1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Cell Neurosci. Author manuscript; available in PMC 2017 March 01.

-, HHS Public Access
«

Published in final edited form as:
Mol Cell Neurosci. 2008 July ; 38(3): 417-430. doi:10.1016/j.mcn.2008.04.003.

BMP signaling through BMPRIA in astrocytes is essential for
proper cerebral angiogenesis and formation of the blood-brain-
barrier

Runa Arayal, Moeko Kudol, Masako Kawano?, Katsuyoshi Ishii3, Tsutomu Hashikawa3,
Takuji lwasato?, Shigeyoshi Itohara?, Tetsuya Terasaki®, Atsuhiko Oohira®, Yuji Mishina”",

and Masahisa Yamadal”
lyamada Research Unit, RIKEN Brain Science Institute, Saitama, 351-0198, Japan

2Lab. for Cell Culture Development, RIKEN Brain Science Institute, Saitama, 351-0198, Japan
SLab. for Neural Architecture, RIKEN Brain Science Institute, Saitama, 351-0198, Japan

4Lab. for Behavioral Genetics, RIKEN Brain Science Institute, Saitama, 351-0198, Japan
SDep. of Molecular Biopharmacy and Genetics, Tohoku Univ., Sendai, 980-8578, Japan

8Dep. of Perinatology, Institute for Developmental Research, Aichi Human Service Center,
Kasugai, Aichi 480-0392, Japan

“Lab. of Reproductive and Developmental Toxicology, NIEHS, Research Triangle Park, NC 277009,

USA.

Abstract

Bone morphogenetic protein (BMP) signaling is involved in differentiation of neural precursor
cells into astrocytes, but its contribution to angiogenesis is not well characterized. This study
examines the role of BMP signaling through BMP type IA receptor (BMPRIA) in early neural
development using a conditional knockout mouse model, in which Bmprlais selectively disrupted
in telencephalic neural stem cells. The conditional mutant mice show a significant increase in the
number of cerebral blood vessels and the level of vascular endothelial growth factor (VEGF) is
significantly upregulated in the mutant astrocytes. The mutant mice also show leakage of
immunoglobulin around cerebral microvessels in neonatal mice, suggesting a defect in formation
of the blood-brain-barrier. In addition, astrocytic endfeet fail to encircle cortical blood vessels in
the mutant mice. These results suggest that BMPRIA signaling in astrocytes regulates the
expression of VEGF for proper cerebrovascular angiogenesis and has a role on in the formation of
the blood-brain-barrier.
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Introduction

Neural stem cells (NSC) are self-renewing, multipotential progenitor cells with the capacity
for generating neurons and glial cells including astrocytes and oligodendrocytes. The entire
surface of central nervous system is derived from NSCs in the ventricular zone, but actively
dividing NSCs generate neurons in all structures of the brain. NSCs in the subventricular
zone, which is formed later in embryogenesis, generate neurons, astrocytes and
oligodendrocytes (Parnavelas and Nadarajah, 2001; Rao, 1999; Okano, 2002; Lennington et
al 2003). Astrocytes adhere to most of the capillaries in the brain and promote formation of
the blood-brain-barrier (BBB).

BMP signaling is critical for gliogenesis (Gross et al., 1996; Mabie et al, 1997; Nakashima
et al., 1999a; Reiriz et al., 1999; Lim et al., 2000). For example, /n vitro studies demonstrate
that astrocytes proliferate actively and extensively branched processes formation in response
to exogenous BMPs (Gross et al., 1996; Reiriz et al., 1999; D'Alessandro and Wang, 1994;
Jordan et al., 1997; Angley et al., 2003). In addition, overexpression of BMP4 increases the
density of astrocytes in multiple brain regions /n vivo (Gomes et al., 2003). Several BMP
ligands and receptors are expressed in the brain in a cell type-specific and developmental
stage-specific manner (Zhang et al., 1998; Mekki-Dauriac et al., 2002), with higher
expression during neural development and lower expression in the adult brain. BMPRIA, a
type | receptor, is activated primarily by BMP2 and BMP4 (Mishina, 2003), which are
expressed in the telencephalic midline (Hebert et al., 2003). BMPRIA stimulates
phosphorylation and activation of Smadl, Smad5 and Smad8. Activated Smads form
heteromeric complexes and bind directly or indirectly to the promoters of their respective
target genes and activate target gene transcription (Derynck et al, 1998). Since disruption of
Bmprlain mice blocks mesoderm formation and results in intrauterine death before
embryonic day 7.5 (E7.5) (Mishina et al., 1995), a conditional allele has been generated to
explore its function in neural development (Mishina et al., 2002, Mishina 2003). These
attempts revealed that BMPRIA signaling is critical for dorso-ventral patterning of a
developing neural tube (Wine-Lee et al., 2004) and formation of choroid plexus, the most
dorsal structure of the neural tube (Hebert et al, 2002). Furthermore, it is recently shown that
BMP signaling through BMPRIA is important for cell fate determination in NSCs towards
glial lineage (Samanta et al., 2007), and for astrocytic maturation (See et al, 2007).
Activation of BMPs signaling is thought to play a role in regulating proliferation,
differentiation, and survival on vascular cells (Bobik, 2006 review), but its involvement in
regulating endothelial-astrocyte interactions is not yet understood.

Angiogenesis is a multistep process that involves proliferation and migration of endothelial
cells (ECs) and generation of extracellular matrix. Angiogenesis is regulated by multiple
positive- and negative-regulatory factors, including vascular endothelial growth factor
(VEGF), angiopoitins, interferons (alpha/beta/gamma), IL-12, tissue inhibitory
metalloproteinase (TIMP)-3 and transforming growth factor-beta 1 (Campbell et al., 1999;
Rivieccio et al., 2005; Zeinstra et al., 2006; Constantinescu et al., 2005; Muir et al., 2002;
Dhandapani, 2005; Carmeliet, 2000; Petersen et al, 2005; Sidky and Borden, 1987; Raza and
Cornelius, 2000; Dhandapani et al., 2005, 2007). VEGF, a prototypical angiogenic growth
factor, regulates cell proliferation, vascular permeability, chemotaxis, and survival of ECs
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and vasculogenesis and angiogenesis in the developing embryo (Ferrara et al., 2003).
Astrocytes, whose endfeet encircle neural capillaries, produce angiogenesis modulating
factors (Abbot, 2002; Abott et al, 2006; Lee et al., 2003), and together with ECs, play a key
role in forming and maintaining the blood-brain-barrier (BBB). It has been suggested that
closure of BBB is correlated to the maturation of astrocytes (DeBault and Cancilla, 1980;
Janzer and Raff, 1987). VEGF and BMPs also modulate functions of peripheral ECs
(Hoeben et al., 2004; Holmes and Zachary, 2005; Valdimarsdottir et al, 2002; Itoh et al.,
2004).

In this study, we conditionally disrupted Bmpriain a neural stem cell-specific manner to
examine the functional roles of Bmpriaduring neural development (Mishina, 2002, Yuhki,
2004). Our data demonstrated that BMPRIA was essential in astrocytes for down-regulation
of VEGF expression during cerebral vascular angiogenesis. It was also demonstrated that
BMPRIA in astrocytes played a critical role for interactions between ECs and astrocytes to
form a functional BBB.

BMPRIA signaling is dispensable for forming the cortical layer

EmxI€T€* mice (Iwasato et al., 2000) were crossed to CAG-CAT-LacZ reporter mice to
obtain double heterozygous (Emx1-Cre/LacZ) mice; these animals were used to confirm the
tissue- and stage-specificity of expression of the £mxI-Cretransgene. At postnatal day 14
(P14), Emx1-Cre/L.acZ mice expressed Cre recombinase [as evidenced by the staining for p-
galactosidase (B-Gal) activity] in the dorsal telencephalon and in > 90% of astrocytes in the
marginal zone (MZ) (Fig. 1B). Cre recombinase was also expressed in astrocytes in the
upper cortical layers (Fig. 1B,D). Astrocytes along the fissura longitudinalis cerebri, the
dorsal part of the telencephalon, were also positive for B-Gal (>90 %) (Fig. 1F). However,
Cre recombinase was not active in astrocytes in the hypothalamic region around the third
ventricle (data not shown). The immunochemical staining patterns for S100-p, a marker for
astrocytes, and the staining for p-Gal activity were similar (Fig. 1, G-J). Cre recombinase
was also expressed in oligodendrocytes that cross-reacted with antibody to Myelin-
associated glycoprotein (MAG), 2°, 3’-cyclic nucleotide 3’-phosphodiesterase (CNPase),
and myelin basic protein (MBP) (Fig. 1C, Supplemental Fig.1). These results indicate that
Cre-mediated recombination occurs in the majority of astrocytes in the MZ, the dorsal parts
of telencephalon, the cingulate and retrosplenial cortices (Cg/RS) along the fissura
longitudinalis cerebri. These results are consistent with the fact that telencephalic excitatory
neurons and glial cells are believed to be derived from telencephalic neural stem cells
expressing £mxI (Gorski et al., 2002). Lastly, we confirmed that Cre recombinase was
expressed in the cortical neurons marked by Hu-protein in nucleus (Fig. 1K), but not
expressed in inhibitory neurons marked by the expression of parvalbumin in the layer II, 111,
IV, and V (Fig. 1L). These results are in good agreement with pervious analysis for £mxI-
Cre activity (Iwasato et al., 2000; Gorski et al., 2002).

To examine whether Cre-recombinase is expressed in non-neural cells, expression of £mx1-
Crewas also examined in CAG-CAT-Zand CMV-Z/AP reporter gene mice. With the CMV-
Z/AP reporter, expression of Emx1-Crewas confirmed in the dorsal telencephalon by
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staining for alkaline phosphatase (AP) activity (data not shown). Cre recombinase-negative
cells showed B-Gal activity in EmxI-Cre/CMV-Z/AP mice, and B-Gal activity was detected
in cortical microvessels in EmxI-Cre/CMV-Z/AP mice (Fig. 1M). Expression of Cre was
examined in ECs in EmxI-Cre/LacZ. Expression of eNOS (Green) at P14 was examined in
ECs in a middle cerebral artery of double heterozygous mice (Fig. 1N). The same section
was stained with a p-Gal antibody (Red) to detect Cre activity (Fig. 10). No p-Gal activity
was detected in the area that is positive for eNOS. These results indicate that ECs were
negative for EmxI-Cre activity.

Emx1-Cre mice were crossed with floxed-Bmpriamice. Progeny of this cross are
functionally null for Bmpriain telencephalic neural stem cells, due to a Cre recombinase-
mediated deletion of Bmpriaexon 2 (lwasato et al., 2000; Mishina et al., 2002).
Transheterozygous mice carrying floxed-Bmpria, Bmprianull, and Emx1-Cre (Emx1e*
BmpriaX~: mutant mice hereafter) were viable for more than 1 year (Yuhki et al., 2004).
In situ hybridization showed that Bmpriawas expressed in embryonic cortical cells in the
ventricular zone and in differentiated neurons in EmxI*"* Bmpria*’~ mice (control mice
hereafter) at E11.5. The exon 2-specific probe failed to detect Bmpriain the mutant mice
(Fig. 2A). This finding suggests that Cre-mediated recombination was complete by E11.5.
The structure of cortical neural layers was normal in the mutant mice at P14 (Fig. 2A). At
P20, comparable numbers of glial cells were found in the mutant mice, as evidenced by the
expression of astrocytic marker GFAP or oligodendrocyte marker O4 (Fig. 2A). The mutant
mice and control mice had similar numbers of TUNEL-positive neurons (data not shown).

Furthermore, tangential migration of Cajal-Retzius cells was apparently normal in the
mutant mice (Fig. 2B) and the midline region and choroid plexus was present in the mutant
mice (Fig. 2C-E). The morphology of cortical excitatory neurons in layer V, including the
dendrites and dendritic spines of pyramidal neurons, as well as the structure of the cortical
layers and the density of Hu-positive neurons were similar in the mutant and control mice
(Fig. 2F). These data suggest that differentiation and migration of neural components
proceeded without overt defects in the mutant mice.

Glial BMPRIA signaling is essential for the termination of angiogenesis

At E17 and PO, the number of cerebral blood vessels was comparable in the mutant and
control mice (Fig. 3A,C, red arrows indicate vessels). However, the mutant mice analyzed at
P10 had more cerebral blood vessels than littermate controls (Fig. 3B,C). In cortical layers Il
and 111 of the mutant mice at P10, more small blood vessels were visualized by Lectin BS-1,
endothelial PECAM-1/CD31, and astroglial glutamate transporter-1 (GLT1)
immunoreactivity (Fig. 3D). It is reported that expressions of PECAM-1 and GLT1 start in
cerebral microvessels prior to structural maturity of the BBB (Lossinsky and Wisniewski,
1998; Matsugami et al., 2006). This analysis showed that cerebrovascular angiogenesis is
altered in the mutant mice.

The phenotype of the mutant mice could be a direct consequence of the loss of Bmpriain
astrocytes. However, it is also possible that loss of Bmpriain neural cells may be involved
in developing the phenotypes in the mutant mice (Fig. 1). To discriminate between these two
possibilities, a series of /n vitro studies were carried out using primary astrocyte cultures
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with or without targeted siRNA knockdown of Bmprla. The effect of Bmpria-targeted
siRNA on gene expression was analyzed using GeneChip microarray technology (Murine
Genome Array U74Av2) and RT-PCR (Fig. 4A,B). Interestingly, GeneChip analysis
revealed that Bmpria-knockdown astrocytes expressed 58% more VEGF mRNA than
control astrocytes (Fig. 4A), and this result was confirmed by TagMan RT-PCR (Fig. 4B).
Furthermore, Western blotting analysis revealed that Bmpria-knockdown astrocytes
expressed 1.89 fold more VEGF protein than control astrocytes (Fig. 4D). It was also
confirmed that expression levels of other BMP type | receptors Bmpriband Acvrl were
comparable in Bmprla-knockdown astrocytes (data not shown). Altered levels of VEGF
were also observed in the conditional mutant mice for Bmprla. In particular, GFAP-positive
astrocytes in the vicinity of cerebral blood vessels were producing VEGF in the mutant mice
at P10 (Fig. 4E, bottom), whereas GFAP-positive astrocytes in the control mice were either
negative or in low levels of VEGF expression at P10 (Fig. 4E, top).

Production of VEGF in glial cells is essential for angiogenesis in the cortex during mouse
embryonic development, and then its production is down regulated after birth (Campbell et
al., 1999; Lee et al., 2003). However, high levels of VEGF were detected in the neonatal
mutant mice, suggesting that angiogenesis might continue in the mutants after birth. These
results suggest that BMPRIA signaling downregulates VEGF in astrocytes during
cerebrovascular angiogenesis. GeneChip analyses showed that expression levels of inhibitors
of angiogenesis were not changed between the mutant and control mice, such as Endostatin,
Interferon alpha/beta/gamma, Interleukin-12a/b, Plasminogen activator inhibitor, Platelet
factor-4, Prolactin, Proliferin-related protein, TIMP-3, and TGF-beta 1. Thus, it is likely that
the increased expression of VEGF in astrocytes in the vicinity of cerebral microvessels
directly stimulates angiogenesis in the mutant mice.

Glial BMPRIA plays a critical role in formation of the BBB

During postnatal development, astrocyte endfeet encircle the endothelial layers of capillary
blood vessels. ECs, which are activated by angiogenic factors, produce basement membrane
that facilitates their migration. Adhesion molecules or integrins promote interactions
between ECs and astrocyte endfeet, and sprouting ECs roll up to form functional blood
vessels (McCarty et al., 2002). By P19, angiogenesis is mostly complete and tight junctions
have formed in cerebral microvessels. The aforementioned steps lead to the establishment of
a functional BBB by P19 (Lee et al., 2003). Because BMPs stimulate interactions between
cell adhesion molecules and astrocytes (D'Alessandro et al., 1994), the structure of cerebral
microvessels was examined in the mutant and control mice after birth (7.e., P10 and P20).
Cerebral vasculature microstructure was examined from MZ to layer VI and in the Cg/RS by
electron microscopy. At E17, the endfeet of astrocytes were already associated with ECs in
the control or mutant mice with a space separated vessels from the underlying brain
parenchymal cells (Fig. 5A,B, black arrow). At P10, astrocytic endfeet started to encircle the
vessels in the control (Fig. 5C. red arrow indicates endfeet), but in the mutant mice, blood
vessels with a rarefied area around the vessels were observed instead of the endfeet
membrane-component (Fig. 5D, black arrow). Furthermore, cerebral blood vessels that were
composed with multiple-ECs and enlarged vessels were observed in layers 11 / |11 of the
mutant mice (Fig. 5E and 5F, respectively). These results indicate that cerebral blood vessels
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in the mutant mice were structurally abnormal as early as P10, before the BBB becomes
stable. In control mice cortex, arterioles penetrate the cortical layers I and I1 / 111 from the
surface and give rise to capillaries to produce a pattern of radially penetrating vessels.
However, sequential observation of the section shown in Fig. 3D and its adjacent sections
revealed that the orientation of arterioles appeared randomly in the mutant mice (data not
shown). From the morphological characteristics, we classified structure of blood vessels in
four types: encirclement-type, rarefied area-type, enlargement-type, and multiple ECs-type
at P10 (Fig. 5D-F). Those rarefied area-type and multiple ECs-type were not seen in normal
control sections. The mutant mice showed decrease in the ratio of encirclement-type, and
increase in the ratio of enlargement-type, rarefied area-type and multiple ECs-type (FIG.
5K).

Astrocytes in P20 control mice made contact with and formed astroglial endfeet around
cerebral blood vessels in the superficial cortex and in the Cg/RS (Fig. 5G, red arrow
indicates endfeet). However, astrocytes in the mutant mice did not form similar structures
around the basal lamina of the capillary ECs in layers 11 / Il at P20 (Fig. 5H-J, black arrow;
red arrow indicates endfeet).

The function of the BBB was examined by injecting 25 mg/kg Evans blue into the tail vein
of the control and mutant mice followed by visualization of auto-fluorescence of EB in
cortical tissues (Saria and Lundberg, 1983). Since EB binds to albumin, red fluorescence
observed in tissues indicate leakage of blood vessels. At P10, fluorescence of EB was
detected in tissues surrounding cortical blood vessels including the dorsal telencephalon and
Co/RS along the fissura longitudinalis cerebri in the mutant mice (Fig. 6B,D). In the mutant
mice at P20, there was evidence of leakage into the superficial cortex and the Cg/RS along
the fissura longitudinalis cerebri (Fig. 6F,G). No leakage was detected in the corresponding
areas of the control mice (Fig. 6E). It was noted that no leakage was detected in layer V of
the mutant mice (data not shown), which was in good agreement with the distribution of Cre
activities in astrocytes (Fig. 1B,D). These results indicate that a stable BBB has not formed
in the P10 or P20 mutant mice, likely due to the failure of encirclement of astrocytic endfeet
around cerebral ECs (Fig. 5J).

Leakage of immunoglobulin was also detected in the MZ of 10-month-old mutant mice, but
not in the same region of control mice (Fig. 6H,1). The number of apoptotic cells (as
detected by TUNEL assay and the presence of caspase-3) was higher in the superficial
cortex and the Cg/RS of the mutant mice than in the control mice at P20 (Supplemental Fig.
2). However, cell death did not increase in cortical microvessels in the ventricular zone of
the mutant mice (data not shown). Leakage of immunoglobulin was not detected in the
ventricular amygdala region or the piriform cortex of the 10-month-old mutant mice (Fig.
6J). These data indicate that malformation of a BBB is evident in the mutant mice by P20,
and leakage of blood proteins persists in the adult mice.

The failure of astrocytic endfeet to attach to ECs could be due to insufficient expression of
adhesion molecules in Bmprla-deficient astrocytes in the mutant mice. This idea was tested
by measuring expression of adhesion molecules and the adhesive properties of cultured
primary astrocytes with or without targeted siRNA-mediated knockdown of Bmprla.
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GeneChip analysis revealed reduced expression of adhesion molecules in the Bmpria
knockdown cells. Downregulated genes included Type I, Type Ill, and Type IV pro-
collagens (Fig. 7A), which are thought to be essential for endothelial cell-astrocyte
interactions (Tagami et al., 1992). TagMan real-time RT-PCR confirmed the results of the
GeneChip analysis (Fig. 7B). These data support the idea that Bmpria-deficiency in
astrocytes interferes with astrocyte-endothelial interactions and leads to structural instability
of the BBB in the mutant mice.

Next, we examined expression levels of neurocan, a reactive astrocytic marker (Asher et al.,
2000). Neurocan is normally expressed in embryonic neural stem cells, but its expression
decreases rapidly after birth in wild type mice (Sango et al., 2003; Ida et al., 2006). In
contrast, neurocan was expressed at P10 around cortical blood vessels in the mutant mice
(data not shown) and was strongly upregulated in the MZ and the Cg and RSG cortices
along the fissura longitudinalis cerebri in the mutant mice at 10 month (Fig. 8A). The fact
that neurocan lowered adhesion ability of endothelial cell lines TM-BBB (Hosoya et al.,
2000) (Fig. 8B) and HUVEC cells (Fig. 8C) in culture suggests that neurocan might
interfere with the adhesive properties of astrocytes and/or ECs. Because expression of
neurocan mRNA did not change in astrocytes treated with Bmpria-targeted siRNA (Fig
7A,B), upregulation of neurocan at P10 in mutant mice may be a secondary effect of the
failure to form the BBB. As stated above, these results suggest that Bmprla-deficient
astrocytes have reduced capacity for cellular adhesion, which may lead to defective
formation of the BBB in the mutant mice. Furthermore, constitutive production of neurocan
in astrocytes in the mutant mice may also interfere the formation of the BBB in these
animals.

Discussion

Previous studies demonstrate that BMP signaling plays significant roles in patterning of the
medial-lateral axis during early neural development (Furuta et al., 1997; Hebert et al., 2002)
and in gliogenesis during late neural development (Gross et al., 1996; Mabie et al, 1997;
Nakashima et al., 1999a; Reiriz et al., 1999; Lim et al., 2000; Gomes et al., 2003). This
study provides evidences that BMP signaling through BMPRIA regulates cerebrovascular
angiogenesis, modulates interactions between ECs and astrocytes, and is essential for
formation of a functional BBB. Using the £mxZ-Cre mice that express Cre recombinase in a
telencephalic neural stem cell-specific manner, we show that loss of Brmprialeads to
upregulation of VEGF in astrocytes and dysfunctional attachments between astrocytic
endfeet and ECs. The latter observation could reflect decreased expression of adhesion
molecules in Bmpria-deficient astrocytes. Taken together, our results strongly suggested that
BMPRIA signaling regulates the balance between pro- and anti-angiogenic factors and
modulates endothelial cell-glial interactions during neural development.

Since EmxI-Cre is expressed in neural stem cells, it is formally possible that the phenotype
of mutant mice, at least in part, are due to the loss of BMPRIA in other types of cells than
astrocytes that are also derived from neural stem cells. However, no significant
morphological changes were observed in blood vessels in layer V, where Cre activity in
astrocytes was much lower than that in MZ and layer 11 / 111 in the mutant mice (Fig. 1B).
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Distributions of abnormal structure of astrocyte-endothelial junctions surrounding cerebral
blood vessels were associated with these of Bmpria-deficient astrocytes (Cre activity) but
not with those of oligodendrocytes or neurons. These results suggest that BMP signaling in
astrocytes, but not in other cell types, plays a significant role in interactions between
astrocytes and ECs, leading to malformation of the BBB in the mutant mice.

It is recently reported that conditional disruption of Bmrplausing an Olig1 promoter driven
Cre transgenic line lead to a significant increase in the number of mature and immature
oligodendrocytes as well as inhibitory neurons (Samanta et al., 2007). In the mutant mice
using the £mxI-Cre mice described here, the number of oligodendrocytes was not
dramatically changed assessed by production of O4 (Fig. 2A). Olig1 is expressed in neural
progenitors especially in the ventricular zone of medial and lateral ganglionic eminences at
E12.5 (Bansal et al., 2003). On the other hand, Emx1 is expressed in the progenitors of
excitatory neurons in ventricular zone. In the present study, we found that Cre recombinase
was also expressed in oligodendrocytes that cross-reacted with antibody to MAG, CNPase,
and MBP (Fig. 1C, Supplemental Fig.1). These differences for expression domains of Cre
recombinase may account for the different outcomes for the numbers of oligodendrocytes
after removal of BMPRIA signaling.

It is also recently reported that double mutant mice for BMP type | receptors Bmprlaand
Bmpr1b exhibited a 25-40% decrease in GFAP-positive or S100p-positive astrocytes in the
cervical spinal cord (See et al., 2007). This result shows an interesting contrast to ours in
terms of the numbers of astrocytes. The Cre line used to generate the double mutant mice
starts to express Cre recombinase much earlier stage than EmxI-Cre (Ahn et al., 2001). It
would raise an intriguing possibility that function of BMPRIA signaling in developing
neural tissues may be different if stages and/or regions are different. Detailed comparative
analyses of these conditional mutant mice would provide further insights for this issue.
Nonetheless, both O/igI-Cre induced disruption of Bmprlaand the double mutation for
BMP type | receptors result in perinatal lethality, and present analyses revealed as the first
time that the importance of the BMPRIA signaling for cerebral vessel formation and BBB
formation after birth.

Cerebrovascular angiogenesis is regulated by pro-angiogenic growth factors and
angiogenesis inhibitors (the positive or negative regulation for angiogenesis). VEGF, a
potent angiogenic factor, is present in developing blood vessels during embryonic
neurogenesis, but is not detected in the mature vasculature. Retinal astrocytes also express
VEGF, which promotes endothelial cell proliferation and migration (Alon et al., 1995; Stone
et al., 1995; Pierce et al., 1996; Provis et al., 1997), however, developing blood vessels
trigger astrocyte differentiation leading to suppression of VEGF expression (West et al.,
2005). Recent studies demonstrated that vascular endothelial cells produce BMPs (Sorescu
et al., 2003; Shin et al, 2004), and that BMP2 and LIF cooperatively induce astrocyte
differentiation in the developing mouse brain (Nakashima et al., 1999b). We found that
upregulation of VEGF production in the astrocytes of the mutant mice at P10. Together,
these facts suggest that BMPs produced by vascular endothelial cells interact with BMPRIA
in the astrocytes and the BMPRIA-mediated signaling downregulates VEGF production in
astrocytes for normal cerebrovascular angiogenesis.
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When Bmprlawas knocked down by siRNA in primary cultured astrocytes, expressions of
collagens, which play an important role in adhesion between astrocytes and ECs, were
significantly down regulated (Sango et al., 2003; Brightman, 2002). It is reported that
intracellular SMAD signaling induces expression of extracellular matrix (ECM) and
basement membrane components in cultured astrocytes via Type IV pro-collagens
(Fuchshofer et al., 2005; Gaussin, 2002; Jackson et al., 2003). ECM components regulated
by SMAD signaling direct remodeling of blood vessels in some internal organs such as the
lung or liver (Ng et al., 2005; Fernandez-L A, 2006). Thus, Bmprlaplays a role in cell
adhesion capacity in these tissues. Integrins are also thought to play a role in astrocyte
adhesion (Fasen et al., 2003); however, the expression levels of integrin subunits al, a2, a4,
ab, a6, a3, and a4, were similar in wild type and the mutant mice (data not shown).
Expression of Cadherin 1 (E-cadherin) and Cadherin 4 (R-cadherin), which also play a role
in cellular adhesion (Abbruscato and Davis, 1999; Dorrell et al., 2002) were unchanged in
the mutant mice (data not shown). In addition to the downregulation of aforementioned cell
adhesion molecules in the mutant mice, persistent production of neurocan in the mutant
mice may lead to the disruption of cell clustering, which negatively affects the formation of
the proper BBB. This is an interesting possibility because regions where an inflammation is
induced (Fig. 6F, 1) are well overlaps with the regions where £mxI-Cre is expressed (Fig.
1B, D) and failure of proper BBB formation is frequently found. It is reported that neurocan
produced sites of inflammation show repressive effects of adhesion against nearby neurons
(Asher et al., 2000). This is an alternative, not exclusive, explanation why interactions
between astrocytes and ECs are less affected in layer V, where production of neurocan is
hardly detected. The relationship between BMP signals and the control of adhesion ability of
astrocytes both /n vivoand in cultured system is an interesting area for future research. Our
results suggest that ECM components may belong to the members of the signaling cascade
on vascular formation, although the identity of adhesive molecules that act downstream of
BMP signaling are largely unknown.

In conclusion, this study demonstrates that BMP signaling through BMPRIA regulates
cerebrovascular angiogenesis and modulates interactions between ECs and astrocytes. In
particular, BMPRIA-signaling downregulates VEGF expression and modulates the adhesive
properties of astrocytes during neural development to develop normal cerebrovascular
systems.

Experimental methods

Generation of Mouse Lines

For evaluation of the Cre activities, £mx2¢™@* mice were bred with CAG-CAT-Z reporter
mice (Sakai and Miyazaki, 1997), and double heterozygous (EmxI-Cre/l ac2) mice were
obtained. We crossed £mx1€* mice with CMV/~Z/AP reporter mice (Lobe et al., 1999),
and obtained double heterozygous (EmxI-Cre/AP*) mice. EmxI-Cre mice and floxed-
Bmprlamice were maintained as previously described (Yuhki et al., 2004). The present
study was carried out according to the Guide for the Care and Use of laboratory animals in
the Guidelines of the Society for Neuroscience and under an approved animal protocol from
the Animal Care and Use Committee of RIKEN and NIEHS.
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Immunostaining were performed as described (Yuhki et al., 2004). Cryostat sections of
embedded embryos were made at —24 °C. Frozen cryosections (15 um) were treated with
3% H,0,, incubated with blocking buffer (PBS containing 0.01% Triton and 1.5% normal
goat serum), and incubated overnight at 4°C with primary antibodies. Immunostaining was
performed as described (Yuhki et al., 2004). Sections were incubated with secondary
antibody in blocking buffer for 1 h at room temperature; a DAB detection system was used
(Perkin Elmer Life Sciences). The primary antibodies used were anti beta-galactosidase Ab
(Cappel), anti-cleaved caspase 3 Ab (Cell Signaling Technology), anti Cre recombinase Ab
(Covance Babco), anti-eNOS Ab (BD Transduction Laboratory), anti-GFAP Ab (DAKO),
anti-human placental alkaline phosphatase polyclonal Ab (Biomeda), anti-human placental
alkaline phosphatase Ab (SIGMA), anti-Neurocan Ab (Asher, 2000), anti-Thymosin-g4 Ab
(Sapp et al., 2001), anti-O4 (a gift from Dr. Steve Pfeiffer, University of Connecticut), anti-
CNPase Ab (CHEMICON), anti-MBP Ab (CHEMICON), anti-Caspase-3 Ab (Cell
Signaling), ant-S100p Ab (SWant), anti-MAG (myelin-associated glycoprotein) Ab (a gift
from Dr. Keiichi Uyemura, Keio University), anti-Calretinin Ab (SWant), and anti-MAP2
Ab (CHEMICON). Secondary antibodies were FITC—conjugated goat anti-mouse 1gG
(Jackson Immunoresearch), Cy3—-conjugated goat anti—rabbit IgG (Jackson
Immunoresearch), alexa fluor 546 goat anti-mouse 1gG (Molecular Probes), alexa fluor 488
goat anti-rabbit IgG (Molecular Probes), goat anti-mouse 1gG-peroxidase (MBL), goat anti-
rabbit IgG—peroxidase (MBL), SA-Fluorescein (Perkin Elmer Life Sciences), SA-Texas red
(Perkin Elmer Life Sciences), biotinylated anti-mouse IgG antibody (Vector Laboratories).
Sections were counterstained with Hoechst (CALBIOCHEM). For DAB reaction of
Caspase-3 staining, sections were incubated in biotinylated anti-rabbit IgG antibody (Vector
Laboratories) diluted in blocking buffer.

Electron-micrograph

Brains from the control and mutant mice at postnatal day 10 or 20 were transcardially
perfused with 0.9% NaCl (200 ml/kg body weight) followed by 2.5% glutaraldehyde and
2% paraformaldehyde in 0.1 M phosphate buffer (PB) for 15 minutes. The cerebral cortices
were sectioned at 200 mm in the coronal section. The dorsomedial region of the parietal
cortex was postfixed with 2% (w/v) osmium tetroxide in 0.1 M PB, dehydrated in a graded
ethanol series, and flat-embedded in epoxy resin (Araldyte CY212, TAAB). Ultrathin
sections (80 nm Ultracut-UCT, Leica) were stained with uranyl acetate and lead citrate.
Electron micrographs were recorded on imaging plates through an LEO 912 electron
microscope (LEO electron microscopy). Images were scanned and digitized using an FDL
5000 imaging system (Fuji Photofilm).

Cell attachment

For experiments with ECs, 48-well tissue culture plates (Nalge Nunc International) were
coated with (1) Poly-L-lysine (10 pug/ml) (PL, Sigma) (control), (2) Neurocan (10 pg/ml, 1
pg/ml, 0.1 ug/ml) or (3) PL and collagen (20 pg/ml; TOYOBO) (CL). Neurocan was purified
from postnatal rat brain as described previously (Oohira et al., 1991, Inatani et al., 2001). PL
diluted in distilled water was applied to each well for 1 h at room temperature. PL was air-
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dried for 1 h, and PL-coated plates were treated immediately with additional substrates for 1
h at room temperature. HUVEC and TM-BBB cells (Hosoya et al., 2000) were suspended in
a medium (Endothelial Cell Basal Medium with Endothelial Cell growth Supplement (CELL
APPLICATIONS, INC.) for HUVEC cells, or DMEM with 10% FBS and 15 pg/ml ECGF
(Roche) for TM-BBB cells) and seeded on the coated wells. Cell density was adjusted to
1x10% cm? cells and cells were allowed to adhere for 3 h. Adherent cells were washed three
times to exclude non-attached cells. The numbers of viable adherent and total cells were
counted under the microscope.

Mouse astrocytes primary culture

For primary mouse astrocyte culture, astrocytes were isolated from embryonic day 17 (E17)
cerebral hemispheres of BL6 mice. Dissociated glial cells were prepared as described before
(Yamada et al., 1999). Plated glial cells were allowed to grow for a 14 days, and processed
for siRNA treatments. 48-well tissue culture plates (Nalge Nunc International) were coated
with the following substrates Poly-L-lysine (10 pg/ml) (PL, Sigma). Bmprla-targeted siRNA
treated astrocytes were suspended in 2.5% FBS DMEM and seeded on the coated wells. The
density of cells was adjusted to 1000 per well and cells were allowed to adhere to the
substratum for 2 h.

DNA chip profiling

We carried out high-density oligonucleotide array gene expression studies with extracts from
siRNA-treated astrocytes. Results were compared using specific and nonspecific SiRNA
(GeneChip; Affymetrix). An Affymetrix algorithm (Lipshutz et al., 1999) (i.e., multiple
analysis comparison software) was used to quantify gene expression changes. Significant
changes were observed in expression of the following genes: Procollagen Type I alpha 1,
U034191; Procollagen Type 11l alpha 1, X52046; Procollagen Type 1V alpha 1, M15832;
Integrin alpha 1, AK035870; /ntegrin alpha 2, X75427; Integrin alpha 4, X69902; Integrin
alpha 5, X79003; /ntegrin beta 3, AF026509; Integrin beta 4, L04678; Cadherin 1, X60961;
Cadherin 4, X69966 Neurocan, D16250; Bmprila, X84727. No changes were observed in
expression of the following genes: Endostatin, U03715, Interferon alpha, L38698; Interferon
beta, KO0OZ20, Interferon gamma, KO0083; Interleukin-12a, M86672; Interleukin-120,
M86671; Plasminogen activator inhibitor 11, X16490, Platelet factor-4, ABO17491;
Prolactin, X04418; Proliferin-related protein, tissue inhibitor of metalloproteinases-3
(TIMP-3), U26437; Transforming growth factor-beta 1, AJO09E62.

TagMan RT-PCR

The TagMan primer and probe sets were designed with Primer Express software (Applied
Biosystems). Applied Biosystems Assay IDs are noted (Procollagen Type | alpha 1,
MmO00801666_g1; Procollagen Type 111 alpha 1, Mm00802331_m1; Procollagen Type IV
alpha 1, Mm00802372_m1; Neurocan, Mm00484007_m1; Bmpria, Mm00477650 _m1 ;
Bmprlb, Mm00432117_m1; vegf, Mm00437304_m1). TagMan RT-PCR was performed
using the extracts for astrocytes treated with Bmpria-targeted siRNA or control nonspecific
SiRNA (n = 4). All values were to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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Immunoblotting

Cell lysates were prepared in an appropriate volume of RIPA buffer (50 mM Tris-HCI, pH
7.5, 150 mM NaCl, 1% Na-Deoxycholate, 0.1% SDS, 1% Triton X-100, 0.4 mM EDTA, 1
mM EGTA) with protease inhibitors. 100 g cell lysates were separated by SDS-PAGE,
probed with the anti-VEGF polyclonal antibody (LAB VISION).

Stability of cerebral blood vessels

Mice were anesthetized with pentobarbital and Evans blue (EB, 0.5% solution in 0.9%
NaCl) was injected through tail vein (25 mg/kg). After six hours, mice were anesthetized
with pentobarbital and perfused with 4%-formaldehyde neutral buffer. The brains were
removed and post-fixed for 6 hours. The brains were stored at =24 °C and cryostat sections
were made 12 hours later. Auto-fluorescence was visualized using excitation at 620 nm and
emission at 680 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Specificity of Cre-mediated recombination in Emx1-Cre mice
(A) Experimental design: £mx1<"®* mice were crossed to CAG-CAT-LacZ reporter mice to

obtain double heterozygous (EmxI-Cre/LacZ) mice. At postnatal day 14 (P14), brains of
double heterozygous EmxI-Cre/LacZ mice were sectioned and stained with X-gal, anti-
GFAP antibody for astrocytes and anti myelin-associated glycoprotein (MAG) antibody for
oligodendrocytes (brown DAB reaction product). GFAP-positive MAG-positive cells were
counted in coronal sections of forebrain at Bregma from 1.0 mm to 2.5 mm (analyzed from
anterior to posterior hippocampus with four consecutive sections analyzed per Bregma)
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(Blue color area in panel A). Cg, cingulated cortex; RSG, retrosplenial granular; rf, rhinal
fissure. (B) Ratio of double-positive LacZ GFAP cells to lacZ-positive cells in the
designated area (see panel A) in left panel. Data are mean * s.e.m. of /7= 4 sections per
animal, 3 animals; MZ indicates marginal zone. The number 11-V1 indicates cortical layers.
(C) Ratios of double-positive cells for LacZ and MAG against total lacZ-positive cells were
examined in the counted area (see panel A) in right panel. Data are given as mean * s.e.m. of
n= 4 sections per animal, 3 animals; MZ indicates marginal zone. The number 11-VI
indicates cortical layers. (D) Telencephalic GFAP-positive cells were detected in P14 £mxI-
Cre/l.acZmice. Scale bar: 500 um. GFAP-positive cells are brown. Arrow indicates fissura
longitudinalis cerebri. (E) High magnification of (D). Double-positive cells (arrow) (-Gal,
blue; GFAP, brown) were detected in dorsal side of marginal zone around rf. Scale Bars; 50
um. (F) The majority of astrocytes along the fissura longitudinalis cerebri expressed p-Gal
activity. P14 EmxI-Cre/LacZ mice sections were stained with anti B-gal antibody (red) and
anti-GFAP antibody (green). Scale bar: 100 pm. (G, H) Double-positive cells (arrow) (B-Gal
activity, blue; S100-8, brown) were detected in the dorsal side of the MZ around rf. Scale
Bars; 50 pm (G), 200 pm (H). (1, J) p-Gal activity (blue) did not co-localize with S100-B
expression (brown, arrow) in the ventral side of the cortex in layer IV. Scale Bars; 50 um (1),
200 um (J). (K) (C) The double positive cells for LacZ and neural marker-Hu (brown) were
detected in P14 EmxI-Cre/LacZ mice (left panel). High magnification of the left panel.
Double-positive cells (black arrow) (B-Gal, blue; Hu, brown) were detected in cortical layer
I1/111. Several Hu positive cells were negative for p-Gal activity (white arrow). Scale Bars;
50 pm. (L) Telencephalic parvalbumin-positive cells (brown) detected in P14 EmxI1-Cre/
Lacz did not express lacZ (B-Gal activity, blue). Scale bar: 50 pm. (M) Double heterozygous
Emx1-Cre CMV-ZA/AP mice displayed strong p-Gal activity in endothelial cells in cerebral
blood vessels at P14 (arrows). Scale bar: 500 um. However, AP activity was detected in the
dorsal telencephalon (data not shown). (N, O) Expression of Cre was examined in ECs in
Emx1-Cre/LacZ. Expression of eNOS (Green) at P14, was examined in ECs in a middle
cerebral artery of double heterozygous mice (N). The same section was stained with p-Gal
antibody (Red) to detect Cre activity (O). No p-Gal activity was detected. White arrows
indicate the same point of the section. (P) Panel (P) showed B-Gal antibody (Red) detected
in cortical layers Il and Il of EmxI-Cre/LacZ mice at P14.
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Figure 2. Cortical layer structure in the telencephalic region of the mutant mice

(A) Bmpria mRNA expression pattern in the left side of transverse section from
telencephalon in E11.5 EmxI** Bmpria*’~ mice (control mice; upper panel) and Emx1¢d*
Bmpr1a™X~ mice (mutant mice; lower panel). Scale bar: 200 um. . Sections from the
control (upper panel) and mutant mice (lower panel) at P14 were stained with Hematoxylin
(HE). No overt changes in cortical neural layers were observed. Scale bar: 500 pm. GFAP
staining in the telencephalon of PO the control (upper panel) and mutant mice at P20 (lower
panel). O4, oligodendrocyte marker, staining in the telencephalon of the control (upper
panel) and mutant mice (lower panel). (B) Migration of Cajal-Retzius cells and hippocampal
structure in the mutant mice. Tangential migration of Cajal-Retzius cells was presenting in
primordial plexiform zonal at E13 cortex in brains of the mutant mice. Cajal-Retzius cells
visualized with anti-calretinin (red) migrated tangentially to populate the cortical surface,
derived from the cortical hem. Neurons in the primordial plexiform zone were stained with
MAP2 antibody (Green). (right) Higher magnification of (left). (C) Brains from EmxI-Cre/
LacZ mice were sectioned and stained with X-gal at P1. Cre activity was evident in the
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choroid plexus (arrow). (D, E) HE staining of histological sections of brains including
choroid plexus at P14. The choroid plexus of the mutant mice (E) was appeared. Scale Bars;
500 um (C), 200 um (A, D, E), 50 um (B). (F) Morphology of pyramidal neurons and
number of cortical neurons in layer V. Pyramidal neurons in layer V were visualized by
injecting Lucifer yellow into cortical slices from P14 brains. Scale bar: 20 pm. Primary basal
dendrites of pyramidal neurons in layer V; the average of three experiments is shown; twenty
pyramidal cells were examined per experiment. Density of Hu (number of neural nuclei per
1000 um?) was measured at PO on neural layers in layers Il to VI at Bregma from 1.0 mm to
2.5 mm. Sections were analyzed from anterior to posterior with four consecutive sections
per Bregma). There was no significant difference in the number of neurons between the
control and mutant mice (Data are mean * s.e.m., 7= 4 sections per animal, 3 animals, P =
0.285).
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Figure 3. Glial BMPRIA signaling is essential for the termination of angiogenesis
(A) Semi-thin sections (1 um, thickness) from cortex at E17 were stained with toluidine blue

(A). Red arrows indicate cerebral blood vessels. Scale bar: 50 pm. . (B) Semi-thin sections
(1 um, thickness) from cortex at P10 were stained with toluidine blue. Red arrows indicate
cerebral blood vessels. Scale bar: 100 um. (C) The numbers of blood vessels counted at E17
(A), P1 (not shown) and P10 (B) were classified in two groups based on their diameter.
Results in all 4 genotypes were shown. The number of cerebral blood vessels was similar in
the control and mutant mice at E17 and P1, however, the mutant mice had more cerebral
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blood vessels than control mice at P10 (blood vessels between 5 and 50 pm in diameter). (D)
P10 Cortical layers of I and 111 in the mutant mice (Emx¢™* Bmpria™X~) mice had more
small blood vessels than EmxI** Bmpria*!~ (as the control), Emx1¢®* Bmpria'~, and
EmxI1™"* Bmpr1a™~ mice, as detected by Lectin BS-1, PECAM-1/CD31, and GLT1
immunoreactivity. Scale bars 100 pm.
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Figure 4. Bmpr1la silencing affects VEGF expression in vitro
(A) VEGEF is downregulated by treatment with Bmpria-targeted siRNA. GeneChip analysis

(Murine genome U74Av2) was performed on astrocytes treated with Bmpria-targeted or
nonspecific sSiRNA. Data are expressed as relative expression of the VEGF in astrocytes
treated with specific or nonspecific SiRNA (mean = s.e.m.). **£< 0.001 (Student #test). (B)
VEGF was upregulated by Bmpria-targeted siRNA. TagMan RT-PCR analysis (Applied
Biosystems) was performed using samples from astrocytes treated with specific or
nonspecific SIRNA (See method section). Data are expressed as relative expression of
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procollagen in astrocytes treated with specific and nonspecific sSiRNA (n = 4 for each group;
mean + s.e.m.; *P< 0.05, **P< 0.001 (Student £test). (C) Western blot of astrocytes treated
with specific or nonspecific siRNA, using an anti-BMPRIA antibody. (D) Western blot of
astrocytes treated with specific or nonspecific sSiRNA, using an anti-VEGF polyclonal
antibody. (E) Co-expression of VEGF and GFAP in cortical astrocytes around cortical blood
vessels at P10. Astrocytic VEGF immunoreactivity, which is normally downregulated at
P10, was significantly upregulated in the mutant mice (white arrows). Scale bars (white) are
100 pm. Right panels show higher magnification of left merged panel. Scale bars (red) are
20 pm.
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Figure 5. Loss of BMPRIA signaling leads to cerebral vascular malformation in vivo
(A, B) Electron microscope (EM) images of intercortical blood vessel crossections indicated

that cerebral ECs were not attached to surrounding cells and the BBB was unformed in both
the control (A) and the mutant mice (B) at E17. Scale Bars: 1 um. (C) A crossectional EM
image of intercortical blood vessel crossections in the control mice at P10 showed that
astrocytic endfeet were attached to ECs. Scale bar: 1 pm. (D) A crossectional EM image of
intercortical blood vessels showed that cerebral ECs were not attached to surrounding cells
and the BBB was defective in the mutant mice at P10. Scale Bar: 1 um. (E, F) Vessels in the
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mutant mice at P10 showed other two abnormal types of structures, vessels surrounded by
multiple ECs (E) and enlarged vessels (F). Scale Bar: 1 pm. (G) A crossectional EM image
of intercortical blood vessels in the control mice at P20 indicated that astrocytic endfeet
were attached to ECs. (H, I) Malformation of BBB in the mutant mice at P20 was confirmed
using EM. (J) High magnification of a boxed area in panel (1) indicates a gap of cells. Red
arrow indicates astrocytic endfeet. Black arrow indicates defective attachment between ECs
and astrocytes. Scale bar: 1 um. (K) The ratio of classified structure of a blood vessel in four
types (encirclement-type, rarefied area-type, enlargement-type, and multiple ECs-type) in
the control and mutant mice at P10 were presented. One hundred sixty five and 240 of
individual small blood vessels from the control and mutant mice, respectively, were
observed and classified.
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Figure 6. Loss of BMPRIA signaling leads to 19G leakage in vivo
(A-D) Leakage of cortical vascular vessels was visualized using Evans blue (EB) dye

(excitation at 620 nm, emission at 680 nm). No leakage of EB was observed in cortical
sections of the control mice at P10 (A). Leakage of EB was apparent in the dorsal parts of
telencephalon of the mutant mice at P10 (B). No leakage of EB was observed in the cinglate
and retrosplenial cortices (Cg/RS) along the fissura longitudinalis cerebri sections of the
control mice at P10 (C). Leakage of EB was observed in the Cg/RS along the fissura
longitudinalis cerebri. sections of mutant mice at P10 (D). (E-J) Leakage of cortical
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vascular vessels was visualized by detection of immunoglobulin with anti-mouse 1gG
antibody. No leakage of 1gG (DAB staining, Brown color) in cortical sections of the control
mice at P20 (E). Leakage of 1gG was detected in superficial cortex (F) and in Cg/RS (G) of
the mutant mice at P20. No leakage of IgG was observed in superficial cortex of the control
mice at 10 month (H). Leakage of IgG was detected in the same area of the mutant mice at
10 month (I). No 1gG leakage was observed in amygdaloid sections of the mutant mice at 10
month (J). Scale bar: 200 pm (A-D), 400 um (E-G), 500 um (H-J). Pir, piriform cortex; am,
amygdaloid.
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Figure 7. Bmpr1la silencing affects glial adhesion in vitro
(A) Collagens were downregulated by Bmpria-specific sSiRNA. GeneChip analysis (Murine

genome Array U74Av2) was performed on astrocytes treated with Bmpria-specific or
nonspecific sSiRNA. Data are expressed as relative expression of procollagen in astrocytes
treated with specific or nonspecific SIRNA (mean + s.e.m.). *£< 0.05, **P < 0.001 (Student
ttest). (B) Collagens were downregulated by Bmpria-specific sSiRNA. TagMan RT-PCR
analysis (Applied Biosystems) was performed using samples from astrocytes treated with
specific or nonspecific SIRNA (See method section). Data are expressed as relative
expression of procollagen in astrocytes treated with specific and nonspecific SiRNA (n =4
for each group; mean + s.e.m.; *£< 0.05, **P < 0.001 (Student £test).
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Figure 8. Loss of BMPRIA signaling leads inflammation response
(A) Fissura longitudinalis cerebri in the 10-month-old mutant mice were stained with anti-

GFAP Ab, anti-neurocan (NC) Ab and anti-thymosin p4 (TB4), a microglial marker, in the
10-month-old control mice. Right panels show higher magnification of boxed areas in left
panels. Nuclei were stained with Hoechst dye (blue). Scale Bars; 200 um. (B) Endothelial
cells were plated on a cell culture dish coated with 20 pg / ml collagen (CL) or 10 pg/ml
neurocan. Attachment of TM-BBB cells as a function of neurocan dose. (C) Same as (B)
using 10 ug/ml neurocan and human umbilical vein endothelial (HUVEC) cells. Data are
mean + s.e.m. (17 = 8). Statistical significance was determined using Student’s #test (*, P<
0.05; **, P<0.001).
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