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Angiomodulin (IGFBP7) is a cerebral specific 2

angiocrine factor, but is probably not a blood-
brain barrier inducer

Ofri Bar, Sivan Gelb, Kian Atamny, Shira Anzi and Ayal Ben-Zvi~

Abstract

Background: Several secreted factors have been identified as drivers of cerebral vasculature development and
inducers of blood—-brain barrier (BBB) differentiation. Vascular endothelial growth factor A (VEGF-A) is central for
driving cerebral angiogenesis and Wnt family factors (Wnt7a, Wnt7b and norrin) are central for induction and mainte-
nance of barrier properties. Expressed by developing neural tissue (neuron and glia progenitors), they influence the
formation of central nervous system (CNS) vascular networks. Another type of factors are tissue-specific paracrine fac-
tors produced by endothelial cells (ECs), also known as‘angiocrine’factors, that provide instructive signals to regulate
homeostatic and regenerative processes. Very little is known about CNS angiocrine factors and their role in BBB devel-
opment. Angiomodulin (AGM) was reported to be expressed by developing vasculature and by pathological tumor
vasculature. Here we investigated AGM in the developing CNS and its function as a potential BBB inducer.

Methods: We analyzed microarray data to identify potential angiocrine factors specifically expressed at early stages
of barrier formation. We then tested AGM expression with immunofluorescence and real-time PCR in various organs
during development, post-natal and in adults. Permeability induction with recombinant proteins (Miles assay) was
used to test potential interaction of AGM with VEGF-A.

Results: Several angiocrine factors are differentially expressed by CNS ECs and AGM is a prominent CNS-specific angi-
ocrine candidate. Contrary to previous reports, we found that AGM protein expression is specific to developing CNS
endothelium and not to highly angiogenic developing vasculature in general. In skin vasculature we found that AGM
antagonizes VEGF-A-induced vascular hyperpermeability. Finally, CNS AGM expression is not specific to BBB vascula-
ture and AGM is highly expressed in non-BBB choroid-plexus vasculature.

Conclusions: We propose AGM as a developmental CNS vascular-specific marker. AGM is not a pan-endothelial
marker, nor a general marker for developing angiogenic vasculature. Thus, AGM induction in the developing CNS
might be distinct from its induction in pathology. While AGM is able to antagonize VEGF-A-induced vascular hyper-
permeability in the skin, its high expression levels in non-BBB CNS vasculature does not support its potential role
as a BBB inducer. Further investigation including loss-of-function approaches might elucidate AGM function in the
developing CNS.
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Background

The central nervous system (CNS) requires a tightly
regulated environment to provide the proper chemical
composition for brain functions. This environment is
maintained by the blood—brain barrier (BBB). The BBB
is constructed of brain tissue-specific endothelial cells
(ECs), which have a unique cell biology including sealing
properties with specialized tight junctions and very low
levels of transcytotic vesicles, and an array of transport-
ers controlling substance influx and efflux [1-3].

For almost a century the medical and scientific com-
munity held a strong belief that the BBB is not functional
in embryos or perinatal animals [2]. We and others found
that the process of development of the BBB starts at
early embryonic stages and that the BBB matures gradu-
ally to become functional for some of its properties even
before birth [4, 5]. For example, we showed that the cer-
ebral cortex BBB exhibits functional sealing properties by
embryonic day 15.5 (E15.5) [4].

Comparing transcriptomes of peripheral ECs with
those of CNS ECs allowed identification of molecular
pathways that are drivers of cerebral vasculature devel-
opment and inducers of BBB differentiation [4, 6, 7].
Secreted factors expressed by developing neural tissue
(neuron and glia progenitors) influence the formation
of CNS vascular networks by activating CNS-specific
endothelial signaling pathways and transcriptional pro-
grams. These include vascular endothelial growth fac-
tor A (VEGF-A) signaling, which is central for driving
cerebral angiogenesis, and the Wnt/beta-catenin/TCF-
LEF pathway (Wnt7a, Wnt7b and norrin), which is cen-
tral for induction and maintenance of barrier properties
[8—12]. Other molecular factors such as sonic hedgehog
(SHH), retinoic acid, GPR124 and reelin were also shown
to contribute to these developmental processes [13—17].
Once the time-line of BBB-genesis was identified, we also
compared transcriptomes of lung and cortical endothe-
lial cells at E13.5, reasoning that such comparison
would emphasize early molecular events of barrier gen-
esis. Indeed, we showed that one CNS EC specific gene,
Mfsd2a, is critical for barrier-genesis [4].

Another type of factors that might be involved in CNS-
specific vascular development are tissue-specific parac-
rine factors produced by ECs and other vascular cells.
These factors, also known as ‘angiocrine’ factors, provide
instructive signals to regulate homeostatic and regenera-
tive processes. They affect the vasculature itself, but also
balance the self-renewal and differentiation of stem cells
and orchestrate organ regeneration and tumor growth
[18]. Some angiocrine factors determine the shape, archi-
tecture, size and patterning of regenerating organs. Their
expression pattern is tissue-specific and they can be pro-
duced constitutively or be regulated by other angiogenic
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factors. Thus, angiocrine factors have a potential to influ-
ence CNS-specific vascular developments and main-
tenance. Nevertheless, very little is known about CNS
angiocrine factors and in particular about their role in
BBB development.

Angiomodulin (AGM) also known as IGF binding
protein 7 (IGFBP7), is a secreted factor (stored in Wei-
bel-Palade granules) [19] reported to be expressed by
developing vasculature in general and to be upregulated
by pathological tumor vasculature [20]. In the adult rat
brain, AGM expression was induced after stroke, where
it may be involved in sprouting angiogenesis [21]. Finally,
AGM mutation in humans was linked to familial retinal
arterial macro aneurysms [22], further suggesting a rel-
evance to the function of CNS vasculature.

In vitro studies suggested that AGM antagonizes
VEGF-A-induced angiogenesis. AGM treatment sup-
presses VEGF-A-induced tube formation, cell migration
and proliferation, but does not induce apoptosis [23,
24]. AGM binds to collagen type IV and other extracel-
lular matrix or basement membrane-associated factors
and also to VEGF-A itself [25]. There is also evidence
supporting alternative interactions. Knockdown of both
VEGEF-A and AGM together revealed a synergistic effect
on angiogenesis in zebrafish embryos, thus AGM inter-
action with the VEGF-A pathway seems essential for
proper patterning of nascent vessels [20]. Finally, another
study showed that AGM was strongly induced in ECs by
VEGEF-A, integrin (alpha-v beta-3) is a receptor for AGM,
and that just like VEGF-A, AGM might increase vascular
permeability [25].

Here, we analyzed microarray data to identify potential
angiocrine factors specifically expressed at early stages of
barrier formation. We identified the temporal and spatial
expression of AGM in embryos during CNS angiogene-
sis and BBB formation. Contrary to previous reports, we
found that AGM protein expression was specific to devel-
oping CNS endothelium and not to highly angiogenic
developing vasculature in general. We used permeability
induction with recombinant proteins (Miles assay) to test
potential interaction of AGM with VEGF-A, and showed
that AGM antagonized VEGF-A-induced vascular hyper-
permeability. Finall, CNS AGM expression was not
specific to BBB vasculature and it had high expression
levels in non-BBB choroid-plexus vasculature, diminish-
ing the hypothesis that it is involved in induction of BBB
properties.

Methods

Mice

ICR mice were obtained from Envigo (Rehovot, Israel).
Pregnant mice were obtained following overnight mating
(day of vaginal plug is defined as embryonic day 0.5). All
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mice were bred and maintained in the animal facility of
the Hebrew University under specific pathogen-free con-
ditions. For all experiments male ICR mice were tested
other than embryos in which both males and females
were tested. All animals were treated according to insti-
tutional guidelines approved by the Institutional Animal
Care and Use Committee (IACUC) at Hebrew University.

Tissue preparation

After dissection, brains/head/peripheral organs were
placed in 4% paraformaldehyde (PFA, Sigma Aldrich) at
4 °C overnight, cryopreserved in 30% sucrose and frozen
in TissueTek OCT (Sakura). Frozen brains were cut to
12 pum slices for immunofluorescence staining (CM1950,
Leica) to produce coronal brain sections.

Immunofluorescence

12 pm thick cryo-sections were washed with phosphate
buffered saline (PBS) for 5 min at room temperature (RT)
and then incubated for 1 h at RT with blocking solu-
tion (10% bovine serum albumin (BSA), 10% normal
horse serum (NHS), 0.5% triton X-100 in PBS). Slides
were incubated with primary antibodies (diluted in
2.5% BSA, 2.5% NHS, 0.5% triton X-100 in PBS) at 4 °C
overnight. Slides were then washed with PBS, incubated
with secondary antibodies for 1 h at RT, washed and
mounted with 4/,6-diamidino-2-phenylindole (DAPI)
Fluoromount-G (Southern Biotech). All sections being
compared in different tissues and in the same tissue at
different ages were incubated under identical conditions
and at the same time. For every staining, we included a
condition with only secondary antibodies in order to
define secondary non-specific tissue binding.

Primary antibodies used

Hamster anti-mouse CD31 (1:100, Bio-Rad cat No.
MCA1370Z), mouse anti-mouse NeuN (1:50, Millipore
cat No. MAB377), mouse anti-mouse S100b (1:400,
abcam cat No. AB11178), rat anti-mouse CD45 (1:100,
BioLegend cat No. 103102), rat anti-mouse PDGFRb
(1:100, Invitrogen cat No. 14140282), and polyclonal
rabbit anti-mac25/AGM (1:100), which was a kind gift
from Prof. Masayuki Miyasaka (Laboratory of Molecular
and Cellular Recognition, Department of Internal Medi-
cine and Molecular Science, Osaka University Graduate
School of Medicine, Japan) [26]. AGM antibody produc-
tion and characterization as described by the authors [26]
in brief: Full-length mouse mac25/AGM cDNA (Gen-
Bank AB012886) was cloned into baculovirus expres-
sion system. Secreted recombinant mac25/AGM with a
molecular size of ~34 kDa was purified by affinity chro-
matography with the Ni*"-based Probond resin (Invitro-
gen) and gel filtration chromatography (Sephadex-G200;
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Amersham, Little Chalfont, UK), and finally concentrated
by ultrafiltration (CentriPlus YM-10; Millipore, Bedford,
MA). The N-terminal sequence of the purified protein
(Ser—Ser-Ser-Asp-Ala-Cys-Gly-Pro-Cys-Val) was found
to be identical to that of mature mouse mac25/AGM,
indicating that it was a mature full-length form of mac25/
AGM. pAb was raised against the recombinant mac25/
AGM protein by subcutaneous immunization of New
Zealand White female rabbits with the purified recombi-
nant mac25/AGM (0.2 mg) emulsified in complete Fre-
und’s adjuvant. The polyclonal IgG was affinity purified
from the immunized serum using a Protein G = Sepha-
rose CL-4B (Amersham BioSciences) column and a
recombinant mac25/AGM-conjugated column. The affin-
ity-purified pAb successfully detected the 34-kDa recom-
binant mac25/AGM protein on and the anti-mac25/
AGM pAb the endogenous mac25/AGM produced by
bEnd.3 cells on Western blots. The antibody failed to
react against human mac25/AGM that has high sequence
homology (87%) to mouse mac25/AGM.

Secondary antibodies used

Cy3-goat anti-Armenian hamster (1:500, Jackson cat No.
127165160) and Alexa 488 donkey anti-rabbit IgG (1:200,
Jackson cat No. 711545152), Alexa 647 donkey anti-rat
IgG (1:200, Jackson cat No. 712605153), Cy3 donkey anti-
mouse IgG (1:500, Jackson cat No. 715165151).

Fluorescence microscopy

Images presented were taken using Olympus BX51,
10X/0.3 and 20X/0.5, with Andor Zyla CCD camera,
Nikon NIS elements software (version D4.5) for both
image acquisition and analysis. High magnification
images (lower panel Fig. 2 and lower panel Additional
file 1: Figure S2) were captured using Nikon Eclipse Ni
confocal microscope, objective x40 with Nikon C2 cam-
era and Nis-Elements software. Images are maximal
z-projection of optical sections taken from a 12 pm tissue
section imaged with 0.85 um intervals.

Miles vascular permeability assay

The assay was carried out as in Zhang et al. [27] 8 weeks
old male ICR mice backs were shaved a day prior to
injections. Deeply anesthetized (85% Ketamine, 15%
Xylazine), mice were injected intravenously with Evans
blue dye (sigma €2129, 200 pl of 0.5% solution in saline
(0.9%NaCl)). Following 10 min circulation, 50 pl recom-
binant proteins (VEGF-A (#100-20 PeproTech, Rehovot,
Israel) and AGM (#350-09 PeproTech, Rehovot, Israel)
250 pg/ml dissolved in saline) were injected sub-dermally
in designated spots on the mouse backs. In each mouse,
we injected four spots; VEGF-A, AGM, combined VEGE-
A+ AGM and saline. Following 30 min, the animals were
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euthanized and the skin area including the entire injec-
tion site was removed by punch biopsies and placed
in 2 ml of formamide (Merck) at room temperature for
48 h. The optical absorption of the biopsy elution sam-
ples was measured at 595 nm using 96 well microplate
reader (Tecan, infinite 200 pro). Each biopsy elution was
measured in quadruplicates, blank measurement was
omitted and the average absorption was calculated. For
each mouse, the permeability factor was calculated as
fold increase over the negative control saline sample. We
presented the average permeability factor for each condi-
tion of four mice (data from mice that VEGF-A (as the
positive control) did not induce hyperpermeability were
excluded).

Microarray

Data analyzed in the current study were produced
from our previous study [4] according to methodology
described in our published manuscript (Ben-Zvi et al.
[4]). In brief: homozygous Tie2-GFP transgenic mice
(Jackson laboratory, strain 003658) were used for BBB
transcriptional profiling. E13.5 Tie2-GFP embryos were
micro-dissected for cortex and lungs. Cortex tissue was
carefully cleared of the meninges and choroid plexus.
FACS purification of GFP-positive cells and GeneChip
analysis was performed. RNA was purified with Arctu-
rus PicoPure RNA isolation kit (Applied biosystems),
followed by NuGEN Ovation V2 standard linear ampli-
fication and hybridization to Affymetrix Mouse Genome
430 2.0 Array. All material from a single litter (10-13
embryos) was pooled and considered as a biological
replicate. Four biological replicates were used. Each bio-
logical replicate represents purification from different lit-
ters performed on different days. Data is available in the
NCBI’s Gene Expression Omnibus (http://www.ncbi.nlm.
nih.gov/geo/), accessible through GEO series accession
number GSE56777. Presented values are average of four
biological repetitions.

Real time PCR analysis

Forebrain tissue was carefully cleared of meninges and
choroid plexus (lung and heart tissue was dissected from
the same mice/embryos) and total RNA was purified
using BIO TRI RNA reagent (bio-lab). Total RNA (2 ug)
was used for first-strand cDNA synthesis using random
primers and reverse transcriptase (Applied Biosystems).
Real-time PCR was performed with SYBR Green master
mix (Applied Biosystems) in 384-well plates using the
c1000-bio-rad thermo cycler CFX384 real time system.
All reactions were performed in triplicates with four-five
biological replicates. The relative amount of mRNA was
calculated using the comparative CT method after nor-
malization to CD31. The following primers were used:
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Mouse CD31 Forward primer 5-CTCACGCTGGTG
CTCTATG-3' and reverse primer 5-CCATTCATCACC
TCCCATGAT-3'. Mouse AGM forward primer 5’-CCA
CGAGCACCTTGTTCA-3' and reverse primer 5-TGT
CATCTCTGGGCTCTCA-3'.

Statistical analysis

Sample size for all immunofluorescence experiments
was determined empirically using standards generally
employed by the field: a minimum of three animals per
group in each experiment and a minimum of four tissue
sections of each tissue. Standard error of the mean was
calculated for all experiments and displayed as errors
bars in graphs. Statistical details for specific experi-
ments can be found in the figure legends. For the Miles
assay data and microarray data, Mann—Whitney U test
(non-normally distributed data) was used for two-group
comparisons. For the qPCR data, two group comparisons
were analysed using an unpaired two-tailed Student’s t
test; P <0.05 was considered significant.

Results

Angiocrine factors are differentially expressed

by cerebral endothelium at early stages of BBB induction
and differentiation

We analyzed microarray data from our previous study
[4] that compared transcriptomes of lung and cortical
endothelial cells, both at E13.5 to identify potential angi-
ocrine factors specifically expressed at early stages of bar-
rier formation. While many secreted factors were found
to be differentially expressed, we focused on angiocrine
factors that were previously suggested to be involved in
CNS vasculature biology [18]. Some angiocrine factors
showed similar transcript levels in both lung and cortex
ECs (Fig. 1a, e.g. Jagged2 and EphrinB2). Other angioc-
rine factors showed higher levels in lung ECs, of which
differences in expression levels where statistically signifi-
cant for thrombomodulin, pigment epithelium-derived
factor (PEDF) and VEGEF-C (Fig. 1la). AGM transcript
levels were significantly higher in cortex ECs then in lung
ECs (more than eightfold increase). Moreover, transcript
levels of AGM in cortex ECs was comparable to lev-
els of the most highly expressed genes, which are most
commonly used as BBB markers (Fig. 1b. Glutl, Tfrc,
Mfsd2a). Such differential transcript levels are unique to
BBB-enriched markers as pan-endothelial markers show
similar levels in both lung and cortex ECs at this stage
(Fig. 1b, VegfR2, Claudin-5 and VE-Cadherin). These
findings led us to consider AGM as a prominent candi-
date that might play a role in BBB formation. We there-
fore sought to validate AGM expression at the protein
level and investigate the specific pattern of its expression
during embryonic BBB formation.
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Fig. 1 Angiocrine factors are differentially expressed by cerebral endothelium at early stages of BBB induction and differentiation. Microarray
data analysis from our previous study [4] comparing transcriptomes of lung and cortical endothelial cells at E13.5 of potential angiocrine

factors, previously suggested to be involved in CNS vasculature biology [18]. a Some angiocrine factors showed similar transcripts levels in both
lung and cortex ECs (Jagged?2 and EphrinB2). Other angiocrine factors showed higher levels in lung ECs, of which thrombomodulin, pigment
epithelium-derived factor (PEDF) and VEGF-C were statistically significant (P < 0.05). AGM transcripts levels were significantly higher in cortex ECs
then in lung ECs (more than eightfold increase, P <0.05). b Transcripts level of AGM in cortex ECs was comparable to levels of the most highly
expressed BBB genes (Glut1, Tfrc, Mfsd2a). Statistically significant differential transcripts levels (P <0.05) are unique to BBB-enriched markers.
Pan-endothelial markers (VegfR2, Claudin-5 and VE-Cadherin) show similar levels in both lung and cortex ECs at this stage. N=4 mice. All data are
mean = sem. Statistical significance determined by a non-parametric Mann-Whitney U test
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Angiomodulin protein expression is specific to developing
cerebral vasculature and not to highly angiogenic
developing vasculature of peripheral organs

We tested AGM protein expression with immunofluo-
rescence using a polyclonal rabbit anti-mac25/AGM [26]
in various organs during development. We validated our
microarray findings at the protein level; AGM could be
clearly detected as early as E12.5 in cortical vasculature
(Fig. 2, upper panel, arrow heads). AGM expression was
specific to CNS vasculature, as it was not detected in
developing peripheral organs such as the heart or liver
(Fig. 2, middle and lower panels). At this developmental
stage, CD31 positive vascular networks could be noticed
in these peripheral organs, which are negative to AGM.
In the brain vasculature, AGM co-localized with both
endothelial cells and pericytes (Fig. 2, E14.5 forebrain
vessels in high magnification). We concluded that con-
trary to previous reports, at least according to our AGM
antibody staining, AGM expression is not a general char-
acteristic of highly active angiogenic vasculature in the
developing mouse embryo but rather a marker of CNS
active angiogenic vasculature.

Angiomodulin antagonizes VEGF-A-induced peripheral
vascular hyperpermeability

Having confirmed AGM-specific expression in CNS
endothelium at early stages of barrier-genesis, we
turned to testing the hypothesis that AGM might be a
negative modulator of VEGF-A-induced permeability.
VEGE-A is expressed by the avascular neural tube to
induce vascular sprouts ingression from the perivas-
cular neural plexus, which surrounds the neural tube,
into the CNS parenchyma. VEGF-A is necessary for
inducing proper vascular tube formation as well as
for endothelial survival. At later stages, once vessels
are maturing and stabilizing, they no longer depend
on VEGEF-A for their survival [28]. Interestingly, this
maturation process is synchronized with the CNS vas-
culature’s acquisition of BBB properties [28]. VEGF-A
is also responsible for inducing vascular hyperperme-
ability. For example, it is known to induce and main-
tain fenestration in liver vasculature [29] and to induce
leakage of blood born tracers upon exposure to skin
vasculature. Therefore, in developing CNS vasculature,
potential VEGF-A induction of non-barrier proper-
ties should somehow be modulated in order to allow
proper induction of angiogenesis together with induc-
tion of barrier-genesis. To test AGM’s effect on VEGEF-
A-induced vascular permeability, we used the Miles
assay: recombinant VEGF-A and AGM proteins were
injected sub-dermally to mice that received Evans-Blue
tracer injection intravenously. Skin biopsy was taken
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from the injection site (half an hour post-exposure).
The tracer was extracted and tracer levels were quanti-
fied with spectrophotometric absorbance (Fig. 3). Rela-
tively low VEGF-A concentrations were used (250 pg/
ml) to induce minimal hyperpermeability. As expected,
VEGE-A induced approximately 20% increase in vascu-
lar hyperpermeability over control (saline), which was
statistically significant. At relatively low AGM concen-
trations (250 pg/ml), AGM by itself did not induced
significant permeability. Once VEGF-A was injected
together with AGM, VEGF-A, induced hyperperme-
ability induction was abolished (differences in leakage
level between VEGF-A and the combined VEGEF-A/
AGM was statistically significant, whereas differences
in leakage level between the combined VEGF-A/AGM
and AGM were insignificant). Therefore at least in skin
vasculature, AGM might act as a negative modulator of
VEGEF-A-induced permeability.

Angiomodulin protein expression in adult mouse brain

is not restricted to the vasculature

A previous study characterized AGM’s pattern of expres-
sion in adults with a knock-in mouse (AGM%/*) [20].
According to these findings, B-gal reporter activity was
predominantly localized to the SMC-invested large ves-
sels with lesser expression in capillaries of all organs.
Only when a high sensitivity p-gal protocol was used,
AGM expression could be indicated in all adult vascula-
ture (including the brain), except liver and bone marrow
where it was expressed at low levels [20]. These find-
ings might suggest differential AGM expression levels
similar to the embryonic situation, were CNS capillaries
show higher levels of AGM than peripheral vasculature
(Fig. 2). Adult CNS capillaries are refractory to VEGE-
A-induced hyperpermeability and thus maintenance
of AGM expression in adults might mediate this effect.
Using immunofluorescence of adult mouse cortex, we
found that AGM is indeed expressed in CNS vasculature
(Fig. 4a). We could not detect AGM expression in capil-
laries of peripheral organs of adult mice; in the heart we
could detect some AGM staining in large vessels, and in
the liver low AGM staining could be detected in a small
fraction of non-vascular cells (presumably hepatocytes,
arrowheads Additional file 1: Figure S1). Different from
the embryonic situation, in addition to vasculature stain-
ing, in adults we also detected cellular staining in CNS
parenchyma (Fig. 4). AGM staining in CNS parenchyma
includes co-localization with a subset of CD45 positive
microglia cells, a subset of S100-beta positive astrocytes
and a subset of NeuN positive neurons (Fig. 4b). There-
fore, in adult CNS, AGM should not be used as a CNS
endothelial-specific marker.
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Fig. 3 Angiomodulin antagonizes VEGF-A-induced peripheral
vascular hyperpermeability. AGM's effect on VEGF-A-induced vascular
permeability was tested with the Miles assay. Recombinant VEGF-A
and AGM proteins were injected sub-dermally to mice that received
Evans-Blue tracer injection intravenously. Skin biopsy was taken
from the injection site. The tracer was extracted and tracer levels
were quantified with spectrophotometric absorbance. Relatively
low VEGF-A concentrations (250 pg/ml) induced approximately 20%
increase in vascular hyperpermeability over control (saline). Relatively
low AGM concentrations (250 pg/ml), did not induced significant
permeability. Injections of VEGF-A together with AGM, abolished
VEGF-A-induced hyperpermeability (differences in leakage level
between VEGF-A and the combined VEGF-A/AGM was statistically
significant P <0.05). Data represents permeability fold induction
over saline control (indicated as the Permeability Factor). N=4 mice.
All data are mean = sem. Statistical significance determined by a

non-parametric Mann-Whitney U test

Cerebral angiomodulin protein expression is not specific
to BBB vasculature and it is highly expressed in the choroid
plexus vasculature

In order to determine when during development AGM
expression in the CNS shifts from being vasculature-spe-
cific to also being expressed in other cell types, we stained
cortical tissues at various developmental and post-natal
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stages. At E14.5-E16.5, AGM was specifically expressed in
CNS vasculature (Fig. 5, arrows), but this expression was
not restricted to BBB-forming vessels as it was also seen
in highly permeable vessels of the choroid plexus (Fig. 5,
arrow heads). This pattern persisted into post-natal stages;
at P5 we detected lower AGM levels at cortical BBB vessels
in comparison to the persistent high expression in cho-
roid plexus vessels. Choroid plexus AGM expression was
detected in CP of all brain ventricles as demonstrated for
lateral ventricles (Fig. 5, upper (E14.5) and middle (E16.5)
and for third ventricle (Fig. 5, lower panel (P5), arrow
heads) as well as in forth ventricle CP (data not shown).
AGM expression in non-vascular CNS cells is therefore
apparent only in adults. As in E12.5, AGM expression was
also specific to CNS vasculature in E14.5, as it was not
detected in developing peripheral organs such as the heart,
liver or lung (Additional file 1: Figure S2). We concluded
that as development progresses from embryonic stages
E14.5 on, AGM is expressed in all CNS vasculature includ-
ing choroid plexus vasculature, and therefore should not
be considered as a BBB specific marker at these stages.

Discussion

CNS endothelium expresses AGM throughout different
stages of development. Here, we show CNS endothelium
expression in embryonic and adult stages and therefore
AGM could be considered as a CNS-specific angiocrine
factor. Only at an early stage of development (E12.5), is
AGM specifically expressed in BBB-forming endothelial
cells. By E14.5, AGM expression is additionally found in
the choroid plexus vasculature, which has non-BBB vas-
cular properties, and as the embryonic development pro-
gresses, AGM staining in BBB vasculature weakens. This
finding led us to the conclusion that only at early stages
of development, can AGM reliably be used as a specific
BBB marker. In the brain we could not detect major dif-
ferences in vascular AGM staining of different brain
regions. During embryonic and post-natal stages, AGM
expression is restricted to CNS endothelium and is not
expressed in capillaries of peripheral organs.

Although AGM was reported to be up regulated during
angiogenesis in pathological conditions and in all organs
during embryonic development where angiogenesis is
pronounced [20], according to our findings its expres-
sion is not detectable in developing peripheral embryonic

(See figure on next page.)

Fig. 4 Angiomodulin protein expression in adult mouse brain is not restricted to the vasculature. a AGM (green) is expressed in adult CNS
vasculature (examples of representative cortical sections form two adult mice). Different from the embryonic situation, in addition to vasculature
staining (arrows, co-labeled with CD31 positive endothelium (red)), we also detected cellular staining in CNS parenchyma (arrow heads). Merge
images includes DAPI nuclei staining. N =3 mice; scale bar 100 um. b AGM staining in CNS parenchyma includes co-localization with a subset of
microglia cells (labeled with CD45, arrows upper panel), co-localization with a subset of astrocytes (labeled with S100-beta, arrows middle panel)
and co-localization with a subset of neurons (labeled with NeuN, arrows lower panel). Scale bar 50 um
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Fig. 5 Cerebral Angiomodulin protein expression is not specific to BBB vasculature and it is highly expressed in the choroid plexus vasculature. a
At E14.5-E16.5, AGM (green) was expressed in CNS vasculature (arrows), but this expression was not restricted to BBB-forming vessels as it was also
seen in highly permeable vessels of the choroid plexus (arrow heads). This pattern persisted into post-natal stages; at P5 (lower panel) we detected
lower AGM levels at cortical BBB vessels in comparison to the persistent high expression in choroid plexus vessels. Choroid plexus AGM expression
was detected in all brain ventricles as demonstrated for lateral ventricles (upper panel—E14.5 and middle panel—E16.5) and for third ventricle
(lower panel—P5, arrow heads). N =3 mice; scale bar 100 um. b Forebrain AGM mRNA levels were evaluated with real-time PCR along embryonic
and post-natal development (normalized to CD31 mRNA levels). In the current analysis, the highest AGM levels were detected at E18.5 (P=0.002).
N=5 mice. c At E18.5, forebrain AGM mRNA levels were significantly higher (~ 16-fold) than lung (P=0.01) or heart (P =0.004). N=4 mice. All data
are mean = sem. Statistical significance determined by an unpaired two-tailed Student's t test
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endothelium during angiogenesis and it is restricted to
CNS vasculature. In fact, the reported whole mount (3-gal
reporter staining of a knock-in mouse (AGM %% [20] can
also be interpreted as demonstrating CNS specific expres-
sion (in forebrain and spinal cord) rather than pan-vascular
embryonic expression (Figure S2 of Hooper et al. [20]).

In the adult mouse CNS, AGM expression is not spe-
cific to the endothelium and can be detected in other
cortical parenchymal cells. This finding is in line with
recent mRNA profiling that demonstrated detectable
AGM transcripts also in, vascular smooth muscle cells,
vascular-associated fibroblasts and pericytes [30]. AGM
mRNA levels are relatively high and do not differ dra-
matically between the different ECs in the vascular tree
(slightly lower in venous ECs than in capillary and arterial
ECs, but still relatively high) [30]. According to mRNA
profiling in another study, AGM mRNA levels are also
relatively high in ECs and mature astrocytes, and detect-
able in neurons also in human brains [31]. AGM expres-
sion such as that found by us in non-BBB vasculature at
the choroid plexus is also in line with mRNA profiling of
the embryonic and adult choroid plexus [32].

The molecular programs that govern the production
of context-dependent angiocrine factors from organ-
specific ECs remain largely undefined. AGM expression
was found to be down regulated by promoter hypermeth-
ylation in prostate cancer [33]. Based on genome-wide
methylation profiling of developing BBB ECs, we found
some supporting data of progressive de-methylation in
genomic sites associated with AGM, which might indi-
cate an epigenetic control mechanism of AGM expres-
sion levels (data not shown). Based on in vitro studies,
AGM expression is also induced by VEGF-A [25] and
therefore it is possible that there is a molecular negative
feedback loop in which up regulation of AGM levels in
response to VEGF-A then antagonizes VEGF-A function.

VEGE-A signaling orchestrates CNS angiogenesis. Par-
adoxically, VEGF-A is also a strong inducer of non-BBB
properties and therefore, potential VEGF-A induction
of non-barrier properties should somehow be modu-
lated in order to allow proper induction of angiogenesis
together with induction of barrier-genesis. This led us to
the hypothesis that AGM might be a negative modulator
of VEGF-A-induced permeability, especially in light of the
reported direct binding of AGM to VEGEF-A [25]. There
are conflicting interpretations for experimental investi-
gations of VEGF-A and AGM interactions. While AGM
antagonizes VEGF-A-induced angiogenesis in vitro [23],
knockdown of both VEGF-A and AGM together revealed
a synergistic effect on angiogenesis in zebrafish embryos
[20]. Finally, just like VEGF-A, AGM (at relatively high
concentrations of 1-10 pg/ml) might increase vascular
permeability [25]. Based on our skin permeability data
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(Fig. 3), we suggest that AGM might have an antagoniz-
ing effect on VEGF-A induced permeability. It is possi-
ble that high levels of AGM (shown previously to induce
hyperpermeability) corresponds to the expression levels
observed by us at the choroid plexus vasculature and that
low levels of AGM (that antagonize VEGEF-A induced per-
meability) correspond to the lower expression levels at
CNS BBB capillaries. Accordingly, loss of AGM expres-
sion in cortical vasculature is predicted to perturb BBB-
genesis and loss of AGM expression in the choroid plexus
is predicted to reduce permeability in these vessels. Fur-
ther investigation including loss-of-function approaches
might elucidate AGM function in the developing CNS.

Conclusions

We propose that AGM is a developmental CNS vas-
cular-specific marker. AGM is not a pan-endothelial
marker, nor a general marker for developing angiogenic
vasculature. Thus, AGM induction in the developing
CNS might be distinct from its induction in pathology.
While AGM is able to antagonize VEGF-A-induced
vascular hyperpermeability in the skin, its high expres-
sion levels at non-BBB CNS vasculature do not support
its potential role as a BBB inducer.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512987-020-00188-2.

Additional file 1: Figure S1. Absence of AGM expression in capillaries

of peripheral organs of adult mice. In the heart (upper panel) we could
detect some AGM staining (green) only in large vessels, and in the liver
(lower panel), low AGM staining could be detected in a small fraction of
non-vascular cells (presumably hepatocytes, arrowheads) but not in the
vasculature. N=3 mice; scale bar 50 um. Figure S2. Absence of AGM
expression in capillaries of developing peripheral organs. As in E12.5, AGM
expression was specific to CNS vasculature also in E14.5, as it was not
detected in developing vasculature of peripheral organs such as the heart,
liver or lung. N =3 mice; scale bar 100 pm (upper and middle panel) and
50 um (lower panel).
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