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Brain-derived neurotrophic factor
(BDNF) has direct
anti-inflammatory effects on
microglia
Tryston Charlton, Natalie Prowse, Ashley McFee,
Noora Heiratifar, Teresa Fortin, Carley Paquette and
Shawn Hayley*

Department of Neuroscience, Carleton University, Ottawa, ON, Canada

Microglia are the primary immunocompetent cells that protect the brain from

environmental stressors, but can also be driven to release pro-inflammatory

cytokines and induce a cytotoxic environment. Brain-derived neurotrophic factor

(BDNF) is important for the regulation of plasticity, synapse formation, and general

neuronal health. Yet, little is known about how BDNF impacts microglial activity.

We hypothesized that BDNF would have a direct modulatory effect on primary

cortical (Postnatal Day 1-3: P1-3) microglia and (Embryonic Day 16: E16) neuronal

cultures in the context of a bacterial endotoxin. To this end, we found that a BDNF

treatment following LPS-induced inflammation had a marked anti-inflammatory

effect, reversing the release of both IL-6 and TNF-α in cortical primary microglia.

This modulatory effect was transferrable to cortical primary neurons, such that

LPS-activated microglial media was able produce an inflammatory effect when

added to a separate neuronal culture, and again, BDNF priming attenuated this

effect. BDNF also reversed the overall cytotoxic impact of LPS exposure in

microglia. We speculate that BDNF can directly play a role in regulating microglia

state and hence, influence microglia-neuron interactions.
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Introduction

Immunity within the central nervous system (CNS) is dependent upon the
brain’s specialized microglial cells, which rapidly respond to perturbations in their
microenvironment (Zarruk et al., 2018; Dwyer et al., 2020) and have a diverse range of
pro-inflammatory and anti-inflammatory states (Saitgareeva et al., 2020). In addition to
their role as immune defenders of the CNS, microglia also have critical roles in synaptic
plasticity, neurogenesis, as well as neural circuit maintenance and function (Schafer et al.,
2012; Diaz-Aparicio et al., 2020). Accordingly, excessive microglia activation and release
of inflammatory cytokines has repeatedly been linked to neurological and neuropsychiatric
illnesses, such as depression; but unfortunately a causal link is often lacking in many studies
(Streit et al., 2004; Hayley and Anisman, 2005; Franklin et al., 2018; Serafini et al., 2020;
Hayley and Sun, 2021).
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Brain-derived neurotrophic factor normally binds to the
receptor tropomyosin receptor kinase B (TrkB) which is found on
neurons (Brigadski and Leßmann, 2020); however, there is also
evidence that TrkB expression occurs on microglia (Gomes et al.,
2013; Prowse and Hayley, 2021). In fact, recent research has found
that disruption of the TrkB pathway in microglia affects their
activation state and production of pro-inflammatory cytokines
(Wu et al., 2020). However some earlier work oppose these findings
(Frisén et al., 1993), and there is still a great deal not known of the
role of BDNF in microglia. That said although sparse, some recent
findings are consistent with microglia expressing TrkB. Specifically,
TrkB labeling was found to be co-localized in IBA1+, CD11b+, and
OX-42+ rodent brain sections and levels were affected by the age
of the animal, as well as being altered in the context of poststroke
depression or with exposure to cyclophosphamide (Ding et al.,
2020; Wu et al., 2020; Zhu et al., 2020).

A majority of studies done using classical inflammatory
stimulators, such as lipopolysaccharide (LPS), have shown an
overall decreases in expression of BDNF, but a few have found
an upregulation (Gomes et al., 2013; Parkhurst et al., 2013; Hu
et al., 2020). Upon encountering an activating stimulus, microglia
normally undergo a dramatic change from a ramified morphology
to amoeboid and various other intermediates states (Orihuela
et al., 2016). A balance between the fluid pro-inflammatory and
anti-inflammatory states is required for limiting cell death and
preventing irreparable damage to important brain regions (Aloisi,
2001; Block et al., 2007).

Much evidence indicates that BDNF can act directly on
neurons to convey neuroprotective consequences. Yet, very little
is known about how BDNF can impact microglial cells and
how this in turn, might influence neurons. Hence, we sought
to assess whether some of the beneficial effects of BDNF might
be related to microglial activation state. Specifically, can BDNF
directly prime microglial cells to adopt a protective and/or anti-
inflammatory phenotype and is this transferrable to neurons. This
involved a unique cell culture method, wherein the impact of
LPS and BDNF upon cytokine levels was first directly assessed
in primary cortical microglial cells. Secondly, the extracellular
microglial media was transferred to primary cortical neurons
to then directly assess the impact of primed microglial soluble
factors on neurons.

Materials and methods

Animals and primary culture

C57BL/6 mice were purchased from Charles River Laboratories
and were used for in vitro culture. Animals were left on a normal 12-
h light cycle, given ab libitum access to water and lab chow. Animals
were harem mated for 2–14 days for neuronal and microglial
cultures. Cortical neuron tissue was collected from dams that were
euthanized by rapid decapitation and 5–10 embryonic Day 16 (E16)
pups retrieved (per litter). Microglial cultures were collected from
5 to 10 postnatal Day 1-3 (P1-3) pups (per litter).

Primary cultures were produced in 24 well plates on autoclaved,
dH2O rinsed, coverslips. Both E16 primary neurons and P1-3
microglia were seeded at a concentration of 1 × 105 cells/ml for

final assays. Each 6 well row on a 24 well plate was assigned either
vehicle, BDNF, LPS or LPS plus BDNF treatments.

The method of collection of cortical mouse neurons was
adapted from Hilgenberg and Smith (2007) as well as Gaven
et al. (2014), with primary neurons being isolated from the
cortex, mildly trypsinized with trypLE and seeded in Poly-D-
lysine (PDL) coated wells (for 96-well plates) or acid-etched,
PDL-coated glass coverslips (for 24 well plates) at 10 µg/ml
in complete neurobasal media (CNB: 2% B-27 [Gibco], 0.5%
penicillin/streptomycin, 0.25% GlutaMAX, 97.25% Neurobasal
media). E16 cortical neurons were incubated for 7–10 days (DIV7-
10) in a humidified environment (37oC, 5% CO2). New CNB,
without GlutaMAX, was placed on the cells the day after surgery
to remove debris and then every 2–3 days and on DIV7-10 cells
were utilized for experiments (Hilgenberg and Smith, 2007; Gaven
et al., 2014).

Collection methods for primary P1-3 microglia was adapted
from Saura et al. (2003) and Schildge et al. (2013). Briefly, mixed
glia were harvested from P1 pups and seeded in T75 flasks
containing dissociated cells from 1 to 3 cortices in complete media
(10% fetal bovine serum [FBS], 1% penicillin/streptomycin, 89%
high glucose DMEM [Gibco]) with full media change after DIV1
and 1/2 media changes every 4–6 days. At 21 DIV, microglia were
harvested via mild trypsinization (trypsinization solution: 1:1:1
dilution ratio of DMEM, versene EDTA, and 0.25% trypsin) to
yield highest confluency of microglia (Saura et al., 2003). The
microglia were then plated immediately into PDL-coated well
plates at 1.0 × 105 cells/ml for experimental use in a serum-free
microglia media which renders a more in vivo-like morphology
(Saura et al., 2003; Schildge et al., 2013).

Treatment conditions

Neurons and microglia were cultured separately in 24 well
plates, before microglial media was either assayed or transferred to
neurons. Microglia cultures were first treated for 24 h with either
(1) vehicle (PBS) or (2) LPS at 100 ng/ml. Thereafter, the media
was changed and microglial cells were further treated with either
(3) BDNF at 50 ng/ml, or (4) vehicle for another 24 h. Half of
the microglia cultures were then assessed for cytokine and LDH
levels, while the microglial media from the remaining cultures
was transferred to separate neuronal cultures for a final 24 h.
Hence, neurons were treated for 24 h with media from either: (1)
vehicle treated microglial media, (2) media from microglia primed
with LPS at 100 ng/ml, (3) media from microglia primed with
BDNF at 50 ng/ml, or (4) media from microglia that were pre-
treated with LPS (100 ng/ml) followed by secondary treatment with
BDNF (50 ng/ml).

Measurement of cytokines by
ProQuantum immunoassay

Levels of TNFα, IL-6, and IL-4 in the media after treatment
were measured using ProQuantum immunoassay kits (Thermo-
Fischer). Media was collected from each experimental group and
control. Levels of TNFα, IL-6 and IL-4 were measured according to
manufacturer’s instruction.
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FIGURE 1

Primary culture timeline. Wild type (WT) littermates were harem-mated for up to 1 week to ensure pregnancy and then cortical tissue was extracted
from the pups on day of birth (P1) for whole glial cultures. WT littermates for neuron cultures were harem-mated on the day of glia harvest for
2 days to ensure the day of pregnancy is known; on the 16th day of pregnancy (E16) embryos were collected and neuronal cultures seeded. After
21 days of proliferation (21 DIV), microglia were isolated from whole glial culture into serum-free media and the following day they were treated with
LPS or vehicle (Veh) for 24 h; followed by a media change and then either BDNF or Veh treatment for a further 24 h. Microglial media was then
transferred to neurons cultures for a final 24 h before all media was collected.

FIGURE 2

Lipopolysaccharide (LPS) and BDNF influence cytokine levels in primary microglia and neurons. The LPS treatment increased microglial levels of IL-6
and TNF-α, but subsequent BDNF exposure reversed this effect (A,C, respectively). No differences were evident for microglial IL-4 (E). Transfer of LPS
(100 ng/ml) stimulated microglial media to separate neuronal cultures increased IL-6 levels, but transfer of LPS (100 ng/ml) + BDNF (50 ng/ml)
microglial media had no such effect (B). No significant group differences were evident for neuronal TNF-α levels (D). Surprisingly, transfer of LPS
primed microglial media to neurons did cause a small but significant rise in IL-4 levels, with no effect of BDNF (F). Vehicle treatment was PBS. n = 3
separate cultures/group. *p < 0.05, relative to vehicle treatment.
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Lactate dehydrogenase (LDH) assay

Cell activation and toxicity within microglia culture was
quantified using the LDH assay (Thermo-Fischer). To measure
LDH levels, microglia were seeded in triplicate on a 96 well plate
at 5 × 104 cells/ml. After treatments, 50 µl of media was collected
from each group and added to a 96-well plate, followed by 50 µl
of substrate media and incubated for 30 min at room temperature
in the dark. At the end of incubation, stop-buffer was added, and
the plate was read at 490 and 680 nm. Percentage of cytotoxicity
was calculated by subtracting background absorbance (680 nm)
from the absorbance of the medium from cell treatment (490 nm)
and dividing by the maximum LDH release which accounts for
spontaneous release of LDH from untreated microglia. Maximum
LDH release was obtained by adding lysis buffer (1:10) to treatment
groups 45 min prior to end of experiment.

Statistical analysis

All data was analyzed by two-way ANOVA: (Vehicle vs. LPS) vs.
(Vehicle vs. BDNF), with significant interactions further analyzed
by means of Fisher’s LSD planned follow up comparisons (p < 0.05)
where appropriate. All data was analyzed using the statistical
software Prism (version 9), all data is presented in the form of
marginal mean ± standard error of the mean (mean ± SEM), and
differences were considered statistically significant when p < 0.05.

Results

The analysis revealed a significant LPS × BDNF interaction for
IL-6 levels in primary microglia (F(1,8), = 112.3, p < 0.01). Indeed,
as shown in Figure 1 microglial levels of IL-6 were remarkably
increased in the LPS treated microglial cells, relative to controls
(p < 0.05). Most importantly, this effect was completely prevented
by the subsequent BDNF treatment in the LPS primed microglia.
A significant LPS × BDNF interaction was also evident for IL-
6 levels within primary neurons (F(1,8), = 26.48, p < 0.01).
The neuronal levels of IL-6 were significantly elevated (albeit
at much lower overall concentrations) following exposure to
LPS primed microglial media (p < 0.05). However, exposure
of neurons to media from LPS primed microglia that also
received BDNF failed to elicit any IL-6 change from vehicle
exposure.

The interaction between the LPS and BDNF treatments just
missed statistical significance for TNF-α levels within primary
microglia (F(1,8) = 4.13, p = 0.07). Given our a priori hypothesis
and the fact that LPS treatment alone did provoke an obvious TNF-
α elevation in microglia (albeit variable), we conducted post hoc
comparisons. This revealed that LPS treatment increased TNF-α
levels in microglia culture compared to vehicle treatment (p < 0.05;
Figure 2) and once again, this was completely reversed by BDNF
exposure. In the case of the cultured neurons, there was no
significant differences in TNF-α levels evident in response to the
microglial media treatments added.

The ANOVAs failed to reveal any significant interaction
between the groups for IL-4 levels within the microglial cultures.
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FIGURE 3

Lipopolysaccharide and BDNF influenced LDH release in primary
microglia. Release of the cytoplasmic enzyme, lactate
dehydrogenase (LDH), into the microglia media indicated that LPS
(100 ng/ml) treatment induced some membrane leakiness and
potential cytotoxicity. In contrast, when the LPS-treated cells were
also exposed to BDNF this effect was not only reversed, but LDH
release was diminished compared to all vehicle treated cells. n = 3
separate cultures/group. Vehicle treatment was PBS. *p < 0.05,
relative to vehicle only treatment, ϕp < 0.01, relative to all other
groups.

However, there was a modest but significant main effect for LPS
treatment in the neuronal cultures (F(1,8) = 6.26, p < 0.05). Indeed,
treatment of the neuronal cultures with LPS primed microglial
media modestly elevated neuronal IL-4 levels above that of vehicle
exposure (p < 0.05) (Figure 2).

Analysis of LDH levels in the media was used as an index
of microglial membrane leakiness and energetic activity, which
is linked to potential cytotoxicity. A significant LPS × BDNF
interaction was found for LDH levels in the microglial culture
(F1,8 = 91.35, p < 0.0001). Specifically, LPS exposure significantly
increased LDH release from microglia compared to vehicle treated
microglia media (p < 0.05), but the additional BDNF treatment
together with LPS promoted greatly reduced LDH levels, to an
extent even below vehicle exposure controls (p < 0.05; Figure 3).

Discussion

Numerous reports demonstrate that BDNF provides trophic
support by binding to its TrkB receptor on neurons (Lu et al., 2015;
Xu et al., 2017; Jin, 2020). Yet, very little is known regarding the
impact of BDNF upon astrocytes or microglia. We presently found
that LPS induced the expected robust inflammatory response in
cultured primary microglia but most importantly, BDNF treatment
completely ameliorated this effect. Indeed, exposure of microglia to
BDNF reversed the LPS induced elevations of extracellular released
TNF-α and IL-6. A similar effect was observed in primary neurons,
wherein an inflammatory response was triggered by exposure to
media from LPS activated microglia and this was reversed when
media came from LPS + BDNF primed microglia. It should be
noted however, that the concentration of IL-6 in microglia media
was 100 times higher than that found in the neuronal media.
Indeed, neurons appear be able to release very small concentrations
of cytokines when sufficiently stressed (Ringheim et al., 1995; Stow
et al., 2009). Interestingly, IL-4 levels (while not affected by BDNF)
were somewhat increased in the neuronal media after exposure to
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media from LPS-activated microglia, suggesting the possibility that
a protective anti-inflammatory neuronal response was elicited.

Consistent with the present findings, Wu et al. (2020), showed
that in vitro treatment of “microglia-like” BV2 cells with BDNF
attenuated the impact of LPS. Interestingly, they showed that
BDNF as a pre-treatment to LPS, rather than post-treatment
(as in the current study), produced the greatest reduction in
pro-inflammatory cytokine production. This is consistent with
BDNF being an important messenger between neurons and glia;
particularly during times of infection, injury or cellular stress.
For instance, inflammatory-associated damage of neurons causes
the release of ATP that can induce the release of BDNF from
microglia via purinergic receptors (Fields and Burnstock, 2006;
Calovi et al., 2019). The release of trophic factors, such as
BDNF, from microglia can then enhance neuronal plasticity to
either aid in neuronal survival or compensate for any neuronal
loss (Ferrini and De Koninck, 2013; Parkhurst et al., 2013;
Kato et al., 2016).

We found that LPS elevated the levels of lactate dehydrogenase
(LDH) in microglia media, indicating enhanced release owing to
either diminished cell integrity and/or bioenergetic changes in
microglia. Microglia can utilize lactate to sustain energy demands
and its enzyme, LDH, is involved in catabolizing lactate into
pyruvate which is required for the production of oxidative stress
factors upon LPS exposure (Monsorno et al., 2022). Indeed, LPS
was previously reported to increased LDH activity and enhance its
leakage into the extracellular compartment (Takaki et al., 2012; Li
et al., 2019). Remarkably however, the BDNF treatment not only
reversed this LPS effect, but actually reduced LDH levels below
that of controls. This suggests that BDNF may be modulating
mechanisms activated by LPS to such a degree that even the basal
level of cellular toxicity that is simply associated with the culturing
process itself was inhibited. Yet, it should be noted that BDNF alone
had no impact of LDH levels, indicating that the impact of the
trophic factor was only evident in the context of an LPS provoked
inflammatory environment.

To the best of our knowledge, few studies have directly
assessed whether BDNF can modulate the activation state of
microglia (Trang et al., 2012; Long et al., 2020). As far as we are
aware, our study also presents the previously unknown finding
that media from LPS and BDNF activated microglia can directly
impact neuronal cytokine production. Our findings suggest that
BDNF priming of microglia may reprogram inflammatory state
and consequently alter neuron-microglia communication. Since
our study is a brief communication, we acknowledge that it has
limitations, such as our limited focus on cytokines that precludes
knowing what other immune factors and possible neurotoxic
mediators might have been affected by the LPS and BDNF

treatments. It is also unclear as to exactly which elements in the
microglial derived media that might drive inflammatory processes
at the level of the neuron and what sort of neuropathology
might eventually ensue. That said, it seems that BDNF can
directly regulate microglial cytokine responses and that this might
secondarily impact neurons.
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