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Abstract
Background: Microglia are resident myeloid cells of the central nervous system (CNS) that are maintained by
self-renewal and actively participate in tissue homeostasis and immune defense. Under the influence of endogenous or
pathological signals, microglia undertake biochemical transformations that are schematically classified as the
pro-inflammatory M1 phenotype and the alternatively activated M2 state. Dysregulated proliferation of M1-activated
microglia has detrimental effects, while an increased number of microglia with the alternative, pro-resolving phenotype
might be beneficial in brain pathologies; however, the proliferative response of microglia to M2 signals is not yet known.
We thus evaluated the ability of interleukin-4 (IL-4), a typical M2 and proliferative signal for peripheral macrophages, to
induce microglia proliferation and compared it with other proliferative and M2 polarizing stimuli for macrophages, namely
colony-stimulating factor-1 (CSF-1) and the estrogen hormone, 17β-estradiol (E2).
Methods: Recombinant IL-4 was delivered to the brain of adult mice by intracerebroventricular (i.c.v.) injection; whole brain
areas or ex vivo-sorted microglia were analyzed by real-time PCR for assessing the mRNA levels of genes related with cell
proliferation (Ki67, CDK-1, and CcnB2) and M2 polarization (Arg1, Fizz1, Ym-1) or by FACS analyses of in vivo
BrdU incorporation in microglia. Primary cultures of microglia and astrocytes were also tested for proliferative effects.
Results: Our results show that IL-4 only slightly modified the expression of cell cycle-related genes in some brain areas
but not in microglia, where it strongly enhanced M2 gene expression; on the contrary, brain delivery of CSF-1 triggered
proliferation as well as M2 polarization of microglia both in vivo and in vitro. Similar to IL-4, the systemic E2 administration
failed to induce microglia proliferation while it increased M2 gene expression.
Conclusions: Our data show that, in contrast to the wider responsiveness of peripheral macrophages, microglia proliferation
is stimulated by selected M2 polarizing stimuli suggesting a role for the local microenvironment and developmental origin
of tissue macrophages in regulating self-renewal following alternative activating stimuli.
Keywords: Interleukin-4, Microglia, Proliferation, Estrogen

Background
Microglia are the resident population of innate immune
cells of the central nervous system (CNS), representing up
to 10% of total brain cells, with differences in cell density
depending on the brain area [1]. It has been demonstrated
that microglia derive from yolk sac progenitors that
colonize the neuroepithelium in early stages of embryogenesis [2] and are maintained by self-renewal from embryonal
to adult life by constant and rapid cell turnover, without the
contribution of circulating monocytes [3–5].
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Under physiological conditions, microglia display a ramified shape and actively sustain neuronal activity. In analogy
to peripheral tissue macrophages, micro-environmental
and pathogenic stimuli activate microglia to acquire different immunometabolic properties that are schematically defined as classical, or “M1,” activation phenotype that is
induced by bacterial or immune molecules, such as lipopolysaccharide (LPS) or TNFα, and promotes an inflammatory cytotoxic response; an alternative, “M2” phenotype
that is activated in response to stimuli, such as interleukin
(IL)-4 and IL-13, and allows tissue repair and resolution of
inflammation [6]. Although M1- and M2-like activation
phenotypes have been described in chronic brain diseases,
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still debated are their specific mediators and functions
during neurotoxicity.
Recently, it has been hypothesized that dysregulated
proliferation of microglia plays a detrimental role on
neuronal cell viability, as shown in the case of experimental models of neurodegenerative disorders, such as
Alzheimer’s disease [7–9], amyotrophic lateral sclerosis
[10, 11], and Huntington’s disease [12], as well as acute
CNS injuries [13, 14]. M1-activating stimuli were demonstrated to induce microglia proliferation [15, 16],
while the ability of microglia to proliferate in response
to M2 signals has not been addressed yet. On the contrary, IL-4 has been recently shown to induce peripheral
macrophage proliferation [17]; moreover, brain IL-4
levels may increase during pathological events, while administration of this molecule associates with beneficial
effects on neuronal survival [18–21]; thus, promoting
proliferation of microglia endowed with pro-resolving
properties may have beneficial effects on disease progression and offer new therapeutic strategies to selectively modulate disease outcome. Interestingly, also
endocrine signals such as the sex steroid hormone 17βestradiol (E2) were shown to modulate the phenotypic
activation and to induce proliferation of peritoneal macrophages in vivo, exerting anti-inflammatory effects also
in diverse macrophage populations including microglia
[22, 23].
The aim of this study was thus to assess whether the
M2-like polarization effects of IL-4 in microglia are associated with a proliferative response. To this purpose,
we analyzed cell proliferation in the mouse brain following the intracerebroventricular (i.c.v.) injection of IL-4,
an in vivo method that efficiently induces alternative activation of microglia [24]. Our data show that, differently
from peripheral macrophages, microglia do not proliferate in response to IL-4; similarly, E2 polarizing effects in
microglia are not associated with cell proliferation,
which is instead induced by colony-stimulating factor-1
(CSF-1), a typical macrophage growth factor that also
induces M2 polarization effects.

Methods
Animals and treatments

C57BL/6 female mice of 4 months of age were supplied
by Charles River Laboratories (Calco, Italy). Animals
were allowed to food and water access ad libitum and
kept in temperature-controlled facilities on a 12-h light
and dark cycle. Animals were housed in the animal care
facility of the Department of Pharmacological and
Biomolecular Sciences at the University of Milan.
Animal investigation has been conducted in accordance with the ethical standards and according to the
Declaration of Helsinki and according to the Guide for
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the Care and Use of Laboratory Animals, as adopted and
promulgated by the US National Institute of Health, and
in accordance with the European Guidelines for Animal
Care and Use of Experimental Animals.
Female mice identified in metaestrous phase were selected for our analyses; the phase of the reproductive
cycle in female mice was assessed by blind analysis of
vaginal smears mounted on glass microscope slides and
stained with May-Grünwald-Giemsa method (MGG
Quick Stain Kit; Bio-Optica, Milan, Italy) according to
the manufacturer’s protocol.
Mice were injected i.p. with 100 μl of 0.9% NaCl containing 5 μg of mouse recombinant IL-4 (Peprotech,
London, UK). 17β-estradiol (E2; Sigma-Aldrich Corp.,
Milan, Italy) was administered by a 100-μL subcutaneous
(s.c.) injection of 5 μg/kg E2 dissolved in corn oil by stirring in the dark and at room temperature o/n.
For in vivo BrdU labeling experiments, mice were
injected i.p. with 30 μl of a 10 mg/ml solution of BrdU
(Sigma-Aldrich) dissolved in 0.9% NaCl. Animals were
sacrificed 2 h after BrdU injection (n = 6).
Two-day-old newborn rats (CD rats, Charles River)
were supplied by Charles River Laboratories for the
preparation of microglia and astrocytes primary cultures.

Intracerebroventricular injection

Intracerebroventricular (i.c.v.) injections were performed
as previously described [24]. Briefly, mice were anesthetized with a s.c. injection of a ketamine/xylazine solution
(78 and 6 mg/kg, respectively) and positioned on a specific stand for surgical operation. Injections in the third
cerebral ventricle were performed according to specific
stereotaxic coordinates (bregma, − 0.25 mm; lateral,
1 mm; depth, 2.25 mm). IL-4 was injected at the concentration of 5 μg in 3.0 μl of 0.9% NaCl for expression
studies on purified adult microglia or 250 ng in 2.5 μl
0.9% NaCl for all other experiments; CSF-1 (Peprotech)
was injected at the concentration of 1 μg in 3 μl of 0.9%
NaCl. Animals injected with the same volume of vehicle
alone (0.9% NaCl) were used as controls. Injections were
made using a 26S–gauge Hamilton syringe at a rate of
0.1 μl/3 s, and the needle was kept in place for
additional 30 s and then removed slowly. The skin incision was closed with a suture and animals were allowed to
recover for 24 h before sacrifice by a lethal ketamine/xylazine solution (150 and 12 mg/kg, respectively). Whole
brains were removed and immediately processed for microglia isolation; brain areas (frontal cortex, hippocampus, and
striatum of left hemisphere, ipsilateral to the injection site)
were collected, immediately frozen on dry ice, and stored at
− 80 °C until processed for RNA preparation. Whole brains
were fixed in 4% formalin solution and stored until processed for immunohistochemistry.
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Isolation of peritoneal macrophages

After 24 h of IL-4 or vehicle i.p. injections, peritoneal cells
were isolated by peritoneal lavage and incubated with
anti-CD11b antibody-loaded MicroBeads (Miltenyi Biotec,
Bologna, Italy), as previously described [22]. Briefly, 5 ml
of pre-chilled 0.9% NaCl were injected into the peritoneal
cavity using a 21 G needle; cell suspension was recovered
and centrifuged; following incubation with ammoniumchloride-potassium (ACK) solution (0.15 M NH4Cl,
1 mM KHCO3, 0.1 mM EDTA; pH 7.3) for 5 min at 4 °C,
cells were either plated and treated as described in the primary cell culture section or incubated with cd11b beads
for macrophage purification. For cd11b+ cell isolation,
after washing with PBS + 0.5% BSA, cells were resuspended in 90 μL PBS + 0.5% BSA and incubated with
10 μL CD11b MicroBeads for 15 min at 4 °C. After washing, cells were resuspended in 500 uL PBS + 0.5% BSA
and applied to MS Miltenyi columns (Miltenyi Biotec) for
the magnetic separation procedure. After three washing
steps, CD11b-positive cells were eluted from the columns
and counted. CD11b-positive cells obtained from each
animal were divided into three aliquots; two aliquots of
2.5 × 105 cells each were used to detect BrdU and Ki67 by
flow cytometry, the remaining aliquot was stored in TRIzol reagent (Invitrogen-Thermo Fisher Scientific, Milan,
Italy) and used for gene expression studies.
Isolation of microglia from adult brains

After i.c.v. treatments, microglia cells were sorted from
adult brains (n = 4), as previously described [24]. Briefly,
whole brains were dissected and washed in Hank’s balanced
salt solution (HBSS; Life Technologies-Thermo Fisher
Scientific); after removing the meninges, enzymatic cell dissociation was performed using Neural Tissue Dissociation
Kit P (Miltenyi Biotec), with some protocol modifications:
after enzymatic digestion with papain, samples were dissociated mechanically, homogenized, and filtered through a
40-μm cell strainer. After extensive washes in HBSS, myelin
was removed by suspending samples in 10 ml of cold
0.9 M sucrose solution and centrifuging the dissociated
brain cells at 850g and 4 °C for 10 min without braking.
Floating myelin and the supernatant were discarded, and
cells were processed for microglia magnetic sorting by incubating with CD11b MicroBeads (diluted 1:10 in PBS + 0.5%
BSA; Miltenyi Biotec) for 15 min at 4 °C; after washing,
cells were suspended in 500 μl of PBS + 0.5% BSA and applied to a magnetic column to purify CD11b+ cells. Immediately after isolation, cells were stored in TRIzol reagent
(Invitrogen-Thermo Fisher Scientific) for gene expression.
Primary cell cultures
Peritoneal macrophages

For in vitro assay, peritoneal cells were incubated with
ACK solution, as described above, counted, and seeded
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at the concentration of 1 × 106 cells/ml in RPMI +
GlutaMax (Gibco™-Thermo Fisher Scientific) supplemented with 10% endotoxin-free FBS, 1% penicillin/
streptomycin, and 1% Na pyruvate (RPMI + 10% FBS).
After 45 min and several washes in PBS, medium was
replaced with RPMI + 10% FBS for IL-4 and CSF-1
treatment and in RPMI w/o phenol red supplemented
with 10% dextran-coated charcoal (DCC)-FBS (RPMI +
10% DCC) for E2 treatment. After 3 h, cells were treated
for 16 h with vehicle or 20 ng/ml of recombinant murine
IL-4 or 20 ng/ml of recombinant murine CSF-1. For estrogen treatment, cells were treated on the next day for
3 h with vehicle (0.01% ethanol (EtOH)) or E2 105 M.
Astrocytes and microglia cell cultures

Primary cultures of glial cells were prepared from 2-dayold newborn rats as previously described [25]. After meninges removal, brains were mechanically dissociated and
digested in a solution of 2.5% trypsin (Sigma-Aldrich) and
1% DNAse (Sigma-Aldrich), filtered through a 100-μm
cell strainer, and seeded at the confluence of 5 × 106 in a
75-cm2 flask in minimum essential Eagle’s medium
(MEM) supplemented with 10% FBS, 0.6% glucose, 1%
penicillin and streptomycin, and 1% L-glutammine (MEM
+ 10% FBS). Glial cells were grown at 37 °C under a humidified 5% CO2 and 95% air atmosphere, and medium
was replaced every 3 days. After 10 days, microglia were
obtained by shaking the confluent monolayer of mixed
glial cells at 260 rpm for 2 h and seeded in 12-well plates
at the confluence of 5 × 105 cells/well. The medium was
changed with MEM + 15% FBS or MEM + 5% FBS
30 min after microglia plating in order to remove contaminating cells. In order to purify astrocytes, enriched astroglia cultures following microglia separation were
incubated with 5 mM L-leucine methyl ester (Sigma-Aldrich) to eliminate contaminating microglia cells and
seeded in six-well plates at the confluence of 5 × 105 cells/
well in MEM + 15% FBS or MEM + 5% FBS.
Astrocytes and microglia were treated for 16 h with
20 ng/ml of recombinant rat IL-4, 20 ng/ml of recombinant rat CSF-1 or vehicle. For in vitro proliferation
assay, cells were treated with 10 μM BrdU for 2 h before
cell processing for flow cytometry analysis.
Flow cytometry analysis

For Ki67 staining, cells were fixed in 4% paraformaldehyde for 15 min, extensively washed with 125 mM glycine in PBS and permeabilized o/n in PBS containing
0.5% Triton X-100 and 1% BSA, at 4 °C. Cells were incubated with rabbit anti-mouse Ki67 antibody conjugated
with eFluor660 (Affymetrix eBioscience, Milan, Italy) diluted 1:100 in incubation solution (PBS containing 0.5%
Triton X-100 and 0.05% BSA) at room temperature for
1 h. After extensive washes in PBS, cells were analyzed
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with a flow cytometry system (NovoCyte® 3000 flow
cytometer, ACEA Biosciences, San Diego, CA) and analyzed with NovoExpress® Software (ACEA Biosciences).
For BrdU staining, ex vivo peritoneal cells or in vitro
primary cells, detached by 0.25% Trypsin-EDTA (Life
Technology) for astrocytes or Accutase (Merck-Millipore, Vimodrone (MI), Italy) for microglia, were fixed
and permeabilized in 70% EtOH for 30 min at 4 °C and
DNA was denaturated with 2 N HCl/0.5% Triton X-100
and incubated 30 min at room temperature. Cells were
washed with 0.1 M sodium tetraborate (pH 8.5) and incubated with rat anti BrdU antibody (AbD Serotec—BioRad, Segrate, Italy) diluted 1:100 in incubation solution
(PBS containing 0.05% Tween-20 and 1% BSA). After
washes in PBS + 1% BSA, cells were incubated with
Alexa647-conjugated goat anti-rat secondary antibody
(1:200 in incubation solution; Molecular Probes, Monza,
Italy) for 1 h at room temperature. After extensively
washing with PBS, ex vivo peritoneal macrophages were
resuspended in PI solution (H2O containing 10% NP40,
1 mg/ml RNase A and 5 μg/ml PI stock; Sigma-Aldrich),
instead primary cells were resuspended in PBS. Samples
were analyzed using NovoCyte® 3000 flow cytometer and
analyzed with NovoExpress® Software (ACEA Biosciences). Animals with no pulse of BrdU and in vitro samples without BrdU treatment were used for gating
strategy to evaluate non-specific signals. Doublets were
removed based on FL2 scatter width (FL2-W)/FL2 scatter area (FL2-A).
RNA preparation and expression analyses

Following 24 h of vehicle or IL-4 (250 ng) i.c.v. treatment, brain area (frontal cortex, striatum, and hippocampus) were first homogenized using steel beads and
tissue Lyser (Qiagen, Milan, Italy) at 28 Hz, for three cycles of 20 s followed by 30 s, on ice and in RLT buffer.
Total RNA from tissue or cells was purified using
RNeasy minikit protocol (Qiagen), according to the
manufacturer’s instructions, including a step with deoxyribonuclease incubation. For real-time PCR, 1 μg RNA
(500 ng for striatum and primary cultures, 100 ng for
isolated microglia, 300 ng for ex vivo peritoneal macrophages) was used for cDNA preparation using 8 U/μl of
Moloney murine leukemia virus reverse transcriptase
(Promega, Milan, Italy) in a final volume of 25 μl; the reaction was performed at 37 °C for 1 h, and the enzyme
inactivated at 75 °C for 5 min. Control reactions without
the addition of the reverse transcription enzyme were
performed (data not shown). A 1:4 cDNA dilution was
amplified using GoTaq®qPCR Master Mix technology
(Promega) according to the manufacturer’s protocol.
The PCR was carried out in triplicate on a 96-well plate
using QuantStudio® 3 real-time PCR system (Applied
Biosystems-Thermo Fisher Scientific) with the following
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thermal profile: 2 min at 95 °C; 40 cycles, 15 s at 95 °C,
1 min at 60 °C. Primer sequences are reported in
Additional file 1: Table S1. Data were analyzed using the
2−ΔΔCt method.

Immunohistochemistry

Brains were trimmed using a brain matrix (Adult Mouse
Brain Slicer Matrix BSMAS005-1, Zivic Instruments, Pittsburgh, PA, USA), and sections were routinely processed,
paraffin embedded, and sectioned in 4-μm serial sections.
After heat-induced epitope retrieval, performed in Dewax
and HIER Buffer H (TA-100-DHBH, Thermofisher Scientific, Waltham, MA, USA) for 40 min at 94 °C, sections
were incubated with a 10% normal goat serum for nonspecific binding blocking. Sections were immunostained
with rabbit polyclonal anti-Ki67 antibody (Clone SP6,
Thermo Fisher Scientific, Waltham, MA, USA), incubated
with biotinylated goat anti-rabbit secondary antibodies
(VC-BA-1000-MM15, Vector Laboratories, Peterborough,
UK) and labeled by the avidin-biotin-peroxidase procedure
with a commercial immunoperoxidase kit (VECTASTAIN®
Elite ABC-Peroxidase Kit Standard, VC-PK-6100-KI01,
Vector Laboratories). The immunoreaction was visualized
with DAB (Peroxidase DAB Substrate Kit, VC-SK-4100KI01, Vector Laboratories) substrate, and sections were
counterstained with Mayer’s hematoxylin (C0302, Diapath,
Italy). Digital image analysis was performed by scoring the
number of Ki67-positive cells in three ×400 microscopic
fields in the parenchyma of vehicle, IL-4 and CSF-1-treated
mice (n = 3); monocyte-like cells were excluded from the
analysis. For double immune-fluorescence analysis, after
heat-induced antigen retrieval in Dewax and HIER BufferH
pH 9 (Thermofisher Scientific) and anti-ki67 antibody
(RM-9106, Thermofisher Scientific) incubation, goat antirabbit green fluorescent antibody (Alexa Fluor 488, Thermo
Fisher Scientific) was used; after washing with PBS, sections
were re-incubated with anti-GFAP (Z0334, from DAKO
Agilent, Santa Clara, CA, USA) or anti-Iba1 (Wako
Chemicals USA, Richmond, VA) for 1 h at room
temperature followed by a goat anti-rabbit red fluorescent
secondary antibody (Alexa Fluor 555, Thermo Fisher scientific). Sections were mounted on coverslips with ProLong
Gold Antifade mountant with DAPI (P36941, Thermofisher
Scientific).

Statistical analyses

Unless otherwise stated, all values are expressed as
mean ± standard error of the mean (SEM) of n observations. The results were analyzed by the Student unpaired
two-tailed t test using GraphPad Prism 5 software, after
a normality test (Kolmogorov-Smirnov) [26]. A value of
p < 0.05 was considered significant.
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Results
Peritoneal macrophage proliferation following the local
delivery of IL-4

In order to analyze the proliferative activity of IL-4 in
the brain, we first set up in vivo proliferative assays on
macrophages in the peritoneum, a peripheral tissue
where resident macrophages were shown to increase in
number in response to this immune signal [17]. Peritoneal macrophages were collected from the peritoneal lavage of mice 24 h after an i.p. injection of IL-4 and
further purified by immunosorting; a control group of
mice were injected with vehicle alone. As shown in
Fig. 1a, the levels of mRNA coding for proteins related
with proliferation (Ki67) and cell cycle (CcnB2 and
Cdk1) were increased following IL-4 injection as compared to control mice, suggesting a proliferative effect of
IL-4; as expected, the expression of M2 genes, namely
Arg1, Fizz1, and Ym1, was also strongly induced by IL-4
(see Fig. 1b).
In order to confirm the effect of IL-4 on cell cycle
entry and DNA synthesis, FACS analyses were conducted on peritoneal macrophages to evaluate Ki67 protein levels and BrdU incorporation, respectively. The
results shown in Fig. 2 demonstrate that IL-4 is a proliferative signal for peritoneal macrophages, leading to an
increase in ki67-positive and in duplicating peritoneal
macrophages of 10 and 6%, respectively. Accordingly,
the number of recovered macrophages from peritoneal
fluid was more elevated in IL-4-treated mice (data not
shown).
Altogether, these results show that locally delivered IL4 is a proliferative signal for peritoneal macrophages.
Brain delivery of IL-4 has limited effects on brain cell
proliferation

We then extended our observation to evaluate the proliferative response of microglia following IL-4 injection
in the cerebral ventricles of mice. Cell cycle gene expression was analyzed by real-time PCR in diverse brain
areas and, unexpectedly, the mRNA levels coding for
Cdk1 and Ki67 were only slightly increased by IL-4, with
a twofold induction compared to control samples in the
cortex and hippocampus and not in the striatum, while
Ccnb2 expression was not modified in any brain areas
analyzed (see Fig. 3a). On the other hand, the i.c.v. injection of IL-4 induced the expression of M2 polarization
signals, as shown in Fig. 3b: a strong induction of Arg1,
Fizz1, and YM-1 mRNAs was generally observed in all
brain areas with different region-specific intensities, as
already reported [24]. Thus, IL-4-induced polarization is
associated with little proliferative effects in the brain.
To further investigate brain cell proliferation following
IL-4, we analyzed Ki67 protein expression by immunohistochemistry. The results are reported in Fig. 4 and show
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that some Ki67-positive cells were present in the cortex
and even more in the hippocampus of vehicle-treated
mice, while no positively stained cells were detected in the
striatum (data not shown); in this experimental conditions, we calculated that Ki67-positive cells are about 1
and 2.7% of total parenchymal cells in the cortex and
hippocampus, respectively (see Fig. 4g); IL-4 administration resulted in a statistically significant increase in Ki67positive cells in the cortex and hippocampus, while no
signal was detected in the striatum (see Fig. 4). The morphological appearance of most of the Ki67-positive cells
did not recall the microglial cell shape, both in vehicleand IL-4-treated brains.
It is known that tissue microenvironment substantially
shapes macrophage responsiveness. In order to exclude
the possibility that general brain-specific mechanisms
could silence proliferative signaling pathways in microglia under non-pathological conditions, we evaluated the
activity of CSF-1, the best-known proliferative agent for
macrophages. Fig. 4c, f shows that the i.c.v delivery of
CSF-1 triggers the proliferation of brain cells, some of
which displaying a microglia-like morphology, and results in a fivefold increase in ki67-positive cells in the
cortex and hippocampus with respect to vehicle and
twofold in the striatum, effects that are also significantly
different from those obtained with IL-4 (see Fig. 4g). In
addition, some Ki67-positive monocyte-like cells were
observed in brain vessels after both IL-4 and CSF-1
treatments (see Fig. 4e, j), suggestive of the recruitment
of proliferating monocytes.
Altogether, these data show that, in the adult mouse
brain, an increase in IL-4 level does not associate with a
proliferative response and suggest that this molecule
might not be a proliferative signal for microglia, differently from its effects on peritoneal macrophages.

Proliferative activity of M2 polarization signals on
microglia in vivo and in vitro

Since microglia represent only 10% of all brain cells, and
considering the restricted percentage of IL-4 responder
cells in terms of proliferation in the periphery (see Fig. 2),
we evaluated whether the mild proliferative response reported in Fig. 3a could be ascribed to a small subset of
microglia. Microglia were purified from the brain of vehicle or IL-4-injected mice and analyzed for proliferative
parameters. Notably, Ki67 and cell cycle mRNA levels
were not increased in response to i.c.v. IL-4, as shown in
Fig. 5a; on the contrary, increased levels of mRNA coding for proteins related with M2 polarization (Arg1,
Fizz1, and Ym1) were detected in microglia purified
from IL-4 as compared to vehicle-treated mice. These
results suggest that brain cells other than microglia are
induced to moderately proliferate in response to IL-4.
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Fig. 1 Expression of cell cycle and M2 polarization genes in peritoneal macrophages following IL-4 treatment in vivo. The expression of genes related
with a cell proliferation (Ki67, Cdk1, and CcnB2) and b M2 alternative polarization (Arg1, Fizz1, and Ym1) was analyzed by real-time PCR in peritoneal
macrophages isolated from mice treated i.p. with vehicle (veh) or 5 μg IL-4 for 24 h. Data sets for each gene were calculated using the 2-ddCt method
with respect to the mean value of the vehicle group. Bars represent mean values ± SEM (n = 2–6). Student’s unpaired t test, *p < 0.05; **p < 0.01;
***p < 0.001 versus veh
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Fig. 2 Proliferation of peritoneal macrophages following IL-4 treatment in vivo. Ki67 protein expression (a, b) and BrdU incorporation (c, d) were analyzed
in peritoneal macrophages isolated from mice treated i.p. with vehicle (veh) or 5 μg IL-4 for 24 h. a, c show representative dot plots depicting gating
schemes for Ki67 and BrdU analyses, respectively. Bar charts represent the percentage of macrophages showing a positive signal for Ki67 (b) or BrdU (d)
with respect to the total number of macrophages obtained from each mouse following the specified treatment. Bars represent the mean ± SEM of six mice
per group. Student’s unpaired t test, ***p < 0.001

On the contrary, CSF-1 brain delivery resulted in a significantly increased expression of genes related with proliferation and cell cycle specifically in microglia, as
shown in Fig. 5a; as expected since CSF-1 is endowed
with M2 polarization effects, we observed a parallel enhancement of M2 polarization genes such as Arg1, Fizz
1, and Ym1.
We then asked whether 17-beta-estradiol (E2), a lipophilic hormone that reduces microglia inflammatory
phenotype, could alter microglia proliferation in line
with the recent observation on its proliferative effect on
peripheral macrophages [22, 23, 27, 28]. Similar to what

is observed with IL-4, systemic administration of physiological doses of E2 caused a significant increase in the
mRNA coding for Fizz1 and Ym1 in microglia, while cell
cycle genes were unaffected (Fig. 5b).
Thus, these data show that under homeostatic conditions, microglia can proliferate in response to some M2activating signals, such as CSF-1, but not IL-4 and E2.
During the perinatal period, microglia proliferation
and development are strongly active processes; we thus
asked whether IL-4 might associate with proliferative effects on microglia from this developmental stage. As
shown in Fig. 6a, IL-4 treatment of microglia primary
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Fig. 3 Brain expression of cell cycle and M2 polarization genes following local delivery of IL-4. Mice were injected i.c.v. with vehicle (veh) or 250 ng IL-4;
the cortex, striatum, and hippocampus were isolated and analyzed by real-time PCR for the expression of genes related with a cell cycle (Ki67, CcnB2, and
Cdk1) and b M2 alternative polarization (Arg1, Fizz1, and Ym1). Data sets for each gene were calculated using the 2-ddCt method with respect to the mean
value of the vehicle group. Bars represent mean values ± SEM (n = 5). Student’s unpaired t test, *p < 0.05; **p < 0.01 versus veh

cultures from newborn animals did not modify Ki67 and
Cdk1 expression, while CSF-1 still resulted in increased
Ki67 and Cdk1 mRNA levels. The ability of microglia to
proliferate in response to CSF-1 was further demonstrated by BrdU incorporation analyses as a biological
evidence of proliferation, while no signs of proliferation
were observed following IL-4 under different experimental conditions such as reduced serum concentrations
(see Fig. 6b). Gene expression analyses demonstrated
that the alternative phenotype is induced in these cells
by IL-4 and CSF-1, although with different intensities
(see Additional file 2: Figure S1A). Lack of a proliferative
response of microglia could not be ascribed to a reduced
sensibility of microglia, since the expression of the IL-4
receptor (IL-4Rα) in ex vivo-sorted or in vitro microglia
did not vary in response to IL-4 (see Additional file 2:
Figure S1B). We also tried to extend our observation to
other primary macrophages obtained from adult animals;
however, CSF-1 as well as IL-4 and E2 failed to induce
proliferation of peritoneal macrophages while still retaining their polarization effects (see Additional file 3: Figure
S2), in agreement with recent observation using similar
experimental conditions [22, 29].
In parallel, primary cultures of astrocytes were also
assayed for their proliferative response to IL-4; although

cell cycle gene expression was unchanged, BrdU incorporation assay revealed a slight yet significant increase in
the number of astrocytes in the S-phase of the cell cycle
following IL-4, suggesting that the proliferative response
observed in the brain following i.c.v. IL-4 (reported in
Figs. 3 and 4) can be ascribed, at least in part, to astrocytes. Indeed, double immune staining of brain sections
following i.c.v IL-4 shows co-localization of Ki67 signal
with about 1% of GFAP-positive cells (see
Additional file 4: Figure S3), and not Iba1-positive cells.
Altogether, these data show that microglia in the brain
of adult mice are activated by M2 signals, such as IL-4,
CSF-1, and E2, to shape their immune phenotype while
self-renewal is specifically triggered by CSF-1; IL-4 and
E2 brain activities do not correlate with microglia cell
expansion, in contrast to what has been observed for
peripheral macrophages, as summarized in Fig. 7.

Discussion
The present study provides the first evidence to show
that microglial cells do not proliferate in response to IL4, at least in the present experimental conditions; in fact,
using molecular and biological assays, we were unable to
detect microglia proliferation following IL-4 treatment
both in vivo in the mouse brain and in vitro on primary
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Fig. 4 Ki67 protein expression in brain areas following local delivery of IL-4 and CSF-1. Following the i.c.v. injection of vehicle (veh; a, d), 250 ng
IL-4 (b, e, and h) and 1 μg CSF-1 (C, F and J) brains were processed by immunohistochemistry to visualize Ki67 expression. Images were taken
from the cortex (a–c) and hippocampus (d–f) of mice. Histograms in g show the quantification of the percentage of Ki67-positive cells with
respect to the total number of cells in brain areas, as specified; h, j monocyte-like cells were detected in brain vessels from IL-4- and CSF-1-treated
mice, respectively and excluded from the counting. Bars represent mean values ± SEM (n = 3). Student’s unpaired t test, *p < 0.05 versus veh; °
p < 0.05 versus IL-4. Scale bar, 100 μm

cultures microglia from newborn animals. On the contrary, this immune mediator enhances the proliferation
of peripheral macrophages, as shown in this and previous studies [17]. Moreover, also another M2-activating
signal, namely E2, showed a similar polarization and
non-proliferative activity in microglia of adult mice.
Microglial population is expanded during the pathological course of neurodegenerative diseases and contributes to disease progression [7–12]; the activity of IL-4 in
brain recently received considerable attention in relation
with its anti-inflammatory and pro-resolution effects that
are directly mediated by microglia. Expression and secretion of IL-4 is induced by neuroinflammatory insults in
activated immune cells and damaged neurons and IL-4activated microglia produce a series of mediators,
including neurotrophic factors, matrix remodeling, and
proteolytic enzymes that help reduce neuroinflammation
and promote tissue repair, as shown in experimental

models of neurodegenerative diseases [18, 21, 30–32]. It is
thus important to understand whether IL-4 contributes to
the expansion of microglia that undergoes an alternative
activation phenotype. In this scenario, our results provide
an important step forward, as we show that IL-4 activity
in the brain, although associated with immunoregulatory
and tissue repair phenotype, does not correlate with an increase in microglia number. Analogously, estrogen action
in microglia has been proposed to mediate the protective
effects observed for this hormone against neurodegenerative diseases in humans and animal models, while the reduction in estrogen levels that occurs at menopause is
associated with an increased incidence of neuroinflammatory pathologies [33]. Previous studies reported the effects
on microglia polarization when E2 was assayed together
with neuro-immune signals [23, 34]; the present study is
the first evidence to show that E2 per se promotes microglia alternative polarization.
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Fig. 5 In vivo effects of M2 polarization signals on microglia gene
expression. Microglia were isolated by immunosorting 24 h after a i.c.v.
injections of vehicle (veh; open boxes), 5 μg IL-4 (closed boxes) or 1 μg
CSF-1 (gray boxes) or b s.c. 17β-estradiol (E2) treatment (5 μg/kg). The
expression of genes related with active replication and cell cycle (Ki67;
Cdk1, Ccnb2) and M2 alternative polarization (Arg1, Fizz1, Ym1) was
analyzed by real-time PCR. Data sets for each gene were calculated
using the 2-ddCt method with respect to the mean value of the vehicle
group. Bars represent mean values ± SEM (n = 4). Student’s unpaired t
test, *p < 0.05; **p < 0.01; ***p < 0.001 versus veh

Our results highlight a substantial difference between
microglia and peripheral macrophage biology in their responsiveness to M2-activating signals, as shown in Fig. 7.
These two resident macrophage populations have a different developmental origin and acquire both common
and specialized functions during life; indeed, a marked
difference in the gene expression profiles has been observed in microglia as compared with other macrophage
populations [35]. Moreover, it is known that the surrounding microenvironment is crucial to modulate
macrophage functions by providing tissue-specific signals and interactions that influence cell phenotype and
responsiveness. However, explanations for the lack of
microglia proliferation are still missing; one could
hypothesize that specific alterations of the IL-4 signaling
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Fig. 6 Proliferative responses of primary cultures of microglia and
astrocytes. a The expression of proliferation genes (Ki67 and Cdk1)
was analyzed in primary cultures of microglia and astrocytes
following vehicle (veh; open boxes), 20 ng/ml IL-4 (closed boxes) or
20 ng/ml CSF-1 (gray boxes) treatments. Bars represent the mean ±
SEM of three independent experiments, each performed in triplicate.
Data sets for each gene were calculated using the 2-ddCt method
with respect to the mean value of the vehicle group. Bars represent
mean values ± SEM (n = 3). Student’s unpaired t test, **p < 0.01;
***p < 0.001. b BrdU incorporation was evaluated by flow cytometry
in microglia and astrocytes treated with 20 ng/ml IL-4 (closed boxes)
or 20 ng/ml CSF-1 (gray boxes) added to culture medium containing
high (15%) or low (5%) serum concentrations. Bars represent the
mean ± SEM of three independent experiments, each performed in
triplicate (n = 3). Student’s unpaired t test, *p < 0.05; **p < 0.01;
***p < 0.001 versus vehicle; °°°p < 0.001 versus vehicle high FBS

pathway that converges on cell proliferation are present
in microglia as compared to peripheral macrophages; a
possible candidate is the phosphatidylinositol-3 kinase
(PI3K)/Akt pathway, which has been shown to be necessary for the IL-4 activity on the proliferative burst of
peripheral macrophages [29, 36]; instead, proliferative
responses of macrophages to E2 are still ill defined. On
the other hand, our data show that the proliferative signaling of CSF-1R is maintained in microglia, in agreement with previous reports [7, 37–39] which also
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Fig. 7 Tissue-specific responses of resident macrophages to polarization signals. Resident macrophages in the peritoneum show proliferative and
alternative polarization responses to IL-4, CSF-1, and E2; in the brain, alternative polarization of microglia is induced by the same signals, although
with different intensities and target gene-specificity, while cell proliferation is restricted to CSF-1 signaling

associated CSF-1 activity with the PI3K pathway. Thus,
the specific effects of CSF-1 and IL-4 signaling pathways
on microglia proliferation might either involve cellspecific mediators of the PI3K pathway or yet undefined
PI3K-unrelated processes.
Our study also shows that the in vivo effects of CSF-1 extend to the induction of an M2-like phenotypic activation of
brain cells, similar to the response of peritoneal macrophages
in vivo, as shown here, or in vitro, as previously reported
[40]; interestingly, an opposite effect on Fizz1 expression in
brain and peritoneal macrophages was observed, as well as
the induction of specific M2 genes in primary cultures of
microglia; these features need future investigation, although
the experimental procedures and development stage used
for culturing primary microglia cells may alter cell responsiveness and limit any comparison with resident microglia of
the adult brain. The use of CSF-1R inhibitors in experimental models of neurodegenerative pathologies has been shown
to reduce microglia density and to associate with beneficial
effects against disease progression, although still unclear are
the consequences of CSF-1R inhibition on polarized phenotype effectors, as well as the role of CSF-1R-independent
and/or compensating pathways in microglia self-renewal and
turnover [5, 7, 11, 41, 42]. Environmental and pathological
signals seem to influence the type, timing, and resolution of
microglia polarization responses through ill-defined mechanisms that differ between the healthy and injured brain and
that need deeper investigation.

Conclusions
The uncoupling of the polarization and proliferative
activities of IL-4 and E2 in microglia is unclear; indeed,
several aspects of microglia polarization have not been

yet investigated, such as the fate of these cells following
activation or the existence of local amplifiers of alternative polarization responses, which have only recently
been identified for IL-4 in some peripheral tissues [43].
Thus, further studies are needed to understand the molecular mechanisms of microglia proliferation, with the
aim of opening novel therapeutic strategies that selectively and timely potentiate alternatively activated microglia while avoiding inflammatory macrophage expansion
and monocyte recruitment.

Additional files
Additional file 1: Table S1. Oligonucleotides used in real time PCR
assays. (PDF 182 kb)
Additional file 2: Figure S1. In vitro polarization responses of microglia
to IL-4 and CSF-1. A) The expression of M2 polarization genes (Arg1 and
Mrc1) was analyzed in primary cultures of microglia following the treatment
with vehicle (veh; open boxes), 20 ng/ml IL-4 (closed boxes) or 20 ng/ml
CSF-1 (gray boxes). B) The expression of IL-4Rα was analyzed either in
microglia cells obtained by immunosorting from the brain of vehicle or IL-4
icv-injected mice (ex vivo) or in primary cultures of microglia (in vitro) as
specified above. Bars represent the mean ± SEM of 3 independent
experiments, each performed in triplicate. Data sets for each gene were
calculated using the 2-ddCt method with respect to the mean value of the
vehicle group. Bars represent mean values ± SEM (n = 3). Student’s unpaired
t-test, *p < 0.05; **p < 0.01; ***p < 0.001. (PDF 167 kb)
Additional file 3: Figure S2. In vitro proliferative and polarization
responses of macrophages to IL-4, CSF-1 and E2. A) The expression of
proliferation (Ki67, Cdk1 and Ccnb2) and M2 polarization (Arg1, Fizz1,
Mrc1) genes was analyzed in primary cultures of peritoneal macrophages
following treatment with 20 ng/ml IL-4 (black bars) or 20 ng/ml CSF-1
(gray bars). B) The expression of proliferation (Ki67, Cdk1 and Ccnb2) and
M2 polarization (Arg1, Vegfα) genes was analyzed in primary cultures of
peritoneal macrophages following vehicle (0.01% EtOH) or 10−5 M E2
treatments. Bars represent the mean ± SEM of 3 independent experiments,
each performed in triplicate Data sets for each gene were calculated using the
2-ddCt method with respect to the mean value of the vehicle group. Bars

Pepe et al. Journal of Neuroinflammation (2017) 14:236

represent mean values ± SEM (n = 3). Student’s unpaired t-test, *p < 0.05;
***p < 0.001. (PDF 339 kb)
Additional file 4: Figure S3. Cellular localization of Ki67
immunostaining in brain astrocytes. Brain sections were analyzed by
immunohistochemistry for the expression of Ki67 using antibodies
against Ki67 (green labeling) and GFAP (red staining) following the icv
administration of 250 ng IL-4. Ki67-positive cells co-localize with GFAP-positive cells (white arrows). Scale bar, 10 μm. (PDF 105 kb)

Abbreviations
BSA: Bovine serum albumin; CNS: Central nervous system;
CSF-1: Colony-stimulating factor-1; DAB: 3,3′-diaminobenzidine;
E2: 17β-estradiol; FBS: Fetal bovine serum; HBSS: Hank’s balanced salt
solution; i.c.v.: Intracerebroventricular; IL-4: Interleukin-4; MEM: Minimum
essential Eagle’s medium; PBS: Phosphate-buffered saline; PCR: Polymerase
chain reaction; SEM: Standard error of the mean

Acknowledgements
We acknowledge Clara Meda and Monica Rebecchi for the technical support
and thank Maria Pia Abbracchio, Barbara Viviani, and Camilla Recordati for
their scientific support.

Funding
This work was supported by grants from the European Community (ERC-Advanced
Grant Ways 322977), from the European Union’s Seventh Framework Programme
(FP7/2007-2013 INMiND 278850), and by CARIPLO Foundation Italy (2011–0591).

Availability of data and materials
Please contact the authors for data requests.

Authors’ contributions
GP performed the experiments and participated in the design and
discussion of the study and in manuscript drafting. MDM and LM performed
the immunohistochemical assays and image analysis. AV contributed to the
experimental design. AM contributed to the study design and interpretation
of the data. EV conceived and coordinated the study and provided
substantial contributions to the design, interpretation, and discussion of the
data and manuscript drafting. All authors were involved in revising the
manuscript for its methodological and intellectual content. All authors read
and approved the final manuscript.

Ethics approval
Experiments were approved by the Italian Ministry of Research and
University (#547/2015PR) and controlled by an internal panel of experts.

Consent for publication
Not applicable

Competing interests
The authors declare they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Center of Excellence on Neurodegenerative Diseases and Department
Pharmacological and Biomolecular Sciences, University of Milan, Via
Balzaretti, 9, 20133 Milan, Italy. 2Mouse and Animal Pathology Laboratory
(MAPLab), Fondazione Filarete, Viale Ortles, 22/4, 20139 Milan, Italy.
3
Department of Veterinary Medicine, University of Milan, Via Celoria, 10,
20133 Milan, Italy.

Page 12 of 13

Received: 24 July 2017 Accepted: 22 November 2017

References
1. Lawson LJ, Perry VH, Dri P, Gordon S. Heterogeneity in the distribution and
morphology of microglia in the normal adult mouse brain. Neuroscience.
1990;39:151–70.
2. Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, et al. Fate
mapping analysis reveals that adult microglia derive from primitive
macrophages. Science (80- ). 2010;330:841–5.
3. Lawson LJ, Perry VH, Gordon S. Turnover of resident microglia in the normal
adult mouse brain. Neuroscience. 1992;48:405–15.
4. Prinz M, Mildner A. Microglia in the CNS: immigrants from another world.
Glia. 2011;59:177–87.
5. Askew K, Li K, Olmos-Alonso A, Garcia-Moreno F, Liang Y, Richardson P, et
al. Coupled proliferation and apoptosis maintain the rapid turnover of
microglia in the adult brain. Cell Rep. 2017;18:391–405.
6. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage activation and polarization: nomenclature and experimental
guidelines. Immunity. 2014;41:14–20.
7. Gómez-Nicola D, Fransen NL, Suzzi S, Perry VH. Regulation of microglial
proliferation during chronic neurodegeneration. J Neurosci. 2013;33:
2481–93.
8. Marlatt MW, Bauer J, Aronica E, Van Haastert ES, Hoozemans JJM, Joels M, et
al. Proliferation in the Alzheimer hippocampus is due to microglia, not
astroglia, and occurs at sites of amyloid deposition. Neural Plast. 2014;2014:
693851.
9. Bolmont T, Haiss F, Eicke D, Radde R, Mathis CA, Klunk WE, et al. Dynamics
of the microglial/amyloid interaction indicate a role in plaque maintenance.
J Neurosci. 2008;28:4283–92.
10. Gowing G, Lalancette-Hébert M, Audet JN, Dequen F, Julien JP. Macrophage
colony stimulating factor (M-CSF) exacerbates ALS disease in a mouse
model through altered responses of microglia expressing mutant
superoxide dismutase. Exp Neurol. 2009;220:267–75.
11. Crespo O, Kang SC, Daneman R, Lindstrom TM, Ho PP, Sobel RA, et al.
Tyrosine kinase inhibitors ameliorate autoimmune encephalomyelitis in a
mouse model of multiple sclerosis. J Clin Immunol. 2011;31:1010–20.
12. Kraft AD, Kaltenbach LS, Lo DC, Harry GJ. Activated microglia proliferate at
neurites of mutant huntingtin-expressing neurons. Neurobiol Aging. 2012;
33:621.e17-621.e33
13. Tian D, Xie M, Yu Z, Zhang Q, Wang Y, Chen B, et al. Cell cycle
inhibition attenuates microglia induced inflammatory response and
alleviates neuronal cell death after spinal cord injury in rats. Brain Res.
2007;1135:177–85.
14. Tang Z, Gan Y, Liu Q, Yin J-X, Liu Q, Shi J, et al. CX3CR1 deficiency
suppresses activation and neurotoxicity of microglia/macrophage in
experimental ischemic stroke. J Neuroinflammation. 2014;11:26.
15. Fukushima S, Furube E, Itoh M, Nakashima T, Miyata S. Robust increase of
microglia proliferation in the fornix of hippocampal axonal pathway after a
single LPS stimulation. J Neuroimmunol. 2015;285:31–40.
16. Bruttger J, Karram K, Wörtge S, Regen T, Marini F, Hoppmann N, et al.
Genetic cell ablation reveals clusters of local self-renewing microglia in the
mammalian central nervous system. Immunity. 2015;43:92–107.
17. Jenkins SJ, Ruckerl D, Thomas GD, Hewitson JP, Duncan S, Brombacher F, et
al. IL-4 directly signals tissue-resident macrophages to proliferate beyond
homeostatic levels controlled by CSF-1. J Exp Med. 2013;210:2477–91.
18. Zhao X, Wang H, Sun G, Zhang J, Edwards NJ, Aronowski J. Neuronal
interleukin-4 as a modulator of microglial pathways and ischemic brain
damage. J Neurosci. 2015;35:11281–91.
19. Gadani SP, Cronk J. Interleukin-4: a cytokine to remember. J Immunol. 2013;
189:4213–9.
20. Fenn AM, Hall JCE, Gensel JC, Popovich PG, Godbout JP. IL-4 signaling
drives a unique arginase+/IL-1 + microglia phenotype and recruits
macrophages to the inflammatory CNS: consequences of age-related
deficits in IL-4R after traumatic spinal cord injury. J Neurosci. 2014;34:
8904–17.
21. Francos-Quijorna I, Amo-Aparicio J, Martinez-Muriana A, López-Vales R. IL-4
drives microglia and macrophages toward a phenotype conducive for
tissue repair and functional recovery after spinal cord injury. Glia. 2016;64:
2079–92.

Pepe et al. Journal of Neuroinflammation (2017) 14:236

22. Pepe G, Braga D, Renzi TA, Villa A, Bolego C, D’Avila F, et al. Self-renewal
and phenotypic conversion are the main physiological responses of
macrophages to the endogenous estrogen surge. Sci Rep. 2017;7:44270.
23. Vegeto E, Belcredito S, Ghisletti S, Meda C, Etteri S, Maggi A. The
endogenous estrogen status regulates microglia reactivity in animal models
of neuroinflammation. Endocrinology. 2006;147:2263–72.
24. Pepe G, Calderazzi G, De Maglie M, Villa AM, Vegeto E. Heterogeneous
induction of microglia M2a phenotype by central administration of
interleukin-4. J Neuroinflammation. 2014;11:211.
25. Vegeto E, Bonincontro C, Pollio G, Sala A, Viappiani S, Nardi F, et al. Estrogen
prevents the lipopolysaccharide-induced inflammatory response in
microglia. J Neurosci. 2001;21:1809–18.
26. GraphPad Prism [http://www.graphpad.com/scientific-software/prism/].
27. Campbell L, Emmerson E, Williams H, Saville CR, Krust A, Chambon P, et al.
Estrogen receptor-alpha promotes alternative macrophage activation during
cutaneous repair. J Invest Dermatol. 2014;134:2447–57.
28. Villa A, Rizzi N, Vegeto E, Ciana P, Maggi A. Estrogen accelerates the
resolution of inflammation in macrophagic cells. Sci Rep. 2015;5:15224.
29. Seoane PI, Rückerl D, Casaravilla C, Barrios AA, Pittini Á, MacDonald AS, et al.
Particles from the Echinococcus granulosus laminated layer inhibit IL-4 and
growth factor-driven Akt phosphorylation and proliferative responses in
macrophages. Sci Rep. 2016;6:39204.
30. Guglielmetti C, Le Blon D, Santermans E, Salas-Perdomo A, Daans J, De
Vocht N, et al. Interleukin-13 immune gene therapy prevents CNS
inflammation and demyelination via alternative activation of microglia and
macrophages. Glia. 2016;64:2181–200.
31. Kiyota T, Okuyama S, Swan RJ, Jacobsen MT, Gendelman HE, Ikezu T. CNS
expression of anti-inflammatory cytokine interleukin-4 attenuates
Alzheimer’s disease-like pathogenesis in APP+PS1 bigenic mice. FASEB J.
2010;24:3093–102.
32. Falcone M, Rajan AJ, Bloom BR, Brosnan CF. A critical role for IL-4 in
regulating disease severity in experimental allergic encephalomyelitis as
demonstrated in IL-4-deficient C57BL/6 mice and BALB/c mice. J Immunol.
1998;160:4822–30.
33. Villa A, Vegeto E, Poletti A, Maggi A. Estrogens, neuroinflammation, and
neurodegeneration. Endocr Rev. 2016;37:372–402.
34. Ghisletti S, Meda C, Maggi A, Vegeto E. 17beta-estradiol inhibits
inflammatory gene expression by controlling NF-kappaB intracellular
localization. Mol Cell Biol. 2005;25:2957–68.
35. Gautier EL, Shay T, Miller J, Greter M, Jakubzick C, Ivanov S, et al. Gene-expression
profiles and transcriptional regulatory pathways that underlie the identity and
diversity of mouse tissue macrophages. Nat Immunol. 2012;13:1118–28.
36. Rückerl D, Jenkins SJ, Laqtom NN, Gallagher IJ, Sutherland TE, Duncan S, et
al. Induction of IL-4Rα-dependent microRNAs identifies PI3K/Akt signaling as
essential for IL-4-driven murine macrophage proliferation in vivo. Blood.
2012;120:2307–16.
37. Greter M, Lelios I, Pelczar P, Hoeffel G, Price J, Leboeuf M, et al. Stromaderived interleukin-34 controls the development and maintenance of
Langerhans cells and the maintenance of microglia. Immunity. 2012;37:
1050–60.
38. Nandi S, Gokhan S, Dai X, Wei S, Enikolopov G. The CSF-1 receptor ligands
IL-34 and CSF-1 exhibit distinct developmental brain expression patterns
and regulate neural progenitor cell maintenance and maturation. Dev Biol.
2012;367:100–13.
39. Wang Y, Szretter KJ, Vermi W, Gilfillan S, Rossini C, Cella M, et al. IL-34 is a
tissue-restricted ligand of CSF1R required for the development of
Langerhans cells and microglia. Nat Immunol. 2012;13(8):753–60.
40. Hume DA, MacDonald KPA. Therapeutic applications of macrophage
colony-stimulating factor-1 (CSF-1) and antagonists of CSF-1 receptor (CSF1R) signaling. Blood. 2012;119:1810–20.
41. Martínez-Muriana A, Mancuso R, Francos-Quijorna I, Olmos-Alonso A, Osta R,
Perry VH, et al. CSF1R blockade slows the progression of amyotrophic lateral
sclerosis by reducing microgliosis and invasion of macrophages into
peripheral nerves. Sci Rep. 2016;6:25663.
42. Olmos-Alonso A, Schetters STT, Sri S, Askew K, Mancuso R, Vargas-Caballero
M, et al. Pharmacological targeting of CSF1R inhibits microglial proliferation
and prevents the progression of Alzheimer’s-like pathology. Brain. 2016;139:
891–907.
43. Minutti CM, Jackson-Jones LH, García-Fojeda B, Knipper JA, Sutherland TE,
Logan N, et al. Local amplifiers of IL-4Rα-mediated macrophage activation
promote repair in lung and liver. Science. 2017;356:1076–80.

Page 13 of 13

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

