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A B S T R A C T

Methamphetamine (METH) elicits neuroinflammatory effects that may implicate its regulatory role on the mi-
croglial immune response. However, the mechanism underlying this remains unclear. In the present study, the
effects of METH on lipopolysaccharide (LPS)-induced interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-
α) productions were tested in BV-2 cells and primary microglial cells. Additionally, western blot analysis was
used to examine the phosphorylation of mitogenactivated protein kinases (MAPKs). Next, we detected the al-
terations in cAMP content and the phosphorylation levels of CREB in microglial cells to determine the in-
volvement of the cAMP/CREB signaling pathway. We also used an adenylyl cyclase (AC) agonist (forskolin) and
antagonist (MDL-12330A) and a PKA antagonist (H89) to confirm their participation. We observed that METH
alone did not affect the production of IL-6 or TNF-α. In contrast, METH augmented the IL-6 production and
inhibited the TNF-α production induced by LPS. A similar effect of forskolin was also observed in BV-2 cells.
While MAPK activation was not influenced by METH alone, the LPS-induced phosphorylation of p38, JNK and
ERK1/2 were all reduced by METH. Both the concentration of cAMP and the phosphorylation of CREB were
increased by METH in LPS-activated microglial cells. The effects of METH were altered by MDL-12330A and
H89. Moreover, the inhibition of the phosphorylation of ERK1/2 by METH was also reversed. These results
suggest that the differential regulation of IL-6 and TNF-α by METH in LPS-activated microglial cells may be
attributable to the cAMP/PKA/CREB signaling pathway.

1. Introduction

Methamphetamine (METH) is a popular and highly addictive drug.
The abuse of METH causes neurotoxic effects that have resulted in a
serious global health problem that accompanied with neuropsychiatric
and neuropathological complications [1,2]. METH abuse could change
the levels of inflammation in the mouse brain [3,4]. Sustained in-
flammation further promotes the generation and accumulation of
neurotoxic inflammatory mediators that contribute to neural damage in
neurodegenerative diseases and psychostimulant drug abuse [5–7].
Microglial cells, which constitute 5–15% of all brain cells, are the re-
sident immune cells in the brain. Microglial cells are involved in im-
mune surveillance in the intact brain and become activated during the
course of neurodegeneration [8]. Immune dysfunction in the brain,

primarily caused by sustained activation of microglial cells, plays a
significant role in the progression of neurodegeneration diseases, such
as Parkinson's disease [9,10]. It is widely known that microglial parti-
cipation is involved in the cytotoxicity of substances such as METH
[11,12]. METH abusers exhibit marked microglial activation in some
brain regions, even after two years of abstinence from drug use [13].
Increasing evidences indicate that the neuroinflammation exemplified
by microglial activation or changed response intensity plays an im-
portant role in METH relevant neurotoxicity [14]. Thus, the study of the
regulation on microglial immune response by METH will help us to
understand the actual mechanisms underlying its impacts.

To observe the effects of METH on microglia, immortalized murine
BV-2 cells, which exhibit both the phenotypic and functional properties
of reactive microglial cells, and primary microglia cells were used in
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present study [15]. Many stimulators, such as interferon-γ (IFN-γ),
amyloids and lipopolysaccharide (LPS), can activate microglial cells
[5,16,17]. LPS, a component of the outer membrane of gram-negative
bacteria, is widely used as an efficient immune stimulus both in vivo and
in vitro [18–22]. When incubated with LPS, both BV-2 cells and primary
microglia secrete a series of inflammatory cytokines that include tumor
necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) [23,24]. Both of
them are multifunctional cytokines that have a pro-inflammatory role
and participate in the promotion and progression of neurological dis-
eases, such as schizophrenia and hepatic encephalopathy [25–28]. The
mitogen-activated protein kinases (MAPKs) are a family of signal
transduction proteins that include the extracellular signal regulated
kinase (ERK1/2), the c-Jun NH2-terminal kinases (JNK), and the p38
isoform (p38) [19,20,29]. The actions of LPS include promoting the
phosphorylation of p38, JNK and ERK1/2, which directly result in the
generation and secretion of proinflammatory cytokines [19,30]. Hence,
it is helpful to examine MAPKs to elucidate the mechanism by which
METH regulates inflammatory cytokines. Cyclic adenosine monopho-
sphate (cAMP) is an important second messenger that can be regulated
by METH [31,32]. Furthermore, cAMP is also involved in the secretion
of inflammatory cytokines [33,34], and its downstream components,
protein kinase A (PKA) and cAMP response element binding protein
(CREB), have been found to be involved in the modulation of immune
function [35]. The role of cAMP signaling in the context of METH-al-
tered neuroinflammation is still not elucidated.

In the current study, we measured the effects of METH on LPS-in-
duced IL-6 and TNF-α production in BV-2 cells and primary microglial
cells. In order to address the underlying mechanism, we next examined
the activation of MAPKs (p38, JNK and ERK1/2) and the cAMP/CREB
signaling pathway during that process. We further used an adenylyl
cyclase (AC) agonist (forskolin) and antagonist (MDL-12330A) and a
PKA antagonist (H89) to address how this signaling pathway was in-
volved. Our results suggested a contribution of cAMP/PKA/CREB sig-
naling pathway in METH modulated production of cytokines in LPS-
activated microglial cells.

2. Materials and methods

2.1. Cells and drugs

BV-2 cells were acquired from Kunming Institute of Zoology in
Chinese Academy of Sciences (Kunming, Yunnan, China). RPMI1640
and DMEM/F12 were bought from HyClone (Logan, Utah, USA). Fetal
bovine serum was obtained from SiJiQing (Hangzhou, Zhejiang, China).
METH (methamphetamine hydrochloride) was purchased from the
National Institute for the Control of Pharmaceutical and Biological
Products (Beijing, China). LPS (Escherichia coli, serotype O55:B5), and
MDL-12330A hydrochloride hydrate was purchased from Sigma Aldrich
(St. Louis, Missouri, USA). H89 dihydrochloride was bought from
Selleck Chemicals (Houston, Texas, USA). Forskolin was purchased
from Beyotime Biotechnology (Wuhan, Hubei, China). The enzyme-
linked immunosorbent assay kits for the quantitative detection of
mouse TNF-α and IL-6 were obtained from eBioscience (San Diego,
California, USA). The cyclic AMP ELISA kit was bought from Cayman
Chemical (Ann Arbor, Michigan, USA). All of the primary antibodies for
p-p38, p38, p-JNK, JNK, p-ERK1/2, ERK1/2, p-CREB, and CREB were
purchased from Cell Signaling Technology (Boston, Massachusetts
USA). Secondary goat anti-rabbit antibody conjugated with HRP was
bought from Abgent (San Diego, USA). The Pierce™ ECL Plus Western
Blotting Substrate detection kit was from Thermo Fisher Scientific
(Rockford, USA).

The primary microglial cells were derived from the brains of post-
natal C57BL/6 J mice as described previously [36]. Briefly, newborn
C57BL/6 J mice were chosen for the isolation of brain tissues. The
meninges were carefully removed using a dissecting microscope. The
tissues were cut into small pieces and then trypsinized for at least

15min. Dulbecco's modified Eagle's medium (DMEM)/F12 media con-
taining 10% FBS was added to terminate the digestion. The cells were
collected by centrifugation at 800 rpm/min for 5min and then plated
into 25 cm2

flasks. The medium was replaced every 3 days until
10–15 days to acquire the primary mixed glial cells. The primary mi-
croglial cells were harvested by rapid shaking for 1 h in a reciprocal
shaker. The purity of microglial cells was detected by CD11b staining
with flow cytometry, and 98% pure was considered acceptable for the
following experiments. All experiments were performed in accordance
with the guidelines of the animal ethics committee of Xi'an Jiaotong
University.

2.2. Cell treatments

BV-2 and primary microglial cells were cultured in complete media
(RPMI1640 or DMEM/F12 with 10% fetal bovine serum and 1% peni-
cillin–streptomycin). A total of 1.5× 105 cells per well were plated in
24-well microtiter plates. The cells were treated after 2 h of incubation.
METH was diluted in complete media to concentrations of 0, 20, 100,
and 200 μM to test the effects of METH alone on the microglial cells. To
examine the effects of LPS alone, the LPS it was diluted in complete
media to the following concentrations: 10, 100, 500, 1000, and
2000 ng/ml. Subsequently, all LPS concentrations used in this paper
were 1000 ng/ml. In the assay that combined METH and LPS, METH
was added to the well 10min prior to LPS. When used, H89 (30 μM),
forskolin (10 μM) and MDL-12330A (10 μM) were added 15–30min
before the METH.

2.3. MTT assay

The standard 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetra-zo-
lium bromide (MTT) assay was used to assess cell viability. Microglial
cells were seeded in 96-well microtiter plates (6× 104 cells/well) for
2 h and then exposed to the various treatments for 24 h. Next, 20 μl
MTT solution (5mg/ml in phosphate-buffered saline) was added to
each well, and the wells were incubated for 4 h at 37 °C. The metabo-
lized MTT product was dissolved in DMSO and quantified by measuring
the optical density at 570 nm with reference wavelength at 630 nm. in a
microplate reader (Thermo Fisher Scientific, USA).

2.4. Quantitative real-time PCR

Total RNA was extracted and purified from the cells using a TRIzol
kit (Invitrogen, Carlsbad, CA, USA). A260/A280 was used to detect the
concentration and purity of the RNA in a microplate reader (Thermo
Fisher Scientific, USA). Reverse transcription was performed to yield
cDNA using a Prime Script TMRT reagent kit (Takara Bio Inc., Shiga,
Japan). We chose SYBR Green II as the double-strand DNA-specific
binding dye to complete the real-time PCR on a Stratagene Mx 3005p
Real-Time PCR Detection System (Agilent Technologies, Santa Clara,
CA, USA). The GAPDH gene was used as the loading control gene. All
primers were synthesized by Haining Biotech (Xi'an, China). The for-
ward and reverse primers used in the PCR reactions were as follows (all
presented as 5′-3′): IL-6, CTGCAAGAGACTTCCATCCAGTT and
AGGGAAGGCCGTGGTTGT; TNF-α, GGCTGCCCCGACTACGT and
ACTTTCTCCTGGTATGAGATAGCAAAT; GAPDH, TGTGTCCGTCGTGG
ATCTGA and TTGCTGTTGAAGTCGCAGGAG. The PCR cycle was as
follows: initial step at 95 °C for 30 s, 40 cycles at 95 °C for 5 s and 60 °C
for 30 s, 1 cycle at 95 °C for 1min, 55 °C for 30 s, and 95 °C for 30 s. The
specificity of the reaction was verified by melting curve analysis.

2.5. Measurement of cytokines and cAMP

Following an incubation period of 24 h after the addition of METH,
the cell supernatants were carefully collected from the 24-well micro-
titer plates and centrifuged at 3000 rpm/min for 10min at 4 °C in a
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centrifugal machine. The measurements of the concentrations of IL-6
and TNF-α were completed according to the manufacturer's re-
commendations. The detection limits for IL-6 and TNF-α were 6.5 pg/
ml and 3.7 pg/ml, respectively.

After a 15-min incubation with METH, the supernatants were dis-
carded, at which time 1ml of 0.1 M HCL was added for every 35 cm2 of
surface area for 20min at room temperature. The cells were collected
with cell scrapers and centrifuged at 1000 rpm/min for 10min to obtain
the supernatant. The cAMP content was measured according to the
manufacturer's recommendations. The detection limit for cAMP was
0.3 pmol/ml.

2.6. Western blotting

To measure the MAPK phosphorylation levels, single-cell suspen-
sions were plated in 6-well microtiter plates (1× 106 cells/well). After
a 30-min incubation with METH and LPS, the cells were washed three
times with pre-cooled phosphate-buffered saline, and the cell extracts
were prepared using ice-cold RIPA lysis buffer (Solarbio, China) with
1% protease inhibitor cocktail (Roche, Switzerland) and 1% phos-
phorylase inhibitor cocktail (Roche, Switzerland). The protein con-
centrations of each sample were determined using a BCA protein assay
kit (Beyotime, Jiangsu, China). The samples were separated by 10%
SDS gels and were electrophoretically transferred onto polyvinylidene
fluoride membranes (PVDF, 0.22 μm, Millipore, USA) with a semidry
blotting system (BIO-RAD, USA). After blocking with 5% skim milk for
2 h, the membranes were incubated with the primary antibodies
(1:1000) overnight at 4 °C. After washing, the membranes were in-
cubated with horseradish peroxidase (HRP)-conjugated secondary an-
tibody (1:1000, Proteintech Group, China) for 1 h. An enhanced che-
miluminescent substrate (ECL) was used to visualize the bands (Fusion
Fx5, China) after washing the membranes. The results were evaluated
with the gel image analysis software ImageJ 2.1.4.7.

2.7. Statistical analysis

All data are presented as the means± the SEMs. Before the

statistical analyses, the normality and homogeneity of equal variance
were confirmed. One-way ANOVA with Fisher's least-significant dif-
ferences or two-way repeated ANOVA with multivariate analysis were
used to test for differences in treatment groups. The statistical analyses
were performed with IBM SPSS Statistics 20.0. P < .05 was considered
statistically significant.

3. Results

3.1. METH alone has no effect on IL-6 and TNF-α production in microglia

We chose LPS as the inflammatory stimulant because it had been
demonstrated to effectively activate microglial cells [37]. To exclude
the cytotoxicity of LPS on the microglial cells, LPS dose–response curves
were constructed for the BV-2 cells and the primary microglia (10, 100,
500, 1000, and 2000 ng/ml). As illustrated in Supplementary Fig. 1,
none of these LPS concentrations elicited overt toxic effects on the cells
according to MTT assays (Supplementary Fig. 1a, d). The productions of
IL-6 and TNF-α by these two cell types increased in dose-dependent
manners and peaked at 1000 and 2000 ng/ml (Supplementary Fig. 1b,
c, e, f). Moreover, there were no significant differences in IL-6 or TNF-α
activation levels between the 1000 and 2000 ng/ml doses. Thus, we
chose the 1000 ng/ml as the dosage to activate the cells.

Based on in vitro studies, METH has been demonstrated to influence
both humoral and cellular immune responses and to interfere with the
normal central immune response [38–40]. Previously, we observed that
METH influences murine mast cells [41]. Therefore, we investigated
whether METH administration could directly affect microglial cells.
Due to the significant toxicity of METH, it was important to establish a
sublethal dose that could be used to treat the cells. We constructed
dose–response curves (20 μM, 100 μM, 200 μM, and 400 μM) then per-
formed MTT assays on both the BV-2 cells and the primary microglial
cells. The cell viabilities, which are presented as the OD values, were
significantly inhibited by METH at 400 μM in the BV-2 cells (Supple-
mentary Fig. 2a). The same results were found in the primary microglial
cells (Supplementary Fig. 2d). Thus, we used METH at doses< 400 μM
in all of the subsequent experiments. When exposed to METH alone and

Fig. 1. METH alone has no effect on IL-6 and
TNF-α production in microglia.
BV-2 cells (a, b) and primary microglia (c, d)
were incubated with METH at 20 μM, 100 μM, or
200 μM for 24 h. Then, the supernatants were
collected to detect the productions of IL-6 and
TNF-α. LPS (1 μg/ml) was used as the positive
control. The data are represented as the
means± the SEMs of three independent experi-
ments, n= 5–6. The statistical analyses were
performed using one-way ANOVA and Fisher's
LSD test. ***, p < .001 compared to the group
without LPS or METH.
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compared to the control group, the BV-2 cells exhibited no differences
in the productions of IL-6 or TNF-α, while LPS significantly increased
the productions of these cytokines (Fig. 1a, b). The primary microglial
cells also exhibited the same results (Fig. 1c, d). To confirm these
findings, we also detected the mRNA of these cytokines and found no
differences after METH exposure (Supplementary Fig. 2b, c, e, f).

3.2. METH modulates the productions of IL-6 and TNF-α in LPS-activated
microglia

As METH alone did not exhibit regulatory functions on either IL-6 or
TNF-α production in resting microglial cells, we were curious whether
the results would differ in activated microglial cells. To measure the
inflammatory effect of METH exposure on LPS-activated microglial
cells, supernatants from all groups of cells were collected, and the IL-6
and TNF-α productions were examined by ELISA assay. After the
treatment with METH, the secretion of IL-6 in LPS-activated BV-2 cells
was significantly enhanced in a METH-dependent manner, which was
most remarkable at the 200-μM dose (Fig. 2a). However, when com-
pared to the LPS group, METH exposure significantly inhibited the
production of TNF-α in the LPS-activated BV-2 cells at 100 μM and
200 μM (Fig. 2b). To confirm above changes, we measured the IL-6 and
TNF-α production again in primary microglial cells. We found that only
the 200-μM dose METH treatment significantly augmented the LPS-in-
duced IL-6 increment in the primary microglial cells when compared to
the LPS group (Fig. 2c). However, at the same time, the levels of TNF-α
exhibited no difference (Fig. 2d). To exclude the possibility that the
regulatory role of METH was due to the excessive or withering cell
viability induced by the combined effect of METH and LPS, a regimen of
drug combinations was applied to perform an MTT assay. As illustrated
in Supplementary Fig. 3, there was no significant difference between
the LPS group and the METH+LPS group with respect to the viability of
the cells (Supplementary Fig. 3a, d). Moreover, we found that the IL-6
mRNA levels were significantly increased in both the BV-2 cells and the
primary microglial cells, while there were no significant changes in
TNF-α mRNA production (Supplementary Fig. 3b–c, e-f).

3.3. Effects of METH on the IL-6 and TNF-α time courses in LPS-activated
BV-2 cells

To confirm the above results, we designed an experiment that lasted
over time course of 24 h to examine the temporal variation character-
istics of IL-6 and TNF-α production. We collected supernatants of BV-2
cells at 0.5, 2, 4, 6, 12, and 24 h after LPS challenge to measure the
METH-induced alterations in the production of TNF-α and IL-6.
Compared to the LPS group, METH significantly increased IL-6 pro-
duction after 4 h of LPS challenge (Fig. 3a), while METH-mediated TNF-
α production decreased earlier after 2 h of LPS treatment (Fig. 3b).

3.4. METH inhibits LPS-induced MAPKs phosphorylation in BV-2 cells,
while METH alone had no effect

The MAPK signaling pathways are downstream of TLR4, which is
the primary target of LPS and is crucial for the generation of in-
flammatory cytokines, such as TNF-α and IL-6 [20]. Moreover, three
MAPK signaling proteins (ERK1/2, p38 and JNK) tend to differentially
affect cytokines, and ERK1/2 has been proven to be fatal for the
synthesis, maturity and secretion of TNF-α, while p38 tends to increase
the production of IL-1β, IL-6 and JNK regulate nitric oxide [18–22]. As
such, we hypothesized that the differential regulation of IL-6 and TNF-α
might be triggered by the disparate influences of METH on MAPKs.
Because METH exhibited its regulatory effects on the production of IL-6
and TNF-α at doses of 100 μM and 200 μM in the BV-2 cells, it was
necessary to detect whether METH regulated MAPK phosphorylations
at these doses. We examined the phosphorylation levels of MAPKs after
BV-2 cells were incubated with METH for 30min. As illustrated, METH
did not influence the phosphorylation levels of ERK1/2, p38 or JNK
when compared to the control group (Fig. 4a-c). However, when the
cells were pre-treated with METH, the LPS-induced phosphorylation
levels of all the three MAPKs were significantly down-regulated com-
pared to the LPS group (Fig. 4d-f).

Fig. 2. METH modulates the productions of IL-6
and TNF-α in LPS-activated microglia
BV-2 cells (a, b) and primary microglia (c, d)
were incubated with LPS (1 μg/ml) and METH at
20 μM, 100 μM, or 200 μM for 24 h. Then, the
supernatants were collected to detect the pro-
ductions of IL-6 and TNF-α. The data are re-
presented as the means± the SEMs of three in-
dependent experiments, n= 5–6. The statistical
analyses were performed using one-way ANOVA
and Fisher's LSD test. ***, p < .001, compared
to the group without LPS or METH. #, p < .05,
##, p < .01, ###, p < .001, compared to the
LPS group.
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3.5. cAMP/PKA/CREB signaling pathway mediates the regulatory role of
METH on IL-6 and TNF-α production in LPS-activated microglial cells

The down-regulated phosphorylation levels of MAPKs mediated by
METH, especially that of ERK1/2, could explain the decline in LPS-in-
duced TNF-α production but were contrary to the increment of IL-6.
Thus, it was reasonable to guess that another signaling pathway in LPS-
activated microglial cells may also be regulated by METH. Other than
MAPK signaling, METH has been reported to promote the accumulation
of cAMP in astrocytes [32]. It is also known that, as an important
second messenger, cAMP can act as an immunoregulatory factor that
affects the production of cytokines, including IL-6 [42–45]. Thus, we
speculated that the effects of METH on LPS-activated microglial cells
might also be mediated by cAMP signaling. We first detected the al-
terations of cAMP content and the phosphorylation level of CREB,
which is the downstream molecule in the cAMP signaling pathway,
after the exposure to METH and the LPS challenge in BV-2 cells. As
illustrated in Fig. 5, the cAMP concentration was significantly elevated
in the METH+LPS group when compared to the LPS group (Fig. 5a).
Moreover, the CREB phosphorylation level was also significantly in-
creased by METH in the LPS condition (Fig. 5b). To further determine
how cAMP/CREB signaling was involved, we used forskolin, the agonist
of the synthetase of cAMP-adenylate cyclase (AC) in LPS-activated BV-2
cells, to test the alterations of IL-6 and TNF-α. As displayed in Fig. 5,
forskolin significantly facilitated IL-6 induction but inhibited the

accumulation of TNF-α in the BV-2 cells, which precisely mirrors the
actions of METH (Fig. 5c, d). We then used MDL-12330 A, the inhibitor
of AC, to measure the changes in cytokines. As illustrated, the METH-
induced up-regulation of IL-6 was significantly inhibited by MDL-12330
A (Fig. 5e). The down-regulation of TNF-α by METH was also obviously
reversed (Fig. 5f). Considering that the cAMP/PKA/CREB axis is an
integral signaling pathway and plays an important role in the im-
munoregulatory functions of many types of cells [35], PKA may also
participate in the above results induced by METH exposure. Thus, we
used an inhibitor of PKA, H89, to measure the changes in IL-6 and TNF-
α production again. Consequently, H89 pretreatment also distinctly
inhibited the METH-mediated up-regulation of IL-6 and reversed the
inhibition of TNF-α in LPS-activated BV-2 cells (Fig. 5g, h).

To test the veracity of the results observed in the BV-2 cells, we
repeated the experiments in the primary microglial cells. As presented
in Fig. 6, the cAMP content and CREB phosphorylation level were both
significantly elevated by METH in the LPS condition (Fig. 6a, b). Ana-
logously, MDL-12330 A and H89 reversed the up-regulation of IL-6 in
this process (Fig. 6c, e). These inhibitors also exhibited a tendency to
promote TNF-α production, whereas METH induced a tendency toward
a decrease in TNF-α in the LPS-activated primary microglial cells
(Fig. 6d, f).

3.6. Inhibition of the cAMP/PKA/CREB signaling pathway rescues the
phosphorylation level of ERK1/2

The above results indicated that the activation of the cAMP/PKA/
CREB signaling pathway played a substantial role in METH-induced
immunoregulatory function. However, simultaneously, ERK1/2, which
is crucial for TNF-α production, is repressed by METH in LPS-activated
microglial cells. It has been reported that cAMP and PKA can inhibit or
promote the activation of ERK1/2 according to different conditions
[46–49]. Therefore, it is important to test whether the down-regulation
of phosphorylated ERK1/2 is induced by the activation of cAMP/PKA/
CREB signaling. We measured the phosphorylation level of ERK1/2
after the inhibition of cAMP and PKA in both LPS-activated BV-2 cells
and primary microglia. As presented, in the BV-2 cells, H89 and MDL-
12330 A restored the phosphorylation of ERK1/2 when compared to the
METH + LPS group (Fig. 7a, b). Similarly, H89 also significantly res-
cued ERK1/2 phosphorylation in the primary microglia, while MDL-
12330 A only exhibited a recuperative tendency (Fig. 7c, d).

4. Discussion

Ample evidence indicates that METH causes aberrant immune re-
sponse in microglia and the secretion of pro-inflammatory molecules
that leads to neural injury in vivo [50]. However, limited studies have
performed on the mechanisms. In this study, the production of IL-6 or
TNF-α protein in BV-2 cells and primary microglial cells did not exhibit
significantly modulation when they were treated by METH alone,
which is consistent with previous study. Frank et al. showed that both
the mRNA production of IL-6 and TNF-α in primary microglial cells
exhibited no changes when the cells were exposed to METH directly at
various doses though the cytokines were up-regulated in vivo [51].
However, we found that METH augmented IL-6 production but in-
hibited TNF-α production in LPS-activated BV-2 cells. Similarly, METH
increased IL-6 production in LPS-induced primary microglial cells but
elicited no significant effect on TNF-α production. There is hetero-
geneity in microglial cells from different sources and they have been
proved to exhibit distinct secretion features in inflammatory cytokines
when challenged by stimulants [52–55]. For example, when exposed to
LPS, primary microglia exhibit high levels of expression and release of
TNF-α and IL-6, whereas HAPI microglial cells, a cell line made from
rat, exhibit no changes [52]. Thus, the differences in TNF-α production
between BV-2 cells and primary microglial cells we found may be due
to the different characteristics in the two types of cells. The interesting

Fig. 3. Effect of METH on IL-6 and TNF-α time courses in LPS-activated BV-2 cells
BV-2 cells were incubated with LPS (1 μg/ml) and METH (200 μM) for 0.5, 2, 4, 6, 12, or
24 h. Next, the supernatants were collected to test the concentrations of IL-6 (a) and TNF-
α (b). The data are represented as the means± the SEMs of three independent experi-
ments, n=5–6. The statistical analyses were performed using two-way repeated ANOVA
followed by multivariate analysis. *, p < .05, **, p < .01, ***, p < .001, compared to
the LPS group.
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Fig. 4. METH inhibits LPS-induced MAPK phosphorylations in BV-2 cells, while METH alone has no effect
BV-2 cells were incubated with METH at 20 μM, 100 μM, or 200 μM with or without LPS (1 μg/ml) (a-c and d-f respectively) for 30min. Next, the cells were extracted to assess the
phosphorylation levels of ERK1/2, JNK and p38. The data are represented as the means ± the SEMs of three independent experiments. The statistical analyses were performed using one-
way ANOVA and Fisher's LSD test. *, p < .05, **, p < .01, ***, p < .001, compared to the group without LPS or METH. #, p < .05, ##, p < .01, ###, p < .001, compared to the
LPS group.

Fig. 5. cAMP/PKA/CREB signaling pathway mediates the regulatory role of METH on IL-6 and TNF-α production in LPS-activated BV-2 cells.
(a) BV-2 cells were incubated with METH (200 μM) and LPS (1 μg/ml) for 15min. Next, the cell extracts were collected and tested for the concentration of cAMP. (b) BV-2 cells were
incubated with METH and LPS for 30min then were extracted to assess the phosphorylation of CREB. Forskolin (10 μM) (c, d), MDL-12330A (10 μM) (e, f) and H89 (30 μM) (g, h) were
added with METH and LPS for 24 h. After that step, the supernatants were measured for IL-6 and TNF-α production. The data are represented as the means± the SEMs of three
independent experiments, n= 5–6. The statistical analyses were performed using one-way ANOVA and Fisher's LSD test. *, p < .05, **, p < .01, ***, p < .001, compared to the group
without LPS and METH (a, b) or the LPS group (c-h). #, p < .05, ##, p < .01, ###, p < .001, compared to the LPS group (a, b), METH group (c, d) or LPS+METH group (e-h).
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aspect of this result was that METH exhibited different regulatory roles
on IL-6 and TNF-α in LPS-activated microglial cells. Our previous study
in Raw264.7 macrophages also showed different outcomes in IL-6 and
TNF-α (data not shown). However these were contrary to Coelho-San-
tos's e report that both IL-6 and TNF-α increased when N9 microglial
cells were incubated with increasing concentrations (0.1, 0.5, 1, 2 and
4mM) of METH [56]. This difference may be primarily due to two
reasons. First, the N9 cell line was used in their experiments, and this
cell line exhibits great differences from BV-2 cells and primary micro-
glia [53]. Second, the dose of METH used by these authors reached up
to 4000 nM, i.e., a dose that induces significant cell death and then
triggers high levels of cell activation due to the cell debris [57]. Fur-
thermore, divergent regulation of IL-6 and TNF-α in a single cell type
has also been reported, for example, cholera toxin, which increases
intracellular cAMP, concomitantly increases IL-6 synthesis but de-
creases TNF-α production in rat peritoneal mast cells [25]. Never-
theless, above results suggest that METH can differently modulate the
production of the cytokines IL-6 and TNF-α in LPS-activated microglial
cells and cAMP may be involved in that process.

It is widely accepted that IL-6 has the ability to affect the production
of TNF-α [25,58]. Thus, we wondered whether the decrement of TNF-α
was due to the elevated IL-6 in BV-2 cells. We examined the production
of IL-6 and TNF-α during 24 h in LPS-activated BV-2 cells in response to
METH. We found that IL-6 was increased at 4, 6, 12, and 24 h, while
TNF-α was inhibited at 2, 4, 6, 12, and 24 h after the pretreatment of
METH on LPS-activated BV-2 cells. In other words, the decrement of
TNF-α occurred earlier than the increment of IL-6 and this might hint us
that IL-6 did not inhibit the TNF-α production in our experiments
though this need more evidences. According to previous reports, the

inhibitory role of IL-6 on TNF-α may require the help of other mole-
cules, such as the pituitary adenylate cyclase-activating polypeptide
(PACAP) type receptor, which can be activated by maxadilan and then
induce a negative-feedback mechanism that controls certain in-
flammatory responses [59–62]. These molecules, such as PACAP, might
not exist in microglial cells and further research is required to prove
this.

LPS simultaneously increases IL-6 synthesis and TNF-α production
mainly via LBP-CD4/TLR4/MyD88/MAPK [25,63]. Thus, the changes
in the phosphorylation levels of p38, JNK and ERK1/2 were observed in
our study. We found that LPS significantly increased their phosphor-
ylation levels while METH alone showed no effect. We also found that
METH pretreatment reduced the LPS-induced phosphorylation levels of
all the three molecules-p38, JNK and ERK1/2. This down-regulation of
MAPKs was in agreement with the inhibition on TNF-α by METH, but
was contrary to the increment of IL-6, suggesting another mechanism
may be involved in.

It's commonly known that CREB is one of the regulative signaling
proteins which are responsible for inflammatory cytokines, such as IL-6
[64]. CREB is also the classic target molecule in response to METH. It
can mediate METH-induced spatial memory consolidation, retrieval
and reconsolidation [65]. In addition, CREB is regulated by METH as a
part of cAMP/PKA/CREB signaling pathway both in vivo and in vitro
[66,67]. In the present study, we also found that forskolin, an agonist of
cAMP, elevated the LPS-induced IL-6 production while inhibited TNF-α.
In addition, when compared to LPS group, we found that simultaneous
exposure to METH significantly promoted the cAMP content and CREB
phosphorylation levels. This indicated the involvement of cAMP/PKA/
CREB signaling pathway. To verify this further, we used the AC

Fig. 6. cAMP/PKA/CREB signaling pathway mediates the regulatory role of METH on IL-6 and TNF-α production in LPS-activated primary microglia
(a) Primary microglia were incubated with METH (200 μM) and LPS (1 μg/ml) for 15min. After that step, the cell extracts were collected and tested for the concentration of cAMP. (b)
Primary microglia were incubated with METH and LPS for 30min and were then extracted to assess the phosphorylation of CREB. MDL-12330A (10 μM) (c, d) and H89 (30 μM) (e, f) were
added with METH and LPS for 24 h. Next, the supernatants were measured for IL-6 and TNF-α production. The data are represented as the means± the SEMs of three independent
experiments, n= 5–6. The statistical analyses were performed using one-way ANOVA and Fisher's LSD test. *, p < .05, **, p < .01, ***, p < .001, compared to the group without LPS
and METH (a, b) or the LPS group(c-f). #, p < .05, ##, p < .01, ###, p < .001, compared to the LPS group (a, b) or the LPS+METH group (c-f).
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inhibitor MDL-12, 330A to inhibit the cAMP and it inhibited the METH-
induced up-regulation of IL-6 and rescued the production of TNF-α at
the same time. Moreover, we also used the PKA inhibitor H89, which
also reversed the METH-induced regulation on IL-6 and TNF-α. These
results confirmed the participation of the cAMP/PKA/CREB axis. In
airway smooth muscle cells and human chondrocytes, the involvement
of cAMP/PKA/CREB axis in IL-6 and TNF-α regulation has been dis-
covered [34,68]. In addition, the axis was also reported to regulate
cytokines production in many other cell types, such as Caco-2 cells,
mononuclear cells and cardiac fibroblasts [44,45,48,69]. Therefore, we
speculated that the METH-induced modulations on the productions of
IL-6 and TNF-α in LPS-activated microglial cells are mediated by the
cAMP/PKA/CREB signaling pathway. As to the significant role of
cAMP, a receptor coupled to protein Gs would be a plausible inter-
mediate. In vivo, METH works mainly through the activation of dopa-
mine receptors (DRs) among which D1DR and D5DR are protein Gs-
coupled [70]. In view of this, we also used their agonists dopamine and
SKF 38393 as well as the antagonist SCH 23390 to detect their possible
role. But as a pity, they showed no effect on the production of IL-6 and
TNF-α (data not shown). So, whether the effect of METH on microglia
was receptor-mediated need more evidence which may be found on
other receptors and we will focus on this in the following work.

In our results, MAPKs were inhibited while the cAMP/PKA/CREB
signaling pathway was activated by METH in LPS-activated microglial
cells. It seemed to be a paradox. In the MAPKs, ERK1/2 is crucial to the
TNF-α production by promoting the localization of pre-TNF-α to the
cell surface [71,72]. To answer the question why the production of
TNF-α was decremented in LPS-activated microglial cells in response to

METH, ERK1/2 was chosen as the key study object in MAPKs. In some
conditions, cAMP/PKA/CREB signaling pathway shows suppressant
effect on ERK1/2 [73,74]. Thus, the phosphorylation levels of ERK1/2
were determined after MDL-12, H89 administration. We found MDL-12,
330A induced the rescue of ERK1/2 phosphorylation when it was given
before METH and LPS. H89 treatment also exhibited the same results. In
monocytes, PKA is also reported to induce the suppression of TNF-α
production by inhibition on Raf-1, which is the upstream of ERK1/2
[75]. These results proved that the diminished phosphorylation level of
ERK1/2 by METH was due to the activation of the cAMP/PKA/CREB
signaling pathway (Fig. 8). The inhibition on ERK1/2 by cAMP/PKA
signaling was also reported in vascular smooth muscle cells that it
suppresses the proliferation of the cells [73]. As summarized in Fig. 8,
these results indicated the existence of crosstalk between cAMP/PKA/
CREB and LPS/ERK1/2 in LPS-activated microglial cells at ERK1/2
phosphorylation inhibited by CREB. However, LPS shows the limited
possibility to challenge all the METH users excepting those who are
infected by Gram-negative bacteria while amyloid β-protein and cyto-
kines, such as INF-γ, are more commonly seen in the brain [16,17].
Thus, it's necessary to detect the regulatory role of METH on microglial
immune response to the above stimuli in the following work. Never-
theless, the study reported here hinted us at the various mechanisms
underline the immune impacts induced by METH.

5. Conclusions

Taken together, our results demonstrate that METH can differently
modulate the production of the cytokines IL-6 and TNF-α in LPS-

Fig. 7. Inhibition of cAMP/PKA/CREB signaling
pathway rescues the phosphorylation level of
ERK1/2
(a, c) Microglial cells were incubated with MDL-
12330A (10 μM) and LPS or METH for 30min to
measure the phosphorylation of ERK1/2. (b, d)
Microglial cells were incubated with H89 (30 μM)
and LPS or METH to measure the phosphoryla-
tion of ERK1/2. The data are represented as the
means± the SEMs of three independent experi-
ments. The statistical analyses were performed
using one-way ANOVA and Fisher's LSD test. *,
p < .05, **, p < .01, compared to the LPS
group, #, p < .05, ##, p < .01, compared to
the LPS+METH group.
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activated microglial cells. The cAMP/PKA/CREB signaling pathway
mediates this modulation. Our study provides insight into the im-
munoregulatory activity of METH on activated microglia, and indicates
that the cAMP/PKA/CREB signaling pathway may be a potential target
for remedying METH relevant neuroinflammation and neurotoxicity.
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