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Microglia, the immune competent cells of the central nervous system (CNS), normally
exist in a resting state characterized by a ramified morphology with many processes, and
become activated to amoeboid morphology in response to brain injury, infection, and a
variety of neuroinflammatory stimuli. Many studies focused on how neurotransmitters
affect microglia activation in pathophysiological circumstances. In this study, we tried
to gain mechanistic insights on how dopamine (DA) released from neurons modulates
cellular functions of resting and activated microglia. DA induced the reduction of the
number of cellular processes, the increase of cell adhesion/spreading, and the increase
of vimentin filaments in resting primary and BV2 microglia. In contrast to resting cells,
DA downregulated the cell spreading and phagocytosis of microglia activated by LPS.
DA also significantly downregulated ERK1/2 phosphorylation in activated microglia,
but not in resting microglia. Downregulation of ERK1/2 by DA in activated microglia
required receptor signaling. In contrast, we found a significant increase of p38MAPK
activity by DA treatment in resting, but not in activated microglia. These latter effects
required the uptake of DA through the high-affinity transporter but did not require
receptor signaling. Activation of p38MAPK resulted in the increase of focal adhesion
number via phosphorylation of paxillin at Ser83. These results indicate that DA might
have a differential, depending upon the activation stage of microglia, impact on cellular
functions such as adhesion and phagocytosis.
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INTRODUCTION

Microglia, immune competent cells of the central nervous system (CNS), normally exist in a resting
state characterized by a ramified morphology and become activated into a motile ameboid form
in response to brain injury, infection, and a variety of neuroinflammatory stimuli (Kreutzberg,
1996; Jacobowitz et al., 2012). They play a crucial role in recognition and phagocytic removal
of degenerating neurons (Hickey, 2001; Streit, 2002). In neurological diseases and diverse brain
insults, microglia promote the innate neuroinflammatory response responsible for brain repair
(Kreutzberg, 1996; Streit et al., 2004). However, this inflammatory cascade can become pathogenic
and contribute to the progression of disease processes. Microglia hyperactivation often leads to
neurotoxicity and several neurodegenerative diseases accompanied by an excess proliferation of
microglia (Gehrmann et al., 1995). Chronic activation of microglia may cause neuronal damage
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and prominent roles for microglia in neuroinflammation have
also been suggested in chronic neurological diseases such as
Alzheimer’s disease (AD), human immunodeficiency virus-1
(HIV-1) encephalopathy, prion diseases, and multiple sclerosis
(MS) (Nelson et al., 2002; Streit, 2002; Streit, 2004; Lee et al.,
2005).

Neurons are known to use different signals to control
microglia: ‘Off’ signals keep microglia in their resting state and
‘On’ signals induce microglia activation (Biber et al., 2007).
Microglia express several neurotransmitter receptors which
modulate microglial functions. Activation of GABA(B) receptors
and metabotropic purinergic receptors attenuated the release
of interleukin-6 (IL-6) and microglia activation induced by
lipopolysaccharide (LPS) (Boucsein et al., 2003; Kuhn et al.,
2004). In contrast, activation of glutamate receptors enhanced the
production of the tumor necrosis factor α(TNFα) (Noda et al.,
2000). Many studies also reported that DA may affect several
functions of innate immune system cells such as dendritic cells,
macrophages, microglia, and neutrophils (Pinoli et al., 2017).
DA decreases LPS-induced proliferation of human monocytes
(Bergquist et al., 2000). It has been also shown that DA, acting
on D1 receptor, can mitigate the proinflammatory response of
LPS-activated macrophages and prevent systemic and neuro-
inflammation in vivo (Yan et al., 2015). A previous study
has reported a functional expression of D1 and D2 dopamine
(DA) receptors in neonatal mouse microglia cultures and brain
slices (Farber et al., 2005). Another study demonstrated that
activated elderly microglia express DA receptors (Mastroeni
et al., 2009). The presence of serotonin (5-HT) receptors on
microglia were also confirmed. Amoeboid microglia respond
to serotonin with a higher chemotactic response to ATP but
with a decreased phagocytic activity (Krabbe et al., 2012).
These reports clearly suggest that monoamine neurotransmitters
can modulate microglia activation or behavior in normal
and pathophysiological circumstances. However, most of these
studies focused on how neurotransmitters affect the phagocytic
behavior of activated microglia. Recently, emerging roles of
resting or ramified microglia in several brain physiological
functions including adult hippocampal neurogenesis, and
cognitive and behavioral functions have been demonstrated.
Microglia cells were shown to be highly active in the resting state,
continually surveying their microenvironment with extremely
motile processes and protrusions (Nimmerjahn et al., 2005).
Ramified microglia have an important function in modulating
hippocampal neurogenesis via phagocytosis of apoptotic cells
during the 1st days of their life (Sierra et al., 2010). The cellular
and molecular mechanisms underlying the regulation of resting
microglia functions are largely unknown.

Under neuroinflammatory conditions, neurons release
multiple neurotransmitters, at varying levels. For example, brain
injury or emotional stress cause changes in DA release to the
surroundings (Rougé-Pont et al., 1993; Pruessner et al., 2004).
Thus, we tried to gain mechanistic insights how monoamine
neurotransmitters released from neurons modulate cellular
functions of resting and activated microglia. In this study, we
demonstrated that uptake of DA through transporters cause a
significant increase of p38 MAP kinase activity in resting, but not

in activated microglia. Activation of the p38MAPK result in the
increase of paxillin phosphorylation at Ser83, which might cause
changes of cell shape via the increase of focal adhesions and
vimentin filaments. DA, however, showed no significant effect
on vimentin filaments and induced the decrease of phagocytosis
in activated microglia. These results indicate that monoamine
neurotransmitters might have a direct and significant impact
on phagocytic activity and motility of microglia in different
activation stage.

MATERIALS AND METHODS

Cell Culture and Reagents
BV2 microglia cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) medium (Corning, Manassas, VA,
United States) containing 10% fetal bovine serum (Biological
Industries, Cromwell, CT, United States) and 100 U/mL
penicillin/streptomycin (Solarbio, Beijing, China) in thermostatic
incubator with 5% CO2. Primary microglial cells were prepared
from brains of newborn pups of C57BL/6 mice (Huafukang
Animal Center, Beijing, China). Briefly, decapitated heads were
sterilized with ethanol and kept in ice-cold PBS. The scalp
was cut open using fine scissors and brains were scooped out.
Meninges were removed while brains were kept in the cold
DMEM. The brain is then minced into small pieces using a pair
of corneal scissors and tissues were dissociated into smaller pieces
with repeated pipetting. Cells were collected by centrifuging at
400 rpm for 3 min, and the pellet was resuspended in DMEM with
10% fetal bovine serum and 100 U/mL penicillin/streptomycin.
The cell suspension was added to poly-D-lysine coated flasks.
Mixed glial cell cultures were incubated for 2 weeks, and
microglia cells were detached by shaking the flasks on an orbital
shaker at 200 rpm for 2 h at 37◦C, and primary microglia cells
were collected by centrifuging at 800 rpm for 3 min. Cells were
resuspended in DMEM with 10% FBS and plated in poly-D-
lysine (Sigma-Aldrich, Shanghai, China) coated plates. The purity
of these cells was examined under a phase contrast microscope
and fixed for staining with an Iba1 antibody (1:500) specific to
microglia. All experiments using mice were in accordance with
the Guide for the Care and Use of Laboratory Animals and were
approved by the Research Ethics Committee, Tianjin Medical
University.

DA and DA receptor antagonists [Haloperidol: D2, D3, D4
antagonist, Spiperone: D1, D2, D3, D4 antagonists, R-Bromo-
alpha-Ergocryptine: D2, D3 antagonist, (+/−)-Sulpiride: D2
antagonist, Eticloprideon: D2 antagonist] were purchased from
Sigma-Aldrich. Monoamine oxidase inhibitor, pargyline, was
purchased from Sigma-Aldrich. Rasagiline and DA transporter
blockers, Benztropine and Vanoxerine (GBR-12909), were
purchased from MedChemExpress (Shanghai, China) and
decynium-22, a blocker for plasma membrane monoamine
transporter was from Sigma-Aldrich. A p38MAPK inhibitor,
SB203580, was from Selleck Co. (Shanghai, China).

Antibodies against phospho-p44/p42 MAPK (pERK1/2),
p44/p42 MAPK (ERK1/2), phospho-p38MAPK, p38MAPK, and
vimentin were purchased from Cell Signaling Technology
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(Shanghai, China). Antibodies against phospho-paxillin (Ser-
83) and paxillin were from ECM biosciences (Versailles, KY,
United States). Antibody against Iba-1 was from Proteintech
(Rosemont, IL, United States). We used 1:2000 dilutions of
antibodies for immunoblots and 1:500 for immunofluorescence
staining.

Transfection of BV2 and primary microglia cells was done
with Viafect transfection agent (Promega Biological Products,
Shanghai, China) according to the manufacturer’s protocol.

Immunoblotting
Primary and BV2 microglia cells (80% confluent) were used
to perform experiments. For activated microglia, cells were
incubated with 100 ng/ml LPS for 6 h, which is a commonly
used concentration for microglia activation in previous reports
(Pruessner et al., 2004). Cells were then treated with 2 µM DA
and incubated for various time. Cells were lysed with SDS-PAGE
sample buffer containing protease inhibitor cocktail (Sigma-
Aldrich) and phosphatase inhibitor (β-glycerophosphate).
Lysates were denatured by heating at 95◦C. Proteins were
separated by SDS-PAGE and transferred onto PVDF membrane.
The blots were blocked with 5% non-fat milk or 5% BSA in
TTBS (Tris-buffered saline with 0.1% Tween-20) for 30 min
and incubated overnight at 4◦C with a primary antibody.
Immunoblots were imaged with an Amersham Imager 600 (GE
Healthcare), and bands were quantified using ImageJ software.

Transfection and Fluorescence
Microscopy
BV2 were grown on a flamed cover glass coated with poly-D-
lysine at 50–60% confluence and transfected with Paxillin-GFP
(2 µg) using 8 µl of ViaFect Transfection Reagent (Promega
Biological Products, Shanghai, China) in OPTI-MEM (Thermo
Fisher, Shanghai, China ) for 12 h and cells were further incubated
with DMEM with 10% FBS for 12 h. For primary microglia, cells
were transfected in DMEM with 10% FBS for 24 h and further
incubated for 12 h after medium change. Cells were then treated
with 2 µM DA and inhibitors for 30 min, washed with PBS,
and fixed with 4% fresh formaldehyde in PBS. Cells were rinsed
three times (5 min each) with TBS-Tween, and the cover glass
was mounted on slides. Cells were observed under a Nikon Ti
fluorescence microscope (Tokyo, Japan) with 100× objective and
images were taken with Qclick CCD camera (Qimaging, Surrey,
Canada). The length of vimentin and area of cells were measured
by using Image J software.

For phagocytosis assay, 1 µl of Alexa594-labeled latex beads
(1 µm diameter; Molecular Probe, Shanghai, China) were added
to the medium and incubated for 40 min. Cells were then fixed,
washed, and permeabilized with 0.1% triton x-100. F-actin was
stained with Alexa488-labeled phalloidin.

Primary astroglia cell mixture was grown on the coverglass
coated with 0.1% poly-D- Lysine. Cells were treated with 2 µM
DA and inhibitors for 30 min and fixed. Cells were then
permeabilized with 0.2% Triton X-100 in PBS for 5 min, followed
by incubation with blocking buffer (5% BSA, 0.1% Triton X-100
in PBS) for 30 min. Cells were incubated with the anti-paxillin

antibody (mouse) and anti-Iba-1 antibody (rabbit) for overnight
at 4◦C with constant shaking, washed three times with TBS-T
and incubated with fluorescence-conjugated (Alexa 488 and 594)
secondary antibodies (Santa Cruz Biotechnology, United States)
for 1 h. Cells were rinsed three times, mounted on slides, and
observed under Nikon A1+ confocal microscope.

RNA Isolation and Real-Time RT-PCR
Total RNA was isolated from BV2 cell cultures (80% confluent)
by using an Eastep Super RNA isolation kit (Promega Biological
Products, Shanghai, China) according to the manufacturer’s
instructions. Total RNA concentrations were measured with a
Nanodrop spectrophotometer (Thermo Scientific, Wilmington,
DE, United States). cDNA synthesis was performed in a
thermocycler GeneAmp R© PCR System 9700 PE (Applied
Biosystems, Foster City, CA, United States), using a HiFi Script
1st strand cDNA synthesis kit (CW Biotech, China) with 1 µg
of total RNA in 20 µl reaction. cDNA was diluted to 300 µl
in DNase free water. Real-time PCR reactions for cDNA were
performed using 5 µl cDNA and Ultra SYBR mixture with
low ROX (CW Biotech, China) according to the manufacturer’s
instructions in a LightCycler (Applied Biosystems, Quant
studio 6 Flex real-time PCR system, San Francisco, CA,
United States). Real-time PCR was used to assess expression
of the dopamine transporter (SLC6A3), plasma membrane
monoamine transporter (SLC29A4), organic cation transporter
(SLC22A1) 1, OCT2 (SLC22A2), and OCT3 (SLC22A3) genes.
For quantitative real-time PCR, the values of relative target
gene expression were normalized to Hprt housekeeping gene
expression. We used Hprt as an internal housekeeping control
since it provides the most consistent and stable Ct value among
β-Actin, GAPDH, and Hprt. The primers used for real-time PCR
are listed in Table 1.

Data Analysis
All data was analyzed using Prism 6 software (GraphPad
software). Experiments were analyzed using one-way ANOVA
and Tukey corrections for multiple testing between categories
(indicated in figure legends). The number of biological replicates

TABLE 1 | Primers used in the real-time PCR assay.

Gene Oligonucleotide Sequence Amplicon
Length (bp)

Hprt Forward 5′ TGCTGACCTGCTGGATTACA 3′ 118

Reverse 5′ TATGTCCCCCGTTGACTGAT 3′

SLC6A3 Forward 5′ TGGCCATGGTGCCCATTTAT 3′ 122

Reverse 5′ CACCTCCCCTCTGTCCACTA 3′

SLC29A4 Forward 5′ CGGTCCCAAGCCTCGAGAA 3′ 268

Reverse 5′ TCTGTGAAAGTGGGGACAC 3′

SLC22A1 Forward 5′ CTGGAGCACGTTGGAGAGTT 3′ 96

Reverse 5′ GATGCCCACGTAGATGGGAG 3′

SLC22A2 Forward 5′ GAGTTCCCGCTGGTCGTATT 3′ 294

Reverse 5′ CAGGGGTAAGTGAGGTTGGG 3′

SLC22A3 Forward 5′ GCCCGGAGCTCTCTTAATCC 3′ 258

Reverse 5′ CACAAGCCTGAGCAGAGTGA 3′
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(N) and statistical results are presented in the figure legends.
The reported data for imaging studies originates from the
initial analysis by the first experimenter. Data is presented with
means ± standard error of the mean (SEM) shown as line and
whiskers.

RESULTS

Differential Regulation of Morphology
and Cytoskeleton by DA in Resting and
Activated Microglia
We examined how DA affects morphological changes of primary
microglia. It has been reported that local DA levels can
be increased up to the range of 100s of µM to the mM
range in response to a sensory or pharmacological stimulus
(Floresco et al., 2003). We used µM range of DA to avoid
oxidative stress from high concentration of DA. In classical
terms, “resting” microglia are naive cells that have not been
exposed to inflammatory cytokines and they have branching
processes and a relatively small cell body. About 30% of
primary microglia cells have more than three processes, but
the number of cellular processes was significantly reduced,
and cell bodies appeared to be more flattened and spread in
microglia treated with 2 µM DA for 30 min (Figure 1A),
resulting in a significant increase in cell area. The DA-induced
increase in cell spreading was also recapitulated in resting BV2
microglia cells (Figure 1B). Recent evidences indicated that
microglia exhibit two functionally different activation states
that are referred to as classical (pro-inflammatory, M1) and
alternative activation (anti-inflammatory, M2) (Yang et al., 2017).
Microglia exposed to LPS, a common stimulus that triggers a
pro-inflammatory phenotype (M1 activated microglia) exhibited
increased expression of IL-6 and iNOS, amoeboid morphology,
and increased phagocytic activity (Figures 1C, 3C). In contrast
to resting cells, DA reduced the cell spreading of microglia
activated by LPS (right panels). Prompted by changes in cell
morphology and spreading, we examined the organization of
microglial cytoskeletal by immunofluorescence microscopy. The
number and organization of microtubules were not altered by
DA either in resting or activated microglia (Figure 2A). We also
examined changes in vimentin filaments upon DA treatment.
Vimentin is a part of the intermediate filament system which
plays an important physiological role in maintaining of cell shape
and vimentin has been reported to function as a key controller
for microglia activation (Jiang et al., 2013). Vimentin filaments
were observed to run parallel to the longitudinal axis of the cell in
primary and BV2 microglia (Figure 2B). Resting BV2 microglia
treated with DA showed a significant increase in the number
and length of vimentin filaments in different angles (Figure 2B),
suggesting their contributions to the changes in shape/spreading.
In contrast, activation of primary and BV2 microglia by LPS
induced the loss of vimentin filaments. This loss was not further
modified by DA in BV2 microglia.

Alterations in cell spreading of microglia also prompted us to
examine changes in focal adhesions upon DA treatment, which

were assessed by examining paxillin-GFP localization to focal
adhesions in BV2 microglia. The number of focal adhesions were
markedly increased in DA-treated resting BV2 cells (Figure 3A),
consistent with its induction of cell spreading. To examine
changes in focal adhesion in more physiological conditions,
we transfected primary mixed astrocyte-microglia cultures with
paxillin-GFP, and visualized focal adhesions using confocal
microscopy. Consistent with results obtained from BV2 cells,
significantly more focal adhesions were observed in microglia
treated with DA (Figure 3B). The increase of focal adhesions
upon DA stimulation was also observed in F-actin staining.
Markedly increased number of stress fibers was observed in cells
treated with DA, consistent with the increase of focal adhesions.
LPS appeared to induce the significant loss of stress fibers
(Figure 3C), and, unlike vimentin, DA can rescue the loss of stress
fibers by LPS.

We examined how phagocytic activity of the microglia was
affected by changes of the cytoskeleton and cell adhesion by
examining engulfment of fluorescent beads. Cells were incubated
with latex beads labeled with Alexa 594 (1 µm diameter))
for 30 min, then fixed, and further stained with Alexa 488-
Phalloidin to visualize F-actin. Engulfed beads and F-actin were
analyzed by confocal microscopy. To exclude beads bound to the
surface of the cells, Bottoms of cells were focused using F-actin
visualized with Alexa 488-phalloidin. Phagocytic activity of
resting microglia was not significantly altered upon DA treatment
(Figure 3C). Paralleling changes in cytoskeleton, activation of
microglia by LPS resulted in enhanced phagocytic activity, which
was normalized to resting levels by treatment of cells with DA
(Figure 3C).

Differential Regulation on the Activation
of ERK1/2 and p38MAPK by DA in
Resting and Activated Microglia
Activation of the mitogen-activated protein kinases, ERK1/2,
has been reported in response to neurotransmitters (Troadec
et al., 2002) and DA causes the phosphorylation of ERK1/2
via D1 receptor in neuroblastoma cells (Chen et al., 2004). We
examined whether DA also can activate ERK1/2 in microglia
cells by performing western blot analysis. Resting microglia
were treated with 2 µM of DA for 5, 10, and 30 min and the
activation of ERK1/2 was determined by immunoblot assays
using phospho-ERK1/2 (Thr202/Tyr204) antibody (Figure 4A).
ERK1/2 activation was not significantly altered from the control
after the treatment of 2 µM DA after 30 min of DA treatment.
Activation of microglia by LPS is known to activate ERK1/2 and
p38MAPK. Treatment of LPS-activated microglia with 2 µM DA
for 30 min reduced ERK1/2 phosphorylation to those observed
in resting microglia, suggesting that DA can affect the activation
status of microglia.

Lack of ERK1/2 activation by DA in resting microglia
prompted us to examine the activation of anther mitogen-
activated protein kinase, p38 MAP kinase (p38MAPK).
p38MAPKs are a class of mitogen-activated protein kinases
that are responsive to stress stimuli such as cytokines,
ultraviolet irradiation, heat shock, as well as neurotransmitters
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FIGURE 1 | (A) Changes in the morphology of primary microglia upon DA treatment. Primary microglia cells showed small cell body and multiple processes. Upon
DA (2 µM) treatment for 30 min, they acquired flattened morphology and area of cells were increased significantly, accompanied by a decreased number of cells
having multiple processes (unpaired t-test: ∗∗∗P < 0.005). Values are means ± standard error of 15–20 cells. Right panels show the measurements of cellular
process number and cell area. (B) BV2 microglia were stimulated with LPS and DA, and their morphology (left panels) and cell area (right panel) are shown (ANOVA:
∗P < 0.05 compared to vehicle control ##P < 0.05 compared to LPS). Scale bar = 20 µm. (C) Increased expression of IL-6 and iNOS upon LPS stimulation in BV2

cells.

(Cuadrado and Nebreda, 2010). The activation of p38MAPK was
determined by immunoblot assays using phospho-p38MAPK
(Thr180/Tyr182) antibody (Figure 4B). DA induced a significant
increase of p38MAPK phosphorylation in resting microglia in
a time-dependent manner. The peak of p38MAPK activation
was observed at 30 min after DA treatment. Activation
of microglia with LPS induced high levels of p38MAPK
activation and DA treatment caused reductions in p38MAPK
phosphorylation.

Activation of p38MAPK by DA Cannot Be
Blocked by Exposure to DA Receptor
Antagonists
DA receptors compose a group of G protein-coupled receptors,
and there are at least five subtypes; D1, D2, D3, D4, and
D5 (Vallone et al., 2000). To examine if the activation of
p38MAPK in resting microglia occurs via the stimulation of a
DA receptor, we investigated the effects of different antagonists
including Haloperidol, Spiperone, R-Bromo-alpha-Ergocryptine,

(+/−)-Sulpiride, and Eticloprideon on DA-induced p38MAPK
activation. Specificity of each antagonist was mentioned in
the Materials section. We observed no alterations on DA-
induced p38MAPK phosphorylation by antagonist treatment
(Figure 5A), suggesting that p38MAPK might not be activated
through DA receptors. Furthermore, haloperidol even induced
a significant elevation of the p38MAPK phosphorylation up to
30% compared to the DA alone. To rule out a concern that BV2
cells might not behave like primary microglia, we repeated these
experiments with primary microglia. DA can clearly activate
p38MAPK and spiperone, an antagonist which could block
different types of DA receptor in a wide range, did not show
a significant inhibition, consistent with results from BV2 cells
(Figure 5B).

Differential Regulation of p38MAPK and
ERK1/2 by DA
Many studies have found that high-affinity monoamine
neurotransmitter transporters such as DA transporter (DAT),
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FIGURE 2 | Changes in microglia cytoskeleton upon DA stimulation. (A) Microtubule organization shown by immunofluorescence staining with a β-tubulin antibody.
Resting and activated BV2 microglia with or without DA (2 µM) treatment showed little changes in microtubule organization. Scale bar = 10 µm. (B) Changes of
vimentin filaments in cells treated with DA for 30 min. The number and length of vimentin filaments in primary (PM) and BV2 microglia were visualized by
immunofluorescence staining. Values are means ± standard error of 10–15 cells. DA (2 µM) induces the increase of number and length of vimentin filaments in
resting BV2 cells. Loss of vimentin filaments and cell spreading upon the activation of microglia by LPS (100 ng/ml) were observed in both primary and BV2 microglia.
DA could not rescue the loss of vimentin filaments in activated microglia. (ANOVA: ∗∗∗P < 0.005, ∗∗P < 0.01compare to control). Scale bar = 10 µm.

5-HT transporter (SERT), and NE transporter (NET) are
expressed on neuroglia cells (Solich et al., 2011). The plasma
membrane monoamine transporter (PMAT) and organic cation
transporter 3 (OCT3) are two other prominent low-affinity,
high-capacity transporters for monoamine neurotransmitters
(Duan and Wang, 2010). To examine the possibility that
uptake of DA into the cell through transporter might cause the
activation of p38MAPK, we used pharmacological inhibitors
for these transporters; vanoxerine and benztropine (selective

DAT blockers), and Decynium-22 (PMAT and OCT blocker).
Both DAT and PMAT blockers showed significant inhibition
on the activation of p38MAPK (Figure 5C), and maximum
inhibition was seen by combining all three inhibitors, suggesting
that DA uptake by both DAT and PMAT might be required for
the subsequent activation of p38MAPK. Metabolism of uptake
DA by monoamine oxidase (MAO) produces the reactive oxygen
species (ROS) like H2O2 which induces the oxidative stress
(Gluck et al., 2002). Oxidative stress might be one of the factors

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 September 2018 | Volume 12 | Article 309

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-12-00309 September 8, 2018 Time: 13:44 # 7

Fan et al. Responses of Resting and Activated Microglia to Dopamine

FIGURE 3 | (A) Changes in focal adhesions in response to DA. BV2 cells were transfected with paxillin-GFP, and focal adhesions were imaged using fluorescence
microscopy. The number of focal adhesions in resting cells was significantly increased in response to DA, which can be blocked by decynium (ANOVA: ∗∗∗P < 0.005
compared to control; ∗P < 0.05 compared to DA). Values are means ± standard error of 10–15 cells. Scale bar = 10 µm. (B) Primary astroglia mixture cultures were
transfected with paxillin-GFP. Microglia cells were identified with Iba-1 staining and focal adhesions, visualized with paxillin-GFP, were imaged using confocal
microscopy. Scale bar = 5 µm. (C) Phagocytic activity of resting and activated microglia was measured by examining the phagocytosis of beads labeled with Alexa
594 (1 µm diameter)) by cells for 30 min, followed by phalloidin staining. Treatment of DA results in a significant increase in the number of stress fibers in both resting
and activated BV2 cells. A significant decrease of phagocytic activity was observed in activated microglia treated with DA. Values are means ± standard error of
10–15 cells. (ANOVA: ∗∗∗P < 0.005 compare to control ###P < 0.005 compare to LPS). Scale bar = 10 µm.

activating p38MAPK. Thus, we examined if pharmacological
inhibitors for the monoamine oxidase, pargyline, and rasagiline,
can inhibit p38MAPK activation. Neither pargyline nor rasagiline
showed a significant effect on p38MAPK activation upon DA
treatment (Figure 5D). This suggested the oxidative stress
or MAO might not be a major route for the activation of
p38MAPK.

To examine whether these transporters contributing to the
uptake of DA and subsequent activation of p38MAPK are
expressed in BV2 microglia cells, we used real-time RT-PCR. BV2

cells expressed DAT (mean ct value: 24.8) and PMAT (mean
Ct value: 33.4) genes, and their expression level appears to
increase in serum-starved and activated microglia (Figure 6A).
Expression of OCT1, OCT2, and OCT3 genes were not detected
(Ct value > 39) (data not shown).

We examined if the suppressive effect of DA on the activation
of p38MAPK and ERK1/2 in microglia activated with LPS
also requires DA uptake by transporters. Consistent to resting
cells, decynium can alleviate the suppressive effect of DA
on p38MAPK phosphorylation, while spiperone has little
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FIGURE 4 | Immunoblot analysis of the activation of ERK1/2 and p38MAPK in resting and activated microglia. (A) Activation of ERK1/2 upon DA stimulation in
resting and activated Bv2 microglia. Total cell lysates were collected at various time points (5, 10, and 30 min) after DA (2 µM) stimulation. The lysates were
separated by SDS-PAGE, transferred onto PVDF membranes, and immunoblotted with the anti-phospho-ERK1/2 antibody. Immunoblots with anti-ERK1/2 antibody
were used for loading control. ERK1/2 were measured as fold increase of the control. Values are means ± standard error of three or four independent experiments.
(B) Activation of p38MAPK in resting, but not in activated microglia in response to 2 µM of DA. Both the resting and activated BV2 microglia were treated with 2 µM
of DA for 30 min. Total cell lysates were separated by SDS-PAGE and immunoblotted with an anti-phospho-p38MAPK antibody. Values are means ± standard error
of four independent experiments. (ANOVA: ∗P < 0.05, ∗∗P < 0.01 compared to control).

effects (Figure 6). These results suggest that suppression
of p38MAPK activation by DA in activated microglia
also requires reuptake of DA by transporters. In contrast,
downregulation of ERK1/2 activation by DA in activated
microglia appears to require DA receptors as spiperone alleviated
the suppressive effect of DA on ERK1/2 activation in activated
microglia. These results suggest that DA might regulate the
activation of p38MAPK and ERK1/2 through different signaling
routes.

Activation of p38MAPK Results in the
Phosphorylation of Ser83 of Paxillin
To understand how the activation of p38MAPK affects resting
microglia functions, paxillin phosphorylation was examined
since paxillin has been reported to be a major substrate for
p38MAPK and ERK1/2 at Ser83 residue (Huang et al., 2004).
Paxillin, a focal adhesion adaptor protein, is known to be involved
in focal adhesion dynamics, cell migration, and phagocytosis
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FIGURE 5 | (A) Activation of p38MAPK by DA in resting microglia cannot be blocked with DA receptor antagonists. Resting BV2 microglia cells were pre-treated with
various DA receptor antagonists (2 µM each, specificity of each antagonist was mentioned in section “Materials and Methods”) for 10 min and then treated with
2 µM DA for 30 min. Activation of p38MAPK was measured as fold increase to the control using immunoblotting with the anti-phospho-p38MAPK antibody. Values
are means ± standard error of five independent experiments (ANOVA: ∗P < 0.05). (B) Activation of p38MAPK by DA in primary microglia. Cultured primary microglia
cells from mouse brain were pre-treated with spiperone and decynium and treated with 2 µM DA for 30 min. Activation of p38MAPK was assessed by
immunoblotting (ANOVA: ∗P < 0.05, ∗∗P < 0.01 compared to control). (C) p38MAPK activation by DA can be inhibited by selective DAT blockers (benztropine and
vanoxerine; 2 µM each) and PMAT blocker (Decynium; 2 µM). Combination of DAT and PMAT blockers further inhibited the activation of p38MAPK (ANOVA:
∗P < 0.05, ∗∗P < 0.01). (D) Inhibitors of monoamine oxidase did not show any significant effect on p38MAPK activation by DA. Neither pargyline nor rasagiline
(2 µM) showed a significant effect on p38MAPK activation by DA in resting microglia (ANOVA: ∗∗∗P < 0.005).

(Tsubouchi et al., 2002; Webb et al., 2004; Gitik et al., 2014).
Studies have shown that paxillin interacts with many proteins
and these interactions result in changes in the organization
of the actin cytoskeleton, which are necessary for controlling
phagocytosis and cell motility (Turner, 2000; Duran et al., 2009).
It has been reported that levels of phagocytosis, paxillin
activation, and cofilin activation positively correlated with one
another (Gitik et al., 2014). DA induced a significant increase
of the paxillin Ser83 phosphorylation in resting microglia
cells in a time-dependent manner (Figure 7A), indicating a

positive correlation between p38MAPK activation and Ser83
phosphorylation of paxillin in resting microglia. A specific
p38MAPK inhibitor, SB203580, significantly suppressed the level
of phosphorylation on Ser83 (Figure 7B), confirming that the
activation of p38MAPK results in the phosphorylation of Ser83.
However, we can’t rule out the possibility that both ERK1/2 and
p38MAPK are responsible for the phosphorylation of paxillin in
activated microglia. Activation of microglia by LPS expectedly
induced the phosphorylation of paxillin at Ser83, which can be
down-regulated by DA (Figure 7C).
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FIGURE 6 | (A) Expression of DAT and PMAT in resting and activated microglia. Quantitative RT-PCR detected mRNA for DAT and PMAT in resting and activated
BV2 microglia. The expression level of DAT increased significantly in activated microglia while PMAT expression decreased. (ANOVA: ∗P < 0.05 compared to
control). (B) Activation of p38MAPK resulted from the activation of microglia by LPS can be blocked by decynium while activation of ERK1/2 can be blocked by
spiperone (ANOVA: ∗∗P < 0.01, ∗∗∗P < 0.005).

FIGURE 7 | (A) Phosphorylation of paxillin at Ser83 via the activation of p38MAPK in resting microglia in response to DA. Paxillin phosphorylation was detected by
immunoblots with the anti-phospho-paxillin Ser83 antibody. Immunoblots with anti-paxillin antibody were used as a loading control. Representative images of
western blots for the phosphorylation of paxillin at Ser83 are shown. Values are means ± standard error of four independent experiments (ANOVA: ∗P < 0.05).
(B) Inhibition of Ser83 phosphorylation by the p38MAPK inhibitor. Resting Bv2 microglia cells were pre-treated with 0.5 µM SB203580 (p38MAPK inhibitor) for
10 min and then 2 µM DA for 30 min. Values are means ± standard error of three independent experiments (ANOVA: ∗P < 0.05). (C) DA downregulates paxillin
phosphorylation at Ser83 in activated microglia (ANOVA: ∗∗P < 0.01).

DISCUSSION

Microglia serves as the first defense of CNS and express a
variety of neurotransmitter receptors so that neurotransmitter
might have a significant influence on microglia functions
(Pocock and Kettenmann, 2007). Brain injury or emotional stress
cause changes in DA or 5-HT release to the surroundings
(Kawahara et al., 1993; Chen et al., 2015). Microglia presumably

exhibit differential responses to DA or 5-HT depending on their
activation status. In this study, we described novel mechanisms
for differential modulation of microglia function in resting and
activated stage by DA. ERK1/2 activation has been shown as
a key player for microglia response to different stimuli. LPS,
a potent activator of microglia, can induce the activation of
JNK1/2 and ERK1/2 signaling in microglia (Liu et al., 2014),
resulting in the production of nitric oxide (NO) and the release
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of pro-inflammatory cytokines such as TNF-α and IL-1β (Zhao
et al., 2014). We examined the differential responses of microglia
in different activation stages (resting vs. activated) to DA.
DA did not show a significant effect on ERK1/2 activation
in resting microglia. In contrast, a significant increase of the
activity of p38MAPK was observed in resting microglia upon
DA treatment. Microglia have been shown to express a few DA
receptors (Farber et al., 2005). It has been reported that dopamine
D4 receptor antagonist can suppress microglial activation and
delay the progression of amyotrophic lateral sclerosis (ALS)
(Tanaka et al., 2008). DA, via D2 receptor, inhibits the pro-
inflammatory response in resting state but both D1 and D2
agonists inhibited the proinflammatory responses in activated
microglia (Dominguez-Meijide et al., 2017), indicating changes
in the expression of DA receptor subtypes upon microglia
activation. Our results demonstrated that none of the DA
receptor antagonists inhibited the activation of p38MAPK upon
DA stimulation in resting microglia. Furthermore, the activation
of p38MAPK peaked after 15 min of DA treatment, which
is significantly slower than receptor-mediated activation. These
results indicate that DA receptor might not be the main route
for p38MAPK activation. High affinity and specific transporters
for DA, NE, or 5-HT constitute to reuptake of extracellular
neurotransmitters (Bottalico et al., 2004). Additional monoamine
transporters with low affinity and high capacity (OCT1, OCT2,
OCT3, and PMAT) also play a key role in the uptake of
monoamines from extracellular compartments (Bottalico et al.,
2007; Zhou et al., 2007). Our results showed that both DAT
and PMAT are expressed in microglia and blockers of DAT
and PMAT can inhibit the activation of p38MAPK by DA in
resting microglia. Receptor-independent activation of p38MAPK
by DA has also been reported in rat C6 glioma cells (Luo et al.,
1999).

It has been reported that metabolism of DA in the cell
produces reactive oxygen species (ROS) and quinone species
through autoxidation and enzyme-catalyzed reaction (Meiser
et al., 2013). Monoamine oxidase (MAO), an enzyme bound to
the outer membrane of mitochondria, catalyze the oxidation of
monoamines and can generate H2O2 (Gluck et al., 2002). Due
to its nature of being permeable through membrane and being
relatively inert compared to other ROS, H2O2 has been suggested
to be an intracellular and intercellular messengers (Avshalumov
et al., 2004). It has been reported that DA metabolism by MAO
followed by DA reuptake generates H2O2 which induces ERK1/2
activation and mitogenesis in renal epithelial cells (Vindis et al.,
2001). In this study, however, the monoamine oxidase inhibitors
did not show any significant changes in the p38MAPK activation,
implying the presence of another signaling pathway through
which DA activates p38MAPK.

Activated microglia via LPS treatment apparently induced
high levels of ERK1/2 and p38MAPK activation, and DA
downregulates the activation of both kinases. Many studies
indicated that p38MAPK could be activated via various
stimuli during microglia activation. In a streptozotocin-induced
diabetes rat model, microglia activation in the spinal dorsal
horn was mediated, in part, by phosphorylation of p-38
MAPK, which results in the persistent mechanical allodynia

(Cheng et al., 2014). Another study showed that LPS-
induced microglia activation results in the phosphorylation of
p38MAPK, playing an important role in regulating immune
responses to infection via modulation of NF-κB and AP-
1 activities (Jeong et al., 2014). Downregulation of ERK1/2
and p38MAPK by DA could attenuate the activation of
microglia, making a significant impact on the progression of
neuroinflammation.

The function of microglia is closely associated with their
motility and phagocytic activity. Changes in cytoskeleton
generate the mechanical forces that drive phagocytosis. Our
study is the first demonstration of the differential role of DA
in the regulation of adhesion and phagocytosis of resting and
activated microglia. Our study demonstrated that DA could
enhance adhesion strength via the increase of focal adhesions,
stress fibers, and vimentin filaments of resting microglia via
the activation of p38MAPK and phosphorylation of Ser83

of paxillin, resulting in the decrease of cellular processes
and cell spreading. Even though DA also appears to induce
the increase of focal adhesion and stress fibers in activated
microglia, cell spreading was significantly down-regulated in
activated microglia. Furthermore, DA exhibits an inhibitory
effect on phagocytic activity of activated microglia presumably
via the downregulation of ERK1/2 and p38MAPK activity and
phosphorylation of Ser83 of paxillin. Many reports indicated
that the activation of the p38MAPK is linked with the motility
and phagocytosis of activated microglia. Neuropeptide Y (NPY)
inhibits microglia motility stimulated by LPS via the inhibition
of p38MAPK phosphorylation, and p38MAPK is required for
the phagocytosis of injured neurons by activated microglia
(Tanaka et al., 2009; Ferreira et al., 2012; Katayama et al.,
2012). As DA apparently showed the differential effect on the
phosphorylation of Paxillin Ser83 in different stages of microglia,
it is possible that role of p38MAPK in the regulation of
phagocytosis might be different in different stages of microglia
activation. Vimentin might play a key role in differential
regulation of cell morphology and phagocytosis in resting and
activated microglia. It has been demonstrated that the interaction
of disassembled vimentin with phosphorylated ERK1/2 and
p38MAPKs could mediate CCL2 production in mast cells upon
activation (Toda et al., 2012). In this study, we demonstrated that
DA significantly enhances the assembly of vimentin in resting
microglia while has little effect on disassembled vimentin in
activated microglia. The interaction of vimentin with ERK1/2 and
p38MAPK might contribute to localizing the activity of these
kinases toward various substrates including paxillin. Paxillin
and cofilin are major components in controlling cytoskeleton
function (Tsubouchi et al., 2002; Webb et al., 2004; Gitik et al.,
2014). Paxillin is a known substrate for p38MAPK (Huang
et al., 2004) and phosphorylations of paxillin play a key role
in the regulation of microglia chemotaxis (Lee et al., 2012). It
was reported that the phosphorylation of paxillin at Ser83 is
required for adhesion disassembly. Phosphorylation of paxillin
at Ser83 presumably result in a faster turnover rate of focal
adhesions, resulting in higher number of adhesions as also
shown in PC12 cells (Huang et al., 2004). Phosphorylation at
Tyr118 has been shown to be positively correlated with the
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higher phagocytic activity of microglia (Gitik et al., 2014). Thus,
phosphorylation of paxillin via the activation of p38MAPK might
have a profound effect on the regulation of cytoskeleton and
phagocytosis of microglia. Our results suggest that monoamine
neurotransmitters might have a direct and significant impact
on phagocytic activity and motility of microglia in different
activation stage, making a significant impact on the progression
of neuroinflammation.

Microglia hyperactivation often leads to neurotoxicity and
several neurodegenerative diseases such as Parkinson’s disease
(PD). PD is a neurodegenerative disorder characterized by
the loss of dopaminergic neurons of the substantia nigra pars
compacta and the depletion of DA in the striatum. Many studies
using a variety of techniques demonstrated that reductions in
DA content and uptake of DA in the brains of PD patients
(Leenders et al., 1990; Chinaglia et al., 1992). Persistent microglial
activation and higher phagocytic activity in the substantia nigra
of the brain of PD patients has been reported (Barcia et al., 2013),
suggesting that phagocytic characteristic of activated microglia
may contribute to the degeneration of dopaminergic neurons.
Downregulation of ERK1/2, cell spreading, and phagocytosis
by DA in activated microglia are consistent with the role of

DA attenuating the phagocytic characteristic of microglia in the
progress of PD.
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