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Abstract
Microglia are the resident immune cells of the central nervous system that mediate the life and death of nervous tissue. During
normal function, they exhibit a surveying phenotype and maintain vital functions in nervous tissue. In the event of injury or
disease, chronic inflammation can result, wherein microglia develop a hyper-activated phenotype, shed their regenerative
function, actively kill contiguous cells, and can partition injured tissue by initiating scar formation. With recoverable injury,
microglia can develop a primed phenotype, where they appear to recover from an inflammatory event, but are limited in their
support functions and show inappropriate responses to future injury often associated with neurodegenerative disorders. These
microglial phenotypes were acutely recreated in vitro with potent pro- and anti-inflammatory treatments. Primary cultured
microglia or mixed glia (microglia, astrocytes, and oligodendrocytes) were treated for 6 h with lipopolysaccharide (LPS).
Recovery from an inflammatory state was modeled with 18-h treatment of the anti-inflammatory steroid dexamethasone. The
cells were then treated for 24 h with interferon gamma (IFNγ) to detect inflammatory memory after recovery. Surveyingwas best
represented in the untreated vehicle (Veh) cases and was characterized by negligible secretion of pro-inflammatory factors,
limited expression of immune proteins such as induced nitric oxide synthase (iNOS), major histocompatibility complex class
II (MHCII), relatively high expression of brain-derived and glial-derived neurotrophic factors (BDNF and GDNF), and thinly
branched smaller microglia. Activation was noted in the LPS- and IFNγ-treated microglia with increased cytokines, NO, NGF,
iNOS, proliferation, phagocytosis, reduced BDNF, and flattened round amoeboid-shaped microglia. Primingwas observed to be
an incomplete surveying restoration using dexamethasone from an activation comparison of LPS, IFNγ, and LPS/IFNγ.
Dexamethasone treatments resulted in the most profound dysregulation of expression of NO, TNF, IL-1β, NGF, CD68, and
MHCII as well as ramified morphology and uptake of myelin. These findings suggest microglial priming and hyper-activation
may be effectively modeled in vitro to allow mechanistic investigations into these key cellular phenotypes.
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Introduction

Inflammatory disorders of the central nervous system
(CNS), or neuroinflammatory disorders, contribute exten-
sively to mortality and morbidity across the world.

Neuroinflammation-related forms of physical and mental
impairment include a broad spectrum of illnesses ranging
from traumatic injury to the spinal cord and brain, stroke,
and every neurodegenerative disease [1–3]. While the
cause, pathology, and symptoms of these diseases are ex-
tremely diverse, they all share a core inflammatory com-
ponent. CNS resident immune cells called microglia, typi-
cally responsible for mediating healthy function, sustain
inflammatory cascades that exacerbate cell stress or direct-
ly facilitate the death of neighboring cells [4]. This results
in the dysfunction or loss of neural circuits, producing
widely varied deficits in many functions from locomotion
to cognition [5]. The resulting loss of memory, cognitive
capacity, and movement has a substantial impact on both
healthcare costs and quality of life. Notably, no current

* Kathryn G. Todd
kgtodd@ualberta.ca

1 Neurochemical Research Unit, Department of Psychiatry, University
of Alberta, Edmonton, AB T6G 2G3, Canada

2 Neuroscience and Mental Health Institute, University of Alberta,
Edmonton, AB T6G 2E1, Canada

3 Department of Biomedical Engineering, University of Alberta,
Edmonton, AB T6G 2V2, Canada

Molecular Neurobiology (2019) 56:6409–6425
https://doi.org/10.1007/s12035-019-1529-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-019-1529-y&domain=pdf
http://orcid.org/0000-0002-6048-8613
mailto:kgtodd@ualberta.ca


treatments can cure neuroinflammatory diseases, and many
suffer progressive loss of function over time.

An ideal recovery strategy should include both suppression
of inflammation and promoting rescue and regeneration of lost
neural tissue. Some therapeutics, such as the corticosteroid
dexamethasone, have been shown capable of attenuating in-
flammation and promoting neuroprotection [6–8].
Comprehensive reviews are available on the drugs and the
effects on microglia in neurodegenerative disorders and CNS
injury [9, 10]. Despite short-term efficacy, corticosteroids are
associated with long-term adverse side effects including de-
pression, diabetes mellitus, and even compromised immune
function [6, 11] limiting their utility in the resolution of
neuroinflammatory disorders.

Inflammation is a complex tissue response to pathogen and
damage stimuli responsible for protection, clearance of dam-
aged cells, and tissue healing [12]. In healthy neural tissue, the
blood-brain barrier (BBB) prevents trafficking of peripheral
immune cells [13]. As such, the CNS has a specialized resi-
dent immune system that comprises one known major cell
type, namely microglia [14]. Microglia have classic immune
functions comparable to macrophages outside the CNS and
are functionally similar in their response to pathogens and
damaging stimuli. Microglia can be induced to M1- and M2-
like phenotypes in vitro, which correlate with pro-
inflammatory and anti-inflammatory macrophage activation,
respectively [15, 16]. However, these labels are being shown
to be less accurate in microglia due to specialization resulting
from their intimate relationship with neural and glial cells
within the CNS parenchyma, their isolation from circulating
immune cells, and an in vitro model that does not closely
reflect expected neurophysiology [15]. Thus, microglia have
acquired multiple diverse functional roles which can be rep-
resented as several phenotypes across a spectrum of behaviour
(Fig. 1) [17].

In the absence of harmful stimuli, microglia present a
surveying phenotype and are essential in development, plastic-
ity, and function of the nervous system. Surveying microglia
secrete brain and glial-derived neurotrophic factors (BDNF,
GDNF) and nerve growth factors (NGF) to promote cellular
differentiation, facilitate dendritic budding and synaptic prun-
ing to refine neuronal networks, and rapidly traverse and survey
the environment [18]. They also secrete anti-inflammatory cy-
tokines, such as interleukin 10 (IL-10), to signal other microglia
to maintain the surveillant state [19–21]. They exhibit a char-
acteristic ramified morphology, which allows them to rapidly
extend multiple processes and survey the equilibrium of the
resident micro-environment [22].

When exposed to a harmful stimulus, microglia present an
activated or reactive phenotype that retracts processes,
appearing amoeboid. Activated microglia secrete an abun-
dance of reactive oxygen/nitrogen species such as nitric oxide
(NO) produced by inducible nitric oxide synthase (iNOS), and

pro-inflammatory cytokines such as tumor necrosis factor
(TNF) and interleukin 1 beta (IL-1β) to recruit immune cells
and kill foreign or damaged cells (e.g., pathogens, injured
neurons, cancer, etc.) [23]. In the activated state, microglia
will also phagocytose debris, present antigens, and incite a
host response. If unresolved, inflammation becomes chronic
and this activated phenotype can become amplified and per-
sistent, called hyper-activated, causing further degradation of
tissue and weakening the BBB [17].

The recovery of activated microglia to the surveying state
is considered the normal functional outcome following reso-
lution of inflammation; however, a primed phenotype has
been proposed in the case of partial or incomplete resolution
of injury. These cells may provide a means of immune mem-
ory or serve to translate repetitive mild injury into an escalat-
ing inflammatory response, and may play key roles in chronic
inflammation and neurodegenerative complications including
progressive white matter reduction, auto-immunity, and cog-
nitive decline in dementia [24–29]. This primed phenotype
has been observed to appear morphologically comparable to
the surveying state but may be deficient in homeostatic and
surveillance functions (often considered similar to cellular se-
nescence) [26, 30]. Importantly, the primed state is thought to
give rise to either a disproportionate or ineffectual inflamma-
tory response upon presentation of a subsequent immune stim-
ulus. Hyper-activated microglia also recruit and activate as-
trocytes to a secondary immune role, reducing their normal
capacity to support and maintain neurons [24]. Once activat-
ed, astrocytes also undergo a phenotypical change and a pro-
cess called astrogliosis, noted by cellular hypertrophy and
upregulation of glial fibrillary acidic protein (GFAP). With
focal injuries, such as traumatic brain and spinal cord injuries
or lesions in Parkinson’s disease, astrogliosis results in the
formation of a glial scar intended to protect adjacent tissue
from further damage; however, such scarring ultimately pre-
vents axonal regeneration and full recovery [31–33].
Oligodendrocytes, responsible for myelinating axons in white
matter, are also highly sensitive to damage by microglia in
their hyper-activated state and are readily phagocytosed when
injured [24, 34]. The presence of primed and hyper-activated
microglia in effectively every neuroinflammatory disorder
highlights their contribution to disease pathology, but also
makes them key targets for therapy [35–43].

Although mechanisms of microglial activation have been
well characterized through in vitro work, mechanisms associ-
ated with the priming phenotype are rather underexplored, and
no effective in vitro model has been established to characterize
these changes. In the present study, a series of defined treat-
ments has been used to recreate a model of hyper-activated
and primed microglial phenotypes in vitro. Microglia, in both
isolated cultures and mixed glial cultures (microglia, astro-
cytes, and oligodendrocytes), were treated with lipopolysac-
charide (LPS) [44], recovery was modeled with the anti-
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inflammatory corticosteroid dexamethasone, and memory of
activation as a model of priming was assessed by subsequent-
ly challenging the cells with interferon gamma (IFNγ) [45].
Microglial function was assessed by secretion of cytokines
(TNF, IL-1β, IL-10), nitric oxide (NO), and growth factors
(BDNF, GDNF, NGF), immunofluorescence to determine
microglial morphology and expression of state markers
(iNOS, CD68, MHCII), and assays of proliferation (5-
Ethynyl-2 ′-deoxyuridine—EdU) and phagocytosis
(microbeads and myelin).

The experimental design is also presented where an un-
treated condition suggests a surveying phenotype outcome.
A 6-h inflammatory stimulus (LPS) promotes either an
activated or hyper-activating phenotype. A recovery for 18 h

(dexamethasone) promotes either a return to a surveying, a
primed phenotype, or a non recovery presented as a hyper-
activation. An additional 24-h stimulus (IFNγ) suggests
activation if the microglia recovered fully, or hyper-activation
with previous priming.

Results

The timeline and experimental design are summarized as fol-
lows. The cells were activated by pre-treating with the
inflammogen lipopolysaccharide (LPS, 100 ng/mL) for 6 h
and recovered with an 18-h treatment with dexamethasone
(Dex, 10 μM), a potent anti-inflammatory corticosteroid, or
vehicle (Veh). Drug was washed out and these cells were

Fig. 1 The phenotypes of microglia in states of neuroinflammation.
Surveyingmicroglia secrete anti-inflammatory cytokines (IL10) and neu-
rotrophic growth factors (BDNF, GDNF). Microglia are activated by an
acute insult and respond with cytokine, chemokine, NGF, and superoxide
secretions with an increase ofmembrane proteins (iNOS). Some activated

microglia retain a primed profile characterized by different membrane
proteins (MHCII, CD68). Activated or primed cells can have a persistent
chronic stimulation making them hyper-activated—meaning they can
have an amplified activated profile. Primedmicroglia do not fully resolve
from the inflammatory insult. Adapted from [17].
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subsequently challenged with interferon gamma (IFNγ,
100 ng/mL) for 24 h to probe the immune status of the cells
and test for evidence of priming by their previous activation.

Nitric oxide and the major cytokines TNF and IL-1β were
measured to assess pro-inflammatory secretions while the cy-
tokine IL-10 was measured to determine anti-inflammatory
secretion from the cells (Fig. 2). Typically, cultures subject
to LPS pre-treatment alone, IFNγ challenge alone, and se-
quential LPS and IFNγ treatment showed a characteristic in-
crease in all pro-inflammatory factors from isolated microglial
cultures. Treating microglia with dexamethasone between
LPS pre-treatment and IFNγ challenge promoted a significant
reduction of TNF, nitrites, and IL-1β (Fig. 2(Ai–iii)) in most
activating treatments, but no significant changes in IL-10 were
seen in any treatment group (Fig. 2(Aiv)). These same treat-
ments were replicated in a mixed glia culture, consisting of
astrocytes, microglia, and oligodendrocytes, in order to con-
firm the response in a more holistic representation of the
in vivo environment capable of modeling glial cell-cell inter-
actions. In mixed glial populations, the absolute magnitude of
the response was less than in isolated populations, though
similar trends were observed. Typically, pro-inflammatory
stimuli increased the secretion of pro-inflammatory factors,
notably IFNγ and LPS/IFNγ significantly increased NO,
TNF, and IL-1β release (Fig. 2(Bi-iii)), while IL-10 secretion
was notably increased following LPS/ IFNγ treatment relative
to control (Fig. 2(Biv)). Six-hour LPS treatment alone did not
show significant increases in NO, TNF, or IL-1β, and after
IFN challenge showed lower release of TNF than IFN alone
and increased release of IL-10 relative to control and IFN .
This suggests the persistence of activation induced by LPS
pre-treatment in mixed populations is more limited than in

the isolated condition, possibly due to modulatory signaling
from additional glial cell types (Fig. 2(B)). Dexamethasone
treatment significantly reduced the release of NO, TNF, IL-
1β, and IL-10 relative to IFNγ and LPS/IFNγ treated cells
(Fig. 2(Bi–iv)), though TNF remained significantly higher
than control after IFNγ and dexamethasone treatment.
Although dexamethasone was generally able to reduce secre-
tion of typical inflammatory factors, reduced release of trophic
release may be suggestive of a priming phenotype.

Endogenous growth factors BDNF, GDNF, and NGF
were measured via in-cell Western assays to assess the
trophic response of microglia and mixed glia (Fig. 3).
Representative examples of immunofluorescent confocal
images of microglia and mixed glia are presented to dem-
onstrate the subcellular distribution of growth factors. In
isolated microglia, BDNF expression was elevated in the
control groups and was significantly reduced with LPS,
IFNγ, or sequential LPS/IFNγ treatment (Fig. 3(Ai)).
Following treatment with dexamethasone, BDNF expres-
sion was similarly increased in the control relative to LPS,
IFN , and LPS/IFN -treated cultures. Expression of GDNF
was consistent within the Veh groups and did not signifi-
cantly vary with LPS, IFNγ, or sequential LPS/IFNγ treat-
ments, nor did dexamethasone treatment significantly af-
fect GDNF secretion (Fig 3(Aii)). NGF expression signif-
icantly increased in isolated microglia in the LPS treatment
group (Fig 3(Aiii)), but this pattern of increased NGF ex-
pression was not observed following dexamethasone re-
covery treatment, suggesting that dexamethasone recovery
attenuated the potential trophic support provided by mi-
croglia. In mixed glia, expression of trophic factors was
markedly less variable across the different treatments, and

Fig. 2 Inflammatory molecular assays for primary rat (A) isolated mi-
croglia and (B) mixed glia, including (i) nitrite, and ELISA results for (ii)
TNF, (iii) IL-1β, and (iv) IL-10 release normalized to cell count. Samples
were treated with 100 ng/mL lipopolysaccharide (LPS) for 6 h, followed
by 18 h of 10 μMdexamethasone (Dex), and a 24 h 100 ng/mL treatment

with interferon gamma (IFN ). n = 5 for all groups and data analyzed
represent mean ± SEM. Significance indicated for a p value of ≤ 0.05,
where * indicates within group differences as indicated, and † represent
pair-wise differences between Veh and dexamethasone groups,
respectively
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only GDNF expression was significantly increased with
LPS/IFNγ compared to the control.

When observed with immunofluorescence microscopy
(Fig. 3(C)), growth factor expression in isolated microglial
cultures was characteristically somatic, radiating from the area

surrounding the nucleus throughout the cytoplasm.
Expression of both BDNF and GDNF was observed in all
CD11b-labeled cells, but only a subset of cells showed NGF
expression, suggesting that NGF expression may be
unique to certain microglia. In a mixed glial population

Fig. 3 In-cell Western assays to detect neurotrophic growth factors for
(A) isolated microglia and (B) mixed glia, including (i) BDNF, (ii)
GDNF, and (iii) NGF normalized to cell count. Samples were treated with
100 ng/mLLPS for 6 h, followed by 18 h of 10μMdexamethasone, and a
24 h 100 ng/mL treatment with IFNγ. n = 5 for all groups and the data
analyzed represents mean ± SEM (arbitrary fluorescence units).
Significance indicated for a p value of ≤ 0.05, where * indicates within

group differences as indicated, and † represent pair-wise differences be-
tween Veh and dexamethasone groups, respectively. Immunofluorescent
confocal l images of (C) microglia and (D) mixed glia. Labels are as
follows—Row C: blue (nuclei), green (CD11b), red (growth factor).
Row D: blue (nuclei), green (CD11b), red (GFAP), white (growth factor).
Arrows in D indicate cells co-labeled for GFAP and the respective growth
factor. The scale bar is 50 μm
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(Fig. 3(D)), growth factor expression was observed less in
microglia and more often in astrocytes (Fig. 3(Di–iii), white
arrows). This pattern of expression suggests the relatively
consistent expression of growth factors across treatment
groups in mixed glia (Fig. 3(B)) was reflective of stable astro-
cyte expression levels overwhelming any changes in
microglial expression as a result of treatment (Fig. 3(A)).
The persistence of decreased BDNF expression observed in
isolated microglia, even after dexamethasone recovery treat-
ment, may suggest microglial priming.

As previous studies have suggested, characteristic
markers of microglial function may be differentially
expressed in the primed state we chose several to character-
ize with immunofluorescence microscopy [17, 27].
Expression of iNOS in microglia was characterized in both
isolated and mixed glial populations (Fig. 4). In isolated
microglia, the proportion of iNOS-positive cells was signif-
icantly increased (from ~ 5% to > 20%), compared to

the control in the Veh group for all inflammatory treatments
(LPS, IFNγ, and LPS/IFNγ, Fig. 4(A)). In addition, se-
quential treatment with LPS and IFNγ yielded substantially
increased iNOS expression relative to LPS or IFNγ alone
(from ~ 20 to 40%), suggesting a cumulative effect on iNOS
expression. Treatment with dexamethasone prevented
stimulus-induced iNOS expression in all conditions (LPS,
IFNγ, and LPS/IFNγ, Fig. 4(A)). In mixed glial cultures,
iNOS-positive microglia were fewer overall (~ 4 to 8%)
suggesting the mixed cellular environment moderates
microglial expression of iNOS in response to inflammatory
stimuli. Significant differences in iNOS expression were not
observed within treatment groups, and dexamethasone sig-
nificantly attenuated iNOS expression by ~ 3% only in the
IFNγ treatment (Veh vs Dex, Fig. 4(C)).

Cellular morphology, observed by Iba1 and iNOS co-
labeling in isolated microglia, demonstrated a range of mor-
phology (Fig. 4(B)). Isolated surveying microglia (control,

Fig. 4 Immunofluorescent
quantification and confocal
images of primary rat iNOS-
labeled (A and B) microglia and
(C and D) mixed glia. Cells were
quantified by positive counts.
Samples were treated with
100 ng/mL LPS for 6 h, followed
by 18 h 10 μM dexamethasone,
and a 24 h 100 ng/mL treatment
with IFNγ. n = 5 for all groups
and data represent mean ± SEM.
Significance indicated for a p
value of ≤ 0.05, where * indicates
within group differences as indi-
cated, and † represent pair-wise
differences between Veh and
dexamethasone groups, respec-
tively. Confocal images present
cells treated with (i) control, or (ii)
LPS, (iii) LPS/IFNγ, and (iv)
LPS/dexamethasone. Labels are
as follows—section B: blue (nu-
clei), red (Iba1), green (iNOS).
Section D: blue (nuclei), red
(Iba1), green (GFAP), white
(iNOS). The scale bar is 50 μm
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Fig 4(Bi)) had multiple thin and bifurcated processes with no
visible iNOS expression, while microglia treated with pro-
inflammatory stimuli (LPS and LPS/IFNγ, Fig 4(Bii-iii)) ap-
peared distinctly amoeboid with round and flattened cells
showing heterogeneous iNOS expression throughout the cell
cytoplasm. LPS treatment followed by dexamethasone treat-
ment (Fig 4(Biv)) did not restore a ramified morphology, and
remained notably amoeboid in appearance. Following dexa-
methasone treatment, iNOS was observed but was less broad-
ly dispersed through the volume of the cell. In the mixed glial
cultures, the morphological features observed in isolated cells
tended to be less exaggerated with microglial cells rarely ex-
pressing iNOS (Fig. 4(D)). Surveying microglia in the control
group (Fig 4(Di)) were morphologically similar to the isolated
condition with elongated processes.Microglia treatedwith pro-
inflammatory stimuli (LPS and IFNγ/LPS, Fig 4(Dii, iii))
were less amoeboid than in the isolated culture and retained a
ramified morphology following LPS/dexamethasone

treatment (Fig 4(Div)). Although GFAP-positive astrocytes
tended to lose their thin processes and radial microstructures to
favor a hypertrophic and/or fibrous morphology after LPS and
IFNγ/LPS treatment, the distribution of cells appears diverse in
each treatment. iNOS expression generally correlated closely
with NO secretion (Fig. 2) and was suggestive of activation
and hyper-active microglia.

CD68, a lysosomal microglial glycoprotein, is characteristi-
cally upregulated for a prolonged period after pro-
inflammatory stimulus and has been suggested to associate
with priming in vivo [17]. In isolated microglia cultures,
CD68 was notably high in the control condition, and decreased
significantly from control following treatment with either LPS
or IFNγ/LPS (Fig. 5(A)). Dexamethasone treatment signifi-
cantly increased CD68 expression in all stimulated conditions
(LPS, IFNγ, and LPS/IFNγ treatment, Veh vs Dex). As CD68
is hypothesized to increase with priming, these results suggest a
primed state was induced following dexamethasone treatment.

Fig. 5 Immunofluorescent
quantification and confocal
images of primary rat CD68-
labeled (A and B) microglia and
(C and D) mixed glia. Cells were
quantified by positive counts.
Samples were treated with
100 ng/mL LPS for 6 h, followed
by 18 h of 10μMdexamethasone,
and a 24 h 100 ng/mL treatment
with IFNγ. n = 5 for all groups
and data represent mean ± SEM.
Significance indicated for a p
value of ≤ 0.05, where * indicates
within group differences as indi-
cated, and † represent pair-wise
differences between Veh and
dexamethasone groups, respec-
tively. Confocal images present
cells treated with (i) control, or (ii)
LPS, (iii) LPS retreated with
IFNγ, and (iv) LPS recovered
with dexamethasone. Labels are
as follows—section B: blue (nu-
clei), red (Iba1), green (CD68).
Section D: blue (nuclei), red
(Iba1), green (GFAP), white
(CD68). The scale bar is 50 μm
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In mixed glial cultures, a significant increase in CD68-positive
microglia was only observed following IFNγ treatment, but
this expression was decreased after dexamethasone recovery
(Fig. 5(C)). Curiously, microglia treated with LPS prior to
dexamethasone treatment showed a significantly higher pro-
portion of CD68 expression as compared to the control, sug-
gesting dexamethasone treatment may have prevented recovery
of CD68 levels to that of control and possibly indicating per-
sistence of activation (Fig. 5(C)). Morphologically, CD68 ex-
pression in microglia was observed in a characteristic punctate
pattern, consistent with lysosomal localization, typically favor-
ing the cell somawith limited labelling into projections andwas
prevalent in a large proportion of cells (Fig. 5(B, D)).

MHCII is a membrane-bound protein complex associated
with antigen presentation and immune memory. In isolated
microglia, MHCII expression was negligible in the control
groups while the proportion of MHCII-positive cells was sig-
nificantly increased after LPS, IFNγ and LPS/IFNγ treat-
ments (Fig. 6(A)). Treatment with dexamethasone prevented
any significant increase in MHCII expression in LPS, IFNγ,
and LPS/IFNγ-treated cells (relative to dexamethasone treated
control condition, Fig. 6(A)). Notably, MHCII expression was
significantly lower in the dexamethasone/IFNγ condition than
in the Veh/IFNγ condition. MHCII expression in microglia
within mixed glial cultures followed a comparable pattern,
and was significantly higher than the within group control in
both the IFNγ-treated and dexamethasone/IFNγ-treated
groups; however, dexamethasone treatment significantly de-
creased MHCII expression in the IFNγ treatment group (Veh
vs Dex, Fig. 6(C)). Fluorescence microscopy showed distinct
MHCII expression either within the cell soma (Fig. 6(B, D))
or continuously through the cell cytoplasm (Fig 6(Dii)). In
both isolated cultures and mixed glial cultures, MHCII-
positive microglia were highest in IFNγ (up to 50%), but were
reduced to approximately 20–30% by prior LPS exposure.
Although increased MHCII expression is proposed to follow
priming, within our experiments expression did not increase
with sequential activating stimuli. It is possible that MHCII as
a marker of priming is dependent on the nature of the initial
stimulus, as pre-treatment with LPS, a pathogenic stimulus,
consistently lead to a decreased expression of MHCII after
IFNγ challenge.

Secretory profiles and marker expression microglia are
common and useful descriptors of an activated phenotype;
however, functional metrics such as increased microglial
phagocytosis and proliferation are important features of
activation. Thus, we sought to assess these functional out-
puts in relation to the induced microglial phenotypes.
Proliferation was assessed by incorporation of the synthet-
ic nucleotide EdU, visualized using immunofluorescence
microscopy, and quantified for Iba1-positive microglia in
isolated and mixed glia cultures (Fig. 7). In isolated mi-
croglia cultures, proliferation (EdU-positive cells)

significantly increased in both the LPS and LPS/IFNγ
treatment groups. Dexamethasone treatment prevented an
increase in the proportion of EdU-positive cells in both
LPS and LPS/IFNγ, suggesting that proliferation was at-
tenuated by this drug. In mixed glial cultures, EdU incor-
poration in microglia (co-labeled with Iba1) increased sig-
nificantly in both the IFNγ and LPS/IFNγ groups, and as
with isolated microglia, dexamethasone recovery treat-
ment significantly reduced proliferation in both groups.

Phagocytosis was assessed by measuring uptake of
green fluorescent polystyrene microbeads in isolated mi-
croglia, and was quantified as both the percent of cells
taking up at least one bead (Fig. 8Ai, Aiii) and the mean
uptake (integrated fluorescence) per cell taking up at least
one bead (Fig. 8Aii). In addition, microbead uptake in
isolated microglia cultures was characterized in sub-
categories based on iNOS, CD68, and MHCII expression.
In isolated microglia cultures, all activating treatments
(LPS, IFNγ, and LPS/IFNγ) significantly increased the
percentage of cells taking up beads relative to control,
and this effect was attenuated by dexamethasone treat-
ment (Fig. 8Ai). When assessing average uptake per cell,
isolated microglia internalized significantly more beads
with both LPS and LPS/IFNγ treatments, and again this
effect was prevented by dexamethasone treatment
(Fig. 8(Aii)). In mixed glia, phagocytic activity was de-
termined by measuring microglial uptake of myelin debris
using CNPase immunofluorescence (Fig 8(Bi–iii)). Iba1-
positive microglia with CNPase debris significantly in-
creased with all activating groups (LPS, IFNγ, LPS/
IFNγ) relative to control, and this effect was significantly
attenuated following dexamethasone recovery treatment.
As with microbead uptake in isolated microglia, CNPase
accumulation per cell was significantly higher in cultures
treated with LPS (both LPS and LPS/IFNγ groups), and
this was significantly reduced by dexamethasone treat-
ment in the LPS group. Microglia treated with LPS, dexa-
methasone, and IFNγ had significantly more CNPase ma-
terial per cell than the respective control and was not
significantly different than the vehicle, LPS/IFNγ group.

Within isolated cultures, most iNOS and MHCII-positive
microglia took up microbeads, with insignificant variation be-
tween treatments (Fig 8(Ci, v)); however, CD68-positive cells
closely mirrored the population average for all Iba1-positive
cells (Fig 8(Ciii)). Considering that most microglia were bead-
positive (Fig. 8(Ai)), it is reasonable to expect microbeads in
these labeled cells. However, total uptake of microbeads per
cell was notably different in the iNOS group (Fig 8(Cii)).
iNOS expressing microglia in the control condition had mark-
edly higher total microbead uptake relative to all LPS, IFNγ,
and LPS/IFNγ treatments. In addition, dexamethasone recov-
ery treatment was able to significantly reduce the quantity of
internalized beads in the control group, but not in any other
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groups. As stated previously, in the control group, iNOS-
expressing cells were few (< 10%) and as such the function
of this subpopulation is unclear. Bead uptake per cell in both
CD68 andMHCII expressing microglia (Fig 8(Civ, vi)) close-
ly resembled the population average (Fig 8(Aii)). Significant
increases in bead uptake were observed for both LPS and
LPS/IFNγ groups, and this increase was attenuated by dexa-
methasone recovery treatment.

Discussion

Through the course of the above activations and recovery
treatments, several microglial phenotypes were observed that
may correlate with phenotypes described in vivo (Tables 1 and
2). As expected, in this model, the untreated control group
may best represent the ramified, or surveying, phenotype.
This is exemplified by low secretion of pro-inflammatory

Fig. 6 Immunofluorescent quantification and confocal images of primary
rat MHCII-labeled (A and B) microglia and (C and D) mixed glia. Cells
were quantified by positive counts. Samples were treated with 100 ng/mL
LPS for 6 h, followed by 18 h of 10 μM dexamethasone, and a 24 h
100 ng/mL treatment with IFNγ. n = 5 for all groups and data represent
mean ± SEM. Significance indicated for a p value of ≤ 0.05, where *
indicates within group differences as indicated, and † represent pair-

wise differences between Veh and dexamethasone groups, respectively.
Confocal images present cells treated with (i) control, or (ii) LPS, (iii)
LPS retreated with IFNγ, and (iv) LPS recovered with dexamethasone.
Labels are as follows—section B: blue (nuclei), red (Iba1), green
(MHCII). Section D: blue (nuclei), red (Iba1), green (GFAP), white
(MHCII). The scale bar is 50 μm
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cytokines and NO, minimal iNOS and MHCII expression,
high BDNF and GDNF expression, and morphologically
smaller cell bodies with thin branching processes. In addition,
microglial proliferation and phagocytosis are generally lower
in surveyingmicroglia. These effects are expected (Fig. 1) and
have been noted in the majority of the literature [18, 46–48].
With the exception BDNF expression, most effects were con-
sistently observed in both isolated microglia cultures and
mixed glial populations.

Activation is characterized by increased cytokines, NO,
iNOS, phagocytosis, and proliferation, while BDNF and
GDNF are reduced [49–51]. Microglia morphology trans-
forms into a flattened round shape. Interestingly, anti-
inflammatory IL-10 (Fig 2(Biv)), GDNF (Fig. 3(Bii)), and
NGF (Fig. 3(Aiii)) levels increased with LPS and LPS/IFNγ
treatments, suggesting a trophic response during activation
which has been noted in other studies [20, 52]. MHCII expres-
sion also mirrored iNOS expression across groups and was far
more pronounced than iNOS in mixed microglia. This may be
due to the timing of iNOS expression, measured at a fixed 24-
h experimental endpoint, compared to NO levels that reflected
cumulative release over 24 h of release. In addition, MHCII
may have a longer-lasting expression in the cells due to the

proposed role of MHCII in immune memory [14].
Distinguishing microglial activation vs hyper-activation in the
course of our experimental manipulations is challenging; how-
ever, sequential treatment of isolated microglia with LPS and
IFNγ produced comparable release of pro-inflammatory factors
to LPS treatment alone, decreased release of NGF, and increased
expression of iNOS relative to LPS treatment alone. These dif-
ferences, along with the highly proliferative and phagocytic phe-
notype observed, suggests that sequential LPS/IFNγ treatment
may represent hyperactivity compared to LPS treatment alone,
though further experimentationmay be required to elicit a broad-
ly exaggerated inflammatory phenotype. Dexamethasone had a
pronounced treatment effect across most of the dependent vari-
ables assessed as it reduced levels of NO, TNF, IL-1β, and
expression of MHCII and iNOS to the control (surveying) base-
line. This is unsurprising considering that dexamethasone is a
very potent anti-inflammatory molecule; however, dexametha-
sone is not often considered a neuroprotective treatment [53–56],
as we observed in the mixed effects of dexamethasone treatment
on anti-inflammatory cytokine IL-10 (Fig. 2(Aiv, Biv)) and
growth factors BDNF, GDNF, and NGF (Fig. 3). Given that
LPS is considered a potent activator and the 6-h treatment
course represents an accepted timeline to activate microglia

Fig. 7 Immunofluorescent quantification of EdU labelling in (A) isolated
microglia, (B) mixed population microglia, and (C) representative confo-
cal images. Cells were quantified by positive counts. Samples were treat-
ed with 100 ng/mL LPS for 6 h, followed by 18 h of 10 μM dexameth-
asone, and a 24 h 100 ng/mL treatment with IFNγ. n = 5 for all groups
and data represents mean ± SEM. Significance indicated for a p value of

≤ 0.05, where * indicates within group differences as indicated, and †
represent pair-wise differences between Veh and dexamethasone groups,
respectively. Confocal image labels are Iba1 in red for microglia, (i)
iNOS, (ii) CD68, (iii) MHCII, and (iv) GFAP (astrocytes) in green,
EdU in white, and Hoescht blue for nuclei. The scale bar is 50 μm
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and macrophages [57–61], future work may warrant sequen-
tial or sustained treatment with LPS for longer time periods.

To assess the nature of microglial priming after recovery
treatment, we challenged LPS pre-treated cells with IFNγ after
an 18-h rest period (with or without dexamethasone treat-
ment). Based on previous reports, increased CD68 and
MHCII expression were expected indicators of this pheno-
type [17]. Absent any recovery treatment, IFNγ challenge

resulted in elevated levels of iNOS and MHCII relative to the
LPS pre-treatment group (Figs. 4 and 6) while sustained release
of pro-inflammatory cytokines, NO, and expression of CD68
were observed (Figs. 2 and 5). Dexamethasone treatment gen-
erally suppressed cytokine release to comparable levels to con-
trol (Fig. 2); however, following dexamethasone washout, a
subsequent IFNγ challenge failed to induce secretion of pro-
inflammatory cytokines, NO, or IL-10, and comparable effects

Fig. 8 Immunofluorescent quantification of phagocytosis labelling in (A)
isolated microglial microbead uptake, (B) microglial CNPase (myelin)
uptake in mixed glia, (C) isolated microglial microbead uptake in (i, ii)
iNOS, (iii, iv) CD68, and (v, vi) MHCII-positivemicroglia. Samples were
treated with 100 ng/mL LPS for 6 h, followed by 18 h of 10 μM dexa-
methasone, and a 24 h 100 ng/mL treatment with IFNγ. n = 5 for all
groups and data represent mean ± SEM. Significance indicated for a p
value of ≤ 0.05, where * indicates within group differences as indicated,

and † represent pair-wise differences between Veh and dexamethasone
groups, respectively. Cells were quantified by positive counts and average
counted intensity. Representative (iii) confocal image labels are Iba1 in
red for microglia, (A) microbeads, and (B) CNPase for oligodendrocytes/
myelin in white, GFAP in green for astrocytes, and Hoescht blue for
nuclei. Arrows indicate uptake of beads (Aiii) or myelin (Biii) into mi-
croglia The scale bar is 50 μm
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were seen on expression of growth factors. Changes in CD68
and MHCII may relate to lysosomal activity and immune-
mediated endocytosis in microglia and macrophages, which
can be highly interrelated [62]. Dexamethasone treatment re-
sulted in sustained elevation of CD68 expression (Fig. 5),
which may indicate microglial priming; however, comparable
effects were not seen on MHCII expression. This collective
molecular profile may be more consistent with evidence of
microglial priming resulting in dysfunction rather than hyper-
function, as has been associated with models of Parkinson’s
disease [63]. In addition, isolated microglia were more readily
primed than microglia in mixed glial populations which is like-
ly due to signaling and support from other glial cells, notably
astrocyte-mediated protection [64, 65]. It is worth noting that
the absolute differences in the release profile of isolated mi-
croglia and mixed glial cultures (Fig. 2) is at least partially
influenced by the correction introduced into our calculations

to account for differences in total cell counts. Since isolated
microglia cultures are ≥ 95% microglia, the reported values
per cell are proportionate to the number of microglia in culture,
but the same correction applied to mixed glial cultures is pro-
portionate to the total mixed population (including astrocytes
and oligodendrocytes) and as such is markedly lower.

Similarly, other dependent outputs could be considered to
represent primingwhen noting differences in response to LPS,
IFNγ, and sequential treatment with LPS and IFNγ. Notably,
pro-inflammatory release (NO, TNF, and IL-1β) was consis-
tently higher in IFNγ than the LPS/IFNγ group (Fig. 2). This
may suggest that the cells have diminished secretory capacity
when responding to sequential activation stimuli. Reactive
oxygen species and IL-1β have been linked to primedmicrog-
lia in brain-related chronic stress and aging [66, 67]. In isolat-
ed microglia, a similar observation is visible with NGF ex-
pression where the IFNγ challenge demonstrated reduced

Table 1 Summary of treatment effects on isolated microglia cultures

Nitrite TNF IL-1β IL-10 BDNF GDNF NGF iNOS CD68 MHCII EdU Phagocytosis (%) Bead uptake

Control ○ ○ ○ ○ ++ + ○ ○ + ○ ○ + +

LPS ++ + ++ ○ – + ++ + − + + ++ ++

IFNγ + + ++ ○ − + ○ + + ++ ○ ++ +

LPS + IFNγ ++ + + ○ − + + + − + + ++ ++

Dexamethasone ○ ○ ○ ○ + + ○ ○ + ○ ○ + +

LPS ○ ○ ○ ○ − + ○ ○ + ○ ○ + +

IFNγ ○ ○ ○ ○ − + ○ ○ + ○ ○ + +

LPS + IFNγ ○ ○ ○ ○ − + ○ ○ + ○ ○ + +

○ Indicates negligible or low level of indicated factor measured

− Indicates decreased levels of indicated factor measured relative to the within group control

+ Indicates measurable levels of indicated factor or increased levels relative to within group control

++ Indicates high levels of indicated factor measured relative to within group control

Table 2 Summary of treatment effects on mixed glia cultures

Nitrite TNF IL-1β IL-10 BDNF GDNF NGF iNOS CD68 MHCII EdU Phagocytosis (%) Myelin uptake

Control ○ ○ ○ ○ + + + ○ + ○ ○ ○ ○
LPS ○ ○ ○ ○ + + + ○ + ○ ○ + +

IFNγ ++ ++ + ○ + + + + ++ ++ + + ○
LPS + IFNγ ++ + + + + ++ + ○ + ○ + + +

Dexamethasone ○ ○ ○ ○ + + + ○ + ○ ○ ○ ○
LPS ○ ○ ○ ○ + + + ○ ++ ○ ○ ○ ○
IFNγ + ++ ○ ○ + + + ○ + + ○ ○ ○
LPS + IFNγ ○ ○ ○ ○ + + + ○ + ○ ○ ○ +

○ Indicates negligible or low level of indicated factor measured

− Indicates decreased levels of indicated factor measured relative to the within group control

+ Indicates measurable levels of indicated factor or increased levels relative to within group control

++ Indicates high levels of indicated factor measured relative to within group control
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growth factor secretion [52, 68]. The loss of NGF and IL-10
trophic responsemay also be linked to priming as this state has
been proposed to correlate with decreased neuroprotective
microglial functions [69]. In isolated microglial cultures,
iNOS expression was highest in the LPS/IFNγ group com-
pared to the other treatments. Cellular morphology cannot be
used alone to determine activation state; however, when
coupled with the measured release and expression profile
can inform our evaluations. In both isolated microglia and
mixed glial cultures, dexamethasone-treated microglia lost
their amoeboid shapes and appeared smaller but with fewer
ramifications than the control condition. This suggests a
microglial phenotype that may not be acutely activated but
has not returned to a surveying phenotype typical of the ram-
ified morphology. Microglia have been demonstrated to tran-
sition between different morphologies readily in vivo; howev-
er, with the more limited time course of in vitro experiments,
treatment with dexamethasone was required to witness chang-
es in the current model [70, 71]. Phagocytosis, measured by
bead uptake in isolated microglia, decreased with dexameth-
asone recovery (Fig 8(Ai)), yet when measuring mean uptake
per cell (Fig 8(Aii)) phagocytosis remained broadly elevated
in the dexamethasone recovery groups. Similarly, myelin
phagocytosis in mixed glial cultures is altered by dexametha-
sone recovery treatment, decreasing in percent phagocytes but
remaining elevated in uptake per cell in the LPS/IFN condi-
tion. This may be indicative of a primed microglia phenotype
as described in relation to myelin degradation in multiple scle-
rosis, myelin dysregulation in early onset dementia, or the loss
of oligodendroglia progenitors and myelin in cerebral palsy
[18, 72–74]. Alternately, as our analysis is based on internal-
ization of endogenous oligodendrocyte markers, this assay
may be confounded by changes in the turnover of oligoden-
drocytes in vitro, which would necessitate increased clearance
in the case of higher oligodendrocyte death. Altogether, dif-
ferent degrees of priming in microglia may be approximated
by this model. Dexamethasone may be the most representa-
tive, especially in isolated microglia, due to the incomplete
surveying restoration in the expression of NO, TNF, IL-1β,
NGF, CD68, and MHCII, partially ramified morphology, and
alteration in phagocytosis.

Summary and Conclusion

Ramified surveying, activated, and primed microglial pheno-
types were acutely recreated in vitro with potent pro- and anti-
inflammatory treatments. Microglia, from an isolated and
mixed glial cultures including astrocytes and oligodendro-
cytes, were treated for 6 h with LPS. Anti-inflammation was
modeled with 18-h treatments with dexamethasone. The cells
were then treated for 24 h with interferon gamma (IFNγ) to
detect inflammatory memory after recovery. Nitric oxide

(NO), cytokines (TNF, IL-1β, IL-10), and growth factor
(BDNF, GDNF, NGF) secretions, microglial morphology
and labels (iNOS, CD68, MHCII), proliferation (EdU), and
phagocytosis (microbead and myelin via CNPase) were char-
acterized. This spectrum of cellular presentation and behavior
was measured to assess the expected phenotypes.

A surveying phenotype was best represented in the untreat-
ed Veh case and was characterized by a basal or reduced
expression of pro-inflammatory cytokines, NO, iNOS,
MHCII, proliferation, and phagocytosis. Additionally, this
was accompanied by higher BDNF and GDNF production
and smaller microglia with thin branching processes.
Activation was observed predominantly the LPS and LPS/
IFNγ treatment groups. This was followed by an increase in
cytokines, NO, NGF, iNOS, proliferation, phagocytosis, and a
reduction in BDNF. Morphology was depicted by a flattened
round amoeboid shape. Degrees of microglial priming were
noted in dexamethasone when comparing LPS, IFNγ, and
LPS/IFNγ with each other observing incomplete surveying
restoration from activation. As such, dexamethasone resulted
in a profound dysregulation of NO, TNF, IL-1β, NGF, CD68,
and MHCII expression, as well as restored ramified morphol-
ogy and inflammation-mediated myelin endocytosis that was
sustained after washout of dexamethasone.

Materials and Methods

Materials

Dulbecco’s modified Eagle medium: Nutrient Mixture F12
(DMEM F12), Hank’s Balanced Salt Solution (HBSS), fetal
bovine serum (FBS), penicillin streptomycin (PS), 0.25%
trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA), and
normal horse serum (NHS) were purchased from Gibco (Life
Technologies, Burlington, ON, Canada). Poly-L-lysine
hydrobromide (PLL), dexamethasone, polyethylene glycol
300 (PEG300), and lipopolysaccharide (LPS) were purchased
from Sigma Aldrich (St. Louis, MO, USA). Interferon gamma
was purchased from Peprotech (Montreal, QC, Canada).
Polystyrene 75 cm3 flasks were purchased from Corning
(Corning, NY, USA). Polystyrene 12-well cell culture plates
were purchased from Greiner Bio-One (Frickenhausen,
Germany).

The following primary antibodies were used: mouse anti-
iNOS (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
mouse anti-CD68 (BioRad, Burlington, ON, Canada), mouse
anti-MHCII (Abcam, Toronto, ON, Canada), mouse anti-
CD11b (Millipore, Etobicoke, ON, Canada), rabbit anti-
BDNF (Abcam), rabbit anti-GDNF (Abcam), rabbit anti-
NGF (Abcam), rabbit anti-Iba1 (Wako, Osaka, Japan), chick-
en anti-GFAP (Abcam), and mouse anti-CNPase (Abcam).
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The following secondary antibodies were used: donkey
anti-mouse Alexa Fluor 488 (Invitrogen, Burlington, ON,
Canada), goat anti-chicken Alexa Fluor 546 (Invitrogen), don-
key anti-mouse Alexa Fluor 647 (Invitrogen), donkey anti-
rabbit Alexa Fluor 647 (Invitrogen), and donkey anti-rabbit
IR Dye 680RD (Li-Cor, Lincoln, NE, USA). Hoescht 33342
was purchased from Molecular Probes (Life Technologies,
Burlington, ON, Canada). Fluoromount-G was purchased
from Southern Biotech (Birmingham, AL, USA).

Primary Microglial Cell Culture and Treatments

Animal protocols were approved by the Animal Care and Use
Committee at the University of Alberta and conducted in ac-
cordance with animal ethics guidelines. Mixed glial cells (mi-
croglia, astrocytes, oligodendrocytes) were harvested from
postnatal day 1 male Sprague-Dawley rats [75]. The rats were
decapitated and their brains removed with the aid of surgical
scissors and a metal spatula. While in HBSS with 1% PS, the
brains were removed of their meninges and vasculature and
dissociated in 0.25% Trypsin-EDTA (2 mL/brain) at 37 °C for
25 min. Following two-fold centrifugation at 500 g for 2 min
and trituration in culturing media (DMEM F12/10% FBS/1%
PS) in order to further dissociate the brain tissue and deacti-
vate any residual Trypsin-EDTA, the resulting cell suspension
was placed in 75 cm2 flasks coated with PLL (2 μg/mL). Cells
were incubated for 2 weeks at 37 °C and 5% CO2, with cul-
turingmedia changed twice weekly. Confluency was achieved
after a culture period of 14 days in vitro.

To acquire microglial cell cultures, confluent cell layers
were washed with DMEM F12 and then lifted off from the
12-well plates with a 0.25% Trypsin-EDTA and DMEM F12
mixture (1:3) treatment for 20min [76].Mixed glial cells were
collected and subjected to two-fold centrifugation at 500 g for
2 min and trituration in culturing media, and were deposited
onto 12-well plates coated with PLL (2 μg/mL). Isolated
microglial cultures were cultured in DMEM F12/1% FBS/
1% PS media.

The timeline and experimental design are as follows:
the cells were activated with LPS (100 ng/mL) for 6 h
(hyper-activated) and recovered 18 h (primed) with an
effective anti-inflammatory treatment dexamethasone
(Dex, 10 μM). To fully suspend the treatments, the vehi-
cle (Veh) contained 0.5% PEG300 in DMEM F12, which
was included in dexamethasone as a final working con-
centration. These cells were afterwards treated with IFNγ
(100 ng/mL) for 24 h to detect whether cells were primed
by their previous activation.

Immunocytochemistry and In-Cell Western Assays

Cell cultures were fixed with 5% formalin at 37 °C for 10 min
and washed once with phosphate-buffered saline (PBS). Cells

were then permeabilized with 0.1% Triton X-100 (TX100) in
PBS and 10% Normal Horse Serum (NHS) for 1 h. Following
this, the cells were incubated overnight at 4 °C in PBS with
one of the following primary antibodies plus 1%NHS: mouse
anti-iNOS (1:1000), mouse anti-CD68 (1:500), mouse anti-
MHCII (1:500), mouse anti-CD11b (1:500), rabbit anti-
BDNF (1:500), rabbit anti-GDNF (1:500), rabbit anti-NGF
(1:250), rabbit anti-Iba1 (1:1000), chicken anti-GFAP
(1:5000), and mouse anti-CNPase (1:1000). Primary antibod-
ies were then aspirated and washed three times with PBS,
followed by incubation for 1 h at room temperature in PBS
with one of the following secondary antibodies plus 1% NHS
and Hoescht 33342 (1:1000): For Iba1/GFAP/CNPase, don-
key anti-mouse Alexa Fluor 488 (1:200), goat anti-chicken
Alexa Fluor 546 (1:200), and donkey anti-rabbit Alexa Fluor
647 (1:200) were used. For iNOS/CD68/MHCII, donkey anti-
mouse Alex Fluor 647 (1:500) was used. For BDNF/GDNF/
NGF, donkey anti-rabbit Alexa Fluor 647 (1:500) was used.

Coverslips were placed into the wells of plates and imaged
on a Leica DMI6000B inverted fluorescent microscope (Leica
Microsystems, Wetzlar, Germany). For high-resolution imag-
ing, cells were cultured on PLL-coated glass coverslips which
were fixed and subjected to immunocytochemistry as de-
scribed above. Following immunocytochemistry, coverslips
were inverted onto Fluoromount-coated glass slides and im-
aged on a Leica TCS SPE inverted confocal microscope
(Leica Microsystems).

For in-cell Western assays, an Odyssey CLx infrared im-
aging system (Li-Cor) was used to scan cell cultures in 48-
well plates. Whole plates were scanned and wells were com-
pared with regard to relative intensity. Specimens were
immunolabeled for BDNF, GDNF, and NGF according to
the protocol described above but incubated with donkey
anti-rabbit IR Dye 680RD (1:4000).

Molecular Analyses

Levels of the nitrite metabolite of nitric oxide (NO) were
measured via the Griess reaction [77]. Enzyme-linked im-
munosorbent assays (ELISA) for TNF, IL-1β, and IL-10
were performed according to the manufacturer’s instruc-
tions, with modifications (R&D Systems, Minneapolis,
MN). Briefly, 96-well plates were coated with the appro-
priate capture antibody in PBS overnight at room temper-
ature. Plates were blocked with 1% bovine serum albumin
(BSA) in PBS for 1 h at room temperature, following
which samples or standards were added and incubated
overnight at 4 °C. Adhering antigen was detected by se-
quential incubation with the respective biotin-conjugated
detection antibody for 1 h followed by horseradish
peroxidase-conjugated streptavidin for 20 min (each in
PBS + 1% BSA). All preceding steps were separated by
3× washing phases with PBS + 0.05% Tween-20 (PBS-T).
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Fluorescence was developed by addition of 100 μM 10-
acetyl-3,7-dihydroxyphenoxazine (Amplex Red) and 0.3%
H2O2 in PBS for 20 min at room temperature. Fluorescence
was measured at an excitation wavelength of 540 nm and
emission wavelength of 590 nm (SpectraMax M3,
Molecular Devices).

Cell Proliferation Assay

Proliferation was measured by the incorporation of the synthet-
ic nucleotide 5-ethynyl-2′-deoxyuridine (EdU), and visualized
using the Click-iT® EdU Alexa Fluor® 555 Imaging Kit (Life
Technologies) according to manufacturer’s protocol with mod-
ifications (Koss et al. 2016; Krishan and Hamelik, 2010; Mead
and Lefebvre 2014). In brief, live cells were incubated with
10 μMEdU for 24 h at 37 °C, 5%CO2, and subsequently fixed
and permeabilized as above. Fixed cells were then incubated
for 30 min at 37 °C in 100 mM Tris buffer (pH 8.5) containing
50 mM ascorbic acid, 10 mM CuSO4, and 10 μMAlexa Fluor
555 azide. After three washings in PBS (pH 7.4),
immunolabeling for Iba-1 and nuclear counterstaining with
Hoechst 33342 was performed as outlined above. Basic images
were taken using confocal microscopy.

Cell Phagocytosis Assay

Phagocytosis was measured by treating cells with 10 μm
green fluorescent polystyrene beads (Sigma Aldrich). Beads
were diluted 1:1000 into working solutions of DMEM F12
and cells were treated (1 mL per well) for 2 h prior to fixation.
Immunolabeling with iNOS, CD68, MHCII, and nuclear
counterstaining with Hoechst 33342 was performed as
outlined above. Basic images were taken using confocal
microscopy.

Image and Statistical Analyses

For quantification of labels, images were systematically ac-
quired using epifluorescence microscopy on a 4 × 5 grid,
resulting in 20 images per condition to eliminate acquisition
bias. Images were quantified by automated analysis using
custom written macros in ImageJ.

Overall significance was assessed using two-way analyses
of variance, with a Bonferroni multiple comparison post-hoc
analysis between groups. A p value of ≤ 0.05 was considered
significant.Where * and † represent comparisons within (pair-
wise) and across (group-wise) Veh and dexamethasone
groups, respectively. Each reported n indicates an independent
experiment from a separate culture preparation.
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