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Abstract

Background: Excessive microglial activation is implicated in the pathogenesis of various age-related neurodegenerative
diseases. In addition to neurons, brain-derived neurotrophic factor (BDNF) and its receptor TrkB are also expressed in
microglia. However, the direct effect of BDNF on age-related microglial activation has rarely been investigated.

Methods: We began to address this question by examining the effect of age on microglial activation and the BDNF-TrkB
pathway in mice. By using pharmacological and genetic approaches, the roles of BDNF and downstream signaling pathways
in microglial activation and related neurotoxicity were examined in microglial cell line and primary microglial cells.

Results:We showed that microglial activation was evident in the brains of aged mice. The levels of BDNF and TrkB in
microglia decreased with age and negatively correlated with their activation statuses in mice during aging. Interestingly,
aging-related microglial activation could be reversed by chronic, subcutaneous perfusion of BDNF. Peripheral
lipopolysaccharide (LPS) injection-induced microglial activation could be reduced by local supplement of BDNF, while shTrkB
induced local microglial activation in naïve mice. In cultured microglial cell line and primary microglial cells, BDNF inhibited
LPS-induced microglial activation, including morphological changes, activations of p38, JNK, and NF-кB, and productions of
proinflammatory cytokines. These effects were blocked by shTrkB. BDNF induced activations of ErK and CREB which then
competed with LPS-induced activation of NF-кB for binding to a common coactivator, CREB-binding protein.

Conclusions: Decreasing BDNF-TrkB signaling during aging favors microglial activation, while upregulation BDNF signaling
inhibits microglial activation via the TrkB-Erk-CREB pathway.
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Background
Microglial activation is implicated in the pathogenesis of
multiple neurodegenerative diseases [1]. Under physio-
logical conditions, microglia are in a resting state charac-
terized by ramified morphology, and they function as
homeostatic keepers of the central nervous system [2, 3].
Resting microglia are not dormant; their processes are
constantly and actively scanning a defined territory of
brain parenchyma [2, 3]. After they have been exposed

to stimulatory signals, microglia undergo various degrees
of activation, such as changing their morphology, gene
expression, and functional behavior [3]. Depending upon
the type, intensity, and duration of the exposure to the
stimuli, activated microglia can be neuroprotective or
neurotoxic [3]. Activated microglia can release various
inflammatory cytokines and toxins that together might
injure or even cause neuronal death [3].
Brain-derived neurotrophic factor (BDNF), a versatile

member of the neurotrophin family, is widely and highly
expressed in the brain and is a chief regulator of axonal
growth, neuronal differentiation, survival, and synaptic
plasticity [4]. In the central nervous system, BDNF and
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downstream prosurvival pathways have been demon-
strated to protect neurons from damage and enhance
neuronal network reorganization after injury [4, 5]. It
has also been reported that BDNF treatment could re-
duce degrees of microglial activation in certain brain in-
jury models [6–9], albeit these responses were
considered a consequence of reduced neuronal injury
and death elicited by BDNF. The direct effect of BDNF
on microglia has rarely been explored.
This study aimed to characterize the role of BDNF in

age-related microglial activation. Initially, we found that
degrees of microglial activation were especially evident
in the substantia nigra (SN) across different brain re-
gions of aged mice. Because the SN has the highest
microglia density in the brain and is one of the most
sensitive brain regions in response to inflammatory
stimulation [10–12], we then focused on the SN to
examine the effect of age on microglial activation and
the BDNF-TrkB pathway. By using pharmacological and
genetic approaches, the roles of BDNF and downstream
signaling pathways in microglial activation and related
neurotoxicity were examined in microglial cell line and
primary microglial cells. Our results strongly suggested a
direct antimicroglial activation effect of BDNF via the
TrkB-Erk-CREB signaling pathway.

Methods
Animals
It has been shown that the degrees of microglial activa-
tion increased with age in both genders, but were more
pronounced in males, as were peripheral LPS-induced
microglial activation [13]. Furthermore, sex differences
in the microglia have been suggested to play a vital role
in sex-related susceptibility to psychiatric and neuro-
logical disorders [14, 15]. To avoid the sex-dependent
confounding effects, we only used male mice for the
in vivo experiments.
Animals were treated in accordance with the U.S. Na-

tional Institutes of Health Animal Protection Guidelines
and approved by the National Cheng Kung University
Institutional Animal Care and Use Committee (IACUC
number 101065). Male C57BL/6 J mice (3, 6, and 12
months old) were obtained from the National Cheng
Kung University’s Laboratory Animal Center (http://
www.ncku.edu.tw/animal/eng/nckulac.html) and the Na-
tional Laboratory Animal Center Tainan Facility (http://
www.nlac.org.tw/english/default.asp); both are located in
Tainan, Taiwan. The mice were housed (four to five per
cage) under a 12-h light/12-h dark cycle (lights on at 8
A.M. and lights off at 8 P.M.) at a stable temperature (24
± 1 °C) and humidity in a control room under the super-
vision of qualified caretakers in the Laboratory Animal
Center. The mice were given free access to food and

water. The number of animals used in each experiment
was listed in Table 1.

Microglial cell culture
Both immortalized murine microglial BV2 cells (ATCC,
Manassas, VA, USA) and mesencephalic primary micro-
glial cells were used. BV2 cells were cultured in Dulbec-
co’s modified Eagle’s medium/F12 (DMEM/F12) (Cat #:
11320082, Thermo Fisher Scientific, Waltham, MA,
USA) containing 10% fetal bovine serum (FBS) (Cat
#:10082147, Thermo Fisher Scientific) in an atmosphere
containing 5% CO2 at 37 °C. Mesencephalic primary
microglial cells were prepared as described [16]. Briefly,
the brains of 1-day-old C57BL/6 mice were removed,
and the mesencephalic region was dissected out in ice-
cold, sterile phosphate-buffered saline (PBS; 137 mM
NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2mM
KH2PO4) that contained 18mM of glucose (Cat #:
G8270, Sigma-Aldrich, St. Louis, MO, USA) and 1% an-
tibiotics (50 U/ml of penicillin and 50 μg/ml of strepto-
mycin, Cat #:15140122, Thermo Fisher Scientific). The
mesencephalic specimens were trypsinized for 10 min,
and the cells (5 × 105/cm2) were incubated in DMEM/
F12 containing 10% FBS until they reached confluence
(~ 14 day). The flask was shaken at 180 rpm for 5 h and
centrifuged to collect the floating cells. The pelleted cells
were suspended and cultured in DMEM/F12 containing
10% FBS and 1mM of sodium pyruvate in a poly L-ly-
sine (20 μg/ml, Cat #: P8920, Sigma-Aldrich) precoated
6-cm dish for 3 days to obtain enriched microglia.
To characterize the effect of BDNF on microglia, cells

(106) were treated with BDNF (100 ng/ml) (Cat #: 450-
02, PeproTech, Rocky Hill, NJ, USA) before (Pre), con-
currently (Co), and after (Post) adding LPS (10 ng/ml) to
the culture media. In the Pre group, cells were first cul-
tured for 30 min in medium containing BDNF, washed,
and then cultured for 30 min in medium containing LPS,
washed, and finally cultured for 30 min in fresh medium.
In the Co group, cells were cultured for 30 min in
medium containing BDNF and LPS, washed, and then
cultured for 30 min in fresh medium. In the Post group,
cells were first cultured for 30 min in medium contain-
ing LPS, washed, and then cultured for 30 min in
medium containing BDNF.
To investigate the downstream signaling pathway,

cells were first cultured in medium containing Erk in-
hibitor, PD98059 (5 μM, Cat #: 1213, Tocris Bio-
science, Avonmouth, Bristol, UK), for 8 h before the
addition of BDNF for 30 min. The cells were then
cultured for 30 min in medium containing LPS,
washed, and finally cultured for 30 min in fresh
medium. The cells were collected, and Western blot-
ting was used to quantify protein levels.
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Conditioned medium neurotoxicity assay
For neurotoxicity assay, conditioned media were col-
lected 60min after the end of LPS and BDNF treatments
in the BV2, viral infected BV2, and primary microglial
cultures. The detailed timelines are given in the respect-
ive figures (Fig. 7c–e). TH+ neurons were obtained from
differentiated human SH-SY5Y neuroblastoma cells
(ATCC) as previously described [17]. Shortly, SH-SY5Y
cells were cultured for 16 h in a 96-well plate (6 × 103/
well) with 100 μl of DMEM/F12 per well. The culture
medium was then changed to DMEM/F12 with retinoic
acid (10 μM) and BDNF (10 ng/ml) to induce differenti-
ation (Day 0) and replaced with fresh medium every 3
days. TH+ neurons were confirmed by dual expression
of tyrosine hydroxylase (TH) and mature neuron marker,
microtubule-associated protein 2. Conditioned media
were added to the differentiated cells at Day 10. At Day
11, 3-[4,5-dimethylthiazol]-2,5-diphenyltetrazolium
bromide (Cat. #: M2128, Sigma-Aldrich) was added to
each well to make a final concentration of 0.5 mg/ml.
The plate was incubated at 37 °C for 4 h before the
medium was removed. Finally, 50 μl of dimethylsulfoxide
was added to each well, and the plate was gently shaken
in the dark for 20 min. The plate was read in an ELISA
microplate reader (VersaMax; Molecular Devices, Sun-
nyvale, CA, USA) at an absorbance wavelength of 570
nm.

Immunohistochemical staining
The mice were anesthetized with an overdose of isoflur-
ane and perfused from the left ventricle with ice-cold
0.1M PBS. Their brains were quickly removed. The right

hemispheres were stored at − 80 °C for biochemical ana-
lyses. The left hemispheres were fixed in 4% paraformal-
dehyde in 0.1M phosphate buffer for 2 days at 4 °C. The
brain specimens were then dehydrated in graded sucrose
solutions (10%, 20%, 30%, and 35%, dissolved in 0.1M
phosphate buffer) and embedded with frozen section
media (Cat. #: 3801480, Leica Biosystems, Wetzlar, Hes-
sen, Germany). The brains were coronally sliced into 30-
μm sections and stored in cryoprotectant at − 20 °C. The
brain sections of interest were selected, washed with
phosphate-buffered saline containing 0.3% Triton X-100
to remove the embedding frozen section media,
immersed in 3% H2O2 to abolish endogenous peroxidase
activity, and blocked with 3% normal goat serum for 1 h
at room temperature. The free-floating brain sections
were stained using rabbit anti-ionized calcium-binding
adapter molecule-1 (Iba1) (1:2,000, Cat. #: 019-19741,
Wako Pure Chemical Industries, Osaka, Japan) for
microglia, mouse anti-major histocompatibility complex
(MHC) Class II (1:500, Cat. #: 68258S, Cell Signaling
Technology, Danvers, MA, USA) for activated microglia,
rabbit anti-tyrosine hydroxylase (1:2,000, Cat. #:
MAB152, Millipore, Darmstadt, Germany) for dopamin-
ergic (DA) neurons, and anti-dopamine transporter
(DAT) (1:1,000, Cat. #: sc-1433, Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) for DA neuron terminals. Brain
sections were then incubated with appropriate biotin-
conjugated secondary antibodies and avidin-biotin per-
oxidase (Vectastain Elite ABC Kit; Vector Laboratories,
Burlingame, CA, USA) using diaminobenzidine as the
substrate. When needed, the developed signals were en-
hanced using nickel ammonium sulfate [18]. The signals

Table 1 Groups and number of mice used for each experiment

Experiment No. of groups No. of
animals

Age effects on microglial activation in region of interest (Fig. S1) 2 (3 and 12 months) 6 (3/
group)

Expression of Iba-1, p-p65/p65, BDNF, TrkB, TNF, IL-6, TH, and DAT in the
SN of mice (Figs. 1a, c, e–i, 2e–h, and 7a–b)

3 (3, 6, and 12 months) 24 (8/
group)

Flow cytometry assay of number of Iba1+ cells in the brain of mice (Fig.
1b)

3 (3, 6, and 12 months) 9 (3/
group)

Expression of MHC class II in the SN of mice (Fig. 1d) 3 (3, 6, and 12 months) 15 (5/
group)

Dual immunofluorescence staining of BDNF/TrkB and Iba1 in the SN of
mice (Fig. 2a–d)

2 (6 and 12 months) 6 (3/
group)

Effects of subcutaneous BDNF supplementation on expression of Iba1in the
SN of age mice (Fig. 3a)

3 (0, 0.1, and 1 μg of BDNF) 14 (4, 5,
and 5)

Effects of intra-brain infusion of BDNF on systemic LPS-induced local micro-
glial activation in mice (Fig. 3b and S2a)

3 (SN, striatum, and hippocampus)
Each mouse received saline injection to the left hemisphere
and BDNF to the right hemisphere.

12 (4/
group)

Effects of knockdown of TrkB on the microglial activation in the SN,
striatum, and hippocampus of mice (Figs. 3c and S2b)

3 (SN, striatum, and hippocampus)
Each mouse received shLacZ virus injection to the left
hemisphere and shTrkB viruses to the right hemisphere.

9 (3/
group)

Primary microglial cultures (Figs. 4e–h and 7d) not applicable 42 pups
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were evaluated based on their morphologies and inten-
sities after subtracting the signals of the primary
antibody-omitted negative controls.
For dual immunofluorescence staining, adjacent 10-

μm coronal sections were incubated in a PBS solution
containing 0.1% Triton X-100 (Cat. #: X100, Sigma-
Aldrich) and 3% bovine serum albumin (Cat. #: A7030,
Sigma-Aldrich) for 1 h at room temperature and then
transferred to a buffer that contained either BDNF (1:
500, Cat. #: sc-65514, Santa Cruz Biotechnology) or
TrkB (1:1,000, Cat. #: sc-7268 Santa Cruz Biotechnology)
antibodies overnight at 4 °C. Appropriate secondary anti-
bodies against mouse IgG, conjugated with fluorescent
dye Alexa-Fluor 594 (1:1,000, Cat. #: A-11005, Thermo
Fisher Scientific), were used to detect the expression of
BDNF and TrkB. The sections were then incubated
overnight at 4 °C in a solution containing anti-Iba1 (1:2,
000, Cat. #: 019-19741, Wako Pure Chemical Industries)
antibodies. Antibodies against rabbit IgG, conjugated
with fluorescent dyes Alexa-Fluor 488 (1:1,000, Cat. #:
A-11008, Thermo Fisher Scientific), were utilized to de-
tect the Iba-1 antibodies. Incubations without primary
antibody were used as negative controls. Images were ac-
quired using a confocal microscope (FV1000MPE;
Olympus, Tokyo, Japan) connected to a computer
equipped with imaging software (FV10-ASW; Olympus).
In some cases, the BDNF and TrkB antibodies were re-
placed by isotype antibodies to control for non-specific
binding of the antibodies.

Morphological analysis
The area of Iba1+ cells was measured in a fixed area or
every sixth section of the entire SN (bregma − 2.54 to −
3.88 mm). Photomicrographs were taken using a digital
camera (Axiocam MRc; Carl Zeiss) connected to a com-
puter equipped with imaging software (Axiovision 4.8;
Carl Zeiss). The Iba1+ areas were obtained using image
analysis software (Image-Pro Plus 6.0; Media Cybernet-
ics, Rockville, MD, USA) by measuring the areas with
Iba1+ intensities higher than a given background thresh-
old. The background intensity threshold was fixed and
used for all sections.
The number of Iba1+ cells was counted in every sixth

section on the right SN using a modified stereological
procedure [10]. The two researchers who performed the
cell counting using different sets of sections (i.e., set 1:
section # 1, 7, 13, 19, 25, and 31; set 2: section # 2, 8, 14,
20, 26, and 32) were blinded to the treatment. The SN
was first outlined under a × 10 objective lens, and the
number of positively stained cells was counted using the
optical dissection (1 μm per section) method employing
a computer-controlled x-y-z motorized stage and × 100
oil immersion objective (Carl Zeiss). The cell counting
began 2 μm below the top of the section. The number of

labeled cells per section was divided by the slide selec-
tion ratio (6/36) to obtain the total number of cells in
each SN.

Flow cytometry
C57BL/6 mice (3, 6, and 12months old) were anesthe-
tized with an overdose of chloral hydrate and then per-
fused with ice-cold saline. Their brains were removed
and placed in ice-cold Hank’s balanced salt solution
(Invitrogen) containing 2.5 mg/ml of trypsin and dissoci-
ated using mechanical shearing. The cell suspension ho-
mogenates were passed through a 30-μm nylon
membrane (Becton-Dickinson Labware, Franklin Lakes,
NJ, USA) and then centrifuged at 500×g for 10 min. The
pellets were suspended in PBS, and microglial cells were
isolated using a combination of protocols of differential
density (stepwise Percoll) gradient centrifugation and
immunomagnetic (Iba1) cell separation [19]. Purified
microglial cells were fixed in 4% paraformaldehyde at
4 °C for 1 h and then incubated with Iba1 antibody (1:
250) (Wako) at 4 °C for 16 h. After they had been
washed twice with PBS, the cells were incubated for 4 h
with goat anti-rabbit-Alexa-Fluor 488 (1:500) (Invitro-
gen) antibodies. The cells were then washed two more
times, and propidium iodide was added for 1 h at room
temperature. The stained cells were injected into a flow
cytometer (FACScan; Becton-Dickinson, Mountain
View, CA, USA), and the fluorescence emission was
measured at 515 nm. The percentage of cells was calcu-
lated using Cell-QuestTM software (Becton-Dickinson).

Immunoprecipitation and Western blot
Brain tissues and cells were homogenized in RIPA buffer
(1% NP40, 1 mM of phenylmethanesulfonyl fluoride,
10 μg/ml of aprotinin, 1 μg/ml of leupeptin, 0.5 mM of so-
dium vanadate, 137mM of NaCl, 20mM of Tris-HCl [pH
8.0]) supplemented with protease and phosphatase inhibi-
tors cocktails (Cat. #: 4693132001 and 4906837001, Roche,
Basel, Switzerland) at a ratio (sample mass:buffer volume)
of 1:1 for brain tissues and 1:3 for cultured cells, and, cen-
trifuged at 17,000×g for 30min at 4 °C. The protein con-
centrations of the supernatants were determined and
adjusted to the same concentration.
For immunoprecipitation, supernatants were incubated

with protein A/G PLUS-Dynabeads (Cat. #: 88803,
Thermo Fisher Scientific) for 3 h at 4 °C. Pre-cleared ly-
sates were then subjected to immunoprecipitation using
anti-CREB-binding protein (CBP) antibodies (Cat. #:
7389S, Cell Signaling Technology) and protein A/G
PLUS-Dynabeads (Invitrogen) for 16 h at 4 °C. The pro-
teins co-immunoprecipitated with CBP were analyzed by
Western blotting.
Supernatants (30 μg of total protein) were mixed with

sample buffer containing 0.5M of dithiothreitol, heated
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to 80 °C for 10 min, loaded into each well of 4–12%
polyacrylamide gel (Nu-PAGE gel; Invitrogen), and re-
solved at 120 V for 2 h.
The separated proteins were transferred to a polyvinyli-

dene fluoride membrane (Cat. #: 1620177, Bio-Rad La-
boratories, Hercules, CA, USA), blocked in 5% milk, and
probed with respective primary antibodies: BDNF (1:1,
000, Cat. #: sc-33905, Santa Cruz Biotechnology), TrkB (1:
3,000, Cat. #: BD610102, BD Biosciences, San Jose, CA,
USA,), p-38 MAPK (1:10,000, Cat. #: 9212, Cell Signaling
Technology), Phospho-p-38 MAPK (Cat. #: 4092, 1:10,
000, Cell Signaling Technology), JNK (1:20,000, Cat. #:
9252, Cell signaling Technology), Phospho-JNK (1:10,000,
Cat. #: 9251, Cell Signaling Technology), Erk (1:20,000,
Cat. #: 9102S, Cell Signaling Technology), Phospho-Erk
(1:10,000, Cat. #: 9101S, Cell Signaling Technology), NF-
κB p65 (1:20,000, Cat. #: 8242S, Cell Signaling Technol-
ogy), Phospho-NF-κB p65 (1:20,000, Cat. #:3036S, Cell
Signaling Technology), CREB-binding protein (CBP) (1:
20,000, Cat. #: 7389S, Cell Signaling Technology), glyco-
gen synthase kinase 3 (GSK3) (1:5,000, Cat. #: 5676, Cell
Signaling Technology), Phospho-GSK3-βY216 (1:5,000,
Cat. #: 75745, Abcam, Cambridge, UK), Phospho-GSK3-
βS9 (1:5,000, Cat. #: 9336, Cell Signaling Technology),
CREB (1:10,000, Cat. #: 9197, Cell Signaling Technology),
Phospho-CREB (1:20,000, Cat. #: 9198S, Cell Signaling
Technology), Akt (1:20,000, Cat. #: 9272S, Cell Signaling
Technology), Phospho-Akt (1:20,000, Cat. #: 9271S Cell
Signaling Technology), Mitogen-activated protein kinase
phosphatase-1 (MKP-1) (1:5,000, Cat. #: sc-1199, Santa
Cruz Biotechnology), and β-actin (1:40,000, Cat. #:
MAB1501, Merck Millipore, Burlington, MA, USA). The
bound antibodies were detected using an enhanced
chemiluminescence detection kit (Cat. #: NEL103001EA,
PerkinElmer, Boston, MA, USA). The band densities were
measured using an imaging system (BioChemi; UVP, Up-
land, CA, USA) and analyzed using ImageJ (1.43u) (http://
rsb.info.nih.gov/ij/). For gel loading control, membranes
were re-probed with monoclonal β-actin antibody (1:40,
000, Cat. #: MAB1501, Merck Millipore).

ELISA
Mouse TNF (Cat. #: BMS607-3, Thermo Fisher Scien-
tific) and IL-6 (Cat. #: KMC0061, Thermo Fisher Scien-
tific) ELISA kits were used to quantify the levels of TNF
and IL-6 in the supernatants and conditioned medium
of microglial cells. The plates were read in the ELISA
microplate reader at an absorbance wavelength of 405
nm. Standard curves were obtained from known concen-
trations of TNF and IL-6 provided by the kits.

BDNF supplement to mice
The 18-month-old mice were given a BDNF supplement
for 1 month. The BDNF solution contained 1 μg or

0.1 μg of BDNF (Cat #: 450-02, PeproTech) dissolved in
75 μl of 0.9% saline and filled in the Alzet osmotic mini-
pump (Model 1004-100 μl; Durect, Cupertino, CA, USA)
at a rate of 0.11 μl/h for 28 days. The mini-pump was
implanted subcutaneously, superior to the scapular.
Mice implanted with 0.9% saline-filled osmotic mini-
pumps were vehicle controls.
In another study, 3-month-old male mice were given

an intracranial injection of BDNF 30min before LPS in-
jection. BDNF (1 μl, 0.1 μg in 1 μl of 0.9% saline) (Cat. #:
450-02, PeproTech) was injected into the right striatum
(stereotaxic coordinates in millimeter from the bregma:
anterior/posterior, + 0.14; lateral, − 2.0; ventral, − 3.5),
hippocampus (mm from the bregma: anterior/posterior,
− 2.3; lateral, − 1.5; ventral, − 2.1), and SN (milllimeter
from the bregma: anterior/posterior, − 3.0; lateral, − 1.2;
ventral, − 4.4). An equal volume of saline was injected
into the left respective brain regions to create an internal
sham control. The infusion was controlled using a syr-
inge pump at a rate of 0.1 μl/min. The needle was re-
moved 10min after the infusion was completed. Thirty
minutes later, the mice were intraperitoneally injected
with 0.15 mg/kg of LPS and given an overdose of chloral
hydrate 6 h after the LPS injection.

Lentivirus production
The lentiviral plasmids (pLKO.1-puro) expressing shRNAs
against TrkB and LacZ were obtained from the National
RNAi Core Facility of Academia Sinica, Taipei, Taiwan.
To knockdown TrkB, three plasmids expressing three dif-
ferent shRNA sequences were generated. Their knock-
down efficiencies were examined by transfecting the
shTrkB- and shLacZ-expressing plasmids into mouse
neuroblastoma N2a cells, and then Western blotting was
used to quantify the TrkB level. The chosen encoding se-
quences of shRNA against TrkB and LacZ were 5′-CAG-
CAACCTGCGGCACATAAA-3′ and 5′-TGTTCGCATT
ATCCGAACCAT-3′, respectively. The lentivirus was
packaged by transiently co-transfecting shRNA expression
plasmid, psPAX2 packaging plasmid, and pMD2G enve-
lope plasmid into HEK293T cells. The medium was col-
lected 48 h post-transfection, and the debris was removed
using low-speed centrifugation. High-titer (~ 108 IU/ml)
stocks were prepared using ultracentrifugation at 100,
000×g for 90min at 4 °C. Viral pellets were suspended in a
serum-free medium and stored at − 70 °C. The lentiviral
titers were examined using the p24 ELISA kit (Cat. #:
632200, Takara Bio, Kyoto, Japan).

Knockdown of TrkB
shTrkB viral solution (1 μl) was injected into the right
SN (stereotaxic coordinates in mm from the bregma: an-
terior/posterior, − 3.0; lateral, − 1.2; ventral, − 4.4), stri-
atum (from the bregma: anterior/posterior, + 0.14;
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lateral, − 2.0; ventral, − 3.5), and hippocampus (from the
bregma: anterior/posterior, − 2.3; lateral, − 1.5; ventral,
− 2.1) of 3-month-old mice. An equal volume of shLacZ
viral solution was injected into the left relative brain re-
gions to create an internal sham control. The infusion
was controlled using a syringe pump at a rate of 0.1 μl/
min. The needle was removed 10 min after the infusion
was completed. The mice were killed 1 week later, and
their brains were harvested for subsequent analyses.
For cell study, the shTrkB viruses were encapsulated in

phosphatidylserine-containing liposomes that contained
green fluorescent indicators (PS-liposomes) (Cat. #: 810198C;
Avanti Polar Lipids, Alabaster, AL, USA) that increased
phagocytosis by macrophages and microglia. PS-liposomes
were first diluted in reduced serum medium, Opti-MEM
(Cat #: 31985070, Thermo Fisher Scientific), to a concentra-
tion of 0.1%, and then incubated with shTrkB viruses (2 ×
106 IU/ml) for 30min at 37 °C. For infection, BV2 cells (106

in a 10-cm dish) were cultured in DMEM/F12 containing
10% FBS without antibiotics for 16 h and then replaced with
Opti-MEM medium with shTrkB+PS-liposomes (0.1%) at
37 °C for 8 h. The cells were washed and cultured in
DMEM/F12 medium with 10% FBS without antibiotics for
72 h before they underwent a protein analysis. The experi-
ment was performed in triplicate. Negative control cells were
transfected with shLacZ+PS-liposomes. The infection effi-
ciency (number of cells with green fluorescent/total number
of cells) was approximately 90%.

Statistical analysis
The total number (n) of observations in each group is in-
dicated in figure captions. All data were randomly col-
lected. Statistical analyses were performed with SPSS 17.0.
Data were plotted as mean ± standard deviation (S.D.).
Significance was set at p < 0.05. The area of Iba1+ signals,
number of Iba1+, concentrations of cytokines, and levels
of BDNF and TrkB between different age groups were an-
alyzed using one-way ANOVA and then Bonferroni post-
hoc tests if the overall effect was significant. The Kruskal-
Wallis test was used when the assumptions of data normal
distribution were not met. Paired two-tailed Student’s t
tests were used to analyze the effects of BDNF and shTrkB
treatments on mice, as well as the BDNF+ and TrkB+ sig-
nals in the Iba1+ cells. Two-way ANOVA was used to
analyze the main effects of shTrkB and any possible inter-
action between them. Bonferroni post-hoc tests were done
if the main effects or interactions were significant.

Results
Levels of BDNF and TrkB are negatively associated with
microglial activation during aging
The role of BDNF in microglial activation during normal
aging was investigated. Initially, we characterized degrees
of microglial activation across different brain regions of

young (3-month-old) and aged (12-month-old) male
C57BL/6 mice. Microglia were identified by immuno-
staining Iba1, a marker for resting and activated micro-
glia. We defined the degrees of microglial activation by
the areas (%) of the Iba1+ signals and the numbers of
Iba1+ cells in the sampled sections. Among the 5 exam-
ined brain regions (cortex, hippocampus, thalamus,
VTA, and SN), the SN had the largest Iba1+ areas of
aged mice (Fig. S1). Therefore, the SN was selected as
the region of interest to study the relationship between
BDNF and microglial activation during aging.
Detail characterization of the SN showed that the areas

and numbers of Iba1+ cells in the SN were similar in 3-
and 6-month-old mice but increased in 12-month-old
mice (Fig. 1a). Compared with 3-month-old mice, Iba1+

intensities of isolated mesencephalic primary microglia
were significantly higher in 12-month-old mice (Fig. 1b).
Confocal micrographs revealed that Iba1+ cells in the SN
of 12-month-old mice had more, but finer (hyper-rami-
fied), processes than those of 6-month-old mice (Fig. 1c).
We utilized another activated microglia marker, MHC

class II, to confirm this temporal profile. The areas and
numbers of MHC class II+ cells significantly increased in
the 12-month-old mice (Fig. 1d). Likewise, the levels of
p-NF-κB p65 (Fig. 1e), TNF-α (Fig. 1f), and IL-6 (Fig.
1g) in the SN were also higher in the 12-month-old
mice. On the contrary, the levels of BDNF (Fig. 1h) and
full-length (FL)-TrkB receptor (Fig. 1i) in the SN were
significantly decreased in 12-month-old mice. The levels
of truncated (Tr)-TrkB did not change in mice up to 12
months old (data not shown).
Dual immunofluorescence staining showed that the

BDNF+ signals were profusely expressed in the Iba1+ cells
of 6-month-old mice but were far fewer expressed in the
Iba1+ cells of the 12-month-old mice (Fig. 2a). The TrkB+

signals in the Iba1+ cells also became less intense as the
age of the mice increased from 6 to 12months (Fig. 2c).
Specifically, the BDNF+ areas (Fig. 2b) and TrkB+ areas
(Fig. 2d) within the Iba1+ cells of the 12-month-old mice
were much smaller than those of the 6-month-old mice.
The association between BDNF and microglial activation
was evaluated using the Pearson correlation. The areas (r
= − 0.55, p = 0.005) (Fig. 2e) and numbers (r = − 0.52, p =
0.009) (Fig. 2f) of Iba1+ cells were negatively correlated
with BDNF levels in the SN. Similarly, the areas (r = −
0.67, p < 0.001) (Fig. 2g) and numbers (r = − 0.52, p =
0.010) (Fig. 2h) of Iba1+ cells were negatively correlated
with the levels of FL-TrkB in the SN.

Long-term supplement of BDNF inhibits microglial
activation in aged mice while blocking of BDNF-TrkB
signaling induces microglial activation in young mice
It has been demonstrated that peripheral BDNF can
readily cross the blood-brain barrier [20, 21], and
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chronic, subcutaneous perfusion of BDNF can affect
brain functions [22]. To examine if BDNF can reverse
aging-associated microglial activation, we subcutane-
ously perfused 18-month-old male mice with two differ-
ent doses of BDNF for 1 month. The results showed that
1 μg, but not 0.1 μg, of BDNF supplements modestly re-
duced the areas of Iba1+ cells in the SN of 18-month-old
mice (Fig. 3a).
The effect of BDNF on microglial activation was ex-

amined in a peripheral LPS injection model [12]. Thirty
minutes before 3-month-old mice were injected (i.p.)
with LPS (0.15 mg/kg), their right SNs were perfused
with 1 μl of BDNF (0.1 μg/μl) each, while their left coun-
terparts were injected with an equal volume of saline. In
this study, the degrees of microglial activation were only
determined in the sampled sections nearby the injection.
The results showed that systemic LPS injection in-
creased areas of Iba1+ in the SN, which were attenuated
by local infusion of BDNF (Fig. 3b). To examine whether
the effect of BDNF on microglial activation is a global or
region-specific phenomenon, we repeated the experi-
ments in the striatum and hippocampus. A similar anti-
microglial activation effect of BDNF was also evident in
these two regions (Fig. S2a).
To investigate the endogenous BDNF-TrkB signaling

on microglial activation, lentiviruses with shTrkB were
injected into the right SNs of 3-month-old mice, and
their left counterparts were injected with shLacZ lentivi-
ruses. One week later, levels of TrkB in the right SN de-
creased, while the Iba1+ cells enlarged in the vicinity of
the shTrkB injection sites (Fig. 3c). Lentiviral knock-
down of local TrkB also caused increases of Iba1+ area
in the striatum and hippocampus (Fig. S2b).

BDNF inhibits microglial activation in vitro
To investigate the direct antimicroglial activation effect
of BDNF, murine microglial BV2 cells were treated with
BDNF 30min before (pre-treatment), concurrently with
(co-treatment), and 30min after (post-treatment) LPS
treatment (Fig. 4a). The LPS-induced elevations of p-p38
(Fig. 4b) and p-JNK (Fig. 4c), two critical kinases in
regulating inflammatory responses [23, 24], were

effectively inhibited by the pre-treatment of BDNF
and to a lesser extent by the co-treatment, but not by
the post-treatment of BDNF. The LPS-induced pro-
ductions of TNF-α and IL-6 (Fig. 4d) were also inhib-
ited by the pre-treatment of BDNF. In isolated
mesencephalic primary microglia (Fig. 4e), LPS-
induced elevations of p-p38 (Fig. 4f) and p-JNK (Fig.
4g), and productions of TNF-α and IL-6 (Fig. 4h)
were also inhibited by BDNF pre-treatment.
We also evaluated the effects of different neurotrophic

factors (i.e., glial cell-derived neurotrophic factor
(GDNF) and insulin-like growth factor (IGF)-1) on LPS-
induced microglial activation. Pre-treatment of GDNF
inhibited LPS-induced elevations of p-p38 and IL-6
levels, but not p-JNK or TNF-α levels in BV2 cells (Fig.
S3). Only LPS-induced elevation of p-p38, but not p-
JNK, TNF-α, or IL-6, was inhibited in insulin-like
growth factor-1 (IGF-1)-pretreated BV2 cells (Fig. S3).
The antimicroglial activation effect of BDNF signaling

was validated using shTrkB (Fig. 5a). In shTrkB-treated
BV2 cells, levels of FL-TrkB were decreased (Fig. 5b),
but levels of Tr-TrkB did not change. The inhibitory ef-
fects of BDNF on LPS-induced activations of p38 (Fig.
5c) and JNK (Fig. 5d) and productions of TNF-α (Fig.
5e) and IL-6 (Fig. 5f) were blocked by the downregula-
tion of TrkB.

Inhibition of p38-NF-κB and activation of Erk-CREB are
required for antimicroglial activation of BDNF
We investigated the involvement of the Erk-CREB path-
way in BDNF-induced antimicroglial activation because
this pathway represents one of the major downstream
pathways of BDNF-TrkB signaling [25, 26]. BDNF in-
creased the immunoreactivities of phosphorylated CREB
(p-CREBS133) in the nuclei of BV2 cells (Fig. 6a). The
BDNF-induced elevation and nuclear localization of p-
CREBS133 were not affected by LPS (Fig. 6a, BDNF vs.
BDNF+LPS). On the other hand, LPS increased the im-
munoreactivity of p-NF-κB p65 in the nuclei of BV2
cells (Fig. 6b). BDNF pre-treatment (30 min) not only
decreased the LPS-induced elevation of p-NF-κB p65,
but also inhibited their nuclear retention (Fig. 6b, LPS

(See figure on previous page.)
Fig. 1 Temporal profiles of BDNF, TrkB, and microglial activation in the substantia nigra during aging. a Representative immunohistochemical
images show Iba1+ cells in the SN of 3-, 6-, and 12-month-old mice. Quantitative results of Iba1+ cell areas and numbers (n = 8 in each age
group) are shown on the right panels. To control for non-specific binding, Iba1 and MHC class II antibodies were replaced by their respective
isotype antibodies. b Intensity of Iba1+ signal in isolated microglia. The distribution of the intensity of Iba1+ cells of 3-month-old mice is shown in
red as a reference peak. The intensity of 12-month-old mice was much stronger than that of 3-month-old mice as indicated by the right-shifted
distribution of the intensity (n = 3). c Representative confocal micrographs show the Iba1+ cells in the SN of 6- and 12-month-old mice. An
enlarged single Iba1+ cell is both shown on the right panel. d Representative immunohistochemical images show MHC class II+ cells in the SN of
3-, 6-, and 12-month-old mice. Quantitative results of MHC class II+ cell areas and numbers (n = 5 in each age group) are shown on the right
panels. e–i Levels of p-p65, TNF, IL-6, BDNF, and FL-TrkB (n = 8 in each age group). To control for non-specific binding, Iba1 and MHC class II
antibodies were replaced by their respective isotype antibodies. Kruskal-Wallis test: *p < 0.05, **p < 0.01, ***p < 0.001 versus 3-month-old mice.
Data are presented as mean ± S.D.
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vs. BDNF+LPS). Because the transcriptional activities of
CREB and NF-κB p65 are mediated by their associations
with the nuclear coactivator CBP [27, 28], we then ex-
amined whether competition for CBP binding by these
two transcription factors occurred after the treatments
of LPS and BDNF. Immunoprecipitation of CBP revealed
that the levels of CBP were not affected by BDNF, LPS,
or combined treatments (Fig. 6c). LPS increased the

binding between p-NF-κB p65 and CBP but decreased
the binding between p-CREBS133 and CBP. BDNF rees-
tablished the interaction between p-CREBS133 and CBP
and decreased the LPS-induced interaction between p-
NF-κB p65 and CBP (Fig. 6c).
Since activation of Erk represents an important path-

way to increase CREB phosphorylation [25, 26], we then
examined the role of Erk-CREB signaling in BDNF-

Fig. 2 Downregulation of BDNF and TrkB in aged microglial cells. a–b Representative dual immunofluorescent images show the distribution of
BDNF (a) and TrkB (c) in the Iba1+ cells in the SN of 6- and 12-month-old mice. Scale bar: 10 μm. The percent areas of BDNF+Iba1+/Iba1+ (b) and
TrkB+Iba1+/Iba1+ (d) in the SN of 6- and 12-month-old mice. BDNF+ areas were detected from 31 cells in three 6-month-old mice and 56 cells in
three 12-month-old mice; TrkB+ areas were obtained from 35 cells in three 6-month-old mice and 73 cells in three 12-month-old mice. ***p <
0.001 versus 6-month-old mice. e–h Correlations (Pearson) between the levels of BDNF and TrkB, and the area and number of Iba1+ cells (n = 24)
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Fig. 3 Effect of BDNF on microglial activation in the substantia nigra of mice. a Areas of Iba1+ cells in the SN of 18-month-old mice that were
injected (osmotic pump) with different doses of BDNF (s.c.) for 1 month. Kruskal-Wallis test: p = 0.079 versus Saline (0 μg) treated mice (0 μg: n =
4; 0.1 μg and 1 μg: n = 5). b Iba1+ cells in the SN of 3-month-old mice 6 h after an intraperitoneal LPS (0.15 mg/kg of body weight) injection.
Thirty minutes before the LPS injection, the right SNs were injected with BDNF (1 μl), and the left SNs with an equal amount of saline. The middle
panels are enlargements of the boxes in the top panels. Quantitative data for a fixed region (0.049 mm2) immediately next to the injection site
are shown in the bottom panels. ***p < 0.001 versus the saline injection side of the LPS treatment group (n = 4). Sal (i.p.): a group of 3-month-
old mice given an intraperitoneal injection of saline, but no BDNF injection. The Sal (i.p.) group was a reference group and was not included in
the statistical analysis. c Representative immunohistochemical micrographs show Iba1+ cells in the SN one week after a single injection of shTrkB
to their right SNs and shLacZ viruses to the left SNs of 3-month-old mice. Scale bar, 20 μm. *p < 0.05 versus shLacZ injection side (n = 3). Data
are presented as mean ± S.D
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induced antimicroglial activation. LPS alone did not alter
the levels of p-Erk, but significantly decreased the levels
of p-CREBS133 (Fig. 6d, e). However, BDNF-induced acti-
vations of Erk and CREB were not affected by LPS (Fig.
6d, e). Inhibition of Erk activation using MEK inhibitor-
PD98059 (Fig. 6d) blocked BDNF-induced phosphoryl-
ation of CREB (Fig. 6e). PD98059 also blocked the in-
hibitory effects of BDNF on LPS-induced productions of
TNF-α and IL-6 (Fig. 6f).
It has been shown that GSK3-β affects the activity of

NF-κB positively, but CREB negatively and favors the pro-
ductions of proinflammatory cytokines [29, 30]. Akt, an
important BDNF-TrkB downstream modulator, can phos-
phorylate GSK3-β at Ser9 (GSK3-βS9) and inhibit its activ-
ity [29, 31, 32]. Our results showed that BDNF increased
the levels of p-Akt (Fig. 6g) and p-GSK3-βS9 (Fig. 6h), but
did not affect the levels of phosphorylation of GSK3-β at
Tyr216 (GSK3-βY216), an active form of GSK3-β. LPS did
not alter the levels of p-Akt or p-GSK3-βS9; nor did it alter
the BDNF-induced elevations of p-Akt and p-GSK3-βS9

(Fig. 6g, h). In contrast, the LPS-induced phosphorylation
of GSK3-βY216 was inhibited by BDNF (Fig. 6h). These

results suggest that BDNF also suppressed the upstream
regulators of NF-κB in BV2 cells.
MKP-1, also known as dual specificity phosphatase-1, plays

a crucial role in the deactivation of p38 and JNK [33, 34].
We found that BDNF potently increased the levels of MKP-
1 (Fig. 6i). However, LPS also mildly, but significantly, in-
creased the levels of MKP-1 (Fig. 6i). When treating the BV2
cells with BDNF 30min before LPS, the levels of MKP-1
were higher than those of the LPS alone group resembling
the BDNF alone group (Fig. 6i).

BDNF inhibited microglial activation and dopaminergic
neuron death in the SN
The nigrostriatal pathway is critical for movement con-
trols, and loss of DA neurons in the SN is one of the
pathological hallmarks of Parkinson’s disease [35]. The
precise mechanism for DA neuron loss in the SN
during aging remains unclear. It has been demon-
strated that degrees of local inflammation and micro-
glial activation are highly correlated to the severities
of DA neuron death in the SN [36–38]. We then
attempted to address the role of BDNF in microglial

Fig. 4. LPS-induced microglial activation was blocked by BDNF pre-treatment. a–d BV2 microglial cells. a The experimental timeline. b, c Levels of
p-p38 (n = 3) and p-JNK (n = 3) in the BV2 cells. d Levels of TNF (n = 4) and IL-6 (n = 6) in conditioned media. *p < 0.05, ***p < 0.001 versus
BDNF(-)LPS(-) group; #p < 0.05, ##p < 0.01, ###p < 0.001 versus BDNF(-)LPS(+) group. e–h Purified primary microglial cells. e The experimental
timeline. f, g Levels of p-p38 (n = 4) and p-JNK (n = 4) in the primary microglial cells. h Levels of TNF (n = 4) and IL-6 (n = 4) in conditioned
media. *p < 0.05, ***p < 0.001 versus respective Saline group; #p < 0.05, ###p < 0.001 versus respective Veh group (n = 4). Data are presented as
mean ± S.D
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activation and DA neuronal loss during aging. The re-
sults showed that numbers of TH+ DA neurons were
decreased as the age increased in the SN of mice
(Fig. 7a). Similar changes were also evident in the
striatal DAT+ signals (Fig. 7a). The association be-
tween numbers of DA neurons and degrees of micro-
glial activation was evaluated (Fig. 7b). The areas (r =

− 0.71, p < 0.001) and numbers (r = − 0.64, p <
0.001) of Iba1+ cells were negatively correlated with
numbers of DA neurons in the SN (Fig. 7b).
The neurotoxicity of microglia regulated by BDNF was

examined by treating microglial conditioned medium to
the TH+ neurons differentiated from the SH-SY5Y cells.
The conditioned media were collected from murine

Fig. 5 Downregulation of TrkB reversed LPS-induced microglial activation in BDNF-treated BV2 cells. a The experimental timeline. b–d Levels of
TrkB (n = 3), p-p38 (n = 4), and p-JNK (n = 4–5) in the BV2 cells. e, f Levels of TNF (n = 4) and IL-6 (n = 4) in the conditioned media of BV2 cells.
Bonferroni post-hoc test: $p < 0.05, $$p < 0.01, $$$p < 0.001: shTrkB versus respective shLacZ group.*p < 0.05, **p < 0.01, ***p < 0.001: LPS(+)
versus respective LPS(-) group; #p < 0.05, ##p < 0.01, ###p < 0.001: BDNF(+) versus respective BDNF(-) group. Data are presented as mean ± S.D
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Fig. 6. BDNF inhibited microglial activation via upregulation of Erk-CREB signaling. a, b Representative immunofluorescent images show the distribution
of p-CREB and p-p65 in the BV-2 cells. Scale bar, 10 μm. c Interaction of CBP with p-CREB and p-p65, assessed by immunoprecipitation of CBP followed by
immunoblot for p-CREB and p-p65. d, e Levels of p-Erk (n = 4) and p-CREB (n = 4) in the BV2 cells. f Levels of TNF (n = 4) and IL-6 (n = 4) in conditioned
media. *p < 0.05, **p < 0.01, ***p < 0.001 versus LPS(-)BDNF(-)PD98059(-) group; #p < 0.05, , ###p < 0.001 versus LPS(+)BDNF(-)PD98059(-) group; $P < 0.05,
$$P < 0.01 versus LPS(+)BDNF(+)PD98059(-) group. g–i Levels of p-Akt (n = 4), p-GSK3-β (n = 4) and MKP-1 (n = 4) in the BV2 cells. *p < 0.05, **p < 0.01,
***p < 0.001 versus LPS(-)BDNF(-) group; #p < 0.05 versus LPS(+)BDNF(-) group. Data are presented as mean ± S.D
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microglial BV2 cells 60 min after the pre-, co-, and post-
treatment of BDNF and LPS (Fig. 7c). Our results
showed that the LPS-induced neurotoxicities of BV2
cells were inhibited by BDNF pre-treatment (Fig. 7c).
Likewise, LPS-induced neurotoxicities of isolated pri-
mary microglia were also attenuated by BDNF pre-
treatment (Fig. 7d). BDNF inhibition of LPS-induced
microglial neurotoxicity was also eliminated in shTrkB-
treated BV2 cells (Fig. 7e).

Discussion
We compared the degrees of microglial activation and
BDNF-TrkB signaling in mice of different ages and
found that the level of BDNF-TrkB was reduced and the
degree of microglial activation was enhanced. In addition
to neurons, BDNF and TrkB were richly expressed in
microglia, and their levels were negatively correlated
with the degree of microglial activation. In mice, an ex-
ogenous supplement of BDNF alone was sufficient to
counteract the aging-related and LPS-induced microglial
activation. Injecting shTrkB viruses into various brain
regions of young mice consistently induced local micro-
glial activation. These findings further suggest the in-
volvement of neurotrophic tyrosine kinases and their
downstream factors in microglial activation.
Chronic perfusion of recombinant BDNF to the per-

iphery could decrease microglial activation in the central
nervous system. BDNF can cross the blood-brain barrier
into the brain parenchyma [20], and peripheral BDNF
perfusion has been shown to increase the phosphoryl-
ation of CREB in the brain [39]. Thus, systemic injection
of BDNF may constitute a useful approach to inhibit
microglial activation. Together, these results suggest that
BDNF-TrkB signaling plays a critical role in modulating
microglial activation.
By using cultured microglial cell models, we demon-

strated that BDNF inhibited LPS-induced microglial acti-
vation and related responses, in agreement with previous
observations [40–42]. The antimicroglial activation effect
of BDNF could be eliminated by shTrkB treatment. Two
different neurotrophic factors, GDNF and IGF-1, also in-
duced similar, but weaker, antimicroglial activation re-
sponses compared to those induced by BDNF. These
findings suggest the involvement of neurotrophic tyro-
sine kinases and their downstream factors in microglial
activation.
Interestingly, Zhang et al. have demonstrated an auto-

crine effect of microglial BDNF resulting in a prolonged
microglial activation [43]. Using ATP as the activator,
they showed that ATP activated BV2 microglial cells by
enhancing migration and TNF release. Moreover, ATP
also increased BDNF synthesis in the cells. Microglial ac-
tivation was inhibited after the sequestration of en-
dogenous BDNF [43]. In a drug-induced cystitis animal

study, the authors showed that systemic intraperitoneal
injection of cyclophosphamide induced upregulation of
BDNF-TrkB signaling, activation of astrocytes and
microglia, and several proinflammatory cytokines in the
spinal dorsal horn of rats [44]. Intraperitoneal injection
of the TrkB receptor antagonist inhibited mechanical
allodynia and activation of astrocytes and microglia,
while intrathecal injection of BDNF promoted mechan-
ical allodynia and activation of astrocytes and microglia,
as well as proinflammatory cytokines in the spinal dorsal
horn [44]. Thus, BDNF may differentially regulate
microglial responses depending on the types of inflam-
matory stimulators and nearby cellular compositions
(e.g., central and peripheral nervous system).
We showed that BDNF treatment increased levels of

p-Erk1/2 and p-CREB, while inhibition of Erk activity
decreased levels of p-CREB and blocked the antimicro-
glial activation effect of BDNF. In addition to the eleva-
tion of CREB phosphorylation, BDNF also increased
nuclear localization of CREB, reduced the binding be-
tween NF-κB and CBP, and inhibited proinflammatory
cytokine production. It has been demonstrated that acti-
vated CREB could inhibit NF-κB activity through com-
petition for limited amounts of CBP [27]. Therefore, the
BDNF-induced antimicroglial activation responses can
be achieved by the antagonizing effect of activated CREB
on NF-κB. Furthermore, activated CREB and Erk have
been shown to induce a positive feed-forward produc-
tion of BDNF [45] and upregulate the expression of
MKP-1 [27, 46]. Therefore, the BDNF-induced upregula-
tion of MKP-1 may be due to an activation of the Erk-
CREB pathway.
It is noteworthy that the BV2 cell model used to

characterize the signaling pathways involved in the
BDNF-induced antimicroglial activation may not au-
thentically recapture the process of microglial activation
occurring in the aging brains. We have attempted to iso-
late microglia from mice of different ages by following a
published protocol [47]. However, we failed to collect
sufficient numbers of microglial cells that met the quali-
fication for subsequent analyses. This was especially true
in aged mice. To validate our findings, it is necessary to
use more advanced techniques in the future to monitor
microglia during aging.
In this study, we demonstrated that BDNF could in-

hibit microglial activation at multiple steps. First, BDNF
inhibited the LPS-induced activation of p38 and JNK. A
possible mechanism for the inhibitory effect of BDNF
might be due to an upregulation of MKP-1, which de-
phosphorylated p38 and JNK. Although LPS treatment
also increased the expression of MKP-1, the low levels
of MKP-1 were not sufficient to suppress the LPS-
induced activation of p38 and JNK. Second, BDNF acti-
vated Akt, which then inactivated the activity of GSK-3.
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Activated GSK-3 could phosphorylate NF-κB [29,
30]. Inhibition of GSK-3 diminished the LPS-
induced activation of NF-κB and the production of
proinflammatory cytokines [29]. Furthermore, acti-
vated GSK-3β attenuated growth factor-stimulated
CREB DNA activity, while the reduction of GSK3β
activity (GSK3-βS9) increased CREB DNA binding
activity [48, 49]. Thus, inhibition of GSK-3β might
also contribute to the BDNF-induced activation of
CREB. Third, BDNF activated the Erk-CREB path-
way, which was necessary for the antimicroglial ac-
tivation effect of BDNF.
The precise mechanism for DA neuron loss in the

SN is unclear. In addition to aging, the most import-
ant risk factor for idiopathic PD [49], inflammation is
also closely related to DA neuron death in the SN
[36–38]. The levels of the proinflammatory cytokines
are elevated in the cerebrospinal fluid, serum,
striatum, and SN of PD patients [38]. Using positron
emission tomography scan with radiotracers for acti-
vated microglia and DAT, a negative correlation be-
tween these two markers in the dopaminergic
nigrostriatal system has been reported in early PD pa-
tients [50], suggesting that microglia are activated
early in the disease. Our results support the notion
that activated microglia induce DA neuron loss and
that BDNF may have the potential to inhibit the
aging-related DA neuron loss in the SN by its antimi-
croglial action. In agreement with our findings, it has
been demonstrated that levels of BDNF and TrkB are
reduced in the nigrostriatal system of PD patients
[51–53] and aged rats [54]. Although the SN may not
be the most affected brain regions of age-related
decline of BDNF, local microglia are highly sensitive
to inflammatory stimulation [10, 11]. Therefore, de-
creases of BDNF in the SN could be a major con-
tributor to the age-related increases of microglial
activation and DA neuron loss.

Conclusions
In summary, we demonstrated a critical role of BDNF-
TrkB signaling in regulating microglia inflammation re-
sponses. Decreases of BDNF-TrkB signaling in microglia
during aging are associated with their activation in the
SN, while systemic delivery of BDNF reversed aging-
related microglial activation. In a cultured microglial cell
line, BDNF blocked LPS-induced microglial activation.
Activation of the TrkB/Erk/CREB pathway was necessary
for the BDNF-induced antimicroglial activation re-
sponse. Although more studies are needed to validate
the in vitro findings in the aging brain, this study sheds
light on the potential of BDNF for controlling microglial
activation and the inflammation-associated neurodegen-
erative diseases.
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Fig. 7 Degrees of microglial activation negatively correlate with the survival of DA neurons in the SN during aging and in vitro. a Representative
immunohistochemical images show TH+ cells in the SN and DAT+ signal in the striatum of 3-, 6-, and 12-month-old mice. Quantitative results of
numbers of TH+ cells and intensities of DAT+ signal (n = 8 in each age group) are shown on the right panels. To control for non-specific binding,
TH and DAT antibodies were replaced by their respective isotype antibodies. b Representative confocal micrographs show the Iba1+ and TH+

cells in the SN of 6- and 12-month-old mice. Correlations (Pearson) between numbers of TH+ cells and areas and numbers of Iba1+ cells are
shown on the right panels (n = 24). c Viability of TH+ cells cultured for 24 h in conditioned media of BV2 cells (n = 4). The experimental timeline
is shown on the left panel, while the cell survival rate is shown on the right panel. *p < 0.05, ***p < 0.001 versus BDNF(-)LPS(-) group; ###p <
0.001 versus BDNF(-)LPS(+) group. d Viability of TH+ cells cultured for 24 h in conditioned media of primary microglia (n = 4). The experimental
timeline is shown on the left panel, while the cell survival rate is shown on the right panel. ***p < 0.001 versus respective Saline group; #p < 0.05
versus respective Veh group (n = 4). e Viability of TH+ cells cultured for 24 h in conditioned media of virus-infected BV2 cells (n = 4). The
experimental timeline is shown on the left panel, while the cell survival rate is shown on the right panel. Bonferroni post-hoc test: $$p < 0.01:
shTrkB versus respective shLacZ group. *p < 0.05, ***p < 0.001: LPS(+) versus respective LPS(-) group; #p < 0.05: BDNF(+) versus respective BDNF(-)
group. Data are presented as mean ± S.D.
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