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ABSTRACT

Microglia are the primary resident immune cells of the brain parenchyma and transform into the amoeboid form
in the “activated state” under pathological conditions from the ramified form in the “resting state” under
physiologically healthy conditions. In the present study, we found that microglia in the circumventricular organs
(CVOs) of adult mice displayed the amoeboid form with fewer branched cellular processes even under normal
conditions; however, those in other brain regions showed the ramified form, which is characterized by well-
branched and dendritic cellular processes. Moreover, microglia in the CVOs showed the strong protein ex-
pression of the M1 markers CD16/32 and CD86 and M2 markers CD206 and Ym1 without any pathological
stimulation. Thus, the present results indicate that microglia in the CVOs of adult mice are morphologically and
functionally activated under normal conditions, possibly due to the specialized features of the CVOs, namely, the
entry of blood-derived molecules into parenchyma through fenestrated capillaries and the presence of neural

stem cells.

1. Introduction

Microglia are resident macrophages in the brain, are diffusely dis-
tributed throughout the brain parenchyma, and function in immune
defenses in the brain. These cells respond to many types of homeostatic
disturbances in the brain and transform rapidly from the ramified form,
so-called ‘resting microglia’, to the amoeboid form, referred to as ‘ac-
tivated microglia’, under pathological brain conditions (Brown and
Neher, 2014; Hanisch and Kettenmann, 2007). The transition from the
resting to activated state has been attributed to a change in the func-
tional phenotype rather than the awakening of cells because resting
microglia actively survey the brain environment (Hanisch and
Kettenmann, 2007; Nimmerjahn et al., 2005). Activated microglia
participate in a number of functions such as phagocytosis and cytokine
release (Kettenmann et al., 2011). In addition to morphological al-
terations, microglia rapidly up-regulate the expression of a large
number of receptors and various secretory molecules that exert bene-
ficial or harmful effects on damaged and inflamed brains (Hanisch and

Kettenmann, 2007).

Peripheral macrophages have been shown to exhibit at least two
distinct activation patterns (Colton, 2009; Cherry et al., 2014; Wang
et al., 2014; Franco and Fernandez-Suarez, 2015). The first activated
state, the M1 phenotype, is typified as a classical proinflammatory re-
sponse by the production of inflammatory cytokines and reactive
oxygen species, antigen presentation, and the removal of pathogens.
Macrophages may recognize harmful environmental stimuli and re-
spond by producing proinflammatory cytokines including tumor ne-
crosis factor a, interleukin-6, interleukin-1f, interferon-y, and several
chemokines (Boche et al., 2013; Cherry et al., 2014). Cytokine pro-
duction is essential for the polarization of macrophages into the M1
phenotype (Mills et al., 2000). The expression of M1 marker proteins,
such as low affinity IgG Fcy receptor II/III (CD16/32), CD86, and major
histocompatibility complex II (MHCII), is up-regulated to allow for
antigen presentation and crosstalk with other cells (Taylor et al., 2005).
M1 macrophages have the ability to produce reactive nitrogen species
using nitric oxide synthase, which inactivates ion channels, damages
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DNA, and nitrates tyrosine residues that potentially inactivate enzymes
and signal transduction (Bagasra et al., 1995; Murphy, 2000).

Another phenotype of activated macrophages is M2, which ex-
presses mediators or receptors to down-regulate, repair, or protect the
body from inflammation (Mantovani et al., 2004). M2 macrophages
more strongly express mannose receptor C type 1 (CD206), chitinase-
like 3 (Ym1), and arginase 1. Arginase 1 outcompetes the inducible
function of nitric oxide synthase by attenuating the production of nitric
oxide (Mantovani et al., 2004; Cherry et al., 2014). However, recent
studies proposed that the M1/M2 categories have some limitations for
their application to microglia (Martinez and Gordon, 2014; Randsohoff,
2016). The M1/M2 definitions are derived from data obtained when
isolated macrophages were exposed to a simple stimulation in vitro.
Furthermore, microglia in diseased brains often express the M1 and M2
marker proteins, and the states of microglia may not be isolated based
on the M1 or M2 phenotype. In addition, the implication of the M1/M2
hypothesis is that macrophages clonally proliferate to maintain the M1
or M2 phenotype; however, there is currently no evidence to support
this.

Previous studies demonstrated that microglia comprise diverse
phenotypes rather than a uniform cell population in a manner that
depends on brain regions under physiologically healthy conditions
(Hanisch and Kettenmann, 2007; Gertig and Hanisch, 2014). Microglia
display the region-dependent diversity of protein expression among
brain regions (de Haas et al., 2008; Grabert et al., 2016). Microglia in
the subventricular zone (SVZ) of adult mice are maintained in the ac-
tivated state based on their semi-amoeboid morphology and stronger
expression of CD45 and CD11b (Goings et al., 2006). Microglia in the
SVZ exhibit stronger proliferative activity than those in other brain
regions both in vivo (Goings et al., 2006) and in vitro (Marshall et al.,
2008). Moreover, cultured microglia isolated from the SVZ have a
higher proliferative capability and more sustained neurogenic niche
than those in non-neurogenic brain regions (Marshall et al., 2014).
Hippocampal and cerebellar microglia have higher ATP-producing ca-
pacity through the TCA cycle and the electron transport chain than
other microglia in the brain (Grabert et al., 2016). Collectively, these
findings indicate that the global gene expression profiles and functions
of adult microglia in the healthy normal brain are regionally hetero-
geneous.

The adult brain vasculature generally has a blood-brain barrier
(BBB) that prevents the free entry of water-soluble molecules into the
brain parenchyma (Daneman and Barres, 2005; Daneman et al., 2010).
Brain regions located around the third and fourth ventricles are named
the circumventricular organs (CVOs) (Hofer, 1958) and are referred to
as the “windows of the brain” (Gross and Weindl, 1987) (Fig. 1) be-
cause the vasculature of the CVOs lacks the BBB and allows the entry of

Fig. 1. Schematic illustration showing the location of the CVOs in the adult rodent brain.
Insets indicate that the CVOs are characterized by dense and thick capillaries (green) and
surrounding dense astrocyte networks (red). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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blood-derived molecules or secretion of brain-synthesizing neuropep-
tides (Miyata and Morita, 2011; Mannari et al., 2013; Morita
and Miyata, 2012; Mannari et al., 2016; Miyata, 2015, 2017). The CVOs
comprise the organum vasculosum of the lamina terminalis (OVLT),
subfornical organ (SFO), median eminence (ME), and area postrema
(AP) (Siso et al., 2010; Mimee et al., 2013; Miyata, 2015). The CVOs are
important brain regions for the initiation of neuroinflammatory re-
sponses in the brain because circulating LPS and/or cytokines induce
the faster transcriptional activation of genes that encode a wide number
of proinflammatory molecules in the CVOs (Quan et al., 1997; Rummel
et al., 2005; Yoshida et al., 2016). Moreover, the CVOs show dynamic
structural reconstruction such as neurogenesis and gliogenesis (Hourai
and Miyata, 2013; Furube et al., 2015) as well as angiogenesis (Morita
et al., 2013, 2015; Furube et al., 2014). The CVOs have been suggested
to play roles in many pathological conditions in humans such as sepsis,
stress, the neuroinvasion of parasites, autoimmune encephalitis, and
systemic amyloidosis (Siso et al., 2010, 2012; Kristensson et al., 2013)
because they are critically involved in most autonomic and endocrine
regulatory pathways and lack the BBB.

Although microglia are presumed to participate in the reconstruc-
tion of cellular components by gliogenesis, neurogenesis, and angio-
genesis as well as the removal of blood-derived molecules in the CVOs
based on their functions, microglia in the CVOs have not yet been
characterized. Therefore, we herein aimed to elucidate whether mi-
croglia in the CVOs of adult mice are continuously activated without
any pathological stimulation. Microglia in the CVOs displayed the ac-
tivated amoeboid form, even under physiologically healthy conditions.
Moreover, microglia in the CVOs expressed high levels of the M1
markers CD16/32 and CD86 and M2 markers CD206 and Yml. It is
important to note that microglia expressing M1 and M2 marker proteins
often localized in close contact with the vasculature and neural stem
cells (NSCs)/progenitor cells (PCs). Thus, the present results indicate
that microglia in the CVOs of adult mice are continuously maintained in
their activated state under physiologically healthy conditions.

2. Materials and methods
2.1. Animals

Adult male mice (C57BL/6J) aged 8-12 weeks were used in the
present experiments. In some experiments, we used Nestin-CreERT2/
CAG-CAT'**P/"*P_EGFP mice. Nestin-CreERT2 mice (Okada et al., 2006)
were crossed with CAGCAT /P _EGFP mice (Kawamoto et al., 2000)
to obtain Nestin-CreERT2/CAG-CAT*®/P_ EGFP animals. Nestin-
CreERT2/CAG-CAT?/"*P EGFP mice received the single
traperitoneal administration of tamoxifen (180 mg/kg; Toronto Re-
search Chemicals, Ontario, Canada) and were fixed 14 days after the
final administration of tamoxifen. Animals were housed two per cage in
a colony room with a 12-h light/dark cycle and given ad libitum access
to commercial chow and tap water. Animal care and experiments were
performed in accordance with the Guidelines laid down by the NIH and
the Guidelines for the Proper Conduct of Animal Experiments Science
Council of Japan. The experimental protocol was approved by the
Animal Ethics Experimental Committee of the Kyoto Institute of Tech-
nology.

in-

2.2. Antibodies and reagents

The following primary antibodies were used in the present experi-
ments: rat IgG against mouse CD11b (clone 5C6, BIO-RAD, dilution
1:10,000), mouse CD86 (clone GL1, BD Pharmingen; dilution 1:200),
mouse CD16/32 (clone 2.4G2, BD Pharmingen; dilution 1:400), and
recombinant mouse Yml (clone#281926, R&D Systems; dilution
1:800); rabbit IgG against synthetic peptides corresponding to the C
terminus of ionized calcium-binding adaptor molecule 1 (Ibal: 019-
19741, Wako Chemicals, Osaka, Japan; dilution 1:800), and green



S. Takagi et al.

Journal of Neuroimmunology 331 (2019) 74-86

Fig. 2. Confocal images of PU.1, Ibal, and CD11b im-
munohistochemistries showing microglia/macrophages in
the normal adult mouse brain. a-p; Double labeling im-
munohistochemistry revealed that PU.1" nuclei were un-
exceptionally observed at Ibal * microglia/macrophages in
adult mouse brains. The density of PU.1" Ibal* microglia/
macrophages was greater in the CVOs than in the other
regions. q-X, q’-x’; Double labeling
munohistochemistry showed the colocalization of CD11b
and Ibal. The immunoreactivity of CD11b was visible at
the distal and core cellular processes of microglia, whereas
that of Ibal was mainly detected at core cellular processes.
Scale bars = 50 (a) and 10 (q) pm.

brain im-
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fluorescent protein (GFP: A6455, Molecular Probes; dilution 1: 1000);
mouse IgG amino acids 25-63 near the N terminus of mouse PU.1 (sc-
390,405, Santa Cruz dilution 1:200); goat IgG against amino acids
19-1388 of recombinant CD206 (AF2535, R&D systems, dilution
1:400); guinea pig antibody against CX3CR1 (KIT—H27, dilution 1:800;
Furube et al., 2017), and laminin (IM-2011, dilution 1:200; Imamura
et al., 2010). In nuclear staining, sections were incubated with 4’,6-
diamidino-2-phenylindole (DAPI; 1pg/ml; Dojindo, Kumamoto,
Japan).
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2.3. Light microscopic immunohistochemistry

After deep anesthesia with urethane, mice were perfused transcar-
dially with phosphate-buffered saline (PBS; pH 7.2) containing 0.1%
trisodium citrate dihydrate followed by 4% paraformaldehyde (PFA) in
0.1 M phosphate buffer (PB, pH 7.4). After perfusion of the fixative,
brains were dissected out, postfixed in 4% PFA in 0.1 M PB (pH 7.2) at
4 °C for 24 h, cryoprotected by 30% sucrose in PBS, and frozen quickly
in Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan).
Sections were obtained by coronal slices on a cryostat (Leica, Wetzlar,
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Germany) at a thickness of 30 um. In single and double labeling im-
munohistochemistry, a standard immunofluorescence technique was
performed on free-floating sections according to our previous study
(Hourai and Miyata, 2013). In brief, sections were washed with PBS and
treated with 25 mM glycine in PBS for 20 min to quench remaining
aldehyde residues. Sections were pretreated with 5% normal goat or
horse serum in PBS containing 0.3% Triton X-100 (PBST) at 4 °C for
24 h to reduce the non-specific binding of IgG, and then incubated with
the primary antibody at 4 °C for 48-72 h. They were then treated with
Alexa488- or Alexa594-conjugated IgG (Jackson ImmunoResearch La-
boratories, West Grove, PA; dilution 1:400) against rat, rabbit, goat, or
guinea pig IgG in PBST containing normal serum for 2 h. In the case of
the mouse primary antibody, sections were pretreated with an un-
labeled goat Fab fragment against mouse IgG (Jackson Im-
munoResearch; dilution 1:400) for 2 h to mask endogenous mouse IgG-
like proteins, and Alexa488-conjugated goat F(ab)2 against mouse IgG
was used (Jackson ImmunoResearch; dilution 1:100) to avoid the non-
specific binding of endogenous mouse Fc receptors. The
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Fig. 3. Confocal images of CD11b immunohistochemistry
revealing a unique microglial morphology in the CVOs of
the normal adult mouse. a-d; Double labeling im-
munohistochemistry for CD11b and laminin distinguished
microglia (open arrowheads) existing in the brain par-
enchyma from macrophages (solid arrowheads) in the la-
minin® perivascular space in the CVOs. e-t; The mor-
phology of CD11b* microglia in the CVOs was the
amoeboid type, which had less dendritic and shorter cel-
lular processes. On the other hand, the morphology of
CD11b* microglia in other brain regions was the ramified
form, which had dendritic and long cellular processes. Scale
bars = 50 (a) and 10 (e) pm.

immunoreactivity of M1 and M2 proteins was not detected when the
primary antibody was omitted.

Coverslips were sealed with Vectashield (Vector Labs, Burlingame,
CA) and observations were performed using laser-scanning confocal
microscopes (Fluoview, FV10i, OLYMPUS, Tokyo, Japan and TCS SP2
AOBS, Leica, Wetzlar, Germany). Images (1024 X 1024 pixels) were
saved as TIF files by employing Olympus FV10-ASW Ver 1.7 Viewer or
Leica Application Suite Advanced Fluorescence Lite 2.6.3 build 8173
and arranged using Photoshop 7.0.

2.4. Quantitative and statistical analyses

We analyzed at least 5 sections per animal in the OVLT and at least 8
sections per animal in the SFO, ME, AP, median preoptic nucleus
(MnPO), medial preoptic area (MPA), preoptic area (POA), ventral
hippocampal commissure (vhc), fimbria (fi), arcuate hypothalamic
nucleus (Arc), ventromedial hypothalamic nucleus (VMH), nucleus of
the solitary tract (Sol), hypoglossal nucleus (12 N), dorsal motor
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nucleus of the vagus (10N), cerebral cortex (Cx), and dentate gyrus
(DG). In the quantitative analysis, confocal images were obtained under
the same pinhole size, brightness, and contrast setting. We saved images
(1024 x 1024 pixels) as TIF files by employing Olympus FV10-ASW
Ver 1.7 Viewer or Leica Application Suite Advanced Fluorescence Lite
2.6.3 build 8173 and arranged using Photoshop 7.0. Leica Application
Suite Advanced Fluorescence Lite 2.6.3 build 8173 was used to generate
the metric analysis of the total length of microglial processes and total
number of microglial processes. The number of PU.1-labeled nuclei in
Ibal-positive microglia and the area of CX3CR1-positive microglia,
CD16/32-, CD86-, CD206-, and Ym-1-positive microglia/macrophages
were measured using WinRoof, the threshold intensity of which was set
to include measurement profiles by visual inspections and was kept
constant. Data were expressed as the mean = SEM. The significance of
differences was assessed using a significance level of P < 0.05 by
ANOVA with Tukey's post hoc test.

3. Results
3.1. Amoeboid-type microglia in the CVOs

In order to examine the density and morphology of microglia, we
used the microglial/macrophage marker proteins PU.1, Ibal, and
CD11b. Double labeling immunohistochemistry for PU.1 and Ibal
showed that PU.1 ™" nuclei were exclusively present at Ibal * microglia/
macrophages (Fig. 2a-p). The density of Ibal * microglia/macrophages
containing PU.1" nuclei was greater in the CVOs (Fig. 2a-d) than in
other brain regions (Fig. 2e-p). The co-expression of CD11b and Ibal
was observed at microglia in the OVLT (Fig. 2q, q*), SFO (Fig. 2r, r’), ME
(Fig. 2s, s’), AP (Fig. 2t, t’), and other brain regions (Fig. 2u-x and
u’-x"). The CD11b antibody employed had the ability to visualize the
fine cellular processes of microglia, whereas only thick and core cellular
processes were labeled with the Ibal antibody. Collectively, these re-
sults indicate that the CD11b antibody is more useful for visualizing the
fine morphology of microglia than Ibal, whereas the PU.1 and Ibal
antibodies were superior in terms of counting the number of microglia.

Double labeling immunohistochemistry for CD11b and laminin
distinguished CD11b* microglia and macrophages by their localization
to parenchyma and the perivascular space, respectively (Fig. 3a-d).
High magnification views showed that the morphology of CD11b*
microglia in the CVOs was the amoeboid form, even under physiolo-
gically healthy conditions (Fig. 3e-h). The morphology of CD11b*
microglia in other brain regions was the ramified form with well-
branched and long cellular processes (Fig. 3i-t).

The quantitative analysis revealed significant differences in the
densities of PU.1" and Ibal* microglia/macrophages and the mor-
phology of CD11b* microglia between the CVOs and other brain re-
gions (Fig. 4). The density (number/mm?) of microglia/macrophages
was significantly higher in the CVOs (OVLT, 857.4 + 77.9; SFO,
894.5 = 33.8; ME, 1098.5 = 28.3; AP, 1204.0 = 39.8) than in other
brain regions, ranging between 300.2 in the 12N and 628.0 in the
fimbria (Fig. 4a, Supplementary Table 1). The total length (um) of
microglial cellular processes was lower in the CVOs (OVLT,
65.8 = 4.5; SFO, 65.5 + 6.0; ME, 58.2 + 2.2; AP, 63.5 * 6.7) than
in other brain regions (Fig. 4b, Supplementary Table 2). The total
number of microglial cellular processes was lower in the CVOs (OVLT,
6.5 = 0.5; SFO, 6.9 = 0.3; ME, 6.7 = 04; AP, 5.4 = 0.5) than in
other brain regions, ranging between 8.1 in the 12 N and 12.6 in the DG
(Fig. 4c, Supplementary Table 3).

3.2. Strong expression of M1 markers in microglia/macrophages of the
CVOs

In order to clarify whether microglia in the CVOs are functionally
activated, we examined the expression of M1 and M2 marker proteins
in adult mouse brains (Orihuela et al., 2016). We used two M1 marker
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Fig. 4. A quantitative analysis showing brain region-dependent differences in the density
of microglia/macrophages and morphology of microglia in normal adult mouse brains. a;
The number of PU.1" and Ibal* microglia/macrophages was significantly larger in the
CVOs than in other brain regions. b; The total length of the cellular processes of CD11b*
microglia was shorter in the CVOs than in other brain regions. c¢; The total number of
cellular processes of CD11b* microglia was shorter in the CVOs than in other brain re-
gions. Data were expressed as the mean ( + SE) of 4 animals. The statistical analysis by
ANOVA with Tukey's post hoc test is shown in Supplementary Tables 1-3.

proteins; CD16/32 is concerned with phagocytosis and cytotoxicity,
and CD86 is a type I membrane protein that belongs to the im-
munoglobulin superfamily and is responsible for antigen representa-
tion. The strong expression of CD16/32 was observed at microglia/
macrophages in the CVOs (Fig. 5a-a”,c—c”, e-e”, g-g”) and the DG
(Fig. 5i-i”), whereas it was weakly expressed in other brain regions
(Supplementary Fig. 1). CD16/32* microglia often localized close to
the laminin* vasculature in the OVLT, SFO, and AP, while this spatial
association was not clearly observed in the ME or DG (Fig. 5b, d, f, h, j).
CD16/32* macrophages were rarely detected in the laminin™ peri-
vascular space in the OVLT and ME, but were often observed in the SFO
and AP. The quantitative analysis showed that the percentage of the
CD16/32 — /CX3CR1-immunoreactive area was significantly higher in
the OVLT, ME, and AP and may also be greater in the SFO and DG than
in other brain regions (Fig. 5k, Supplementary Table 4). The percentage
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of the CD16/32-/CX3CR1-immunoreactive area was very high in the
ME. The percentage of the CD16/32-immunoreactive microglial area in
the total CD16/32-immunoreactive area was 62.3 * 4.8 in the OVLT,
53.3 = 5.2 in the SFO, 84.5 = 1.1 in the ME, and 60.3 * 4.8 in the
AP.

Another M1 marker, CD86 was also frequently expressed in nearly
25% of microglia/macrophages in the CVOs (Fig. 6a-a”, c—c”, e—e”,
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Fig. 5. Strong expression of the M1 marker, CD16/32, by
microglia/macrophages in the CVOs and the DG of normal
adult mouse brains. a-a”, c—c”, e—e”, g-g”, i-i”; A large
number of CD16/32-immunoreactive CX3CR1* microglia/
macrophages (open arrowheads) were noted in the CVOs
and the DG. b, d, f, h, j; The expression of CD16/32 was
observed at parenchymal microglia (open arrowheads) and
perivascular macrophages (solid arrowheads) in the CVOs
and the DG. Scale bar = 50 pm. k; The quantitative mor-
phometric analysis showed that the percentage of the
CD16/32-immunoreactive area in CX3CR1* microglia/
macrophages was markedly higher in the CVOs than in
other brain regions. Data were expressed as the mean
( = SE) of 4 animals. The statistical analysis by ANOVA
with Tukey's post hoc test is shown in Supplementary
Table 4.

> &S o

g-g”), while it expression was negligible in other brain regions (Sup-
plementary Fig. 2). A few CD86" microglia localized close to the la-
minin® vasculature in the OVLT, SFO, and AP, while this spatial as-
sociation was not clearly observed in the ME (Fig. 6b, d, f, h). CD86™
macrophages were also detected at the laminin™ perivascular space in
the CVOs. The quantitative analysis showed that the percentage of the
CD86-/CX3CR1-immunoreactive area was significantly higher in the
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CVOs than in other brain regions (Fig. 6e, Supplementary Table 5). The
percentage of the CD86-immunoreactive microglial area in the total
CD86-immunoreactive area was 61.1 * 8.2 in the OVLT, 70.0 = 5.4
in the SFO, 57.7 + 5.3 in the ME, and 55.1 #* 11.1 in the AP.

3.3. Strong expression of M2 markers in microglia/macrophages of the
CVOs

We also used two M2 type proteins; CD206 mediates the endocytosis
of glycoproteins and Ym1 exhibits binding activity to chitin or gluco-
samine, but lacks chitinolytic activity. Similar to the M1 marker, the
strong expression of CD206 was observed in nearly 25% of microglia/
macrophages in the CVOs (Fig. 7a-a”, c—c”, e—e”, g-g”), whereas its
expression was negligible in other brain regions (Supplementary Fig. 3).
CD206" macrophages were often observed at the laminin™

80

Journal of Neuroimmunology 331 (2019) 74-86

Fig. 6. Strong expression of the M1 marker, CD86, at mi-
croglia/macrophages in the CVOs of normal adult mouse
brains. a-a”, c—c”, e-e”, g-g”; A large number of CD86-
immunoreactive CX3CR1™* microglia/macrophages (open
arrowheads) were noted in the CVOs. b, d, f, h; The ex-
pression of CD86 was observed at parenchymal microglia
(open arrowheads) and perivascular macrophages (solid
arrowheads). Scale bar = 50 um. i; The quantitative mor-
phometric analysis showed that the percentage of the
CD86-immunoreactive area in CX3CR1" microglial/mac-
rophages was significantly larger in the CVOs than in other
brain regions. Data were expressed as the mean ( = SE) of 4
animals. The statistical analysis by ANOVA with Tukey's
post hoc test is shown in Supplementary Table 5.

perivascular space in the CVOs (Fig. 7b, d, f, h). CD206* microglia
sometimes localized close to the laminin* vasculature in the CVOs. The
quantitative analysis showed that the percentage of the CD206-/
CX3CR1-immunoreactive area was significantly higher in the CVOs
than in other brain regions (Fig. 7i, Supplementary Table 6). The per-
centage of the CD206-immunoreactive microglial area in the total
CD206-immunoreactive area was 42.0 + 3.3 in the OVLT, 19.2 + 3.7
in the SFO, 28.3 + 4.8 in the ME, and 33.4 = 5.2 in the AP.
Another M2 marker, Ym1 was expressed by microglia/macrophages
in the CVOs (Fig. 8a-a”, c-c”, e—e”, g-g”). However, Ym1* microglia/
macrophages were also observed in the DG (Fig. 8i-i”) and brain re-
gions neighboring the CVOs such as the vhe, Arc, Sol, and 10 N (Sup-
plementary Fig. 4). The expression of Ym1 was weak in brain regions
distant from the CVOs (Supplementary Fig. 5). Most Ym1™ microglia
localized close to the laminin™ vasculature in the OVLT, SFO, and AP
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Fig. 7. Strong expression of the M2 marker, CD206, at
microglia/macrophages in the CVOs of normal adult mouse
brains. a-a”, c—c”, e-e”, g-g”; A large number of CD206-
immunoreactive CX3CR1™* microglia/macrophages (open
arrowheads) were observed in the CVOs. b, d, f, h; The
expression of CD206 was detected at parenchymal micro-
glia (open arrowheads) and perivascular macrophages
(solid arrowheads). Scale bar = 50 um. i; The quantitative
morphometric analysis showed that the percentage of the
CD206-immunoreactive area in CX3CR1" microglia/mac-
rophages was significantly larger in the CVOs than in other
brain regions. Data were expressed as the mean ( = SE) of 4
animals. The statistical analysis by ANOVA with Tukey's
post hoc test is shown in Supplementary Table 6.
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(Fig. 8b, d, h), whereas this spatial association was not observed in the
ME or DG (Fig. 8f, j). Ym1™ macrophages were rarely observed at the
laminin™ perivascular space in the CVOs and the DG. The quantitative
analysis showed that the percentage of the Yml-/CX3CR1-im-
munoreactive area was significantly higher in the OVLT and ME than in
the other brain regions, being distant from the CVOs (Fig. 8k, Supple-
mentary Table 7). The percentage of the Yml-/CX3CR1-im-
munoreactive area was also higher in brain regions neighboring the
CVOs such as the vhe, Arc, Sol, and 10 N. The percentage of the Ym1-
immunoreactive microglial area in the total Ym1l-immunoreactive area
was 98.3 = 1.3 in the OVLT, 90.4 = 5.8 in the SFO, 95.2 + 1.5 in
the ME, and 91.5 *= 4.4 in the AP.
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3.4. Spatial relationship between microglia and NSCs/PCs

We then examined the spatial association between microglia and
NSCs/PCs. We used Nestin-CreERT2/CAG-CAT**/"*P_EGFP to visualize
NSCs and PCs. We found that CD11b™* microglia were in close contact
or engulfed GFP-expressing neural precursor cells/PCs (Fig. 9).

4. Discussion

The novel result of the present study is that microglia in the CVOs
are maintained in their activated state, even under physiologically
healthy conditions. This is supported by evidence showing that the
morphology of microglia in the CVOs is the amoeboid form rather than
the ramified form and also that the expression of M1 and M2 marker
proteins is markedly stronger in the CVOs than in other brain regions.
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The continuous activation of microglia in the CVOs may be responsible
for tissue reorganization by NSCs/PCs and angiogenesis and/or the
homeostasis of microenvironments in an attempt to protect the par-
enchyma from blood-derived toxic molecules.

The present results showed that the total length and number of
microglial cellular processes was significantly smaller in the CVOs than
in other brain regions, indicating that the microglial morphology of the
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Fig. 8. Strong expression of the M2 marker, Ym1, at mi-
croglia/macrophages in the CVOs and the DG of normal
adult mouse brains. a-a”, c—c”, e—e”, g-g”, i-i”; A large
number of Yml-immunoreactive CX3CR1* microglia/
macrophages (open arrowheads) were observed in the
CVOs and the DG. b, d, f, h, j; The expression of Ym1 was
detected at parenchymal microglia (open arrowheads), but
not at perivascular macrophages (solid arrowheads) in the
CVOs and the DG. Scale bar = 50 um. k; The quantitative
morphometric analysis showed that the percentage of the
Yml-immunoreactive area in CX3CR1* microglia was
higher in the CVOs and their neighboring brain regions.
Data were expressed as the mean ( + SE) of 4 animals. The
statistical analysis by ANOVA with Tukey's post hoc test is
shown in Supplementary Table 7.
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CVOs is the amoeboid type. Microglia ramify and extend their cellular
processes and continuously survey their microenvironment for poten-
tial threats under physiologically healthy conditions by moving their
thin, highly branched processes, and have the ability to change into the
activated amoeboid morphology in response to pathophysiological
brain insults (Gordon, 2003; Ransohoff and Perry, 2009; Brown and
Neher, 2014; Hanisch and Kettenmann, 2007). Activated microglia
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assume their amoeboid morphology with the decreased motility of
cellular processes upon pathological stimuli (Orr et al., 2009). Changes
in the microglial morphology correspond to an increase in phagocytotic
activity and/or inflammatory cytokine production (Perry et al., 2010;
Morrison and Filosa, 2013). In addition to the amoeboid morphology,
the present study revealed that microglia in the CVOs expressed high
levels of the activated microglia markers, M1 and M2 proteins; the
expression of these marker proteins was prominent in diseased brains,
but negligible in non-diseased brains. The expression of the M1 mar-
kers, CD16/32 and CD86 and M2 markers, CD206 and Yml was
markedly stronger in the CVOs than in other brain regions. Thus, mi-
croglia in the CVOs are continuously activated based on the amoeboid
morphology and the strong expression of activated marker proteins,
even though animals were healthy and kept under normal conditions.

The reasons why microglia in the CVOs are continuously activated
currently remain unclear. In the present study, CD16/32, CD86, CD206,
and Ym1-expressing microglia were often found to be in close contact
with fenestrated capillaries. This result suggests that activated micro-
glia are closely involved in the vascular permeability and/or dynamics
of fenestrated capillaries. The CVOs lack the BBB or endothelial tight
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Fig. 9. Spatial association between microglia and neural
stem/progenitor cells in the CVOs of normal brains of
Nestin-CreERT2/CAG-CAT**/"*.EGFP mice. CD11b*
microglia were in close contact with EGFP-expressing
NSPCs (arrowheads). Scale bar = 10 pm.

junctions and allow the entry of blood-derived molecules into the
parenchyma as well as the secretion of brain-derived bioactive mole-
cules into the circulation (Morita and Miyata, 2012, 2013; Morita et al.,
2016). A previous study reported that a large amount of blood-derived
IgG enters the parenchyma in the CVOs by crossing over fenestrated
capillaries (Natah et al., 2005). CD16/32 is a Fc receptor that cross links
with monomeric IgG and mediates phagocytosis against antibody-
coated pathogens and soluble proteins (Swanson and Hoppe, 2004;
Nimmerjahn and Ravetch, 2008). The recognition of antigens by MHCII
and the stimulation of its co-stimulatory factor CD86 are responsible for
antigen presentation and subsequent T cell proliferation, differentia-
tion, and cytokine secretion (Medzhitov, 2001). CD206 on macrophages
mediates the recognition and binding of the mannosylated carbohy-
drates of various pathogens, leading to the endocytosis of pathogens
(Régnier-Vigouroux, 2003). Based on the functions of these M1 and M2
marker proteins and entry of blood-derived molecules, activated mi-
croglia may phagocytize neurotoxic blood-derived molecules or cells in
order to maintain the parenchymal microenvironment in the CVOs.
Another possible functional role of activated microglia is their in-
volvement in the structural dynamics of the CVOs. We recently
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demonstrated the presence of continuous angiogenesis with the pro-
liferation and apoptosis of endothelial cells in the CVOs (Morita et al.,
2013, 2016; Furube et al., 2014). Conditioned medium obtained from
resting microglia inhibited the proliferation of brain endothelial cells,
while that from activated microglia promoted it (Welser et al., 2010).
The activation of microglia has been shown to increase the density of
vascular branching in the retina (Biswas et al., 2017). Microglia often
localize in close contact with developing blood vessels and a lack of
microglia reduces the numbers of vascular branches in the retina
(Kubota et al., 2009; Rymo et al., 2011). Thus, activated microglia may
control the proliferation of endothelial cells and/or removal of apop-
totic endothelial cells.

In the CVOs, NSCs have been reported to mainly differentiate into
oligodendrocyte PCs (Furube et al., 2015). In the present study, we
found that microglia in Nestin-CreERT2/CAG-CAT**/"*P_EGFP mice
sometimes engulfed GFP-expressing NSCs/PCs. Neurogenesis and oli-
godendrogenesis are both blocked by endotoxin-activated microglia,
but are induced by microglia activated by the cytokines interleukin-4 or
interferon-y, indicating that the microglial phenotype critically affects
their ability to support renewal from adult NSCs/PCs (Butovsky et al.,
2006). Activated microglia in the SVZ of developing brains significantly
promote neurogenesis and oligodendrogenesis, together with the pro-
duction of a number of proinflammatory cytokines (Shigemoto-Mogami
et al., 2014). Microglia in the SVZ of the adult mouse brain have been
reported to express phosphorylated signal transducer and activator of
transcription 6, release a distinct set of cytokines, and play a crucial role
in the survival and migration of neural PCs (NPCs) (Ribeiro Xavier
et al., 2015). In a model of experimental autoimmune en-
cephalomyelitis, NSCs were activated and initiated regeneration in
order to supply new oligodendrocytes during acute disease, but lost this
regenerating ability during chronic phases; however, the inhibition of
microglia with a minocycline treatment improved the proliferation of
NSCs and oligodendrocyte PCs originating in the SVZ as well as their
differentiation into mature oligodendrocytes (Muzio et al., 2010;
Rasmussen et al., 2011). Previous in vitro studies demonstrated that the
differentiation of NPCs in the supernatant of M1 microglia resulted in
neurogenesis, while exposure to M2 supernatants led to oligoden-
drogenesis (Butovsky et al., 2006; Yuan et al., 2017). In the present
study, microglia in the DG expressed high levels of CD16/32 and Ym1;
however, the morphology of the DG was in the ramified form. Ym1 is a
novel mammalian lectin that exhibits pH-dependent, specific affinity
towards glucosamine oligomers and heparin (Sun et al., 2001). Ym1 is
also known to alert the immune system to damage via the interleukin-1-
mediated activation of interleukin-17-producing T cells (Sutherland
et al., 2014). Most newborn NPCs undergo apoptosis in the first one to
four days after differentiation into NPCs and are cleared through pha-
gocytosis by microglia in the DG (Sierra et al., 2010). Microglia also
control the number of NPCs (Mosher et al., 2012; Cunningham et al.,
2013; Nikolakopoulou et al., 2013). The close interaction between
NSCs, PCs, and the vasculature indicates glial and NPC interactions in
the perivascular niche (Goldman and Chen, 2011). The present result
showing that M1 and M2 marker-expressing microglia were likely to
closely localize with fenestrated capillaries supports this possibility.
Thus, activated microglia may play a role in the control of oligoden-
drogenesis and neurogenesis by acting NSCs and/or their PCs.

In the present study, we also found that a large number of macro-
phages in the perivascular space expressed the M1 markers, C16/32 and
CD86, and M2 marker, CD206, but did not express the M2 marker,
Yml. A previous study reported that CD163-expressing macrophages in
the perivascular space sequestered dextran 10 kDa (molecular weight
10,000) in the AP within 5 min of the administration of the fluorescent
tracer (Willis et al., 2007). Perivascular macrophages in the pineal
gland, which has been classified as a CVO and lacks the BBB, express
the M1 marker, MHCII and exhibit phagocytotic activity (Kaur et al.,
1997; Mgller et al., 2006). Virchow-Robin perivascular spaces surround
the walls of arteries, arterioles, veins, and venules as they course from
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the subarachnoid space through the brain parenchyma (Robin, 1859).
Macrophages in Virchow-Robin perivascular spaces express high levels
of the M1 marker, MHCII, and exhibit strong phagocytotic activity
(Bechmann and Nitsch, 1997; Bechmann et al., 2001a). Moreover, the
rapid replacement of macrophages in Virchow-Robin perivascular
spaces has been reported in adult mice using transplants of GFP-
transfected bone marrow cells (Bechmann et al., 2001b). Peripheral
macrophages may have dendritic cell-like functions because they leave
perivascular spaces via the bloodstream in order to reach peripheral
lymphatic organs (KoEsel et al., 1997). Thus, macrophages in the
perivascular spaces of the CVOs may exhibit phagocytotic and antigen-
presenting activities.
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