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Neurobiology of Disease

Rod-Shaped Monocytes Patrol the Brain Vasculature and
Give Rise to Perivascular Macrophages under the Influence
of Proinflammatory Cytokines and Angiopoietin-2

Julie Audoy-Rémus,' Jean-Frangois Richard,' Denis Soulet,> Hong Zhou,’ Paul Kubes,? and Luc Vallieres'

Department of Oncology and Molecular Endocrinology, Laval University Hospital Research Center, Quebec City, Quebec, Canada G1V 4G2, *Neuronal
Survival Unit, Department of Experimental Medical Science, Wallenberg Neuroscience Center, Lund University, 221 84 Lund, Sweden, and *Immunology
Research Group, Department of Physiology and Biophysics, Faculty of Medicine, University of Calgary, Calgary, Alberta, Canada T2N 4N1

The nervous system is constantly infiltrated by blood-derived sentinels known as perivascular macrophages. Their immediate precursors
have not yet been identified in situ and the mechanism that governs their recruitment is mostly unknown. Here, we provide evidence that
CD68 "GR1 ~ monocytes can give rise to perivascular macrophages in mice suffering from endotoxemia. After adhesion to the endothe-
lium, these monocytes start to crawl, adopt a rod-shaped morphology when passing through capillaries, and can manifest the ability to
proliferate and form a long cytoplasmic protuberance. They are attracted in greater numbers during endotoxemia by a combination of
vasoregulatory molecules, including TNF (tumor necrosis factor), interleukin-13, and angiopoietin-2. After a period of several hours,
some of them cross the endothelium to expand the population of perivascular macrophages. Depletion of adherent monocytes and
perivascular macrophages can be achieved by injection of anti-angiopoietin-2 peptide-Fc fusion protein. This study extends our under-
standing of the behavior of monocytes at the blood- brain interface and provides a way to block their infiltration into the nervous tissue

under inflammatory conditions.
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Introduction

The CNS contains different populations of monocytic cells, no-
tably microglia and perivascular macrophages. Although these
cells have a common origin, they differ in terms of morphology,
anatomical location, molecular phenotype, and function. As
their name suggests, perivascular macrophages are situated in the
perivascular space, between the basal lamina and glia limitans
(Graeber et al., 1989; Vallieres and Sawchenko, 2003). They have
an elongated or ameboid morphology depending on the caliber
of the vessel on which they reside (Vallieres and Sawchenko,
2003). In contrast, microglia are highly ramified and distributed
almost evenly throughout the parenchyma. Immunophenotypi-
cally, perivascular macrophages are distinguished from microglia
by the presence of high levels of CD163 and CD45 on their surface
(Graeber et al., 1989; Sedgwick et al., 1991). They are believed to
be active phagocytes involved in immune surveillance and anti-
gen presentation, as suggested by their ability to take up foreign
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particles and to express MHC (major histocompatibility com-
plex) class IT and costimulatory molecules (Williams et al., 2001).
In contrast, microglia are considered “resting” cells that need to
be activated to manifest their full potential. This functional dif-
ference may explain why perivascular macrophages are continu-
ously replenished by circulating monocytes, whereas microglia
turn over very slowly, if at all, under normal conditions (Matsu-
moto and Fujiwara, 1987; Hickey and Kimura, 1988; Hickey et
al., 1992; Lassmann et al., 1993; Bechmann et al., 2001a,b; Val-
lieres and Sawchenko, 2003). Nevertheless, a significant number
of microglia can be replaced by monocytes in response to injury
or disease (Popovich and Hickey, 2001; Priller et al., 2001; Mc-
Mahon et al., 2002; Kokovay and Cunningham, 2005; Ladeby et
al., 2005; Schilling et al., 2005; Simard et al., 2006; Remington et
al., 2007). Note that perivascular macrophages should not be
confused with pericytes, which do not express CD45 and are
embedded within the basal lamina (Guillemin and Brew, 2004).

Although microglia and perivascular macrophages serve to
protect the nervous tissue, they can be detrimental in certain
circumstances. For example, they play effector and regulatory
roles in the pathogenesis of multiple sclerosis by presenting anti-
gens to T-lymphocytes and secreting proinflammatory and cyto-
toxic molecules (Platten and Steinman, 2005). Moreover, they
can provide a route of entry for viruses such as HIV (human
immunodeficiency virus), leading to encephalitis and neurolog-
ical complications (Gonzalez-Scarano and Martin-Garcia, 2005).
Unfortunately, there is no way at present to selectively block the
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traffic of monocytes across the blood—
brain barrier for therapeutic purposes, but
this possibility may emerge from a better
understanding of the mechanisms that
govern adhesion of monocytes to the cere-
bral vasculature, their migration across the
endothelium, and their maturation to
macrophages. To study such processes, it
would be useful to be able to identify in situ
the immediate precursors of cerebral mac-
rophages to allow direct examination,
which is currently not possible.

Using bone marrow chimeric mice, we
previously identified a small population of
rod-shaped leukocytes firmly attached to
the luminal surface of cerebral capillaries
(Vallieres and Sawchenko, 2003). To our
knowledge, this population of leukocytes
has never been described previously. The
only information available about their
phenotype is that they express the hemato-
poietic cell marker CD45, but not the mac-
rophage marker Ibal. Here, we provide ev-
idence that these cells comprise the
precursors of perivascular macrophages,
and that their recruitment in the brain is
enhanced during endotoxemia by a mo-
lecular cascade involving classical proin-
flammatory cytokines and the vascular
destabilization factor angiopoietin-2
(Angpt2). In the adult, the latter is gen-
erally expressed in pathological condi-
tions by endothelial cells and acts in an
autocrine manner by antagonizing the
Angpt1-Tie2 signaling pathway (Fiedler
and Augustin, 2006).

Materials and Methods

Animals. C57BL/6 mice, purchased from
Charles River Laboratories, were acclimated for
at least 1 week before use. C57BL/6 mice defi-
cient in tumor necrosis factor (TNF) and/or
interleukin-1p (IL-1), or expressing green flu-
orescent protein (GFP) under the control of the
chicken B-actin promoter, were generated from
breeders originally obtained from The Jackson
Laboratory. Genotypes were confirmed by PCR
as described previously (Turrin and Rivest,
2006). All experiments were performed on males
aged 2-3 months in accordance with the guide-
lines of the Canadian Council on Animal Care.

Generation of chimeric mice. Mice were ex-
posed to 10 Gy of ionizing radiation and in-
jected with 15 X 10° bone marrow cells ob-
tained from syngeneic GFP mice as described
previously (Villeneuve et al., 2005). They were
allowed to recover for at least 1 month before
being used for experimentation.

Intraperitoneal injection of lipopolysaccharide. Lipopolysaccharide
(LPS) from Escherichia coli O55:B5 (Sigma-Aldrich) was dissolved in
pyrogen-free saline and injected intraperitoneally at a dose of 1 mg/kg.
Control mice were treated identically, except that LPS was substituted by
saline.

Intracerebral injection of TNF. Mice were anesthetized and immobi-
lized in a stereotaxic frame. A midline incision was made on the scalp,

Figure 1.
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CD163

Stabilin-1

Phenotype of rod-shaped leukocytes attached to the luminal surface of cerebral capillaries. a— ¢, Confocal images
showing GFP * leukocytes (green; arrows) immunostained for CD11b, (D68, or GR1 (red) in the brain of a chimeric mouse. These
cells exhibited a polarized shape typical of migrating cells. Arrowhead, Microglia. Scale bar: a-¢, 5 wm. d, Monocyte with a
DAPI-stained monolobed nucleus (red, false color) that was positive for (D68 (data not shown). See supplemental Movie 1, left
panel (available at www.jneurosci.org as supplemental material), for a three-dimensional reconstruction of this cell. Scale bar: d,
e, 1 um. e, Granulocyte with a multilobed nucleus that was positive for GR1 (data not shown). See supplemental Movie 1, right
panel (available at www.jneurosci.org as supplemental material), for a three-dimensional reconstruction. f- h, Light micro-
graphs of leukocytes stained for F4/80, (D163, or stabilin-1 by immunohistochemistry. Scale bar: £~ h, 10 m.

followed by a circular craniotomy over the right hemisphere, 1.7 mm
lateral and 1 mm rostral from bregma. After removal of the dura mater, a
28 gauge stainless-steel cannula (Plastics One) connected to a 5 ul Ham-
ilton syringe by polyethylene tubing was advanced into the caudoputa-
men at a depth of 3.5 mm from the skull surface. One microliter of
pyrogen-free saline containing 100 ng of recombinant mouse TNF (R&D
Systems) was injected over 2 min using a micropump. After injection, the
syringe was left in place for 2 min before being withdrawn slowly. Control
mice were treated identically, except that TNF was omitted.
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Figure 2.  LPS increases the number of adherent leukocytes in the brain vasculature. a, b,
Rod-shaped or round leukocyte immunostained for CD45 in the brain of a normal mouse. Scale
bar: a, b, 5 um. ¢, Stereological analysis revealed an increased number of (D45 * adherent
leukocytes in the cerebral cortex of mice killed 6 or 12 h after intraperitoneal injection of LPS (1
mg/kg). *Significantly different from LPS 1h (ANOVA, p = 0.0035). Error bars indicate SEM. d,
A positive correlation was found between the number of rod-shaped leukocytes and that of
round leukocytes (Pearson’s correlation, p << 0.0001, r = 0.87). Each data point represents a
mouse treated with LPS or saline.

Intracerebroventricular injection of L1-10. Mice were anesthetized and
immobilized in a stereotaxic frame. A midline incision was made on the
scalp, followed by a circular craniotomy over the right hemisphere, 1 mm
lateral from bregma. After removal of the dura mater, a 30 gauge
stainless-steel cannula (Brain Infusion Kit 3; Alzet) connected to an os-
motic minipump (model 2001; Alzet) by polyvinylchloride tubing was
advanced into the lateral ventricle at a depth of 3 mm from the skull
surface and fixed with dental cement. The minipump, filled with PBS
containing 4.16 mg/ml L1-10 (kindly provided by Amgen) and primed as
recommended by the manufacturer, was implanted subcutaneously in
the midscapular region. The delivery rate was 1 ul/h or ~4 mg/kg/d.
Control mice were treated identically, except that L1-10 was omitted.

Intravenous injection of L1-10. Twelve hours before and after LPS in-
jection, mice were injected via tail vein with 4 mg/kg L1-10 diluted in
PBS. Control mice were treated identically, except that L1-10 was substi-
tuted by PBS.

Bromodeoxyuridine labeling. Bromodeoxyuridine (BrdU) (Sigma-
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Aldrich) was dissolved in pyrogen-free saline at a concentration of 10
mg/ml. Mice were injected intraperitoneally three times with BrdU (100
mg/kg) at 2 h intervals and killed 2 h after the last injection.

Histological preparation. For all histological analyses except in situ hy-
bridization, mice were transcardially perfused with 10 ml of saline, fol-
lowed by ice-cold 4% paraformaldehyde in phosphate buffer, pH 7.4,
over 10 min. The brains were removed, postfixed for 4 h at 4°C, and then
cryoprotected overnight in 50 mm potassium PBS supplemented with
20% sucrose. Series of sections through the forebrain were cut at 40 um
using a freezing microtome, collected in cryoprotectant (30% ethylene
glycol, 20% glycerol, 50 mm sodium phosphate buffer, pH 7.4), and
stored at —20°C until analysis. For in situ hybridization, the following
modifications were applied: (1) the fixative was dissolved in borate
buffer, pH 9.5, instead of phosphate buffer, (2) the brains were postfixed
for 48 h before overnight cryoprotection in the same fixative supple-
mented with 20% sucrose, and (3) sections were cut at 30 wm.

Immunostaining. Immunohistochemistry and immunofluorescence
were performed as described previously (Vallieres and Sawchenko, 2003)
using the following primary antibodies: rat anti-BrdU (1:5000; Accurate
Chemical), rat anti-CD11b (1:1000; BD Biosciences), rat anti-CD3g (1:
500; Serotec), rat anti-CD31 (1:1000; BD Biosciences), rat anti-CD45
(1:1000; BD Biosciences), rat anti-CD68 (1:2500; Serotec), goat anti-
CD163 (1:1500; Santa Cruz), rat anti-F4/80 (1:500; BD Biosciences),
rabbit anti-GFAP (1:1000; Millipore Bioscience Research Reagents), rab-
bit anti-GFP (1:2000; Millipore Bioscience Research Reagents), rat anti-
GR1 (1:1500; Caltag Laboratories), rabbit anti-Ibal (1:2000; Wako
Chemicals), and goat anti-stabilin-1 (1:3500; Santa Cruz). Fluorescent
sections were counterstained for 1 min with 2 ug/ml diamidinophenylin-
dole (DAPI).

In situ hybridization. Brain sections were analyzed for TNF, IL-1f, or
Angpt2 mRNA by radioisotopic in situ hybridization as described previ-
ously (Nadeau and Rivest, 2003; Villeneuve et al., 2005, 2008). Combined
in situ hybridization and immunohistochemistry was performed accord-
ing to a previously described protocol (Bouchard et al., 2007).

Stereological analyses. For all the analyses described below, systemati-
cally sampled sections (every 10th section) were examined in a blinded
manner using a Stereo Investigator system (MicroBrightField) combined
with a Nikon E800 microscope.

Immunostained cells were counted by the optical fractionator
method. The cerebral cortex (from approximately bregma 1.2 mm to
—0.8 mm inclusively) was traced using a 10X objective and sampled
using a 60X Plan Apochromat oil objective (numerical aperture, 1.4).
The counting parameters were as follows: distance between counting
frames, 300 X 300 um (CD45 * cells) or 250 X 250 um (GFP ™ cells);
frame size, 100 X 100 wm (CD45 * cells) or 140 X 140 um (GFP ™ cells);
frame thickness, 10 um; guard zone thickness, =2 um. Cells were
counted if their body was at least partially within the three-dimensional
counting frame and did not touch the exclusion lines. In general, at least
100 cells were counted per animal. Each count was converted to cell
density taking into account the counting parameters and section
thickness.

Cells positive for Angpt2 mRNA by in situ hybridization were counted
using the fractionator method. The cerebral cortex (from approximately
bregma 1.2 mm to —0.8 mm inclusively) was traced using a 4 X objective
and sampled using a 40X Plan Apochromat objective. The counting
parameters were as follows: distance between counting frames, 450 X 450
wm; frame size, 100 X 100 wm. Cells were counted if the hybridization
signal (cluster of emulsion grains) was at least partially within the two-
dimensional counting frame and did not touch the exclusion lines.

The volume occupied by Angpt2 mRNA © cells was estimated by the
Cavalieri method. Using a 4 X Plan Apochromat objective, a point grid of
150 X 150 wm was overlaid on each section, and the points that fell
within the region of interest were counted. The counts were converted to
volume estimates taking into account sampling frequency, magnifica-
tion, grid size, and section thickness.

Bright-field imaging. Photomicrographs were taken using a Retiga EX
monochrome camera mounted on a Nikon E800 microscope. The im-
ages were adjusted for contrast, brightness, and sharpness using Photo-
shop 7 (Adobe Systems).
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Table 1. Phenotypic characterization of GFP™ leukocytes found in the cerebral vasculature of chimeric mice injected intraperitoneally with LPS or saline (n = 3 per group)

(D68™ (%) GR1™ (%)
Cell subpopulation Saline LPS,6h LPS, 24 h Saline LPS,6h LPS, 24 h
Round leukocytes 76 = 0.7 74 +0.7 79 =0.7 25+19 3719 23+19
Rod-shaped leukocytes 7511 70 = 1.1 74 £1.1 24 +24 24 +24 22 +24

Confocal microscopy. Confocal images were
acquired using an Olympus Fluoview micro-
scope (BX61) by sequential scanning using a
z-separation of 0.1 um. For each fluorochrome,
the upper and lower thresholds were set using
the range indicator to minimize data loss. The
proportion of GFP ™ cells expressing a given
marker was estimated by systematically scan-
ning at least 100 cells per animal.

Three-dimensional reconstruction. Animated
three-dimensional reconstructions of leuko-
cytes were generated from confocal image
stacks using Imaris software, version 4.5 (Bit-
plane). After contrast and brightness adjust-
ment, the stacks were volume rendered using
the IsoSurface function of the Surpass module.
A semitransparent shade was applied to the cy-
toplasm (GFP staining), whereas an opaque
glossy shade was used for the nucleus (DAPI
staining). The objects were exposed to three
light sources and animated with a rotation an-
gle of 360°. The final montages were assembled
in Keynote 3.0.2 (Apple).

Intravital microscopy. Chimeric mice were
anesthetized 6 h after LPS injection with a mix-
ture of xylazine and ketamine (10:200 mg/kg).
After a craniotomy in the right parietal bone,
the dura mater was carefully removed to expose
pial vessels. GFP * leukocytes were imaged ev-
ery 10 s for ~1 h using an Olympus BX51WI
spinning disk confocal microscope with a 20X
water-immersion objective (numeric aperture,
0.95) and Volocity 4 software (Improvision).
The mouse was maintained at 36 = 1°C, and the
brain surface was kept moist with artificial CSF
(132 mm NaCl, 2.95 mm KCI, 1.71 mm CaCl,,
0.64 mm MgCl,, 24.6 mm NaHCO;, 3.71 mm
dextrose, 6.7 mm urea; pH 7.35; 37°C; bubbled
with a mixture of 10% O,, 6% CO,, and 84%
N,).

Organotypic brain slice culture. Chimeric
mice were perfused 6 h after LPS injection with
ice-cold dissection buffer (200 mMm sucrose, 2
mum KCl, 3 mm MgCl,, 1 mm CaCl,, 26 mum
NaHCO;, 1.25 mm NaH,PO,, 10 mm D-glu-

cose; osmolarity adjusted to 298-300 o
mOsmol/L with mannitol; bubbled with a mix-
ture of 95% O, and 5% CO,). The brains were Figure3

quickly collected in dissection buffer and cut
into 300-um-thick coronal sections using a
Leica vibratome. Sections were placed onto
four-chamber slides (Lab-Tek), glued with
MSI-EpidermGlu  (Medisav Services), and
maintained in survival medium (DMEM sup-
plemented with 25% horse serum, 25% HBSS,
100 U/ml penicillin, 100 pg/ml streptomycin) at 37°C in the presence of
5% CO,. GFP " cells were imaged every 5 min for ~9 h using a Nikon
TE2000U microscope and MetaMorph 6.3 software (Molecular
Devices).

Astrocyte isolation. Cerebral cortices of embryonic day 18 mouse em-
bryos were dissected and digested for 15 min at 37°C in HBSS containing

Percentage of
CD45* rod-shaped
leukocytes in division

CD45

Saline LPS

LPS increases the proliferation of rod-shaped leukocytes. a, Confocal images showing a GFP ™ rod-shaped leukocyte
(green; arrow) that was dividing inside the cerebral vasculature (red) in a chimeric mouse. Scale bar, 10 wm. b, ¢, Dividing
leukocytes exhibiting nuclei (red, false color) in telophase. Scale bars, 5 um. d, e, Leukocytes that were labeled with BrdU (red)
during the S-phase of the cell cycle. Scale bars, 5 wm. , Light micrograph of a dividing leukocyte stained for CD45 by immuno-
histochemistry. Scale bar, 5 um. g, Stereological analysis revealed an increase in the number of dividing rod-shaped leukocytesin
the cerebral cortex 6 h after intraperitoneal LPS injection. *Student's ¢ test, p << 0.0001. Error bars indicate SEM.

0.05% trypsin. The resulting suspension was washed in HBSS supple-
mented with 10% heat-inactivated FBS, centrifuged at 1200 rpm for 5
min, filtered through a 75 wm nylon mesh, and centrifuged again at 1500
rpm for 10 min. Cells were cultured in T75 flasks (approximately five
cortices per flask) in DMEM supplemented with 10% FBS, 100 U/ml
penicillin, 100 ug/ml streptomycin, and 1X G5 supplement (Invitro-
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Figure4. Rod-shaped monocytes can cross the cerebral endothelium and extend cytoplasmic processes. a, b, Confocal images
of GFP * monocytes (green; arrows) that seemed to be in the process of migrating through the endothelium (red). Scale bars: a,
5 um; b-g, 10 wm. ¢, Two monocytes, one (arrow) that was located in a capillary and the other (arrowhead) in the parenchyma.
Note that the latter had a polarized shape typical of migrating cells, with a leading edge (bottom) and uropod (top). d-f,
Monocyte-derived perivascular macrophages exhibiting an elongated cell body with cytoplasmic processes. Note the typical
shape of the nucleus in f. g, Monocyte that extended a long cytoplasmic process in a capillary.

gen). At confluence (~7 d), the flasks were vigorously shaken by hand for
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Cell culture. Primary astrocytes and bEnd.3
cerebral endothelial cells (American Type Cul-
ture Collection) were seeded at 1 X 10 cells/
well in six-well plates and grown for 24 h in the
medium described above with or without G5
supplement, respectively. The medium was
then replaced with fresh medium supple-
mented or not with 10 or 100 ng/ml recombi-
nant mouse TNF (R&D Systems), 10 ug/ml
goat anti-TNF antibody (R&D Systems),
and/or 1 ug/ml LPS. Cells were cultured for 6 h
in these conditions and then lysed for RNA
isolation.

Flow cytometry. Mouse peripheral blood leu-
kocytes were isolated by centrifugation of hep-
arinized blood in Ficoll. Bone marrow cells col-
lected by flushing femurs with PBS were used as
controls. To estimate the proportion of myeloid
cells in proliferation in these samples, cells were
blocked for 5 min with 5 ug/ml anti-CD16/
CD32 antibody (BD Biosciences) and stained
for 30 min on ice with a FITC-conjugated anti-
CD11b antibody (clone M1/70; BD Bio-
sciences). The cells were fixed for 30 min with
70% ethanol, stained for 30 min with a solution
containing 50 ug/ml propidium iodide and 1.4
mg/ml RNase A, and then analyzed with a FAC-
SCalibur flow cytometer and CellQuest Pro
software (BD Biosciences).

RNA isolation. Total RNA was isolated from
cell cultures and mouse forebrains using the
GenElute Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich) or TRI Reagent (Sigma-
Aldrich), respectively. RNA integrity and yield
were assessed by capillary electrophoresis using
the Bioanalyzer 2100 (Agilent Technologies).

Microarray analysis. Total RNA (12 ng) was
converted to cDNA, which was amplified and
transcribed to produce biotinylated cRNA us-
ing the Small Sample Labeling Protocol, version
2 (Affymetrix). cRNA (15 ug) was fragmented
and hybridized to Affymetrix Mouse Genome
430 2.0 arrays for 16 h at 45°C with constant
rotation at 60 rpm. The arrays were washed and
stained with streptavidin-phycoerythrin (10
png/ml) and biotinylated goat anti-streptavidin
(3 mg/ml) using the Affymetrix Fluidics Station
400 (protocol EukGE-WS2Av5), and then read
using the Affymetrix GeneChip Scanner 3000.
The data were analyzed with the statistical soft-
ware R (version 2.3.1) and add-on packages
from the Bioconductor project (version 1.8).
Briefly, after assessing array quality using the
AffyPLM and AffyQCReport packages, hybrid-
ization signals were background-corrected,
normalized, and summarized with the GCRMA
package. To identify differentially expressed
genes, empirical Bayes moderated ¢ statistics
were computed with the LIMMA package, ad-
justing the corresponding p values using the
Benjamini and Hochberg method to control the
false discovery rate at 5%. Annotations were ob-
tained from the Affymetrix web site.

Real-time quantitative PCR. cDNA was gen-
erated from 2 pug of total RNA using random
primer hexamers and Superscript II (Invitro-

15 s and rinsed to remove nonastrocytic cells (this purification step was ~ gen). Real-time PCR was conducted in a final volume of 15 pl containing
performed three times). Purified astrocytes were grown until confluence ~ 1X Universal PCR Master Mix (Applied Biosystems), 2 ul of cDNA, 250
(~7 d) before being used as described below. nM Amplifluor Uniprimer probe (Millipore Bioscience Research Re-
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Figure 5.

LPS induces a delayed increase in the recruitment of perivascular macrophages. a- d, Different types of bone marrow-derived cells stained for GFP by immunohistochemistry in brain

sections from chimeric mice. Scale bar: a—d, 10 um. e, Stereological analysis revealed increased numbers of adherent leukocytes and perivascular macrophages expressing GFP in the cerebral cortex
of mice killed 1 or 3 d after intraperitoneal LPS injection (n = 9 per group). *Two-way ANOVA: treatment effect, p << 0.0001; time effect, p > 0.05; interaction, p > 0.05. **Two-way ANOVA:
treatment effect, p = 0.014; time effect, p << 0.0001; interaction, p = 0.0037. Error bars indicate SEM.

agents), 10 nm Z-tailed forward primer (Angpt2, 5'-ACTGAACCTGAC-
CGTACAGTCACAATGACAAGGCCGTG-3'; TNF, 5'-ACTGAACCT-
GACCGTACAAAATTCGAGTGACAAGCCTGTAGC-3"; 18S rRNA,
5'-ACTGAACCTGACCGTACATGCATGTCTAAGTACGCACGG-3'),
and 100 nM untailed reverse primer (Angpt2, 5'-TCCCTGGATACTG-
GCTGCC-3'; TNF, 5'-CCTCCACTTGGTGGTTTGCT-3'; 18S rRNA,
5'-AATGAGCCATTCGCAGTTTCA-3"). The amplification was per-
formed using an ABI PRISM 7900 Sequence Detector (Applied Biosys-
tems) under the following conditions: 2 min at 50°C, 4 min at 95°C,
followed by 55 cycles of 15 s at 95°C and 30 s at 55°C. Ribosomal 18S RNA
was used to normalize each sample.

Standard PCR. The presence of Angpt2 mRNA in bEnd.3 cells and
astrocytes was confirmed by standard PCR using the JumpStart DNA
polymerase (Sigma-Aldrich) and the following primers: 5-GCTT-
CGGGAGCCCTCTGGGAGA-3" and 5'-TCTGCTGGCCGGATCAT-
CATGG-3'. The amplification conditions consisted of an initial denatur-
ation step (94°C; 1 min), followed by 35 cycles of denaturation (94°C;
30 s), annealing (67°C; 30 s), and extension (72°C; 1 min), and a final
extension step (72°C; 2 min). The amplicon (451 bp) was analyzed by
agarose gel electrophoresis and sequenced to confirm its identity.

Statistical analysis. Data are expressed as mean = SEM. Means were
compared using the unpaired Student’s ¢ test, one-way ANOVA, or two-
way ANOVA. The Tukey—Kramer test was used for post hoc multiple
comparisons. Relationships between variables were assessed by Pearson
correlation. All these analyses were performed with JMP software (SAS
Institute) using an « level of 0.05.

Results

Phenotype of rod-shaped leukocytes

To phenotype rod-shaped leukocytes found in cerebral capillar-
ies, we used brain sections from chimeric mice in which ~92% of
the CD11b ™ leukocytes expressed GFP, as determined by flow
cytometry. These sections were stained for various surface mark-
ers either by immunofluorescence, when possible, or by immu-
nohistochemistry, when higher sensitivity was required. By con-
focal microscopy, we observed that a majority of GFP* rod-

shaped leukocytes expressed the myeloid marker CD11b and the
monocytic marker CD68, whereas a minority expressed the gran-
ulocytic marker GR1 (Fig. 1a—c). The nucleus of the CD68 * cells
was monolobed, whereas that of the GR1 ™ cells was multilobed
(Fig. 1d,e; supplemental Movie 1, available at www.jneurosci.org
as supplemental material). In light microscopy, we detected
the presence of rod-shaped leukocytes expressing the mono-
cytic markers F4/80, CD163, and stabilin-1 (Fig. 1/~h). The
latter two have been shown to be predominantly expressed by
perivascular macrophages and not or weakly by microglia
(Graeber et al., 1989; Bédard et al., 2007). No cell positive for
the lymphocyte marker CD3 was detected. Overall, these re-
sults indicate that the population of rod-shaped leukocytesis a
mixture of monocytes and granulocytes. These cells were com-
parable with the round leukocytes also found attached to the
brain vasculature (supplemental Fig. 1 and Movie 2, available
at www.jneurosci.org as supplemental material), except for
their morphology and the fact that they were twice as numer-
ous, as reported previously (Vallieres and Sawchenko, 2003).

Increase in rod-shaped leukocytes during endotoxemia

To examine whether the number of rod-shaped leukocytes
increased during inflammation, we injected normal (nonirra-
diated) mice intraperitoneally with bacterial LPS, an endo-
toxin commonly used experimentally to induce a systemic
inflammatory response that involves the activation of cerebral
macrophages (Rivest, 2003). Brain sections from mice killed at
different time points were stained for CD45 to reveal all im-
mune cells. Those located in the vasculature were easily dis-
tinguished from other immune cells of the brain by their typ-
ical morphology and their higher levels of CD45 (Fig. 2a,b).
Using unbiased stereological methods, we estimated that the
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Figure6. TNFand IL-1[3 partially mediate the effect of LPS on the adhesion of leukocytes to
the cerebral vasculature. a, b, Dark-field micrographs showing in situ hybridization signals for
TNForIL-13mRNAin the cerebral cortex of a mouse killed 6 h after intraperitoneal LPS injection
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wild types (WT) (ANOVA, p = 0.0030). Error bars indicate SEM. d, A positive correlation was
found between the number of rod-shaped leukocytes and that of round leukocytes (Pearson’s
correlation, p << 0.0001, r = 0.65). Each data point represents a wild-type or knock-out mouse
treated with LPS or saline.

number of rod-shaped leukocytes was approximately four
times higher in the cerebral cortex of mice killed 6 or 12 h after
LPS injection compared with saline-treated mice (Fig. 2¢). A
proportional increase in the number of round leukocytes was
observed (Fig. 2¢,d). To determine the ratio of CD68 © mono-
cytes to GR1™ granulocytes, we repeated this experiment us-
ing chimeric mice. We found that this ratio was ~3:1 and that
it did not vary significantly on treatment (Table 1).

Proliferation of rod-shaped leukocytes

As we previously reported (Vallieres and Sawchenko, 2003),
we observed a small proportion of rod-shaped leukocytes,
generally located at capillary branch points, that were appar-
ently in division (Fig. 3a—c). This subpopulation included
CD68 " monocytes and GR1 " granulocytes. To definitively
demonstrate that these cells have the potential to proliferate,
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we injected chimeric mice with BrdU to label cells in the
S-phase of the cell cycle. Confocal microscopic analysis revealed the
presence of rod-shaped leukocytes that had incorporated BrdU (Fig.
3d,e), confirming that these cells can proliferate while in the vascu-
lature and contrasting with the quiescent state of circulating (non-
adherent) peripheral blood leukocytes (supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental material). We therefore
asked whether the proliferation of rod-shaped leukocytes in-
creased during endotoxemia. To answer this question, we
evaluated the percentage of CD45 ™ rod-shaped cells that were
in the process of division in the cerebral cortex of mice killed
6 h after injection of LPS or saline into the peritoneum (Fig.
3f). We found that this percentage was almost twice higher in
LPS-treated mice (Fig. 3¢), suggesting that the number of rod-
shaped leukocytes is controlled not only at the level of adhe-
sion but also, to some extent, at the level of proliferation.

Migration of rod-shaped leukocytes

Most rod-shaped leukocytes exhibited morphological features
typical of migrating cells, such as a leading edge (front of the
cell) and uropod (rear of the cell) (Fig. 1). To confirm the
migratory ability of these cells, we first attempted to visualize
them in LPS-treated chimeras by intravital microscopy. How-
ever, although we observed round and ameboid leukocytes
near the brain surface crawling in postcapillary vessels at a
velocity of 1.7 = 0.2 mm/min (supplemental Movie 3, avail-
able at www.jneurosci.org as supplemental material), we were
unable to see rod-shaped leukocytes, probably because they
are relatively low in number and usually located too deep in
the capillary network of the cortex to be detected with a spin-
ning disk confocal microscope. As an alternative, we examined
organotypic brain slice cultures by time-lapse microscopy.
This approach allowed us to observe rod-shaped leukocytes in
the process of migration despite the absence of blood flow
(supplemental Movie 4, available at www.jneurosci.org as
supplemental material). This result, together with the obser-
vation that most rod-shaped leukocytes have a polarized mor-
phology, suggests that these cells do not stay in place after
adhesion, but move by crawling on the endothelial surface.

Infiltration of rod-shaped leukocytes

Rod-shaped leukocytes could patrol the cerebral vasculature
to be ready to intervene quickly when and where needed by
entering the parenchyma and differentiating into macro-
phages. To examine this possibility, we first sought evidence
for the ability of rod-shaped leukocytes to cross the blood—
brain barrier in chimeric mice suffering from endotoxemia.
One day after LPS injection, we observed GFP " rod-shaped
leukocytes that seemed to be in the process of transmigration
(Fig. 4a,b), whereas others were clearly inside the parenchyma
and exhibited a polarized morphology typical of migrating
cells (Fig. 4¢). In contrast, no round leukocytes were found in
the parenchyma. All the infiltrated rod-shaped leukocytes had
a monolobed nucleus indicative of monocytic lineage. These
cells shared many characteristics with perivascular macro-
phages, including an elongated morphology (Fig. 4d—f) and
the expression of GFP, CD11b, CD68, CD163, and stabilin-1
(supplemental Fig. 3, available at www.jneurosci.org as sup-
plemental material). As reported previously (Vallieres and
Sawchenko, 2003), the only differences observed between rod-
shaped monocytes and perivascular macrophages were that
the latter expressed Ibal and had a more elongated and irreg-
ular cytoplasm. In this regard, it is interesting to note that
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some rod-shaped monocytes (approxi-
mately one per section) manifested the
ability to extend a long cytoplasmic pro-
cess while inside the vasculature (Fig.
4g). These cells, as those located in the
parenchyma, were only observed 24 h af-
ter LPS injection and not at the other
time points examined (6 h and 3 d) or in
a steady state.

After entering the brain, rod-shaped
monocytes presumably have two op-
tions: to differentiate into microglia or
perivascular macrophages. Accordingly,
if the traffic of rod-shaped monocytes
across the endothelium is accelerated
during endotoxemia, we should expect
an increase in the formation of either
one or both of these cell types. To exam-
ine this possibility, we counted the num-
ber of GFP™ cells of different subsets
(round cells, rod-shaped cells, elongated
perivascular macrophages associated
with capillaries, and microglia) (Fig.
5a—d) in the cerebral cortex of chimeric
mice killed 1 or 3 d after intraperitoneal
LPS injection. Stereological analysis re-
vealed an increase (67%) in GFP™*
perivascular macrophages, but only at
3 d after injection (Fig. 5e). In compari-
son, the number of intravascular leuko-
cytes was increased at both time points,
whereas that of microglia was un-
changed (Fig. 5e). Together, these results
suggest that the formation of perivascu-
lar macrophages is accelerated in re-
sponse to endotoxemia, at least in part,
via the recruitment of rod-shaped
monocytes.

Regulation of rod-shaped leukocytes by
TNF and IL-18

Many of the central effects of LPS are me-
diated by proinflammatory cytokines, in
particular TNF and IL-18 (Rivest, 2003).
These molecules reach the brain via the ™=
bloodstream and are also synthesized lo-
cally by glial cells. To determine the im-
portance of these two cytokines in control-
ling the number of rod-shaped leukocytes,
we injected LPS to mice deficient or not in
TNF and/or IL-1B3 and collected their
brains 6 h later for histological analysis. As
previously reported (Nadeau and Rivest,
1999; Quan et al., 1999), LPS strongly in-
duced the expression of both cytokines in
the brains of wild-type mice, predominantly along the leptome-
ninges and some blood vessels (Fig. 6a,b). By examining brain
sections stained for CD45, we found that the number of rod-
shaped leukocytes was ~62% lower in all the knock-outs com-
pared with LPS-treated wild-types (Fig. 6¢). As expected from the
results presented in Figure 5, a proportional decrease in round
leukocytes was detected (Fig. 6¢,d), but no difference in the num-
ber of capillary-associated perivascular macrophages (wild types,
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Angpt2 is expressed throughout the brain during endotoxemia, mainly by endothelial cells and rarely by astrocytes.
a-d, Dark-field micrographs showing in situ hybridization signals for Angpt2 mRNA in brain sections of mice killed at different
times after intraperitoneal LPS injection. Abbreviations: CC, Corpus callosum; Cor, cerebral cortex; CP, caudoputamen; LV, lateral
ventricle. Scale bar: a—d, 250 pum. e, Bright-field image showing hybridization signals (black grains) for Angpt2 mRNA at higher
magnification. Blue, Thionin counterstaining. Scale bar, 20 wm. f, Increased levels of Angpt2 mRNA were detected by real-time
PCR in the brains of mice killed 6 h after LPS injection. Data are expressed as a ratio to 185 rRNA *Significantly different from the
other groups (two-way ANOVA: treatment effect, p << 0.0001; time effect, p < 0.0001; interaction, p << 0.00071). Error bars
indicate SEM. g—i, Double labelings for Angpt2 mRNA (black grains; in situ hybridization) and different cell-specific markers
(red-brown; immunoperoxidase staining). The arrows indicate double-labeled cells. Scale bar: g—i, 20 pm.

1088 = 92; double knock-outs, 1063 = 92; Student’s ¢ test, p =
0.85). The effect of LPS was not totally abolished in the knock-
outs, because the number of rod-shaped leukocytes was about
twice that found in saline-treated wild types (Fig. 6¢). Further-
more, no difference was detected between the single and dou-
ble knock-outs (Fig. 6¢), indicating that TNF and IL-1f3 are
both essential for an optimal response to LPS, but do notact in
an additive or synergistic manner.
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Figure 8.
6 h after intraperitoneal LPS administration. Scale bar: a, b, d, e, 250 pm. ¢, Stereological analysis revealed reduced numbers of Angpt2 mRNA * cells in the cerebral cortex of mice deficient in TNF
killed 6 h after LPS injection. *Significantly different from wild type (WT) and IL-13 knock-out (KO) mice (ANOVA, p = 0.0012). Error bars indicate SEM. d, e, Hybridization signals for Angpt2 mRNA
in brain sections of mice killed 6 h after injection of TNF (100 ng) or saline into the right caudoputamen. Abbreviations: CC, Corpus callosum; Cor, cerebral cortex; CP, caudoputamen; LV, lateral
ventricle. f, As estimated by the Cavalieri method, the volume occupied by Angpt2 mRNA * cells in TNF-injected mice was 6.5 times that in control mice at 6 h after injection. *Significantly different
from the other groups (two-way ANOVA: treatment effect, p = 0.0008; time effect, p = 0.0018; interaction, p = 0.010). Error bars indicate SEM.

Angpt2 expression during endotoxemia

Proinflammatory molecules promote leukocyte adhesion and
transmigration by inducing vascular changes (Muller, 2003; Im-
hof and Aurrand-Lions, 2004). To identify endothelial factors
induced in the brain during endotoxemia and potentially in-
volved in the recruitment of rod-shaped leukocytes, we analyzed
RNA samples extracted from the brains of mice killed 6 h after
LPS injection, using oligonucleotide microarrays interrogating
>39,000 transcripts. To narrow our search, we retained only up-
regulated genes with a value of p < 0.05 and classified as extra-
cellular or plasma membrane-associated by the Gene Ontology
Consortium. Among the 76 remaining genes (supplemental Ta-
ble 1, available at www.jneurosci.org as supplemental material),
many were known to be inducible in endothelial cells, including
cytokine receptors (e.g., TNF receptor 1, IL-1 receptor 1), adhe-
sion molecules (e.g., ICAM1, VCAM1), and the angiogenic factor
Angpt2. The latter was particularly interesting to us, because we
had previously found reduced numbers of hematogenous mac-
rophages in brain tumors after neutralization of Angpt2 (Ville-
neuve et al., 2008), suggesting a role for this endothelial molecule
in macrophage recruitment.

To confirm that LPS can induce Angpt2 expression, brain
sections from mice killed at different time points after intraperi-
toneal injection of LPS or saline were analyzed for the presence of
Angpt2 mRNA by radioisotopic in situ hybridization. Virtually
no signal was detected under normal conditions and 1 h after LPS
injection (data not shown). In contrast, strong signals were ob-
served throughout the brain from 3 to 12 h, with a maximum
number at 6 h (Fig. 7a—c,e). There was no detectable signal after
24 h (Fig. 7d). Consistent with these results, real-time PCR anal-
ysis revealed a 3.4-fold increase in the levels of Angpt2 mRNA in
the brains of mice killed 6 h after LPS injection compared with
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saline-treated mice, but no difference in mice killed after 24 h
(Fig. 7f).

To determine the identity of Angpt2-expressing cells, adjacent
sections were double labeled for Angpt2 mRNA and different cell
type-specific markers by combined in situ hybridization and im-
munohistochemistry. We found that the hybridization signals
were in a vast majority colocalized with the endothelial marker
CD31 (Fig. 7¢) and very rarely (approximately three per section)
with the astrocytic marker GFAP (Fig. 7h). No colocalization was
observed with the macrophage marker Ibal (Fig. 7i). Overall,
these results indicate that Angpt2 is expressed during endotox-
emia in a transient manner almost exclusively by the
endothelium.

Regulation of Angpt2 expression by TNF

To determine whether TNF and IL-18 mediate the effect of LPS
on Angpt2 expression, we used in situ hybridization to analyze
the brains of mice deficient or not in either one or both of these
cytokines and killed 6 h after LPS injection (Fig. 8a,b). We found
a 43% decrease in the number of Angpt2 mRNA ™ cells in the
cerebral cortex of TNF-deficient mice compared with wild-type
mice (Fig. 8¢). A similar decrease was observed in mice lacking
both TNF and IL-13, but not in mice lacking only IL-13 (Fig. 8¢).
These results suggest that TNF, but not IL-1f3, mediates in part
the effect of LPS on Angpt2 expression.

To confirm the ability of TNF to induce Angpt2 expression,
brain sections from mice killed 3 or 6 h after intracerebral injec-
tion of TNF or saline were analyzed by in situ hybridization.
Strong signals were found only around the needle track in control
mice (Fig. 84), but in a large proportion of the ipsilateral hemi-
sphere in TNF-treated animals (Fig. 8¢). More specifically, ste-
reological analysis revealed that the volume occupied by Angpt2
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were >99% pure, as estimated by GFAP staining (Fig. 9e).

Regulation of rod-shaped leukocytes by Angpt2

To investigate the role of Angpt2 in the recruitment of rod-
shaped leukocytes, we performed two experiments in which mice
were treated with an anti-Angpt2 peptide-Fc fusion protein
called L1-10, whose properties have been reported in previous
studies (Oliner et al., 2004; Villeneuve et al., 2008). In the first
experiment, normal mice were implanted with an intracerebral
cannula, through which L1-10 or PBS was infused for a week, and
then challenged for 6 h with LPS. In this approach, we assumed
that L1-10 would neutralize Angpt2 derived from both sides of
the blood—brain barrier after diffusion through the parenchyma
and absorption into the plasma. Stereological analysis revealed
that the number of CD45" intravascular leukocytes was de-
creased by 44% in mice receiving L1-10 (Fig. 10a).

In the second experiment, chimeric mice were injected intra-
venously with L1-10 12 h before and after LPS injection and then
killed 3 d later. This approach was used to examine not only the
effect of L1-10 on leukocyte adhesion when administrated via a
different route but also its effect on the formation of perivascular
macrophages. We found a 40% decrease of GFP * intravascular
leukocytes and a 51% decrease of GFP ¥ perivascular macro-
phages associated with capillaries in mice treated with L1-10, but
no difference in GFP " microglia (Fig. 10b). Similar results were

endothelial cells or primary astrocytes cultured for 6 h in the presence of LPS (1 weg/ml), TNF (10 or 100 ng/ml), and/or anti-TNF
antibody (10 wg/ml). *Significantly different from control [ANOVA, p << 0.0001 (a) or = 0.0072 (b)]. Error bars indicate SEM. ¢,
Confirmation of the presence of Angpt2 mRNA in bEnd.3 cells and astrocytes, cultured in normal conditions, by standard PCR and
agarose gel electrophoresis. Right column, DNA ladder. d, Quantification of TNF mRNA by real-time PCR in bEnd.3 cells and
astrocytes cultured for 6 h with or without LPS. *Significantly different from PBS (Student’s t test, p << 0.0001). Error bars indicate
SEM. e, Confocal image of astrocytes in primary culture immunostained for GFAP (red). Blue, DAPI-stained nuclei. Scale bar, 20

obtained by counting the number of CD45* cells (Fig. 10c).
Therefore, the results of these two experiments demonstrate that
LPS increases the population of perivascular macrophages via the
recruitment of circulating monocytes by a mechanism involving
Angpt2. Note that this molecule influences the adhesion of leu-
kocytes and not their proliferation, because no intergroup differ-
ence in the proportion of dividing rod-shaped leukocytes was
observed in both experiments (intracerebral injection of PBS or
L1-10, 12.3 £ 0.6 vs 10.7 £ 0.6; intravenous injection of PBS or
L1-10, 11.6 = 1.5 vs 12.7 = 1.5; Student’s t test, p > 0.05).

Discussion

The role of perivascular macrophages in the CNS is becoming
increasingly clear, but little is known about their immediate pre-
cursors and the mechanisms that regulate their development. The
results of the present study lead us to conclude that perivascular
macrophages derive from CD68 *GR1 ™~ rod-shaped monocytes
that crawl on the endothelium. As illustrated in Figure 11, these
cells are attracted in greater numbers during endotoxemia by a
TNF/Angpt2-dependent mechanism. While still in the vascula-
ture, they can manifest the astonishing ability to self-renew and
extend a relatively long cytoplasmic process, whose function is
perhaps to monitor the environment. After a period of several
hours, some of these cells cross the endothelium and differentiate
into perivascular macrophages. These observations extend our
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vasculature and the recruitment of perivascular macrophages. , Stereological analysis revealed
a reduced number of adherent leukocytes, but not of perivascular macrophages (Student'’s ¢
test, p = 0.64), in the cerebral cortex of nonchimeric mice infused intracerebroventricularly
with L1-10 and killed 6 h after LPS injection. *Student’s ¢ test, p =< 0.002. b, ¢, The number of
adherent leukocytes and perivascular macrophages was reduced in the cerebral cortex of chi-
meric mice injected intravenously with L1-10and killed 3 d after LPS administration. *Student’s
ttest, p = 0.02. **Student’s t test, p = 0.0006. Error bars indicate SEM.

understanding of the behavior of monocytes at the blood—brain
interface and of the molecular mechanisms that control their
recruitment during inflammation. The immune response de-
scribed here may be important not only in infection but also in
other conditions in which proinflammatory cytokines are pro-
duced, such as injury, degenerative disease, and cancer.

Originally considered as a homogeneous population, circulat-
ing monocytes are now divided into two subsets: the so-called
“inflammatory” (type 1) monocytes, which are selectively re-
cruited into inflamed tissues, and the “resident” (type 2) mono-
cytes, which home to most normal tissues (Geissmann et al.,
2003; Sunderkotter et al.,, 2004). These cells are respectively
GR1 *CCR2 "CX3CR1'*"and GR1 “CCR2 ~CX3CR1"" In the
brain, the ability of type 1 monocytes to differentiate into micro-
glia after injury has recently been demonstrated (Mildner et al.,
2007), but the fate of type 2 monocytes was still unknown. Here,
we show that monocytes crawling on the cerebral endothelium
are all of type 2 (GR1 ™) and can give rise to perivascular macro-
phages. Our results are consistent with the findings of Geissmann
and colleagues, who reported that monocytes crawling in the skin
vasculature are predominantly of type 2 (Auffray etal., 2007), and
that type 1 monocytes, transfused in normal mice, become al-
most undetectable in the brain and most other tissues as early as
1 d after transfer, in contrast to type 2 monocytes (Geissmann et
al., 2003).

Our observation that type 2 monocytes are selectively and
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rapidly recruited in response to classical inflammatory stimuli
(LPS, TNF, IL-1B) is somehow surprising in light of previous
studies showing preferential recruitment of type 1 monocytes
into inflamed sites [e.g., adjuvant-treated skin, infected perito-
neum, injured myocardium, atherosclerotic plaques (Jutila et al.,
1988; Chan et al., 1998; Geissmann et al., 2003; Sunderkotter et
al., 2004; Robben et al., 2005; Le Borgne et al., 2006; Nahrendorf
et al., 2007; Tacke et al., 2007)]. However, they are in agreement
with the recent finding that extravasation of type 2 monocytes
into the peritoneum precedes that of type 1 monocytes after in-
fection with Listeria monocytogenes (Auffray et al., 2007). The
apparent discrepancy between our results and the former studies
is probably attributable to the different nature of the tissues and
inflammatory models used. In future work, it will be interesting
to examine whether type 1 monocytes can be seen crawling in the
cerebral vasculature in chronic conditions, because these mono-
cytes are relatively immature cells, newly released into the blood-
stream, and their proportion increases during monocytosis (Sun-
derkotter et al., 2004). Because it is clear that type 2 monocytes
respond to inflammatory stimuli, we recommend the use of the
terminology “type 1/type 2” rather than “inflammatory/resident”
to avoid potential confusion.

Together, our in vivo and in vitro data indicate that LPS in-
creases the number of crawling monocytes in the cerebral vascu-
lature by inducing Angpt2 expression in endothelial cells, both
directly and indirectly via TNF. Although the molecular cascade
induced by Angpt2 remains to be fully elucidated, recent evi-
dence suggests that it culminates in the expression of integrin
ligands (e.g., ICAM1, VCAM1) on the endothelial surface (Fie-
dler et al., 2006). One possibility is that Angpt2 blocks the inter-
action between Tie2 and ABIN-2, an inhibitor of the NF-«B (nu-
clear factor-kB) pathway, thereby allowing the expression of
inflammatory molecules (Hughes et al., 2003). This hypothesis
would be in accordance with the observation that Angpt2 is un-
able to induce the expression of adhesion molecules by itself, but
cooperates with TNF (Fiedler et al., 2006). In addition to this
autocrine effect, it is possible that Angpt2 acts directly on certain
monocytes, as suggested by the detection of Tie2 on a subpopu-
lation of monocytes (De Palma et al., 2005; Murdoch et al., 2007).

Contrary to the general belief that monocytes circulating in
the blood are noncycling (Geissmann et al., 2003), we found that
these cells can undergo division after adhesion to capillaries, sug-
gesting that endothelial cells provide a proliferative signal to
monocytes as they do for other cell types [e.g., neural stem cells
(Shen et al., 2004)]. This possibility is supported by the observa-
tion that cultured endothelial cells can stimulate the proliferation
of monocytes in a contact-dependent manner (Antonov et al.,
1997; Pakala and Benedict, 1999). It is tempting to speculate that
this signal may be more abundant at capillary branch points,
where the majority of dividing monocytes were observed, as in
the case of glioma cells (Farin et al., 2006). A technically difficult
question to answer is to what extent proliferation contributes to
the renewal and expansion of the monocytic population. Consid-
ering the need for continuous release of monocytes from the bone
marrow, it is likely that monocytes can only undergo a few divi-
sions. This limited proliferative capacity could be an evolutionary
adaptation to protect the organism from disorders of phagocytic
function.

To our knowledge, this study is the first to show that the
population of perivascular macrophages can be expanded in re-
sponse to immune challenge. This expansion results from the
recruitment of circulating monocytes, although the proliferation
of preexisting macrophages could also contribute, as suggested by
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5, Most frequently at capillary branch points, they can divide into two daughter cells that continue to crawl in opposite directions.
6, While monitoring the environment, they can extend a long cytoplasmic process whose function is unknown. 7, Where needed,
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(Fig. 11). However, the relative impor-
tance of blood-derived TNF and brain-
derived TNF remains to be experimentally
determined.

In summary, our study identifies
CD68 "GR1 ™~ rod-shaped monocytes as
the immediate precursors of perivascular
macrophages and reveals a molecular
mechanism acting on the endothelium
that controls their recruitment during sys-
temic inflammation. Our observations do
not preclude a role for these monocytes in
the production of microglia and other
populations of cerebral macrophages (i.e.,
those of the meninges and circumven-
tricular organs). Additional studies will be
required to determine whether Angpt2 is
involved in other neuroinflammatory
conditions and whether its blockade (e.g.,
with L1-10) could be therapeutically ben-
eficial under certain circumstances.

Infiltration

some of them cross the blood— brain barrier by a process of diapedesis. 8, 9, After infiltration, they search for a vacant niche in

which they ultimately differentiate into perivascular macrophages. Although (D68 * GR1 ~

our previous observation that these cells can incorporate BrdU
(Vallieres and Sawchenko, 2003). However, we believe that pro-
liferation of perivascular macrophages is minor in the model
studied here, because these cells were generally not distributed in
clusters, as expected if they proliferated, but were rather scattered
individually. The infiltration of monocytes into the perivascular
space is not a consequence of irradiation, as suggested for micro-
glia (Mildner et al., 2007), because it has been shown that mono-
cytes, labeled ex vivo and injected into the circulation of normal
mice, can give rise to perivascular macrophages (Bechmann et al.,
2001a). The reason for this infiltration is unclear, but we specu-
late that it serves to replace phagocytic cells cleared by apoptosis,
replace antigen-presenting cells that migrate to draining lymph
nodes, and/or increase the number of sentinels in prevision of a
future immune attack.

Although it is widely believed that the main source of Angpt2
is the endothelium, we have made the intriguing observation that
astrocytes can produce this molecule in vivo and in vitro. This is
not so surprising considering that astrocytes contribute to the
formation and maintenance of the blood—brain barrier by inter-
acting with endothelial cells, physically and via soluble mediators
such as Angptl (Lee et al., 2003; Abbott et al., 2006; Iadecola and
Nedergaard, 2007). It is conceivable that astrocytes could also
destabilize the brain vasculature by releasing Angpt2; however,
the conditions in which this would occur remain to be identified,
because we found that Angpt2 expression in astrocytes is negligi-
ble in endotoxemic mice and even repressed in culture after ex-
posure to LPS or TNF.

During endotoxemia, it is well known that TNF is released
into the blood from peripheral tissues and produced locally in the
brain by glial cells (Rivest, 2003). Our experiments aiming at
testing the effect of TNF on Angpt2 expression were not designed
to distinguish the effect of blood-derived TNF versus that of
brain-derived TNF. Considering that LPS induced TNF expres-
sion predominantly along the leptomeninges and some cerebral
blood vessels and not everywhere throughout the brain, we sug-
gest that TNF from both sides of the blood—brain barrier contrib-
ute to the induction of Angpt2 expression during endotoxemia

monocytes do not give rise to micro-
glia in response to endotoxemia, it remains to be investigated whether they can do so in other inflammatory conditions.
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