Plasmids
for Expressing AT1-R

EX-Mm01127-LV201 and EX-NEG-LV201 virus plasmids
were constructed for the production of lentivirus expressing
AT1 and green fluorescent protein (GFP) (LV-AT1) as well as
lentivirus expressing GFP (LV-GFP) only. The plasmid design
and construction of LV-AT1 and LV-GFP are shown in
Supplementary Fig. S1. The lentivirus was packaged by viral
packaging system (GeneCopoeia, China) in 293T cells. Viral
titers were determined by infection of 293T cells and GFP
visualization (4.94 × 108 TU/ml). The results revealed that
LV-AT1 upregulated AT1-R mRNA specifically in AT1

−/−

mice (Supplementary Fig. S2). The sequence of LV-AT1 is
shown in Supplementary Table S1.

Intra-striatum Injection of Lentivirus

Under 10% chloralhydrate anesthesia (0.1 ml per mice), mice
were fixed on the stereotaxic apparatus, and the cranium sur-
face was exposed. By using a microinjector, 2 μl lentivirus
was bilaterally infused into the striatum at a 90° angle
(anteroposterior, + 1.0; mediolateral, ± 2.0; dorsoventral, −
2.9) at a rate of 0.1 μl/min. After injection, syringe needles
were maintained in the striatum for 1 min. Animals receiving
the lentivirus injection were recovered for a week until the
beginning of the tests.

Drug Injection

Repeated METH Treatment

Mice were intraperitoneally (i.p.) injected with 1 mg/kg
METH daily for 7 days continuously. For investigating the
time-dependent expression of AT1-R in response to METH,
mice were euthanized at 1, 2, 3, 5, and 7 days after the last
METH injection, respectively.
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Inhibitor Treatment

The ACE inhibitor (perindopril) and AT1-R inhibitors
(losartan or telmisartan) were used to treat the mice, respec-
tively. Perindopril (0.5 mg/kg), losartan (5 mg/kg), or
telmisartan (5 mg/kg) was injected intraperitoneally into the
mice 30 min before METH administration.

METH-Induced Hyperlocomotion

The apparatus and protocol of locomotor activity test have
been described in a previous study [26]. Briefly, each mouse
was evaluated in the acrylic chambers (40.64 × 40.64 ×
31 cm) with black plastic walls. This apparatus was equipped
with a camera directly above the cross of four separated cham-
bers. This camera recorded each mouse’s movement distance
and routes. EthoVision version 7.0 software (Noldus
Information Technology, Netherlands) was used for automate
tracking. Each of the mice was placed in the chamber after
intraperitoneal injection of 1 mg/kg METH or 0.9% saline.
Behavior sessions were conducted daily for 7 days continu-
ously, and every session lasted 15 min per day.

Tissue Isolation

At the end of the testing session, mice were euthanized, and
brains were rapidly collected. The striatum, nucleus accum-
bens (NAc), prefrontal cortex (PFC), and hippocampus were
isolated immediately, frozen in liquid nitrogen, and then
stored at − 80 °C for further processing.

RNA Isolation and Quantitative Reverse
Transcription-PCR Detection

Bilateral striatum samples were homogenized in TRIzol, and
then processed according to the instructions. The purified
RNA was determined by agarose gel electrophoresis follow-
ing protocol, then spectroscopy confirmed the concentration
of RNA by Image Lab. The purified RNAwas reversed using
DBI Bioscience Kit (Germany). The cDNAwas quantified by
quantitative reverse transcription-PCR (qRT-PCR) using
SYBR Green. Every reaction was run 3 times and analyzed
with the 2−ΔΔCt method. All primer sequences are listed in
Supplementary Table S2.

Western Blot Analysis

Western blot analysis was performed as previously described
[26]. Briefly, brain tissues were cut into small pieces and then
centrifuged at 13,000g for 15 min at 4 °C. Supernatants were
collected and concentrations of proteins were determined.
Samples were denatured at 95 °C for 5 min and subsequently
stored at − 80 °C for further use. Protein samples were loaded

onto 10%SDS-PAGE (Bio-Rad,USA) and transferred on PVDF
membranes. After being blocked with 5% nonfat dry milk in
Tris-buffered saline with 0.1% Tween 20 for 1.5 h, the PVDF
membranes were incubated with corresponding primary antibod-
ies overnight at 4 °C. Then, the membranes were incubated with
respective HRP-conjugated secondary antibodies for 1 h at room
temperature. The membranes were soaked in Super Signal West
Pico Chemiluminescent Substrate (Pierce, USA) and then ex-
posed to film (Kodak, USA). The following antibodies were
used: anti-AT1-R (Abcam, ab124505, USA) [27], anti-D3R
(Abcam, ab42114, USA) [28], anti-β-actin (Cell Signaling
Technology, #4970, USA), and anti-GAPDH (Cell Signaling
Technology, #5174, USA).

Quantification of Ang II

The striatum was homogenized in lysis buffer and then cen-
trifuged (13,000g for 10 min). The content of Ang II in the
striatum supernatant was measured using an enzyme-linked
immunosorbent assay (ELISA) kit (USCN Life Science Inc.,
Wuhan, China) following the manufacturer’s instructions.

Immunohistochemistry

Mice were anesthetized with 10% chloralhydrate and perfused
with PBS followed by ice-cold 4% paraformaldehyde solu-
tion. Brains were fixed overnight in 4% paraformaldehyde
solution and then were sliced on a microtome at 10 μm. The
brain sections were soaked in 0.2% Triton X-100 in PBS for
30min, blocked with 10% goat serum in PBS for 1 h, and then
incubated with anti-AT1 antibodies and rabbit anti-TRITC
fluorescent-coupled secondary antibodies, respectively. The
brain sections were washed with PBS 3 times within 15 min.
Nuclei were counterstained with DAPI (2 g/ml) for 10 min.

Cell Culture

SH-SY5Y cell line was purchased from ATCC (American
Type Culture Collection, USA). SH-SY5Y cells were cultured
in DMEM/F12 supplemented with 10% fetal bovine serum
(HyClone, USA), 100 U/ml penicillin, and 100 U/ml strepto-
mycin at 37 °C in a humidity atmosphere of 5% CO2. Cell
counting kit-8 (Beyotime, Shanghai, China) was used to as-
sess cell viability. Briefly, the cell culture media was removed
and 100 μl CCK8 media was added to each well in 96-well
cell culture plates, then incubated for 0.5~4 h. The optical
density was measured at 450 nm using an ELISA plate reader.
This procedure was replicated for at least 3 wells.

Statistical Analysis

Statistical significance wasmeasured using an unpaired 2-tailed
Student’s t test when comparing 2 groups. For locomotion
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activity data, t test was used to determine significance for 2
groups, and 2-way ANOVAs followed by Bonferroni post-
tests were performed with more than 2 groups. One-way
ANOVA followed by Tukey’s post hoc test was used to deter-
mine significance for Western blotting analysis with more than
2 groups. All values included in the figure legends represented
mean ± S.D. (*p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.05,
##p < 0.01, ###p < 0.001). All statistical analyses were per-
formed using the GraphPad Prism 6 software.

Results

AT1-R Expression Is Upregulated in the Striatum
of METH-Treated Mice

As a first step to determine the role of AT1-R in METH effect,
we established a hyperlocomotion model in mice administrat-
ed daily with METH (1 mg/kg/day) for 7 days continuously.
At the end of the locomotor test, expression of AT1-R in the
PFC, NAc, striatum, and hippocampus were measured by
Western blot, respectively. We found that AT1-R expression
was significantly increased in the striatum ofmice treated with
METH as compared with the saline-treated mice (Fig. 1A,
t(4) = 3.504, **p < 0.01); however, there were no significant
changes in the other 3 brain regions. These results showed
that upregulation of AT1-R induced by METH seemed to be
brain region specific. As AT1-R and AT2-R belong to Ang II
receptor types [29], we continued to measure the mRNA ex-
pression of both AT1-R and AT2-R in the striatum after repeat-
ed METH administration. We observed that the mRNA ex-
pression of AT1-R, but not AT2-R, was significantly increased
(Fig. 1B; AT1-R, t(10) = 8.047, ***p < 0.0001; AT2-R, t(10) =
2.269, p > 0.05). Together, these data showed that repeated
METH specifically increased the mRNA and protein expres-
sions of AT1-R in the striatum. We thus focused on investigat-
ing the role of AT1-R in METH-induced behavior.

To determine the time-dependent expression of AT1-R
responding to METH, we measured AT1-R expression in the
striatum after METH administration for 1, 2, 3, 5, and 7 days,
respectively. We observed that there was no change in AT1-R
expression within the first 3 days (Fig. 1C; 1 day, t(6) = 0.754,
p > 0.05; 2 days, t(6) = 0.267, p > 0.05; 3 days, t(6) = 2.358,
p > 0.05). However, AT1-R expression was significantly in-
creased after METH treatment for 5 and 7 days, respectively
(5 days, t(6) = 19.596, ***p < 0.001; 7 days, t(6) = 37.018,
***p < 0.001). These results showed that striatal AT1-R ex-
pression in response to METH seemed to be time-dependent.
By using qRT-PCR, we continued to detect the mRNA levels
of the 5 members of the DR family as well as dopamine
transporter (DAT). Interestingly, we found a significant de-
crease in D3R expression but an increase in D1R expression
in the striatum of METH-treated mice (Fig. 1D; D1R, t(10) =

4.538, **p < 0.01; D3R, t(6) = 3.19, *p < 0.05); however, the
expressions of D2R, D4R, D5R as well as DAT were not
changed. Furthermore, by usingWestern blot analysis, we also
demonstrated that the protein level of D3R was significantly
decreased in the striatum after repeat METH administration
(Fig. 1E, t(4) = 2.737, **p < 0.01).

Pharmacological Inhibition of AT1-R or ACE
Attenuates METH-Induced Hyperlocomotion

To further explore the role of brain RAS in METH-induced
behavior, we evaluated the effect of 3 small molecular com-
pounds, perindopril (ACE inhibitor), telmisartan (AT1-R antag-
onist), and losartan (AT1-R antagonist), on METH-induced
hyperlocomotion, respectively. The former 2 inhibitors can
cross the brain–blood barrier (BBB), but the latter cannot
[30–32]. METH administration regimen is shown in Fig. 2A.
The mice were injected (i.p.) with these inhibitors 30 min be-
fore METH injection, respectively. Notably, perindopril signif-
icantly reversed METH-induced locomotor activity (Fig. 2B,
F(3, 344) = 231.5, *p < 0.05, **p < 0.01). We continued to mea-
sure Ang II protein expression and found that METH-induced
Ang II expression was obviously decreased by perindopril in
comparison to the METH alone group (Fig. 2C, F(3, 13) =
36.43, *p < 0.05, ***p < 0.001). Meanwhile, we assessed the
behavioral effect of losartan and telmisartan onMETH-induced
hyperlocomotion. Consequently, telmisartan significantly at-
tenuated METH-induced hyperlocomotion (Fig. 2D, F(3,

360) = 493.3, *p < 0.05, **p < 0.01), but losartan showed no
effect (Fig. 2E). These results showed that inhibition of brain
AT1-R or ACE could inhibit METH behavioral effect.
However, losartan, an AT1-R antagonist but without the capa-
bility of crossing the BBB, failed to inhibit METH effect.

Genetic Deletion of AT1-R Attenuates METH-Induced
Hyperlocomotion

We first tested whether the genetic deletion of AT1-R could
influence the basal locomotor activity in wild-type mice. We
found that AT1

−/− mice showed no difference of locomotor
activity with wild-type mice in the normal condition (data
not shown). Interestingly, in comparison to wild-type mice,
AT1

−/− mice showed a significantly reduced locomotor activ-
ity induced by repeated METH (0.3 and 1 mg/kg, respective-
ly) (Fig. 3A, 0.3 mg/kg METH, day 1, t(16) = 0.0008; day 2,
t(16) < 0.0001; day 3, t(15) = 0.027; day 4, t(15) = 0.014; day 5,
t(16) = 0.00247; day 6, t(16) = 0.0431; day 7, t(14) > 0.05; *p <
0.05, **p < 0.01, ***p < 0.001; Fig. 3B, 1 mg/kg METH, day
1, t(17) = 0.00319; day 2, t(18) = 0.00191; day 3, t(18) < 0.0001;
day 4, t(19) = 0.0007; day 5, t(18) < 0.0001; day 6, t(19) =
0.00395; day 7, t(19) > 0.05;*p < 0.05, **p < 0.01, ***p <
0.001). However, as compared with the wild-type mice,
AT1

−/− mice showed no change in the locomotor activity after
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treatment with 3 mg/kg METH (Fig. 3C). Because striatal
D3R expression was decreased after repeated METH admin-
istration, we then detected the expressions of DRs in AT1

−/−

mice. The results showed that the mRNA expressions of D1R,
D3R, and D4R were significantly increased in the striatum of
AT1

−/− mice as compared with wild-type mice (Fig. 3D, D1R,
t(10) = 2.590, *p < 0.05; D3R, t(9) = 4.316, ***p < 0.001; D4R,
t(9) = 5.095, ***p < 0.001). Similarly, Western blotting analy-
sis showed that the expression of D3R was increased signifi-
cantly in AT1

−/− mice (Fig. 3E, t(4) = 3.228, *p < 0.05).
Interestingly, in comparison to saline group, striatal D3R ex-
pression was decreased after repeated METH administration,
whereas such effect was significantly attenuated in AT1

−/−

mice (Fig. 3F, F(2, 6) = 3.488, *p < 0.05). These results further
indicated that AT1-R can modulate METH effect and its ex-
pression has a negative association with striatal D3R.

Re-Expression of AT1-R Reverses the Weakened METH
Behavioral Effect in AT1

−/− Mice

To further test whether genetic re-expression of AT1-R could
restore the weakened METH effect in AT1

−/− mice, we con-
structed a lentivirus specifically GFP-tagged AT1-R (LV-AT1-
GFP) or GFP alone (LV-GFP) (Supplementary Fig. S1). AT1

−/

− mice received bilateral intra-striatum injections of vectors
expressing either LV-AT1-GFP or LV-GFP a week before the
behavioral test. Compared with AT1

−/− mice treated with LV-

GFP, AT1
−/− mice treated with LV-AT1-GFP showed an in-

creased locomotor activity after repeated METH treatment
(Fig. 4A, F(3, 216) = 159.5; *p < 0.05, **p < 0.01; #p < 0.05,
##p < 0.01). However, under normal condition without
METH treatment, AT1

−/− mice receiving intra-striatum injec-
tion of LV-AT1-GFP showed no difference in comparison to
the wild-type mice receiving intra-striatum injection of LV-
GFP. Collectively, our results suggested that re-expression of
AT1 in the striatum restored the behavioral effect of repeated
METH exposure in AT1

−/−mice, demonstrating a role of AT1-
R in mediating METH effect.

Thinking that D3R exhibits an inhibitory effect on motor
function [33, 34], we continued to measure striatal D3R ex-
pression by Western blotting. Compared with wild-type mice
receiving LV-GFP, D3R expression was upregulated in the
AT1

−/− mice receiving LV-GFP after repeated METH treat-
ment. Consistently, D3R expression was downregulated in
AT1

−/− mice after re-expression of AT1-R (Fig. 4B, F(3, 12) =
10.29, *p < 0.05). These results suggested that AT1-R partici-
pates inMETH effect possibly through negatively modulating
D3R expression.

METH Increases AT1-R but Reduces D3R Expressions
in SH-SY5Y Cells In Vitro

By using immunostaining, we observed that AT1-R was mainly
localized in the cytoplasm and membrane of SH-SY5Y cells

Fig. 1 METH induces upregulation of AT1-R but downregulation of D3R
in the striatum. (A) AT1-R expression was significantly upregulated in the
striatum after repeated METH rejections, but not in the PFC, NAc, and
hippocampus. **p < 0.01, n = 3 for each group. (B) The mRNA level of
AT1-R, not AT2-R, was specifically increased in the striatum by repeated
METH injection. n = 6 for each group. (C) Striatal AT1-R expression at 1,

2, 3, 5, and 7 days after the last injection of METH. n = 4 each group. (D)
The mRNA expression of DRs and DAT was detected after METH
administration. n = 6 for each group. (E) Striatal expression of D3R was
downregulated by METH. n = 3 for each group. Student’s t test,
*p < 0.05, **p < 0.01, ***p < 0.001
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(Fig. 5A). Through pretest, we observed that the inhibitory
concentration (IC50) value of METH for SH-SY5Y cells was
approximately 2 mM (exposure for 48 h). We then applied
METH at this concentration to perform in vitro studies. By
using Western blotting, we found that AT1-R expression was
significantly elevated in METH-treated cells, which was in
accordance with the aforementioned results in vivo (Fig. 5B,
t(6) = 5.073, *p < 0.05). The protein levels of D2R, D4R, and
D5R were upregulated after 2 mM METH exposure for 48 h;
however, the protein levels of D3R and DATwere downregu-
lated (Fig. 5C, D2R, t(4) = 5.223; D3R, t(5) = 6.452; D4R, t(3) =
6.433; D5R, t(5) = 4.509; DAT, t(4) = 13.631; **p < 0.01,
***p < 0.001).

Losartan Attenuates METH-Induced Neurotoxicity
in SH-SY5Y Cells Possibly Through Downregulating
D3R Expression

To investigate whether blocking AT1-R could attenuate
METH-induced cytotoxicity in SH-SY5Y cells, we applied
losartan to block AT1-R in vitro. We found that losartan

showed no inhibitory effects on SH-SY5Y cells, whereas
losartan treatment significantly attenuated METH-induced
cytotoxicity in SH-SY5Y cells (Fig. 6A; saline, 1 μM
losartan, t(4) = 5.337, *p < 0.05; saline, 2 μM losartan, t(4) =
5.255, *p < 0.05; saline, 5 μM losartan, t(4) = 6.652,
*p < 0.05; 2 mM METH, 5 μM losartan, t(4) = 6.699,
##p < 0.01; 2 mM METH, 10 μM losartan, t(4) = 6.985,
###p < 0.001). These results suggested that blocking AT1-R
can alleviate METH-induced cytotoxicity. To investigate the
association of AT1-R with DRs, we further measured the
mRNA expression levels of DAT and the families of DRs in
SH-SY5Y cell after losartan treatment. The results showed
that in METH-treated SH-SY5Y cells, the mRNA levels of
D1R and D4R were significantly decreased after 10 μM
losartan treatment for 48 h, but those of D3R and DAT were
significantly increased (Fig. 6B, D1R, t(5) = 3.761; D3R,
t(10) = 4.406; D4R, t(10) = 4.653; DAT, t(10) = 4.777;
**p < 0.01, ***p < 0.001). We continued to verify the change
of D3R expression by Western blotting and found that D3R
expression was downregulated by METH treatment; howev-
er, such effect was reversed by losartan treatment (Fig. 6C,

Fig. 2 Pharmacological
inhibition of ACE or AT1-R
attenuates METH-induced
hyperlocomotion. (A) METH in-
duced hyperlocomotion in mice.
(B) Perindopril, an ACE inhibitor,
attenuated METH-induced be-
havioral sensitization. *p < 0.05,
**p < 0.01, vehicle-saline group
n = 11, vehicle-METH group n =
10, perindopril-METH group n =
14, perindopril-saline group n =
12. (C) Ang II expression, as
measured by ELISA, was down-
regulated by perindopril in
METH-treated mice. *p < 0.05,
***p < 0.001, n = 4 for each
group. (D) Telmisartan, an AT1-R
antagonist, attenuated METH-
induced hyperlocomotion in
mice. *p < 0.05, **p < 0.01,
vehicle-saline group, vehicle-
METH group, telmisartan-METH
group n = 12 for each group,
telmisartan-saline group n = 10.
(E) Losartan, an AT1-R antago-
nist, showed no effect on METH-
induced hyperlocomotion.
Vehicle-saline group, n = 12;
vehicle-METH group, n = 12;
losartan-METH group, n = 13;
losartan-saline group, n = 11
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F(3, 12) = 5.623, **p < 0.01, ***p < 0.001). Collectively, our
results suggested that losartan attenuates METH-induced

neurotoxicity of cultured SH-SY5Y cells possibly through
downregulating D3R expression.

Fig. 3 METH-induced hyperlocomotion is attenuated in AT1
−/− mice.

(A–C) Locomotor activity of wild-type mice or AT1
−/− mice treated with

METH (0.3, 1, and 3 mg/kg METH, respectively). *p < 0.05, **p < 0.01,
***p < 0.001, n = 12 for each group. (D) The mRNA expressions of DRs
were detected in wild-type and AT1

−/−mice. *p < 0.05, ***p < 0.001, n =

6 for each group. (E) Protein level of D3Rwasmeasured in wild-type and
AT1

−/−mice. *p < 0.05, n = 3 for each group. (F) Compared with METH-
treated wild-type mice, D3R level was increased by METH in AT1

−/−

mice. *p < 0.05, n = 3 for each group

Fig. 4 Intra-striatum re-expression of AT1 reverses the attenuated behav-
ioral effect ofMETH in AT1

−/−mice. (A) Specific re-expression of AT1-R
by LV-AT1 in the striatum reversed the attenuated behavioral effect of
METH in AT1

−/− mice. *, compared with the AT1
−/−-LV-AT1-METH

group, *p < 0.05, **p < 0.01; #, compared with the WT-LV-GFP-Saline
group, #p < 0.05, ##p < 0.01, ###p < 0.001. AT1

−/−-LV-AT1-METH group

n = 9; AT1
−/−-LV-GFP-METH group n = 11; WT-LV-GFP-Saline group

n = 12; WT-LV-GFP-METH group n = 12. (B) The D3R protein expres-
sion was altered after intra-striatum infusion of LV-AT1 in AT1

−/− mice.
One-way ANOVA followed by Tukey’s post-tests was performed,
*p < 0.05, n = 4 for each group
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Discussion

In this study, we demonstrate a modulatory role of Ang II–
AT1-R inMETH-induced behavioral effect. The expression of
AT1-R is specifically upregulated in the striatum of METH-
treated mice, and the expression of AT1-R responding to
METH displays time dependence. Pharmacological antago-
nism or genetic deletion of AT1-R attenuates METH-induced
behavioral sensitization, whereas such effect can be reversed
by re-expression of AT1 in the striatum. Striatal AT1-R expres-
sion in METH-treated mice is negatively correlated to D3R
expression. Perindopril, a specific ACE inhibitor, significantly
attenuatesMETH-induced hyperlocomotion. Collectively, our
findings reveal an unappreciated role of brain RAS in METH
effect, which may provide a potential therapeutic target for
METH addition.

In fact, the interaction between the dopaminergic system
and the RAS has long been discovered by microdialysis stud-
ies in brain, which showed that acute Ang II perfusion induces
dopamine release, which is blocked by AT1-R antagonists

[16]. Although the involvement of AT1-R in neuronal activa-
tion and AMPH-induced hyperlocomotion has been known
[22–24], the role of AT1-R as well as ACE in METH effect
is largely unknown. Pretreatment with AMPH in rats showed
an elevated AT1-R expression both in mRNA and protein
levels in the striatum and NAc [24]. This result is partially
consistent with our results which showed that repeated
METH increased AT1-R expression in the striatum, but not
in NAc. Interestingly, Paz et al. [24] reported that AMPH-
induced hyperlocomotion is reversed by losartan administra-
tion in the striatum; however, intra-NAc injection of losartan
showed no effects. We assume that METH and AMPH may
exhibit subtly different effects on the RAS in different brain
regions.

As telmisartan, not losartan, can easily pass through the
blood–brain barrier and enter the brain [31, 32], it is not sur-
prising that the METH-induced hyperlocomotion was only
suppressed by telmisartan in this study. ACE, an
angiotensin-converting enzyme, mediates the formation of ac-
tive octapeptide Ang II. Ang II interacts with its specific

Fig. 6 Losartan attenuates the inhibitory effect of METH on SH-SY5Y
cell proliferation accompanied with decreased D3R expression. (A)
Losartan attenuated the proliferation inhibitory effect of METH on SH-
SY5Y cells. n = 3 for each group. Saline, **p < 0.01; 2 mM METH,
##p < 0.01, ###p < 0.001. (B) The DRs and DAT expressions were

measured in SH-SY5Y cells with or without losartan treatment.
Student’s t test, **p < 0.01, ***p < 0.001, n = 6 for each group. (C) The
decreased D3R level was attenuated by losartan in METH-treated SH-
SY5Y cells. One-way ANOVA followed by Tukey’s post-tests were per-
formed, **p < 0.01, ***p < 0.001, n = 4 for each group

Fig. 5 METH increases AT1-R but decreases D3R expression in cultured
SH-SY5Y cells. (A) Representative fluorescence images of SH-SY5Y
cells. DAPI (blue), AT1 (red). (B) AT1-R expression was upregulated in

METH-treated cells. *p < 0.05, n = 4 for each group. (C) DRs and DAT
mRNA expressions were measured in METH-treated cells. **p < 0.01,
***p < 0.001, n = 6 for each group
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angiotensin receptors (AT1-R and AT2-R) and regulates not
only blood pressure, cerebral blood flow, and homeostasis-
associated behaviors [35–37], but also motor activity, learn-
ing, and memory [38, 39]. The ACE inhibitor, perindopril, is
able to penetrate the blood–brain barrier and modulate striatal
DA synthesis and release [11], and prevents the development
of Alzheimer’s and Parkinson’s disease [40, 41]. Our results
unequivocally showed that perindopril decreased the expres-
sion of striatal Ang II and attenuated METH-induced
hyperlocomotor, suggesting the involvement of ACE and
Ang II in the formation of hyperlocomotor induced byMETH.

The striatum is strongly related to motivation, movement,
self-administration, and behavioral sensitization [42].
Evidence has shown that D3R is mainly expressed in the
striatum [43], and has an inhibitory effect on motor function
[33, 34]. D3R mutant mice reveal a dramatic potentiation of
morphine-induced hyperlocomotion [44]. D3R is necessary
for ethanol consumption in mice, and the effect of alcohol
intake can be inhibited by D3R gene deletion or selective
D3R antagonists [45]. In the present study, repeated METH
treatment decreased striatal D3R expression but upregulated
AT1-R expression. Similarly, a previous study revealed an
altered interaction between AT1-R and D3R in the spontane-
ously hypertensive rats [46]. We further used the mice lacking
AT1-R gene to investigate whether D3R could be a down-
stream effector of AT1-R. We found that loss of the AT1-R
significantly elevated striatal D3R expression; on the other
hand, genetic intervention by LV-AT1 re-expression in the
striatum of AT1

−/− mice downregulated D3R expression.
Therefore, we speculate that the effects of AT1-R on METH-
induced hyperlocomotor may be mediated by the negative
regulation of D3R expression. Further study is needed to elu-
cidate the interaction of AT1-R and D3R and its significance in
response to METH.

Previous studies revealed that inhibition of AT1-R (both
pharmacologically and genetically) shows no effect on DA
level. Acute administration of AT1-R antagonists alone does
not alter striatal DA level [16, 47] and slightly decreases (~
15%) DAmetabolites [47, 48]. Moreover, chronic administra-
tion of AT1-R antagonist does not alter the levels of DA and its
metabolites in the striatum of normal rats [48–50]. However,
METH activates neurotransmitter (i.e., dopamine) release by
reversing monoamine transport [51]. In this study, we ob-
served that chronic administration of METH induced a de-
crease in striatal D3 receptor expression, whereas inhibition
of AT1-R (both pharmacologically and genetically) increased
the expression of D3 receptor. These changes induced by
METH may facilitate striatal dopamine release and motor be-
havior. Through inhibition of AT1-R, increased D3 receptor
expression may lead to a compensatory decrease in dopamine
release [50].

METH-induced neurotoxicity is closely associated with an
increased extracellular DA release and subsequent activation

of DRs in the dopaminergic system, particularly in the stria-
tum [2]. D1R antagonists systemically co-administered with
METH partially protect against METH-induced neurotoxicity
[52]. Intra-striatum injection of DR antagonist during METH
exposure has also been reported to protect against METH-
induced neurotoxicity [53]. Meanwhile, chronic treatment of
rats with captopril, an ACE inhibitor, significantly attenuates
the loss of nigral DA cell bodies in the progressive MPP+ rat
model of parkinsonism, indicating that captopril is neuropro-
tective for nigrostriatal DA neurons in rodent Parkinson’s dis-
ease models [54]. Our results also reveal that losartan, a selec-
tive AT1-R antagonist, exerts its neuroprotective effect possi-
bly through modulating D3R expression.

Multiple cellular and molecular mechanisms underlying
METH-associated neuronal damage have been proposed,
such as increased production of reactive oxygen species, in-
duction of inflammatory responses, and alterations in pro- or
anti-apoptotic proteins [55–57]. Ang II and AT1-R play im-
portant roles in neuroinflammation [58, 59], and their interac-
tion activates NADPH-oxidase complex [60], which modu-
lates oxidative stress and neuroinflammatory processes [61,
62]. As AT1-R and NADPH-oxidase complex are expressed
in dopaminergic neurons and glial cells, Ang II may cause
neuroinflammation and oxidative stress in dopaminergic neu-
rons through acting on neurons or microglia and stimulate the
production of ROS by activation of NAPDH-oxidase [62, 63].
Moreover, AT1-R overstimulation contributes to neurodegen-
eration via oxidative damage in Parkinson’s disease [64]. A
recent study has proved that the effects of METH-induced
neuroinflammation and neurotoxicity are attenuated through
inhibition of NF-κB/STAT3/ERK and mitochondria-mediated
apoptosis pathway in dopaminergic SH-SY5Y cells [65]. A
previous study showed that Ang II induces apoptotic death,
which is attenuated by pretreatment with Ang II receptor
blockers in hippocampal neural stem cells [66]. Evidence
has indicated that METH-induced apoptotic death in SH-
SY5Y cell line is mediated, at least in part, through an ER-
dependent mechanism [67]. Considering these reports togeth-
er with our findings, we assume that Ang II and AT1-R may
modulate METH-induced neurotoxicity through an immuno-
modulatory and apoptotic mechanism.

In addition, evidence has shown that AT1-R and D2R inter-
act directly, forming functional heteromers in the striatal neu-
rons [21]. Our results show that AT1-R blockade possesses
neuroprotective effect against METH-induced neurotoxicity
possible via modulating D3R expression. Further research is
needed to determine the potential interaction of AT1-R and
D3R as well as its significance in locomotor and neurotoxicity.

In summary, our study reveals that brain RAS mediates
METH-induced behavior and neurotoxicity possibly
through modulating D3R expression. Blocking AT1-R
could be a potential treatment for METH-induced depen-
dence and neurotoxicity.
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