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Abstract

Microglia represent resident immune cells of the central nervous system (CNS), which have been shown to be involved in
the pathophysiology of practically every neuropathology. As microglia were described to participate in the formation of the
astroglial glia limitans around CNS vessels, they are part of the neurovascular unit (NVU). Since the NVU is a highly spe-
cialized structure, being functionally and morphologically adapted to differing demands in the arterial, capillary, and venous
segments, the present study was aimed to systematically investigate the microglial contribution to the glia limitans along the
vascular tree. Thereby, the microglial participation in the glia limitans was demonstrated for arteries, capillaries, and veins
by immunoelectron microscopy in wild-type mice. Furthermore, analysis by confocal laser scanning microscopy revealed
the highest density of microglial endfeet contacting the glial basement membrane around capillaries, with significantly lower
densities around arteries and veins. Importantly, this pattern appeared to be unaltered in the setting of experimental autoim-
mune encephalomyelitis (EAE) in CX3CR1¢ERT2:R26-Tomato reporter mice, although perivascular infiltrates of blood-
borne leukocytes predominantly occur at the level of post-capillary venules. However, EAE animals exhibited significantly
increased contact sizes of individual microglial endfeet around arteries and veins. Noteworthy, under EAE conditions, the
upregulation of MHC-II was not limited to microglia of the glia limitans of veins showing infiltrates of leukocytes, but also
appeared at the capillary level. As a microglial contribution to the glia limitans was also observed in human brain tissue,
these findings may help characterizing microglial alterations within the NVU in various neuropathologies.
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Microglia represent the resident immune cells of the CNS
(Kierdorf and Prinz 2017) with numerous functions under
physiological and pathological conditions (Wolf et al. 2017).
Among the different populations, microglia have been shown
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2005; Mildner et al. 2007), the contribution of blood-borne
monocytes to the microglial pool proved only temporary,
whereas the majority of microglia is regarded as a stable
and self-renewing population throughout life (Ajami et al.
2007; Askew et al. 2017; Tay et al. 2017). With increasing
age other glial cells as well as neurons rather decrease in
number, while the relative numbers of microglia are shown
to increase due to their capacity of self-renewal (Poliani
et al. 2015; Tremblay et al. 2012). However, aged micro-
glia undergo changes with respect to their morphology and
function (Hefendehl et al. 2014; Sierra et al. 2007). Thereby,
impaired microglial function or ‘senescence’ is character-
ized by a cellular dystrophy and partial fragmentation as
indicated by an inhomogeneous cytoplasmic distribution of
the microglia marker Iba-1 (Streit et al. 2009; Tischer et al.
2016).

Microglia are reported to play crucial roles in virtually
every neuropathology including prion diseases, Alzheimer
disease (AD), Parkinson disease, amyotrophic lateral scle-
rosis, or multiple sclerosis (Colonna and Butovsky 2017;
O’Loughlin et al. 2018). Therefore, studying microglia
under physiological and pathological conditions is manda-
tory for the development of respective treatment strategies.
However, over the last decades, this research was inflicted by
the lack of a specific microglia marker, which would allow
differentiation of microglia from other brain macrophages or
blood-derived myeloid cells under inflammatory conditions.
Despite the broad spectrum of established microglial mark-
ers such as isolectin-B4, Iba-1, CD11b, CD68, none of them
allows a clear-cut differentiation of microglia and meningeal
or perivascular macrophages (Mildner et al. 2017). Even the
widely applied mouse model genetically targeting the frac-
talkine receptor CX3CR1 with the green fluorescent protein
(GFP) does not allow a discrimination of the different brain
macrophages. Instead, it rather uniformly labels microglia
in line with perivascular, meningeal, or choroid plexus mac-
rophages as well as peripheral macrophages and monocytes
(Jung et al. 2000; Wieghofer et al. 2015). However, recently,
the transmembrane protein 119 (TMEM 119) and the P2Y 12
receptor were identified to discriminate between microglia
and the other brain macrophages (Bennett et al. 2016; Mild-
ner et al. 2017).

Although the term microglia is commonly used as the plural
form, microglia do not represent a uniform, but a heteroge-
neous population (Gertig and Hanisch 2014). This heteroge-
neity is not only reflected by different functions, but also by
differing immune phenotypes (M1 vs. M2) as well as differ-
ing expression patterns of diverse proteins such as MHC-II
or co-stimulatory molecules (Gertig and Hanisch 2014). In
this context, our group demonstrated the presence of a dis-
tinct subpopulation of microglia which shares certain features
of dendritic cells. This subpopulation is characterized by the
expression of the complement receptor marker CD11c under
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control conditions and is further capable to express MHC-
II (Prodinger et al. 2011; Immig et al. 2015). Of note, these
cells were not only described to reside in predilection areas
of multiple sclerosis but also to participate in the formation
of the perivascular glia limitans (Prodinger et al. 2011). This
structure is predominantly constituted by astrocytic endfeet
and the adjacent astroglial basement membrane, which delin-
eates the CNS parenchyma from the vascular compartment.
Here, the contact of astrocytes with cerebral vessels not only
orchestrates the development and maintenance of blood—brain
barrier function (Zhao et al. 2015), but it also provides a cru-
cial check point for extravasating leukocytes in the setting of
neuroinflammation (Bechmann et al. 2007).

Although the perivascular glia limitans is primarily estab-
lished by astrocytic endfeet, a participation of microglial
endfeet has already been described more than 25 years ago
(Lassmann et al. 1991). However, this intimate contact to the
NVU has recently turned into focus again as microglia have
been shown to promote vascular permeability and to be even
involved in the phagocytosis of ischemic endothelial cells
(Jolivel et al. 2015, Su et al. 2017). Furthermore, a microglial
participation in the perivascular glia limitans (subsequently
addressed as glia limitans) supports the view of microglial
cells as possible gatekeepers for leukocytes to enter the neu-
ropil upon extravasation under inflammatory conditions
(Engelhardt et al. 2016). However, the cellular and molecular
composition of the NVU including the presence of perivascu-
lar spaces is known to differ in arterial, capillary, and venous
segments of the cerebral vasculature, thereby impacting on
leukocyte recruitment (Dyrna et al. 2013; Sixt et al. 2001; Wu
et al. 2009; Yousif et al. 2013). In this context, the question
remains, whether the microglial contribution to the glia limi-
tans is limited to post-capillary venules as sites of preferred
leukocyte entry, or rather represents a universal feature of each
segment of the vascular tree. Therefore, the present study is
aimed to investigate and characterize the microglial contribu-
tion to the perivascular glia limitans in the arterial, capillary,
and venous segments of the vascular tree. For this purpose, the
analyses comprised immunoelectron microscopy and confo-
cal laser scanning microscopy in CX3CR17SfP mice (Jung
et al. 2000) under physiological conditions, as well as human
post-mortem brain tissue. Furthermore, the participation of
microglial endfeet in the formation of the glia limitans was
addressed using CX3CR1°ERT2:R26-Tomato reporter mice
in chronic and acute stages of EAE.

Materials and methods
Experimental setup

All experiments involving animals were performed along the
ARRIVE guidelines and according to the European Union
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Directive 2010/63/EU. The animals used for our experi-
ments were kept under pathogen-free conditions with free
access to food and water. For electron microscopy, brain
tissue obtained from five wild-type C57B1/6 mice were used,
whereas fluorescence microscopy analyses comprised tissue
obtained from 6 CX3CR17/CFF mice (Jung et al. 2000) to
analyse the contribution of microglial endfeet to the perivas-
cular glia limitans under physiological conditions. To char-
acterize the participation of microglia in the formation of
the glia limitans in the setting of neuroinflammation, we
applied the model of EAE in CX3CR1°ERT2:R26-Tomato
mice to differentiate resident microglia from blood-borne
macrophages. Thereby, the analyses comprised spinal cord
tissue obtained from the chronic phase (n=35), the acute
phase (n=06) and non-immunized controls (n=3). Human
post-mortem brain tissue was obtained from a body donor
without evidence of any neurodegenerative diseases from
the Institute of Anatomy at Leipzig University after institu-
tional approval for the use of post-mortem tissues from the
Institute of Anatomy at Leipzig University and in line with
the Saxonian Death and Funeral Act of 1994, third section,
paragraph 18, item 8. All authors declare that all experi-
ments have been conducted according to the principles of
the Declaration of Helsinki.

EAE induction in CX3CR1CreERT2:R26-Tomato mice

In CX3CR1€ERT2.R26 Tomato mice, EAE was induced
as previously described (Goldmann et al. 2013, 2016). In
brief, mice were subcutaneously immunized with 200 pg of
MOG;; _s5 peptide in Freund’s complete adjuvant contain-
ing 1 mg of Mycobacterium tuberculosis (H37RA; Difco
Laboratories, Detroit, Michigan, USA). Furthermore, mice
received 250 ng of pertussis toxin via an intraperitoneal
injection at the time of immunization and 48 h later. Mice
were then subsequently analysed in the acute phase (score
3, typically between 15 and 17 days post immunization) and
in the chronic phase (day 30 post immunization) of EAE.

Mouse tissue

CX3CR1%CFP mice (n=6) were transcardially perfused
with saline followed by a fixative containing 4% paraform-
aldehyde (PFA, Serva, Heidelberg, Germany) in phosphate-
buffered saline (PBS). Brains were carefully removed and
allowed to postfix overnight in the same fixative. Serial sec-
tions of 50 um thickness were prepared using a vibrating
microtome (Leica Microsystems, Wetzlar, Germany). Until
use, the sections were stored in PBS containing sodium
azide at 4 °C.

EAE spinal cord tissue of CX3CR 1°ERT2:R26-Tomato
mice was fixed in 4% PFA (Serva) followed by cryopro-
tection in 30% sucrose with subsequent freezing and

preparation of cryostat sections. Until use, cryostat sec-
tions were stored at —20 °C.

Human brain tissue

Human post-mortem brain tissue was immersion-fixed
in 4% PFA (Serva) formaldehyde-fixed, dehydrated, and
embedded into paraffin. Paraffin sections were obtained
on a microtome (Leica Microsystems). Sections were then
deparaffinized in xylol and stepwise rehydrated in graded
alcohol. Prior to immunofluorescence labeling, antigen
retrieval was applied in citrate buffer (pH 6) at 96 °C for
10 min.

Fluorescence microscopy

For fluorescence microscopy, formaldehyde-fixed mouse
brain and spinal cord sections were blocked with 5% nor-
mal goat serum (NGS) or bovine serum albumin (BSA),
respectively, and 0,5% Triton X-100 (Roth, Karlsruhe, Ger-
many) in PBS. To demark blood vessels and their surround-
ing basement membranes, primary antibodies for laminin
(rabbit anti-laminin, 1:200; Millipore, Temecula, Califor-
nia, USA; AB19012) or collagen-IV (goat anti collagen-
IV, 1:200; Millipore, AB769) were applied, whereas alpha
smooth muscle actin (a-SMA, mouse anti a-SMA, 1:200;
Dako, Glostrup, Denmark; M0851) was used to demark
vascular smooth muscle cells of arterial vessels. Microglia
were identified using antibodies directed against Tmem119
(rabbit anti TMEM119, 1:200, Abcam, Cambridge, UK),
P2RY 12 (rabbit anti P2RY12, 1:200, Sigma, Taufkirchen,
Germany) or Iba-1 (rabbit anti Iba-1, 1:200; Wako, Osaka,
Japan; 01919741), while MHC-II expression was addressed
using a rat anti MHC-II antibody (1:200, Biolegend, San
Diego, USA, 107602). Immunolabeling of CD11c- express-
ing microglia (rabbit anti CD11c, 1:100, Synaptic Systems,
Gottingen, Germany) was performed in each of the applied
reporter mouse models. Primary antibodies were allowed
to incubate on the sections over night at 4 °C. After thor-
ough rinsing, appropriate fluorochrome (AlexaFluor 488,
AlexaFluor 568 or AlexaFluor 647) secondary antibodies
(1:250, Life technologies, Eugene, OR, USA) were applied
for 90 min at room temperature followed by thorough rins-
ing and counterstaining of nuclei with 4',6-diamidino-2-phe-
nylindole dihydrochloride (DAPI, 1:10,000, Sigma) and sub-
sequent mounting and embedding under cover glasses using
fluorescence mounting medium (Dako, Hamburg, Germany).

In human post-mortem brain tissue, tissue specific auto-
fluorescence was quenched using Sudan black dissolved in
70% ethanol at 60 °C for 30 s prior to mounting under cover
glasses.
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Electron microscopy

For electron microscopy, animals were transcardially per-
fused with PBS followed by a fixative containing PBS with
4% PFA (Serva) and 0,1% glutaraldehyde (Serva). Next,
serial sections of 50 um thickness were cut using a vibrat-
ing microtome (Leica Microsystems, Wetzlar, Germany),
collected in PBS, and blocked with 5% NGS in Tris-buffered
saline (TBS). Sections were incubated over night at 4 °C
with Iba-1 primary antibody (1:200; Wako). After rinsing in
TBS samples were incubated with a biotinylated anti-rabbit
secondary antibody (1:250; Sigma-Aldrich, St. Louis, MO,
USA; B8895). Sections were then rinsed in TBS and incu-
bated with ExtrAvidin Peroxidase (1:100, Sigma-Aldrich)
for 1 h followed by peroxidase-dependent visualization
with 3,3’ Diaminobenzidine (DAB, Sigma-Aldrich) in TBS.
Sections were further stained with 0.5% osmium tetroxide
(EMS, Hatfield, PA, USA), dehydrated and further stained in
1% uranyl acetate (Serva) followed by final dehydration and
incubation in Durcupan (Sigma-Aldrich). The sections were
embedded in between coated microscope slides and cover-
slips and polymerized at 56 °C for 48 h. Regions of interest
were located by light microscopy, marked and transferred on
blocks of resin to prepare ultra-thin serial sections of 55 nm
thickness using an ultra-microtome (Leica Microsystems)
and transferred on formvar-coated copper grids. Finally,
samples were stained with lead citrate. Analysis was per-
formed with a Zeiss SIGMA electron microscope (Zeiss
NTS, Oberkochen, Germany).

Quantification and statistical analysis

Fluorescence microscopy- based analyses were performed
using a confocal laser scanning microscope (Olympus
FluoView FV 1000, Olympus, Hamburg, Germany). Arter-
ies, capillaries and veins were differentiated by diameter and
presence or absence of a-SMA immunoreactivity (Hanske
et al. 2016; Hawkes et al. 2011; Krueger et al. 2017). In
brief, arteries were identified by their expression of a-SMA
and a diameter larger than 10 um, whereas vessels with a
diameter larger than 10 um and a lacking immunoreactiv-
ity for a-SMA were considered as post-capillary venules
or veins. As the vascular wall of post-capillary venules and
veins is regularly lacking a continuous layer of vascular
smooth muscle cells within the CNS, they were not further
differentiated for the intended analyses (Edvinsson et al.
1983; Hanske et al. 2016). Capillaries were identified by a
diameter smaller than 10 um. For each type of vessel, per
mouse, at least 1000 um of vascular length were analysed.
Contacts of microglial processes with the glia limitans were
counted using Image]J software (NIH, USA). Thereby, either
the average number of contacts per mm of vascular length
was calculated, or the average number of contacts per mm?
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of basement membrane surface to normalize for differing
vascular calibers between capillaries and arteries or veins.
Acquisition settings were kept constant for each of the per-
formed analyses. To capture minor peripheral microglial
processes, gray values of the brighter cell bodies regularly
appear saturated. Statistical analysis was performed with
Prism 5 (GraphPad Software, La Jolla, CA, USA). For mul-
tiple comparisons, the one-way ANOVA analysis followed
by Bonferroni’s Multiple Comparison was applied, whereas
the Mann—Whitney test was used to check for statistical sig-
nificance between two groups. In general, a p <0.05 was
considered statistically significant.

Results

Electron microscopy reveals a microglial
participation in the formation of the glia limitans
of arteries, capillaries and veins

To determine whether microglial processes contribute to the
formation of the glia limitans around arteries, capillaries
and veins, we performed electron microscopy in brain sec-
tions of wild-type C57B1/6 mice. For clear-cut identifica-
tion of microglial cells, vibratome sections determined for
electron microscopy analyses were immunolabeled for the
microglia marker Iba-1 prior to the embedding in resin and
prior to preparation of ultra-thin sections. While capillar-
ies can easily be distinguished from larger blood vessels by
a small diameter of less than 10 uym with only one or two
endothelial cells contributing to the luminal circumference,
vessels of a larger diameter are regarded as arteries or veins,
depending on the presence or absence of vascular smooth
muscle cells. While arteries regularly exhibit a continuous
layer of smooth muscle cells, even larger cerebral veins do
not show a tunica media consisting of smooth muscle cells
(Hawkes et al. 2011; Krueger et al. 2017). Of note, direct
microglial contacts to the glial basement membrane were
regularly observed throughout the cerebral vascular tree,
including arteries, capillaries and veins (Fig. 1). Thereby,
in all the mice analyzed (n=35), microglial contacts were
not only observed for cell bodies, but for microglial endfeet
as well (Fig. 1).

Capillaries show the highest density of microglial
contacts in the glia limitans compared to arteries
and veins

To quantitatively address differences in the distribution of
microglial contacts to the glia limitans in different vessel
types, we applied confocal laser scanning microscopy in
sections obtained from CX3CR1+S*P mice, which offer the
advantage of a very bright GFP signal, even in the smallest
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Fig.1 Immune electron microscopy demonstrates the direct con-
tact of Iba-1-labeled microglia (transparently highlighted in yellow)
towards the glial basement membrane (transparently highlighted in
red) in the arterial, capillary and venous segments of the vascular
tree. Of note, microglial contacts not only comprise the cell bodies,

microglial endfeet (Jung et al. 2000). Here, a polyclonal pan-
laminin antibody was used to delineate vascular and glia
limitans-related basement membranes (Sixt et al. 2001). For
the intended analyses, capillary vessels can easily be identi-
fied by a diameter smaller than 10 um, whereas arteries can
be distinguished by their a-SMA immunoreactivity, which
is lacking in post-capillary venules and veins (Hawkes et al.
2011; Krueger et al. 2017). Since CX3CR1*CFP mice do not
allow the differentiation of intrinsic microglia from periph-
eral or other CNS macrophages residing in perivascular
spaces, our analyses were confined to parenchymal GFP-pos-
itive cells and processes. Here, double immunofluorescence
labeling of the specific microglial markers TMEM119 and
P2YR12 confirmed that the parenchymal CX3CR 17°*P-pos-
itive population is also positive for both microglia-specific
markers (Supplementary Fig. 1). Importantly, a subpopula-
tion of the CX3CR1%/*P_positive microglia also expressed
the complement receptor CD11c (Supplementary Fig. 2),

but also microglial endfeet as individual cellular processes. Insets
show representative contact sites at higher magnification. Here, the
electron-dense DAB grains of the Iba-1 immunolabeling can be eas-
ily recognized. L =vascular lumen, asterisk =arterial smooth muscle
cell, Scale bars: 1 um

which is also expressed on dendritic cells (Geissmann et al.
2010). Next, parenchymal CX3CR1**_positive microglial
contacts to laminin-positive glial basement membranes were
counted using high power magnification in confocal single
planes, whereas GFP-positive cells within perivascular
spaces were not included. In detail, the analyses comprised
at least 1000 pm of vascular length for each type of vessel
in each of the analyzed animals (Fig. 2a). Thereby, the low-
est numbers of microglial contacts to the glia limitans per
mm of vascular length were observed around arteries, while
a significantly higher microglial contribution (p <0.001,
n=06, one-way ANOVA followed by Bonferroni’s test for
multiple comparison) was observed around capillaries and
veins (Fig. 2b). In consideration of the larger diameters of
arteries and veins with a consequentially greater outer vas-
cular surface, we further analyzed the density of microglial
contacts per area (mm?) to normalize for differing diameters
and the differing areas of vascular surface covered by the
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«Fig.2 a Confocal laser scanning microscopy of CX3CR1*/S mice

illustrates contacts of GFP-positive microglia to the glial basement
membrane around arterial, capillary and venous vessels. Vascular and
glial basement membranes are demarked by anti-laminin immunola-
beling, whereas SMA immunolabeling is used to identify arterial vas-
cular smooth muscle cells. Upper panel, left: Z-projection showing
an arterial vessel. The inset demarks the area of the confocal single
plane image demonstrating the microglial contact (arrow head) to the
glial basement membrane. For the vein and capillary, only confocal
single plane images are shown. Scale bars: 10 um. b Quantification of
microglial contacts per mm of vascular length (»p <0.001, n=6, one-
way ANOVA followed by Bonferroni’s test for multiple comparison).
¢ Analysis of the density of microglial contacts per mm? of vascu-
lar circumference normalizing for differences of diameter-related
changes of the glial basement membrane surface (p<0.001, n=6,
one-way ANOVA followed by Bonferroni’s test for multiple compari-
son)

glial basement membrane, respectively. Importantly, this
approach clearly demonstrates a four times higher density
of microglial endfeet participating in the glia limitans at
the capillary level compared to arteries and veins, which
robustly reached statistical significance (p <0.001, n=6,
one-way ANOVA followed by Bonferroni’s test for multiple
comparison) (Fig. 2c).

Microglia participate in the formation of the glia
limitans in human post-mortem brain tissue

To investigate the contribution of microglia in the formation
of the glia limitans in humans, we extended our analyses to
human post-mortem brain tissue without evidence for neu-
ropathological disorders. Importantly, the visualization of
human glial and vascular basement membranes with avail-
able antibodies in our hands proved to work much better
using antibodies directed against collagen-IV compared to
laminin. Therefore, we applied triple immunofluorescence
labeling of collagen-1V to demark basement membranes,
Iba-1 to identify microglial cells and their endfeet as well
as a-SMA to discriminate between arteries and veins. Of
note and in line with the analyzed mouse tissue, microglial
contacts to the glial basement membrane were observed
around arteries, capillaries and veins (Fig. 3). However, as
the human tissue was limited, a detailed quantitative analysis
was not performed.

Distribution of microglial contacts remains
unaltered, while contact size of individual endfeet
is increased around arteries and veins under EAE
conditions

Since extravasation of leukocytes under neuroinflammatory
conditions is known to preferentially occur in post-capil-
lary venules (Agrawal et al. 2006; Bechmann et al. 2007),
we hypothesized that the density of microglial contacts
is likely to increase in the setting of neuroinflammation.

To investigate alterations in the distribution of microglial
contacts to the glial basement membrane under inflam-
matory conditions, we applied the model of EAE in
CX3CR1“ERT2:R26-Tomato reporter mice. Importantly,
this model offers the advantage to discriminate resident
microglia from infiltrating blood-borne leukocytes, since
the reporter tomato is only expressed in resident microglia
and CNS-associated macrophages such as perivascular
macrophages (Goldmann et al. 2016). The latter can eas-
ily be excluded from the analysis by their localization on
the vascular surface of the glial basement membrane. Note-
worthily, although the microglial CX3CR1-related tomato
expression was found to be increased in the setting of acute
and chronic EAE (Fig. 4), we did not observe a difference
in the density of microglial basement membrane contacts
between the chronic, acute phase and non-immunized ani-
mals, respectively (Fig. 5). In line with the findings obtained
from the CX3CR 1! mice described above, the highest
density of microglial endfeet contacting the glia limitans
was observed in the capillary segment (Fig. 5a). However, as
individual microglial endfeet in the setting of EAE appeared
less slender and rather blunt, we next measured the average
contact length per endfeet in the setting of EAE compared
to non-immunized animals. Here, the general contact length
appeared to be increased in the setting of EAE (Fig. 5b),
reaching statistical significance in the arterial and venous
segments compared to non-immunized animals (p <0.01,
one-way ANOVA followed by Bonferroni’s test for multiple
comparison), while a robust trend towards an increased con-
tact length was observed at the capillary level (Fig. 5b). To
rule out whether there are differences between post-capillary
venules showing infiltrates of leukocytes and post-capillary
venules lacking these infiltrates, we further grouped and
compared the venous vessels for their presence EAE- related
infiltrates. Here, the direct comparison did neither reveal
statistically significant differences for the distribution nor
in the individual contact length of microglial endfeet (Sup-
plementary Fig. 3).

No differences were observed for the average microglial
contact length when comparing the acute and chronic phase
EAE animals (not shown).

MHC-Il expression is up-regulated in microglia
of the glia limitans irrespective of the presence
of perivascular infiltrates under inflammatory
conditions

In contrast to peripheral and other brain macrophages, micro-
glia are lacking MHC-II expression under physiological condi-
tions (Immig et al. 2015), whereas their capacity of an MHC-
II/CD86-dependent antigen presentation has been shown under
experimental conditions (Bechmann et al. 2001; Ebner et al.
2013; Schetters et al. 2017). Therefore, we further analyzed

@ Springer



1308

Brain Structure and Function (2019) 224:1301-1314

Fig. 3 Triple immunofluorescence labeling demonstrates the presence
of microglial contacts (arrow heads) to the glial basement membrane
in human post-mortem brain tissue. Microglia are demarked by Iba-1

whether an upregulation of MHC-II in the setting of EAE also
involves microglia of the glia limitans. While non-immunized
animals are lacking a microglial expression of MHC-II, the lat-
ter is only observed for perivascular macrophages (Fig. 6). In
contrast, acute and chronic phase EAE tissue shows a dramatic
increase of MHC-II expression in parenchymal microglia,
which also involves microglia participating in the formation
of the glia limitans. Of note, this expression does not depend
on the presence of perivascular infiltrates of leukocytes around
veins or post-capillary venules but is also observed at the level
of capillaries (Fig. 6).

Discussion
Although microglia are lacking MHC-II expression under

physiological conditions (Immig et al. 2015), their capac-
ity of an MHC-II/CD86 dependent antigen presentation
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immunolabeling, whereas collagen-1V is used to identify vascular and
glial basement membranes. Arteries are identified by a-SMA-positive
vascular smooth muscle cells. Scale bars: 10 um

has been demonstrated upon challenge under experimental
conditions (Ebner et al. 2013; Schetters et al. 2017). In this
context, their potential role as gatekeepers for infiltrating
T cells has been discussed (Engelhardt et al. 2016). It is,
therefore, important to note that microglia are reported to
contribute to the formation of the perivascular glia limitans
under inflammatory conditions and in predilection areas of
multiple sclerosis (Lassmann et al. 1991; Prodinger et al.
2011), which renders them ideally positioned to control or
respond to leukocyte infiltration. However, the NVU rep-
resents a highly specialized structure which not only func-
tionally, but also morphologically differs when comparing
arterial, capillary and venous segments of the vascular tree.
Furthermore, leukocyte infiltrations are predominantly found
around post-capillary venules being linked to the presence of
certain laminin isoforms in vascular basement membranes
(Sixt et al. 2001). Therefore, the present study was aimed to
investigate the distribution of the microglial participation



Brain Structure and Function (2019) 224:1301-1314

1309

artery

d

non-immunize

Fig.4 Multiple fluorescence labeling of non-immunized, acute
and chronic stage EAE CX3CR1FRT2:R26-Tomato reporter mice
illustrating the contribution of microglia (green) to the glia limitans
(arrow heads). The vascular and glial basement membranes are out-
lined by anti-laminin immunolabeling. SMA immunolabeling of vas-
cular smooth muscle cells is used to identify arterial vessels. While

in the glia limitans throughout the vascular tree in arterial
vessels, capillaries and veins.

For this purpose, immunolabeling of the microglial
marker Iba-1 in combination with DAB was applied on PFA/
GA- fixed mouse brain sections. Here, microglia were found
to regularly participate in the formation of the glia limitans

capillary

microglial contacts to the glial basement membrane are regularly
observed throughout arterial, capillary and venous vessels in non-
immunized and EAE animals, individual microglial cells as well as
their endfeet contacting the basement membrane appear less slender
and rather blunt in EAE animals. Nuclei are visualized with DAPL
Scale bars: 20 um

around arteries, capillaries and veins. These contacts were
not only found for microglial cell bodies, but also for smaller
processes, all of which directly contact the glial basement
membrane. Although Iba-1 immunolabeling alone does not
allow a differentiation between parenchymal microglia and
macrophages residing in perivascular spaces (Goldmann
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Fig.5 a Density of microglial endfeet contacting the glial basement
membrane of arteries, capillaries and veins in non-immunized, acute
and chronic stage EAE animals (p<0.001, one-way ANOVA fol-
lowed by Bonferroni’s test for multiple comparison, non-immunized:
n=3, acute EAE: n=6, chronic EAE: n=5). b Analysis of the mean

et al. 2016), microglia can easily be distinguished by their
parenchymal localization, whereas Iba-1 immunoposi-
tive macrophages residing in perivascular spaces were not
included in the present analysis. After confirming the direct
microglial contact to the astroglial basement membrane, we
next tried to address the density of microglial contacts to the
glia limitans comparing arteries, capillaries and veins. For
this purpose, we applied confocal laser scanning micros-
copy in sections obtained from CX3CR1*/SF mice (Jung
et al. 2000). Using this model, microglia were identified by
their CX3CR1-dependent GFP expression, while laminin
and collagen-IV immunolabeling was used to identify ves-
sels and the glial basement membranes as well (Sixt et al.
2001; Hawkes et al. 2011; Krueger et al. 2017). Of note,
this approach not only allows to label each type of vessel,
irrespective of the position in the vascular tree, but also
in the absence of additional methods for antigen retrieval
(Sixt et al. 2001; Hawkes et al. 2011; Krueger et al. 2017).
Here, capillary vessels can easily be identified by a diameter
smaller than 10 um, whereas arteries can be distinguished
by their immunoreactivity for a-SMA, which is lacking in
post-capillary venules or larger veins (Hawkes et al. 2011;
Krueger et al. 2017). Importantly, after normalizing for dif-
ferent vascular calibers, the highest density of microglial
endfeet contacting the astroglial basement membrane is
demonstrated for capillaries. Since capillaries are shown to
predominantly contribute to blood- brain barrier breakdown
in the setting of experimental stroke (Krueger et al. 2017),
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contact length of individual microglial endfeet to the glial basement
membrane in non-immunized and EAE animals (p <0.01, one-way
ANOVA followed by Bonferroni’s test for multiple comparison, non-
immunized: n=3, EAE: n=11)

it is important to note that microglia have been identified to
mediate cerebrovascular permeability following ischemia
(Su et al. 2017). In this setting, juxtavascular microglia con-
tacting the vascular wall have also been hypothesized to be
involved in the phagocytosis of ischemia-affected endothe-
lial cells (Jolivel et al. 2015), although the authors leave
open the question whether or not microglia are capable to
overcome the vascular basement membranes.

In the setting of neuroinflammation, post-capillary ven-
ules are regarded as preferential sites of leukocyte infiltration
(Agrawal et al. 2006). Here, leukocyte transmigration across
the glia limitans is known to depend on a matrix-metallopro-
teinase-mediated cleavage of dystroglycan to detach astro-
cytic endfeet from the parenchymal basement membrane
(Agrawal et al. 2006; Hannocks et al. 2017).

Therefore, we further investigated the distribution of
microglial endfeet in the glia limitans under neuroinflam-
matory conditions in the setting of EAE, which represents
an established animal model of multiple sclerosis (Lassmann
and Bradl 2017). As infiltrates of blood-borne leukocytes
are known to express typical microglial markers, we took
advantage of the CX3CR1C*ERT2.R26-Tomato reporter
mouse model (Goldmann et al. 2016). Thus, resident
CX3CRI1 + microglia can be distinguished from extravasated
myeloid cells, which was a prerequisite for the intended
analyses. Importantly, in both CX3CRI1-related reporter
mouse models, CX3CR1-positive cells were not only found
to co-express the specific microglial markers TMEM119
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Fig.6 Multiple immunofluorescence labeling of non-immunized,
acute and chronic stage EAE CX3CR1°ERT2:R26-Tomato reporter
mice illustrating the contribution microglia (red) to the glia limitans
(arrow heads). The vascular and glial basement membranes are out-
lined by anti-laminin immunolabeling. In non-immunized animals,
MHC-II expression is confined to perivascular macrophages (arrow),
while parenchymal microglia are lacking MHC-II expression. In con-

and P2YR12 (Bennett et al. 2016; Mildner et al. 2017).
Moreover, a subpopulation of CX3CR1- positive microglia
also expressed the complement receptor CD11c, which is
also expressed on dendritic cells of various organs (Geiss-
mann et al. 2010; Immig et al. 2015). Although we initially
hypothesized that the density of microglial endfeet within

vein

trast, acute and chronic stage EAE animals show an upregulation of
MHC-II in parenchymal microglia as well as in microglia contacting
the glial basement membrane (arrow heads). Of note, MHC-II expres-
sion is not confined to microglia around veins with perivascular infil-
trates but is also observed at the level of capillaries. Nuclei are visual-
ized with DAPI. Scale bar: 20 um

the glia limitans would be increased under neuroinflamma-
tory conditions, especially at the level of post-capillary ven-
ules, the relative density remained unaltered when compared
to non-immunized animals. Again, the highest density was
observed around capillary vessels. Of note, especially at the
level of post-capillary venules an increase of the microglial
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endfeet density was neither detectable when comparing
EAE animals to the non-immunized controls, nor when
comparing acute and chronic phase animals. However, in
direct comparison to the non-immunized animals microglial
processes appeared to be thicker under EAE conditions.
Analysis of the mean length of individual microglial con-
tacts to the basement membrane revealed that the individual
contact size was increased throughout arteries, capillaries
and veins, with the most pronounced increase at the level
of veins showing peri- and juxtavascular infiltrates of leu-
kocytes. Of note, microglia have been shown to represent
a source of matrix metalloproteinases thereby potentially
promoting the infiltration of leukocytes into the adjacent
neuropil. However, in the setting of EAE this expression is
specifically downregulated in microglia, which potentially
reflects their transition from a rather resting to an activated
state (Toft-Hansen et al. 2004).

Since microglia as gatekeepers under neuroinflamma-
tory conditions (Engelhardt et al. 2016) would be ideally
positioned at the glia limitans of post-capillary venules and
veins, we further explored their capacity of MHC-II expres-
sion (Ebner et al. 2013; Schetters et al. 2017) in the setting of
EAE to investigate differences between juxtavascular micro-
glia around capillaries and post-capillary venules. Of note,
the increase of microglial MHC-II expression did not only
involve parenchymal microglia, but also microglia contrib-
uting to the glia limitans. Here, MHC-II-positive microglia
were not only present around post-capillary venules and
veins, but also at the level of capillaries showing no infil-
trates of leukocytes at all. In this context, it is important to
note that microglial processes have been described to extend
through the vascular wall into the vascular lumen, which
would allow a direct communication with the peripheral
immune system (Barkauskas et al. 2013). As this feature
would have multiple implications for leukocyte recruitment,
we extensively searched for microglial endfeet reaching into
perivascular spaces or the vascular lumen in serial sections
for electron microscopy. However, we did not find a single
microglial process penetrating the glial basement membrane.
Given that the average thickness of the glial basement mem-
brane is only measuring 20 nm (Thomsen et al. 2017), these
structures are clearly below the diffraction barrier and even
below the resolution limit of super resolution microscopy
(Hell and Wichmann 1994). Therefore, confocal and two-
photon images may offer the false impression that microglial
endfeet penetrate the glia limitans or even the vascular wall,
especially in tangentially sectioned vessels.

Although the present study tends to be rather descriptive
in its design and the data presented, we here for the first
time systematically investigate the microglial contribution to
the glia limitans along the vascular tree under physiological
conditions and in the setting of neuroinflammation, as well
as in human brain tissue. Since several neuropathologies

@ Springer

including stroke, Alzheimer’s disease, cancer, neurodegen-
erative diseases and neuroinflammation (Liebner et al. 2018;
Rodrigues et al. 2012; Sweeney et al. 2018) share the feature
of a vascular affection, the presented findings and analyses
may help to investigate the role of microglia within the NVU
in different neuropathologies.
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