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ARTICLE INFO ABSTRACT

Keywords: Methamphetamine (METH) is an illicit psychostimulant that is widely abused. After producing extreme pleasure,
Methamphetamine METH abuse leads to negative emotional states during withdrawal in clinical survey. However, the mood be-
Withdrawal havioral consequences of withdrawal from chronic METH exposure in animal experiments and related me-
Sgireets};ion chanisms have not been clarified yet. The aim of this study was to investigate the anxiety and depression-like

phenotype in mice induced by withdrawal from chronic METH treatment and the potential molecular me-
chanism. We found that withdrawal from chronic METH treatment increased the immobility time during the
forced swimming test and decreased central activities in open field test, indicating increased anxiety and de-
pression-like behavior. Additional experiments showed that expression of brain-derived neurotrophic factor
(BDNF), phosphorylated tropomyosin receptor kinase B (p-TrkB), phosphorylated extracellular signal-related
kinase 1/2 (p-ERK1/2) and phosphorylated cAMP-response element binding protein (p-CREB) were decreased in
the hippocampus and prefrontal cortex of mice in METH group and the level of mitogen activated protein kinase
phosphatase-1 (MKP-1) was increased. Combined, our data show that withdrawal from chronic METH exposure
induces anxiety and depression-like behavior associated with aberrant changes of proteins in BDNF-ERK-CREB
pathway, providing new evidence for the involvement of BDNF pathway in the negative emotional states in-
duced by withdrawal from METH.

BDNF pathway

1. Introduction

As a worldwide abused illicit psychostimulant, methamphetamine
(METH) has significant toxicity on the central nervous system when
taken repeatedly or at higher doses (Wood et al., 2014). Following an
initial phase of psychostimulation, withdrawal from METH produces
psychiatric symptoms including anhedonia, sleep disturbances and ir-
ritability (Marshall and Werb, 2010; McKetin et al., 2016b), which are
similar to the symptoms of anxiety and depressive disorder. Clinical
investigations showed that METH abusers were at greater risk to ex-
perience particular psychiatric symptoms such as anxiety and depres-
sion (DiMiceli et al., 2016; Hellem, 2016; Ma et al., 2018; McKetin
et al., 2016a). Among 1277 METH users in China, 57.6% participants
had psychiatric symptoms including depression and anxiety, and a

dose-response relationship was found between duration of METH use
and risk of psychiatric symptoms (Ma et al., 2018). 34.3% of METH
users had anxiety symptoms during METH withdrawal, including
11.9% with moderate anxiety and 2.4% with severe anxiety (Su et al.,
2017). Another American epidemiological survey demonstrated that
the incidence of lifetime major depressive disorder was 38.5% among
METH adult users compared with 21.5% among non-users (Casaletto
et al., 2015). Moreover, depressed METH users had fewer benefits from
long-term psychotherapy compared with non-depressed subjects
(Glasner-Edwards et al., 2009; Zhang et al., 2014), and failure to
manage METH withdrawal symptoms may lead to the high rates of
relapse (Brecht et al., 2000). However, the related mechanism has not
been clarified yet.

Brain-derived neurotrophic factor (BDNF) contributes to axonal
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Fig. 1. Experimental procedure.
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growth, neuronal survival and synaptic plasticity. Accumulating evi-
dence from animal, postmortem and clinical studies demonstrates that
BDNF and its receptor, tropomyosin-related kinase B (TrkB), are in-
volved in the pathophysiology and treatment of anxiety and depression
(McGregor et al., 2018; Thompson Ray et al., 2011; Youssef et al., 2018;
Zheng et al., 2017). Most, but not all studies in patients indicated that
BDNF levels were decreased in depressed patients and long-term anti-
depressant treatment was able to reverse this deficit (Ghosh et al., 2015;
Ren et al.,, 2017). BDNF conditional knockout animals could display
depression-like behaviors (Monteggia et al., 2007), while infusion of
BDNF in the brain of rodents and intraperitoneal administration of TrkB
agonist could produce antidepressant-like effect, and the effects of
BDNF on these behavioral paradigms were lasting much longer than
classic antidepressants (Hoshaw et al., 2005; Shirayama et al., 2002).
The extracellular signal-regulated protein kinasel/2 (ERK1/2) pathway
is a downstream pathway of BDNF that regulates cellular responses,
including neuronal survival and plasticity (Callaghan and Kelly, 2012).
The ERK1/2 is activated by phosphorylation and selectively inactivated
by mitogen activated protein kinase phosphatase (MKP). Evidence im-
plicates changes in ERK1/2 and MKP activities in both drug-induced
behavioral changes and aberrant emotional states. For instance, with-
drawal from morphine significantly induced depressive-like behavior in
mice and correlated with increased MKP-1 and decreased levels of
phospho-ERK1/2 (p-ERK1/2, the active form) in the hippocampus, and
MKP-1 blockade in the dorsal hippocampus inhibited ERK depho-
sphorylation and prevented the development of depressive-like symp-
toms (Jia et al., 2013). Additionally, ERK1/2 can regulate transcription
by controlling the phosphorylation of the transcription factor cAMP-
response element binding protein (CREB). Chronic antidepressant
treatment has also been shown to up-regulate the phosphorylation of
CREB, and the increased CREB activation in rodent models of depres-
sion resulted in antidepressant-like effects (Li et al., 2015). This evi-
dence suggested that the BDNF-ERK-CREB pathway might be involved
in METH induced anxiety and depression-like behavior.

However, the mood behavioral consequences and the underlying
molecular mechanism of withdrawal from chronic METH exposure have
not been fully clarified yet. In this context, it has been reported that
exposure to METH during pre-adolescence resulted in sustained deficits
in spatial memory as well as depressive-like behaviors in adult life
(Mouton et al., 2016). A single high dose or repeated low dose of METH
induced depression in adult rodents (lijima et al., 2013; Silva et al.,
2014). Nevertheless, the administration time in previous literatures was
relatively short, mostly single or a few days, and was different from the
clinical patterns of METH abuse. Therefore, the aim of this study was to
investigate the anxiety and depressive-like phenotype in mice induced
by withdrawal from eight weeks chronic METH treatment. Ad-
ditionally, we assessed the alterations of the BDNF-ERK-CREB pathway
in the hippocampus and prefrontal cortex, aiming to explain the un-
derlying mechanism.

2. Materials and methods
2.1. Animals

Male C57BL/6 mice (18-22 g) were provided by Beijing vital river
laboratory animal technology co., ltd. The animals were housed five per
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cage with free access to water and food, a 12 h light/dark cycle, and a
temperature-controlled environment. Animals were adapted to these
conditions for at least 3 days before experiments. All animal use pro-
cedures were carried out in accordance with the Regulations of
Experimental Animal Administration issued by the State Committee of
Science and Technology of the People's Republic of China, with the
approval of the Ethics Committee in Jianghan University.

2.2. Reagents

METH was obtained from the Hubei Public Security Bureau. Protein
extraction buffer, protease and phosphatase inhibitors were obtained
from Wuhan boster biological technology co., 1td (Wuhan, China). The
mouse serum corticosterone detection kit was purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). Antibodies against
p-ERK1/2 (9101S), ERK1/2 (4695S), p-CREB (9198S), CREB (91975),
GAPDH (5174S) and goat anti-rabbit IgG (7074) were purchased from
Cell Signaling Technology (Beverly, MA, USA). Antibodies against
mature BDNF (sc-546) and MKP-1 (sc-1199) were purchased from Santa
Cruz (California, USA). Antibodies against p-TrkB (abs131087) and
TrkB (abs131948) were purchased from Absin Bioscience Co. Ltd
(Shanghai, China). All other chemicals were of standard analytical
grade.

2.3. Animals treatment

The experimental procedure was detailed in Fig. 1. Mice were
randomly divided into two groups: saline group and chronic METH
exposure group. In chronic METH exposure group, mice were injected
with METH (5 mg/kg, i.p., once a day, 5 days per week) for 8 weeks as
previously reports with modification (Andersen et al., 2013; Hong et al.,
2015; Wang et al., 2016). The chronic METH exposure paradigm was
designed to replicate long-term patterns of METH abuse, including
occasional interruptions of drug use after binges. Mice in saline group
were injected with equivalent volume of saline. Sucrose preference test
and forced swim test (FST) were used to evaluate depression-like be-
haviors, while open field test was used to evaluate anxiety-like beha-
vior.

2.4. Morris water maze

Mice were trained on the spatial reference memory version of the
Morris water maze (MWM) hidden platform task to assess their asso-
ciative, long term spatial memory as previously report with slight
modification (Akiba et al., 2017). Briefly, a circular pool (120 cm in
diameter and 50 cm in deep) was filled with 23 *+ 2 °C water to a depth
of 21 cm. A hidden circular platform (6 cm in diameter) was located in
the center of the target quadrant (quadrant II), submerged 1.5 cm be-
neath the surface of the water. The animal escape latency, swimming
speed and the amount of time spent in the target quadrant were mea-
sured automatically using a computer-based image analyzer Morris
water maze tracking system XR-XM101 (Shanghai Xinruan Information
Technology Co. Ltd). For Morris water maze training, mice were sub-
jected to a session of four trials per day with four different starting
positions for 4 consecutive days. In each trial, animals were given a
maximum of 60 s to find the platform. After mounting the platform, the
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mice were allowed to remain there for 30 s. If the mice failed to find the
platform in 60s, it was placed on the platform and allowed to rest for
30s. The interval of time between the two training session was 15-20
min. On day 5, Morris water maze test probe consisting of a 60s free
swim period without the platform was performed to test spatial
memory. After the last trial, the mice were towel dried and placed in a
holding cage under a heating lamp before it was returned to the home
cage.

2.5. Open field test

Locomotor activity was studied using an open-field test, and the
open-field apparatus was similar to those described previously (Jiang
et al.,, 2012; Li et al., 2017). The mice were gently placed in the center
of a white plastic chamber (50 cm X 50 cm X 50 cm) for 6 min while
exploratory behaviors were automatically recorded by a video tracking
system XR-XZ301 (Shanghai Xinruan Information Technology Co. Ltd).
The total distance and the time spent in the center of the open field
were recorded. At the end of each test, the surface of the arena was
cleaned thoroughly with 75% alcohol to avoid the presence of olfactory
cues.

2.6. Forced swimming test

The forced swimming test was carried out in mice according to
previous reports with slight modification (Jiang et al., 2014). Briefly,
mice were individually placed into a glass cylinder (25cm in height,
10 cm in diameter) filled with 10 cm high water (25 = 1 °C). The water
was exchanged after each trial. All animals were forced to swim for
6 min, and the immobility time during the final 5min interval of the
test was recorded. Immobility time was defined as the time spent by the
mouse floating in the water without struggling, and making only those
movements necessary to keep its head above the water. Immobility time
was measured automatically using a computer-based image analyzer
system XR-XQX201 (Shanghai Xinruan Information Technology Co.
Ltd).

2.7. Sucrose preference test

The sucrose preference test was conducted over a 48 h period using
a two-bottle test, and one with 1% sucrose solution while the other with
water (Jiang et al., 2014; Li et al., 2018; Zhang et al., 2016). To prevent
potential location preference of drinking, the position of the bottles was
changed after 24 h. The mice were deprived of food and water for 24 h
prior to the test. On each test, bottles were pre-weighed and the posi-
tion of the bottles was interchanged, and the preference for the sucrose
solution was calculated as the percentage of sucrose solution ingested
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relative to the total amount of liquid consumed.

2.8. Measurement of serum corticosterone level

The mice were sacrificed by cervical dislocation after anesthesia.
The blood samples were collected and kept on ice, then centrifuged at
1000 g at 4 °C for 15 min. The serum was kept at —80 °C until analysis.
The corticosterone levels were measured using a commercially avail-
able ELISA kit.

2.9. Western blotting analysis

The mice were sacrificed by cervical dislocation after anesthesia.
Prefrontal cortex and all hippocampus were rapidly dissected respec-
tively and homogenized in lysis buffer containing protease and phos-
phatase inhibitors for 30 min. The homogenate was centrifuged at
12,000 g for 15 min (at 4 °C), and the supernatant was collected. Total
protein was estimated by BCA Protein Assay Kit. Then, the samples
were mixed with SDS sample buffer and boiled for 5min. Equal
amounts of protein samples (30pg) were separated by gel electro-
phoresis in a Criterion Cell Electrophoresis System and electroblotted
onto polyvinylidene difluoride (PVDF) membrane. After blocking with
5% non-fat dry milk in TBS plus 0.5% Tween for 1h, blots were in-
cubated with primary antibodies followed by a goat anti-rabbit horse-
radish peroxidase conjugated secondary antibody. The following anti-
bodies were used: anti-BDNF, anti-MKP-1 (1:500), anti-pERK1/2, anti-
ERK1/2, anti-p-CREB, anti-CREB, anti-p-TrkB, anti-TrkB (1:1000), anti-
GAPDH (1:10,000). All the primary antibodies were rabbit anti-mouse
antibodies. Bands were visualized with enhanced chemiluminescence
(Thermo Fisher, USA) by using the imaging analysis system (Gene
Company, Hong Kong). The intensity of each band was quantitatively
determined by Image J. The density ratio indicated the relative in-
tensity of each band against GAPDH, since GAPDH was used as a
loading control in this experiment. Results are shown as normalized of
the saline group.

2.10. Statistical analysis

All analyses were performed using SPSS 20.0 software (SPSS Inc.,
USA) and data were presented as mean * S.E.M (standard error of the
mean). Differences between mean values were evaluated using
Independent-Samples t test. Some data about the swimming speed and
escape latency during the learning process in Fig. 2 were tested by one-
way ANOVA with repeated measures followed by Tukey's HSD post-hoc
test. Values of p < 0.05 were considered statistically significant.
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Fig. 2. Effects of withdrawal from chronic METH exposure on spatial reference memory in mice. (A) Swimming speed during training in Morris water maze. (B) The
escape latencies during training in Morris water maze. (C) The number of times passing through the platform on the test day. The presented data are mean + S.E.M.
Statistical analysis of swimming speed and escape latencies were carried out by one way ANOVA. Statistical analysis of the times across platform was evaluated using

Student's t test. n = 10 for per group, *p < 0.05,
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**p < 0.01 compared with saline group.
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3. Results

3.1. Effect of withdrawal from chronic METH exposure on spatial reference
memory

During four training days, the escape latencies and swimming
speeds were recorded and analyzed. As shown in Fig. 2, mice in both
groups learned this task well and spending less time each day to find the
platform. Compared with the saline group, the swimming speeds of
chronic METH exposure group decreased significantly after day 1
(Fig. 2A, day 1, F(1,18) = 0.419, p = 0.526; day 2, F(1,18) = 6.878,
p=0.017; day 3, F(1,18) =11.401, p=0.003 day 4, F
(1,18) = 13.724, p = 0.002). The latency was increased in chronic
METH exposure group, but there was no significant difference com-
pared with the saline group during training days (Fig. 2B, day 1, F
(1,18) = 1.683, p = 0.211; day 2, F(1,18) = 0.495, p = 0.491; day 3, F
(1,18) = 0.205, p = 0.656; day 4, F(1,18) = 0.039, p = 0.845), which
indicates that chronic METH exposure had no significant effect on
spatial learning ability. In spatial reference memory test, the number of
times across platform was markedly reduced in chronic METH exposure
group than that in the saline group (Fig. 2C, t(18) = 4.045, p = 0.001).
These findings indicate that withdrawal from chronic METH exposure
has no significant inhibition of spatial learning ability, but can sig-
nificantly reduce the reference memory capacity of mice.

3.2. Effect of withdrawal from chronic METH exposure on anxiety and
depressive symptoms

The results of open field test showed that there was no difference in
total distance between two groups (Fig. 3A, t(16) = —0.100,
p = 0.922), but the time spent in the center square was significantly
decreased in chronic METH group than that in saline group (Fig. 3B, t
(16) = 3.335, p = 0.004). After withdrawal from chronic METH ex-
posure, immobility time was noticeably increased in forced swimming
test (Fig. 4A, t(16) = —4.991, p < 0.001). Moreover, the sucrose in-
takes were also examined as indices of depressive-like behavior. As
shown in Fig. 4B, withdrawal from chronic METH exposure induced a
significant decline in sucrose consumption (t(16) = 20.214, p < 0.001).
Compared with the saline group, the level of serum corticosterone in
chronic METH exposure group was significantly increased (Fig. 4C, t
(10) = —3.328, p = 0.008). All these findings indicate that withdrawal
from eight weeks treatment with METH increased anxiety and depres-
sive symptoms.

A
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3.3. Effect of withdrawal from chronic METH exposure on the protein
expression in the hippocampus and prefrontal cortex

To investigate the possible mechanism of anxiety and depressive
symptoms induced by withdrawal from chronic treatment with METH,
several key components of the BDNF pathway in the hippocampus and
prefrontal cortex were analyzed by western blotting. As shown in
Fig. 5B, the expression of mature BDNF in hippocampus and prefrontal
cortex were both decreased in chronic METH exposure group compared
with the saline group (hippocampus, t(10) = 3.982, p = 0.003; pre-
frontal cortex, t(10) = 3.647, p = 0.004). Meanwhile, the expression of
p-TrkB in hippocampus and prefrontal cortex were both significantly
decreased in chronic METH exposure group (Fig. 5C, hippocampus, t
(10) = 10.803, p < 0.001; prefrontal cortex, t(10) = 9.627, p < 0.001),
while the expression of TrkB protein remained unchanged (Fig. 5D,
hippocampus, t(10) = —1.009, p = 0.333; prefrontal cortex, t
(10) = 0.439, p = 0.670). In line with the decreased mature BDNF in
the samples, the expression of p-ERK1/2 and p-CREB were also sig-
nificantly decreased in chronic METH exposure group (Fig. 6B, hippo-
campus, t(10) = 6.773, p < 0.001, prefrontal cortex, t(10) = 5.996,
p < 0.001; Fig. 6E, hippocampus, t(10) = 7.057, p < 0.001, prefrontal
cortex, t(10) = 6.073, p < 0.001), while the expression of ERK1/2 and
CREB remained unchanged (Fig. 6C, hippocampus, t(10) = —0.651,
p = 0.530, prefrontal cortex, t(10) = 1.753, p = 0.110; Fig. 6F, hippo-
campus, t(10) = —0.756, p = 0.462, prefrontal cortex, t
(10) = —0.602, p = 0.561). Compared with the saline group, the pro-
tein level of MKP-1 (negative regulation factor of ERK signaling
pathway) was markedly increased in chronic METH exposure group
(Fig. 6D, hippocampus, t(10) = —3.033, p = 0.013, prefrontal cortex, t
(10) = —4.375, p = 0.007). Together, these results prove that the ex-
pression levels of mature BDNF, p-ERK1/2 and p-CREB decreased in the
presence of anxiety and depression symptoms, suggesting that BDNF-
ERK1/2-CREB pathway in hippocampus and prefrontal cortex may be
involved in the behavioral effects induced by withdrawal from chronic
METH exposure.

4. Discussion

Epidemiological survey showed that anxiety and depression often
co-occurs with abstinent from amphetamine type stimulant use
(DiMiceli et al., 2016; Panenka et al., 2013). Although some papers
have showed that depressive and psychotic symptoms could resolve
within a few week of abstinence (Zorick et al., 2010), more studies, in
contrast, have proved that depression persisting in some METH users
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Fig. 3. Effect of withdrawal from chronic METH exposure in open field test. (A) Total distance of mice in open field test. (B) The time in the center square in open
field test. The presented data are mean + S.E.M. Statistical analysis were carried out by Student's t test. n = 9 for per group, **p < 0.01 compared with saline group.
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for several years after treatment (Glasner-Edwards et al., 2009; Rawson
et al., 2002). The reasons for these discrepancies may be related to the
duration of METH use, the severity of depression, the pre-treatment,
numbers of relapse after drug abstinence, or gender. Animal studies also
back the emergence of negative emotional states upon METH con-
sumption. For instance, depressive behaviors were both observed
during withdrawal periods following a single dose (30 mg/kg) or sub-
chronic (5 mg/kg/day X 5 days) of METH administration (lijima et al.,
2013; Silva et al., 2014). Surprisingly, the behavioral profile of la-
boratory rodents after long-term METH exposure has not been docu-
mented to date.

Herein, in the present study, we found that withdrawal from 8
weeks treatment with METH increased the immobility time in the
forced swimming test and decreased sucrose consumption, which is
consistent with depressive symptoms, such as despair and anhedonia,
induced by withdrawal from long term drugs of abuse in clinical survey
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S.E.M. Statistical analysis were carried out by independent sample t test. n = 6 for per group, **p < 0.01 compared with saline group.

(Hellem, 2016). A decrease in the time spent in the central square of
open-field test, without a change in the total locomotion, is interpreted
as an anxiety-like effect (Seibenhener and Wooten, 2015). In our study,
METH-treated mice exhibited increased anxiety-like behavior after
withdrawal. Our results confirmed previous clinical observations in-
dicating that a majority of patients with major depression also have
comorbid anxiety (Hartel-Petri et al., 2017). Importantly, the lack of
alteration in total distance in open field test indicates that withdrawal
from METH induced anxiety and depressive symptoms without af-
fecting the locomotor activity. In agreement with our finding, previous
study also reported that either recent or long-term abstinent METH
abusers did not display major motor deficits (Johanson et al., 2006).
One major neuroendocrine response to anxiety and depression is the
secretion of corticosterone (Jiang et al., 2012; Zhang et al., 2017), and
many addicts have elevated cortisol levels in the presence of psychiatric
symptoms such as anxiety and depression in the early stage of
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compared with saline group.

withdrawal (Motaghinejad et al., 2015; Wichniak et al., 2004). For
instance, cortisol levels were increased in early alcohol withdrawal
(first week) and normalized during the fourth week (Esel et al., 2001).
Consistent with literatures, the level of serum corticosterone in METH-
treated mice significantly increased at one week of withdrawal. These
findings provide demonstration of anxiety and depressive-like pheno-
type following a chronic METH exposure paradigm, which is consistent
with the high prevalence of psychiatric symptoms in chronic METH
users (Ma et al., 2018). However, a minor pitfall of this study is that it
used a constant dose of METH. This exposure paradigm may have dif-
ference with clinical patterns of METH abuse, which usually includes

gradual increases of drug intake. It will be important to consolidate
these findings using paradigm with gradually increased dose of METH
and other behavioural tests as well as different endpoints to explore
psychiatric symptoms in animal models.

Neural networks, including amygdala, hippocampus, prefrontal
cortex, and other regions, participate in the pathophysiology of mood
disorder. In this study, we focused on hippocampus and prefrontal
cortex (Malykhin and Coupland, 2015). The role of BDNF and its
downstream targets ERK and CREB, a pathway mainly regulating pro-
tein synthesis and synaptic plasticity were investigated, trying to ex-
plain the underlying molecular mechanism of METH withdrawal-
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induced mood disorder. As a neurotrophic peptide, BDNF is critical for
axonal growth, neuronal survival and synaptic plasticity. Many studies
focus on the role of BDNF in neurocircuitry related with anxiety and
depression. Previous data showed that BDNF was decreased in serum or
the hippocampus of patients or animal models and treatment normal-
ized the expression (Autry and Monteggia, 2012; Chiou and Huang,
2016; Ren et al., 2017; Yi et al., 2014). In agreement with previous
studies, we found that withdrawal from eight weeks treatment of METH
could induce down-regulation of mature BDNF and p-TrkB in hippo-
campus and prefrontal cortex. The ERK1/2 is regulated by Ras-Raf
cascade in response to BDNF activation. Our results showed that
withdrawal from chronic METH exposure reduced the p-ERK1/2 levels
in hippocampus and prefrontal cortex. This is in accordance with pre-
vious studies which also found a correlation between decreased ERK
phosphorylation and depressive-like behaviors in mice (Gourley et al.,
2008; Jia et al., 2013). Significantly decreased ERK1/2 activity was also
found in the hippocampus of depressed suicide subjects (Dwivedi et al.,
2009). Additionally, our results verified the previous findings that de-
pression accompanied by anxiety could decrease the phosphorylation of
CREB in the hippocampus and prefrontal cortex (Wang et al., 2007),
and they were also consistent with a previous report that 1 week or 6
weeks withdrawal after 6-month chronic alcohol consumption could
reduce the level of p-CREB in the prefrontal cortex (Dominguez et al.,
2016).

MKP-1 provides a negative feedback mechanism for regulating
ERK1/2 activity (Collins et al., 2015). Sustained induction of MKP1
would lead to inhibition of ERK signaling (e.g., decreased levels of
phosphoERK), as MKP-1 was significantly upregulated in postmortem
hippocampal samples from patients with major depressive disorder
(Duric et al., 2010). Our result showed that compared with control
group, withdrawal from chronic METH treatment could reduce the p-
ERK1/2 levels and increase the MKP-1 levels in hippocampus and
prefrontal cortex. This was consistent with a previous study that
chronic psychosocial stress induced depression-like behavior, down-
regulated the ERK cascade and increased MKP-1 expression in the
hippocampus of these rats (lio et al., 2011). An intraventrolateral or-
bital cortex infusion of sanguinarine (a selective MKP-1 inhibitor) to
rats significantly reduced immobility time in the FST in a dose-depen-
dent manner compared with vehicle-treated controls (Chen et al.,
2012). These reports in combination with our experimental results in-
dicate that induction of hippocampal MKP1 may be not only a direct
consequence of METH withdrawal-induced depressive-like behaviors
but also a key negative regulator of ERK phosphorylation, contributing
to the expression of depressive-like symptoms in mice. Taken together,
these molecular findings suggested that the BDNF-ERK-CREB signaling
in hippocampus and prefrontal cortex is, at least in part, the mechanism
underlying the anxiety and depressive behavior induced by withdrawal
from chronic treatment with METH. It will be essential to design ad-
ditional studies to consolidate a possible causal relation between BDNF-
ERK-CREB pathway and the emergence of anxiety and depressant-like
phenotype induced by withdrawal from METH.

Interestingly, no significant differences were observed between
METH and saline groups in the escape latency during training days,
indicating that one week withdrawal from chronic METH exposure has
no obvious effect on spatial learning. In line with our study, it was
shown that a single high METH dose (30 mg/kg) did not alter the
procedural memory of mice as assessed by escape latency to find the
platform (Silva et al., 2014). Nevertheless, the number of times passing
through the platform was markedly less in mice with chronic METH
exposure in spatial reference memory test. This was consistent with
another study that METH has no effect on the spatial learning process
120 min after injection, but rats exhibited a deficit in spatial reference
memory (Bigdeli et al., 2015). The mechanism underlying the spatial
learning and memory deficits following METH is unknown. Although it
seems, stress-related pathways, oxidative stress and monoamine levels
in brain may be involved (Herring et al., 2010; McDonnell-Dowling and
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Kelly, 2017).

In summary, our data showed that withdrawal from eight weeks
METH treatment induced anxiety and depression-like behavior without
clear impairment on motor function. We also found that the BDNF-ERK-
CREB pathway might account for changed behavior induced by with-
drawal from chronic METH exposure. The current findings highlight
BDNF pathway as a responsive element in the neurobiological con-
sequences that occur during early time periods of METH withdrawal.
Further studies are needed to investigate the mood behavioral and
neurochemical consequences following more protracted periods of
withdrawal from METH.
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