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Introduction
The brain, the organ that consumes the most energy, depends on 
a cerebral blood supply to obtain oxygen and nutrients for neuro-
nal function. Malformation or dysfunction of blood vessels (BVs) 
in the brain results in altered blood flow and impaired cognitive 
function, which are implicated in multiple neurological diseases, 
including Moyamoya disease, small vessel disease (SVD), and 
Alzheimer’s disease (AD) (1). BVs in the brain consist of intercon-
nected arteries, capillaries, and veins, which all contain endothe-
lial cells (ECs) and supporting cells. Whereas smooth muscle cell 
is a supporting cell for arteries, pericytes support capillaries and 
veins (2, 3). In addition, astrocytes, a major type of glial cells, are 
also considered BV-supporting cells. BVs in adult brain are highly 
dynamic, undergoing angiogenesis and/or pruning. Thus, it is of 
considerable interest to investigate how BV remodeling, homeo-
stasis, and function are regulated.

Astrocytes play multiple regulatory roles in the development 
and function of BV and the blood-brain barrier (BBB) (4). They are 
necessary for BV/BBB remodeling and homeostasis in the cortex 

(5, 6). They bridge neuronal activity to regulate local blood flow, 
link the metabolic substances of active neurons and glial cells to 
control arteriole contraction and dilation, and communicate with 
pericytes for capillary BBB regulation (5). Whereas astrocytes’ 
roles in BV/BBB development and function are evident, the under-
lying mechanisms and astrocytic functions in BV remodeling and 
homeostasis remain to be elucidated.

Astrocytes’ regulation of BV/BBB development and function 
is likely accomplished in 2 ways: direct interaction with BVs (ECs 
and pericytes) and secretion of growth factors and/or extracellular 
matrix proteins important for angiogenesis/BV pruning and BBB 
(3). While acute depletion of the astrocyte-BV interaction site (end-
feet) by laser ablation results in little effect on the recovery of BBB 
function (6), a growing number of astrocyte-derived extracellular 
proteins that regulate brain angiogenesis have been identified; 
these include VEGF, TGF-β, bone morphogenesis proteins (BMP), 
Wnt7, ephrins, semaphorins, slits, and netrins (7–12). Among these 
factors, netrin-1 (NTN1), which was initially identified as an axon 
guidance cue, is noteworthy (8, 9). Similar to NTN1’s function in 
axon guidance, playing both attractive and repulsive roles, is its 
reported role as a pro- or antiangiogenic factor, which is likely due 
to NTN1’s complex receptor family members, including deleted 
in colorectal cancer (DCC) and UNC5 family members (10–13). 
NTN1 suppresses EC tip cell migration and angiogenesis during 
development, which is likely due to its receptor UNC5B (12). 
NTN1 has also been found to promote angiogenesis by stabilizing 
vessels (10–13). Recently, cluster of differentiation 146 (CD146), 
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(23) (Figure 1A). Indeed, DiI+ vessels appeared at a lower rate in 
the mutant cortex than in those of littermate controls (at P60) 
(Figure 1, B and C). We then asked whether the reduced DiI+ BVs in 
the mutant cortex could result from reduced BVs and/or abnormal 
BV blockage of DiI PFA buffer flow. To this end, the brain sections 
from DiI PFA–perfused control and mutant mice were refixed 
with 4% PFA buffer in vitro and then subjected to immunostain-
ing analysis using antibody against PECAM-1 (also called CD31), a 
marker of BV ECs (24). The PECAM-1+ vessels in the mutant cor-
tex were not less but were more abundant than those of controls 
(Figure 1, B, D–F). Quantification analyses showed significant ele-
vations in the total length and branch points of PECAM-1+ vessels 
in the mutant cortex (Figure 1, D–F). These results thus eliminate 
the possibility of reduced BVs, implicate a deficit in perfusion  
buffer flow in the mutant cortex, and suggest a role of NEO1 in 
regulating cortical BV morphogenesis and function.

Similar vessel deficit in astrocyte-specific, but not pyramidal  
neuron–specific, Neo1-KO cortex. NEO1 is expressed in multiple 
types of brain cells, including astrocytes (15), NSCs (25), and neu-
rons (26). NeoGFAP-Cre mice are likely to abolish its expression in 
all these cell types (27). To determine in which brain cell type(s) 
NEO1 plays an important role for BV morphogenesis and func-
tion, we generated additional Neo1-CKO mouse lines(where CKO 
indicates conditional KO), NeoGFAP-CreER and NeoNex-Cre, in which 
Neofl/fl mice were crossed with GFAP-CreER and Nex-Cre mice, 
respectively (Supplemental Figure 1, A and B; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI132372DS1). In GFAP-CreER mice, upon tamoxifen (TAM) 
treatment (100 mg/kg/d, once/d for 4 days), Cre was active specif-
ically in astrocytes (Supplemental Figure 1, F–H), and thus NEO1 
was selectively knocked out in astrocytes in NeoGFAP-CreER mice (Sup-
plemental Figure 1, A, C–E). Nex-Cre mice express Cre in pyrami-
dal neurons starting at E11.5 (28), and thus NEO1 was specifically 
knocked out in pyramidal neurons in NeoNex-Cre mice (Supplemental 
Figure 1, B, D, and E). Approximately 68% and 25% of NEO1 was 
depleted in cortices from NeoGFAP-CreER and NeoNex-Cre mice, respec-
tively (Supplemental Figure 1, D and E), supporting the view that 
NEO1 is largely expressed in astrocytes.

As illustrated in Figure 1A, NeoGFAP-CreER and their control mice 
(GFAP-CreER and Neofl/fl) were injected with TAM at P30, and 
at P60, these mice as well as NeoNex-Cre mice were perfused with 
4% PFA DiI buffer and their brain sections were refixed with 4% 
PFA buffer and subjected to immunostaining analysis. Interest-
ingly, DiI+ BVs in the cortex of NeoGFAP-CreER, but not NeoNex-Cre, mice 
were reduced, but PECAM-1+ BV density was increased (Figure 
1, G–L), so that these mice exhibited vessel phenotypes similar 
to those of NeoGFAP-Cre mice, suggesting the function of astrocyt-
ic NEO1 in this event. Notice that these vessel phenotypes were 
obvious in the mutant cerebral cortex, in particular the somato-
sensory cortex, but not the hippocampus or retina as compared 
with their controls (Neofl/fl and GFAP-CreER) (Supplemental Fig-
ure 2), indicating a brain-regional selectivity. Together, these 
results suggest that astrocytic NEO1 plays a critical role in corti-
cal BV homeostasis and function.

Reduced blood flow, but increased BBB leakage, in the  
NeoGFAP-CreER cortex. To further determine whether the reduced DiI+ 
BVs in the mutant cortex are due to a defective DiI buffer or blood 

also known as the melanoma cell adhesion molecular (MCAM) or 
cell surface glycoprotein MUC18, has been suggested as mediat-
ing NTN1’s proangiogenesis effect (10, 11). However, the role of 
DCC family NTN1 receptors in BV development and function in 
the brain remains largely unknown.

Neogenin (NEO1), a DCC family receptor for netrins (14), 
is abundantly expressed in astrocytes in addition to neural stem 
cells (NSCs), oligodendrocytes, and neurons in the brain (15). 
Although NEO1 was initially identified as an NTN1 receptor, its 
role in NTN1-regulated axonal guidance remains unidentified (15, 
16). The NEO1 hypomorphic allele results in multiple phenotypes, 
including early neonatal death, neonatal hydrocephalus (17), and 
olfactory neuron migration deficit (18). Investigating NEO1’s func-
tion in NSCs by the use of its conditional KO mouse models has 
demonstrated NEO1’s functions in promoting neocortical astro-
gliogenesis (19) and adult hippocampal neurogenesis (20). How-
ever, NEO1’s role in astrocytes and/or in BV/BBB development 
and function remains unexplored.

Here, we report astrocytic NEO1’s function in regulating BV 
remodeling, homeostasis, and BBB function in mouse cortex. 
Astrocyte-specific, but not pyramidal neuron–specific, Neo1-KO 
cortex exhibited smaller arterioles, more veins and capillaries, 
which had reduced blood flow, impaired vascular basement mem-
branes (vBMs), fewer pericytes, increased EC caveolae and EC 
fenestrae, and leaky BBBs. These vessel phenotypes appeared to 
be brain-region selective, obviously in the mutant somatosensory 
cortex, but were undetectable in the hippocampus or retina. Addi-
tionally, Neo1-KO astrocytes displayed an altered and clustered 
distribution pattern. Moreover, NEO1 KO impaired BMP2 induc-
tion of NTN1 expression in cortical astrocytes and NTN1 played 
essential roles not only in suppressing tip EC proliferation and 
angiogenesis, but also in maintaining vBM and pericytes. In aggre-
gate, these results uncover an unrecognized pathway, astrocytic 
NEO1 to NTN1, in regulating astrocyte distribution, suppressing 
tip cell proliferation, and promoting vBM organization, revealing 
a mechanism underlying astrocyte regulation of cortical BV/BBB 
homeostasis and function.

Results
Reduced DiI+ BV, but increased PECAM-1+ BV density, in Neo1-KO 
cortex. To investigate NEO1’s function in mouse brain, we gener-
ated a conditional Neo1-KO mouse line, NeoGFAP-Cre, in which the 
floxed NEO1 (Neofl/fl) allele was crossed with the hGFAP promoter 
driven Cre mouse, as described previously (19, 21). The hGFAP-
Cre mouse line expresses Cre not only in astrocytes, but also in 
radial glial cells (RGCs), NSCs, and their progenies (22). In our 
initial examination of the mouse brain structures, the mutant 
brain tissues were not well fixed with a standard in vivo perfusion 
method (injection of PBS buffer containing 4% paraformaldehyde 
[PFA] into left ventricle of anesthetized mice; see details in Meth-
ods). However, the mutant brain sections could be fixed with the 
same buffer in vitro. We thus speculate that there is a defective 
PFA buffer flow from the peripheral BVs to the mutant brain during 
in vivo perfusion. To test this speculation, the perfusion method 
was modified by adding DiI into the perfusion buffer because DiI 
binds to BV ECs and fluorescently labels BVs and thus could serve 
as a reporter for both perfusion buffer flow and BVs in the brain 

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12
https://www.jci.org/articles/view/132372#sd
https://doi.org/10.1172/JCI132372DS1
https://doi.org/10.1172/JCI132372DS1
https://www.jci.org/articles/view/132372#sd
https://www.jci.org/articles/view/132372#sd
https://www.jci.org/articles/view/132372#sd
https://www.jci.org/articles/view/132372#sd
https://www.jci.org/articles/view/132372#sd
https://www.jci.org/articles/view/132372#sd
https://www.jci.org/articles/view/132372#sd
https://www.jci.org/articles/view/132372#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

6 4 9 2 jci.org      Volume 130      Number 12      December 2020

reduced in the mutant cortex and whether BBB in the mutant 
cortex could be examined by this assay. The EB or dextran was 
injected into the tail veins of live NeoGFAP-CreER mutant and control 
mice (Neofl/fl and GFAP-CreER) (without anesthesia by 3% isoflu-
rane) (see Figure 2C). Thirty minutes after, mice were anesthe-
tized and perfused with PBS and 4% PFA (see Figure 2C). Their 
brain sections were post-fixed in vitro and subjected to immunos-
taining analysis. Little to no EB+ or dextran+ signals were detected  
in control brain sections. In contrast, both EB+ and dextran+ sig-
nals were observed in the mutant cortex (Figure 2, D–I). Confocal 

flow from the peripheral BVs to their cortex, we used laser Doppler 
to measure blood flow in the control and mutant cortices. Con-
trol and NeoGFAP-CreER mice were anesthetized, and their skull skins 
(~1.76 cm2) were opened and subjected to laser Doppler scanning 
and imaging analysis. As shown in Figure 2, A and B, blood flow 
was indeed less in the NeoGFAP-CreER cortex than in that of control 
mice, supporting this view.

We then asked whether the flow of tail-vein–injected Evans 
blue (EB) (which binds to albumin with red fluorescence) or green 
fluorescent–labeled dextrans (MW 10 kDa and 3 kDa) were also 

Figure 1. Reduced DiI+ vessels, but increased PECAM-1+ vessels, in astrocytic, but not pyramidal neuronal, Neo1-KO cortex. (A) Schematic of the protocol 
for DiI perfusion. (B) Representative images of BVs in the cortex of control (Neofl/fl) and NeoGFAP-Cre mice (at P60). Brain sections were subjected to immu-
nostaining analysis using antibodies against PECAM-1 (green). Images were captured from 6 slides per animal. Average number of DiI+ vessel length per 
cubic millimeters was calculated and is presented in C, and PECAM-1+ vessel length was quantified and is presented in D. BV tracing and quantification of 
BV branches are shown in E and F, respectively. (G) Representative images of BVs in cortices of littermate control Neofl/fl and NeoGFAP-CreER mice. Mice were 
injected with TAM at P30 and perfused with DiI at P60 before sacrifice. (H and I) Quantitative analyses of data in G. (J) Representative images of BVs in 
cortices of littermate control and NeoNex-cre mice at P60. (K and L) Quantitative analyses of data in J. Scale bars: 50 μm. Data are represented as mean ± 
SEM (n = 3 to 6 mice/group). *P < 0.05; **P < 0.01, Mann-Whitney U statistical test.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

6 4 9 3jci.org      Volume 130      Number 12      December 2020

association of BBB deficit with the increase of BV density (Fig-
ure 2J). Also noteworthy is that the reduced DiI or blood flow was  
detected in the anesthetized mutant mice, implicating possible 
abnormal BV blockage/contraction induced by anesthesia.

Swollen astrocytes, disrupted vBMs, reduced pericytes, and 
impaired EC barrier in NeoGFAP-CreER cortex. To verify BBB leakage 

imaging analysis showed EB+ and dextran+ signals largely on the 
outside of PECAM-1+ BVs in the mutant cortex (Figure 2, D and 
E). These results suggest leaky BBBs and that the flow of EB or 
dextran may be unaffected in this condition. Leaky BBBs detect-
ed by EB or dextran were also largely in the somatosensory cor-
tex (Figure 2, D, E, and H), but not hippocampus, suggesting an 

Figure 2. Reduced blood flow, but increased BBB leakage, in NeoGFAP-CreER cortex. (A) Representative images and (B) quantification of laser Doppler mea-
surement of blood flow signals in control (Neofl/fl) and NeoGFAP-CreER cortices (TAM at P30, imaged at P60). (C) Schematic of the protocol for EB and dextran 
injections. (D and E) Representative images of 10 kDa dextran (green) and EB (red) coimmunostained with anti-PECAM-1 in P60 control (neofl/fl) and  
NeoGFAP-CreER cortex. (F) Quantitative analysis of data in D. (G) Quantitative analysis of EB extravasation. (H and I) Representative images of immunos-
taining using indicated antibodies (H) and the quantification (I) of 3 kDa dextran (green) in control (neofl/fl and GFAP-CreER) and NeoGFAP-CreER cortex. (J) 
Pearson’s analysis of the correlation between EB leakage and vessel density in NeoGFAP-CreER cortex. Scale bars: 20 μm. Data are represented as mean ± SEM 
(n = 3 mice/group). *P < 0.05; **P < 0.01, Student’s t test (B, F, and G); 1-way ANOVA plus post hoc analysis (I).
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sels in control cortex, but in the mutant cortex, the vBMs marked 
by laminin-γ1, laminin-α5, or collagen IV were obviously abnor-
mal (Figure 4, A, C, and E). They were absent in some areas, but 
formed aggregates at other areas of PECAM-1+ vessels (Figure 
4A). The pericytes marked by desmin or PDGFR-β were also 
markedly reduced in the mutant cortex as compared with those 
of controls (Figure 4, G–J). Further coimmunostaining with the 
apoptosis marker cleaved caspase-3 revealed that more pericytes 
underwent apoptosis in the Neo1 mutant cortex (Figure 4, K–L). 
These results, in line with the EM analysis, provide additional evi-
dence for disrupted vBM and reduced pericytes in the astrocytic 
Neo1-KO cortex.

Finally, we examined EC tight junctions, caveolae, and 
fenestrae, critical structures for EC barrier function (31, 32), in 
control and Neo1 mutant cortex by coimmunostaining analyses. 
Few changes in zonula occludens-1 (ZO-1) and claudin-5, both 
markers of EC tight junctions, were detected in Neo1-KO corti-
cal BVs (Supplemental Figure 3), suggesting tight junctions in 
the mutant ECs comparable to those of controls. However, both 
plasmalemma vesicle–associated protein (PLVAP), a marker 

in the mutant cortex, we examined BBB structure in control and 
NeoGFAP-CreER somatosensory cortices by electron microscopy (EM) 
analysis. Remarkably, perivascular astrocytes showed obviously 
enlarged cellular size in the NeoGFAP-CreER cortex, with an approxi-
mately 5-fold larger area than that of controls (Figure 3, A and B). 
The control vBM, a critical structure for BBB permeability (29), 
exhibited 3-layer high-density lines (Figure 3A). However, such 
high-density lines in the mutant vBMs were disrupted without a 
clear separation (Figure 3, A and D). The number of perivascular 
pericytes was reduced in the mutant vessels (Figure 3C). More 
caveolae-like vesicles were detected in the mutant ECs (Figure 3, 
A and E). These results demonstrate not only an astrocyte pheno-
type, but also multiple deficits in BV/BBBs, including disrupted 
vBMs, reduced pericytes, and impaired EC barrier.

We further confirmed the disrupted vBM and reduced peri-
cytes by coimmunostaining analysis using antibodies against key 
components of vBM (e.g., laminin-γ1, laminin-α5, and collagen 
IV) and markers of pericytes (e.g., desmin and PDGFR-β) (30). 
As shown in Figure 4, A–F, laminin-γ1–, laminin-α5–, or collagen 
IV–labeled vBMs were evenly distributed along PECAM-1+ ves-

Figure 3. Swollen astrocytes, disrupted vBMs, reduced pericytes, and increased EC caveolae in NeoGFAP-CreER cortex by EM analysis. (A) Representative EM 
images of BVs in control (Neofl/fl) and NeoGFAP-CreER cortex (TAM at P30, EM at P60). Astrocytes are highlighted in pink, pericytes (PC) in light green, and EC 
in light yellow. Scale bars: 1 μm. (B) Quantification of astrocyte area. (C) Quantification of pericyte coverage of BVs. (D) Quantification of disrupted vBMs 
of BVs. (E) Quantification of EC caveolae per vessel. Data are represented as mean ± SEM (n = 7 to 13 vessels from 2 mice per group). *P < 0.05; **P < 0.01, 
Mann-Whitney U test.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/12
https://www.jci.org/articles/view/132372#sd


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

6 4 9 5jci.org      Volume 130      Number 12      December 2020

of EC fenestrae, and caveolin-1, a marker of caveolae, were 
increased in the mutant ECs (Figure 5, A–D). These results, 
also in line with the EM studies, suggest an impairment in EC  
barrier function in the mutant BVs. Together, these results 
demonstrate decreases in vBMs and pericytes, but increases 
in EC caveolae and fenestrae in the Neo1 mutant cortex, which 
may underlie the increase of BBB permeability in the mutant 
cortex (Figure 5I). 

Increased vein and capillaries and thinner arterioles in the  
NeoGFAP-CreER cortex. Both PLVAP and solute carrier family 16 mem-
ber 1 (SLC16A) are selectively expressed in the ECs of venous 
capillaries, but not arterioles (33). We thus asked whether the 
increased BV density in the Neo1 mutant cortex is largely in the 
venous capillaries. To test this view, we carried out additional 
coimmunostaining analysis using antibodies against markers for 
arterioles, veins, and capillaries. As shown in Figure 5, F and H, 

Figure 4. Disrupted vBMs and reduced pericytes in NeoGFAP-CreER cortex by coimmunostaining analysis. (A–F) Coimmunostaining analyses using indicated  
antibodies. Representative images of laminin-γ1 (A), laminin-α5 (C), and collagen IV (E) are shown. Quantification of laminin-γ1 (B), laminin-α5 (D), and 
collagen IV (F) in control (Neofl/fl) and NeoGFAP-CreER cortex are presented. In A, arrowheads indicate absent laminin-γ1 coverage and arrows indicate lami-
nin-γ1 aggregates. In E, arrowheads show detached collagen IV from BVs. (G–J) Representative images of desmin (G) and PDGFR-β (I) marked pericytes, 
and quantification of desmin (H) and PDGFR-β (J) in control (Neofl/fl) and NeoGFAP-CreER cortex are shown. (K and L) Representative images (K) and quantifica-
tion (L) of active caspase-3+ pericytes in BVs of control and NeoGFAP-CreER cortex. Scale bars: 20 μm. Data are represented as mean ± SEM (n = 5 mice/group). 
*P < 0.05, Mann-Whitney U test.
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the arterioles labeled by anti–smooth muscle actin (anti-SMA) in 
the mutant cortex were obviously thinner in diameter than those 
of controls. However, more SLC16A1+ ECs (vein and venous cap-
illaries) were detected in the mutant cortex (Figure 5, E and G). 
Together, these results support the view that the increased vessel 
density and branch points in the Neo1 mutant cortex are likely to 
be veins and capillaries (Figure 5I).

To verify these BV changes detected by EM and coimmu-
nostaining analyses, we examined protein levels of caveolin-1, 
PDGFRβ, CD146, EGFL7, SMA, and AQP4 by Western blot anal-
ysis. Indeed, increased caveolin-1, CD146, and EGFL7 levels, but 
decreased PDGFRβ and AQP4, were detected in the astrocytic 
Neo1-KO cortex (Supplemental Figure 4). These results, in line 
with the results by immunostaining analyses (Figure 4, I and J, and 

Figure 5. Impaired EC barrier, increased vein capillaries, and thinner arterioles in NeoGFAP-CreER cortex. (A, B, E, and F) Representative images of  
coimmunostaining analyses using indicated antibodies in control (Neofl/fl) and NeoGFAP-CreER cortex. (C, D, G, and H) Quantification analyses of data in A, B, 
E, and F. PLVAP is an EC fenestrae marker, caveolin-1 is a marker for caveolae, Slc16a1 is a venous-capillary marker, and labels arteriole. Scale bars: 20 μm. 
Data are represented as mean ± SEM (n = 5 mice/group). *P < 0.05; **P < 0.01, Mann-Whitney U test. (I) Schematic summary of vessel deficits in control 
and NeoGFAP-CreER cortex.
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capillary) (Figure 6, B and C). The td-Tomato+ astrocytes’ distribu-
tion in the mutant cortex was obviously uneven (Figure 6D). Many 
clusters of td-Tomato+ astrocytes were observed in the mutant cor-
tex (Figure 6D). These results implicate a deficit in astrocyte dis-
tribution, a prominent feature of astrocytes with nonoverlapping 
territories (35). To further test this view, we examined td-Tomato+  
astrocyte distribution by measuring their cell-to-cell distance. 
As shown in Figure 6, E–G, td-Tomato+ astrocytes in the control 
cortex were evenly distributed without overlapping territories and 
most td-Tomato+ astrocytes had a cell-to-cell distance of 30–35 
μm. In contrast, many td-Tomato+ astrocytes in the mutant cor-
tex were distributed as clusters in some areas, but absent in other 
areas, displaying variable cell-to-cell distances (Figure 6, D–G). 
Many mutant astrocytes (~20%) were closely distributed within 
5–10 μm of cell-to-cell distance (Figure 6, F and G). 3D reconstruc-

Figure 5, B and D), provide additional evidence for elevated dam-
aged ECs, but reduced pericytes, in the Neo1 mutant cortex.

Altered astrocyte distribution in NeoGFAP-CreER cortex. To under-
stand how astrocytic NEO1 regulates BV homeostasis and func-
tion, we determined whether astrocyte-BV interaction is impaired 
in Neo1 mutant mice. To this end, NeoGFAP-CreER;Ai9 mice were gen-
erated, as Ai9 expresses a Cre-dependent td-Tomato (34) that flu-
orescently labels astrocytes in control and Neo1 mutant mice. As 
shown in Figure 6, A and B, upon TAM injection at P30, control 
mice (GFAP-CreER;Ai9) at P60 showed evenly distributed td- 
Tomato+ astrocytes in the cortex, while nearly all of their process-
es were in association with PECAM-1+ BVs. In viewing td-Tomato+ 
astrocyte association with PECAM-1+ vessels in NeoGFAP-CreER;Ai9 
mice, fewer td-Tomato+ astrocytes were associated with large ves-
sels, but more astrocytes were associated with small vessels (likely 

Figure 6. Altered astrocyte distribution in NeoGFAP-CreER cortex. (A) Schematic of the protocol performed in control (GFAP-CreER;Ai9) and NeoGFAP-CreER;Ai9 
mice. (B) Representative images of td-Tomato+ astrocytes and PECAM-1+ BVs. (C) Quantification analysis of td-Tomato+ astrocyte association with 
PECAM-1+ (white) BVs in control and NeoGFAP-CreER cortex. (D) Representative images showing td-Tomato+ astrocyte distribution. 3D reconstruction images 
are included in right panels. (E) Profile of rectangle area of td-Tomato+ fluorescence in D analyzed by ZEN 2.3 lite. Cell-cell nuclear distance was quanti-
fied and is shown in F and G. (F) Histogram of average distance. Scale bars: 10 μm. Data are represented as mean ± SEM (n = 3 mice/group). *P < 0.05, 
Mann-Whitney U test (C); F test for variance analysis (G).
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Figure 7. Elevated tip EC proliferation in NeoGFAP-CreER cortex. (A) Schematic of TAM and EdU injection protocol in control (GFAP-CreER;Ai9) and  
NeoGFAP-CreER;Ai9 mice. (B) Representative images of cortical brain sections coimmunostained with EdU (green), PECAM-1 (magenta), and td-Tomato (red).  
(C and D) Quantification analyses of data in B. (E and H) Representative images of cortical brain sections coimmunostained with indicated antibodies. 
(F–J) Quantitative analyses of data in E and H, respectively. Scale bars: 20 μm. Data in C, D, F, G, I, and J are represented as mean ± SEM (n = 5 mice/group). 
*P < 0.05; **P < 0.01, Mann-Whitney U test
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cytes in cortex) was detected in the mutant td-Tomato+ astrocytes 
(Supplemental Figure 6).

Elevations in tip EC proliferation in NeoGFAP-CreER cortex. We then 
asked whether the clustered td-Tomato+ astrocytes resulted from 
an alteration in astrocytic proliferation. Mice (GFAP-CreER;Ai9 

tion of these astrocytes provided additional support for their over-
lapping territories in the mutant cortex (Figure 6D). These results 
demonstrate the necessity of astrocytic NEO1 in maintaining an 
astrocyte distribution pattern. These mutant clustered astrocytes 
were not reactive, as little to no GFAP (a marker for reactive astro-

Figure 8. Increased EC proliferation and migration in HUVEC cultures exposed to Neo1-KO astrocytes or their CM. (A–C) Increased EC proliferation in 
HUVECs cocultured with Neo1-KO astrocytes. (A) Schematic of coculture of HUVECs with cortical astrocytes of control and Neo-KO. BrdU was incubated 
for 4 hours. (B) Representative images of BrdU+ HUVECs. (C) Quantitative analysis of data in B. Data are represented as mean ± SEM (n = 4 experiments of 
astrocytes from NeoGFAP-CreER with 4-OH-TAM). (D–F) Increased EC proliferation in HUVECs exposed to CM of Neo1-KO astrocytes. (D) Schematic of the cul-
ture. BrdU was incubated for 6 hours. (E) Representative images of BrdU+ HUVECs. (F) Quantification analysis of data in E. Data are represented as mean ± 
SEM (n = 4 experiments with astrocytes from NeoGFAP-CreER [+TAM] and its control group). (G–K) Increased EC migration in HUVECs exposed to CM of Neo1-KO 
astrocytes. (G) Schematic of HUVEC migration assay. The HUVECs were cultured with CM of astrocytes in a 6-well plate (left panel), and were scratched 
for the wound-healing migration assay (right panel). (H) Representative images of HUVEC migration 24 hours after wound scratching. (I) Representative 
images of HUVECs that were cultured with CM of astrocytes and immunostained with indicated antibodies. (J) Quantification analyses of data in H. Data 
are represented as mean ± SEM (n = 4 experiments from NeoGFAP-CreER and its control group astrocytes). (K) Quantification of data in I. Data are represented 
as mean ± SEM (n = 3 experiments from NeoGFAP-CreER and its control group astrocytes). Scale bars: 20 μm. *P < 0.05; **P < 0.01, Mann-Whitney U test.
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C, BrdU+ EC density was higher upon coculturing with Neo1-KO 
astrocytes, as compared with those ECs cocultured with control 
astrocytes, indicating an increase in EC proliferation by Neo1-KO 
astrocytes. Because these astrocytes did not directly contact ECs 
in the Transwell coculture assay, the increased EC proliferation is 
likely due to secreted factors from Neo1-KO astrocytes. To test this 
view, we cultured HUVECs or MBMECs in the presence of con-
ditioned medium (CM) from control or Neo1-KO astrocytes. EC 
proliferation (visualized by BrdU+ cells) was higher in the presence 
of CM of Neo1-KO astrocytes than in that of control CM (Figure 8, 
D–F; and Supplemental Figure 9), supporting this view.

In addition to EC proliferation, we examined EC migration, 
another event critical for angiogenesis (37), by wound-healing 
assay, as illustrated in Figure 8G. HUVECs were cultured with 
the CM of Neo1-KO astrocytes, and EC migratory distance fol-
lowing the scratch was measured. As shown in Figure 8, H and 
J, much faster migration in ECs cultured with the CM of Neo1-
KO astrocytes was detected. In addition, the percentage of ECs 
with GM130+ Golgi apparatus facing the migratory direction (38) 
was higher in ECs cultured with the CM of Neo1-KO astrocytes 
(Figure 8, I and K), supporting increased EC migration. This 
view was further supported by an EC Transwell migration assay 
(Supplemental Figure 9, G–I). Notice that no cleaved caspase-3+ 
signal was detected of the ECs (Supplemental Figure 9F), sug-
gesting little to no apoptosis occurred in these ECs cultured with 
astrocyte CM. Together, these results suggest that the CM of 
Neo1-KO astrocytes contains a protein or proteins that regulate 
EC proliferation and/or migration.

Reduced NTN1 in NEO1-KO cortical astrocytes. We next 
screened for potential protein or proteins in the CM of astrocytes 
that may regulate EC proliferation by use of an antibody array 
assay. As illustrated in Figure 9A and Supplemental Figure 10A, 
nitrocellulose membranes containing various antibodies against 
proteins implicated in angiogenesis (see Supplemental Figure 
10A), which include VEGF1, M/G-CSF, IGF-1I, bFGF, TIMP1, 
chemokines, cytokines, and NTN1 and NTN4, ligands of NEO1, 
were incubated with biotinylated protein samples from CM of 
control or Neo1-KO astrocytes, respectively. The positive signals 
were detected by streptavidin after washes. Interestingly, NTN1, 
but not NTN4, was lower in the CM of Neo1-KO astrocytes than 
that of control astrocytes (Figure 9, B–D). In addition, TIMP-1, an 
inhibitor of metalloproteinases (MMPs) critical for cell adhesion 
and migration and angiogenesis (39) was also decreased in the CM 
of mutant astrocytes (Figure 9, B–D).

We further addressed how Neo1-KO astrocytes had reduced 
NTN1, but not NTN4, levels in their CM. To this end, mRNA lev-
els of NTN family members, including NTN1, -3, and -4, as well 
as VEGF-a were examined in control and Neo1-KO cortical and 
hippocampal astrocytes (cultured in the presence of 10% FBS) 
by real-time PCR analysis. Remarkably, NTN1 was selectively 
reduced in cortical, but not hippocampal, Neo1-KO astrocytes, 
while NTN4 was increased in both cortical and hippocampal 
Neo1-KO astrocytes (Figure 9, E and F). The VEGF-a mRNA lev-
els were also increased in both cortical and hippocampal Neo1-KO 
astrocytes (Figure 9, E and F). In line with this view were obser-
vations of reduced NTN1, but increased VEGF, transcripts in the 
neoGFAP-CreER cortex (Supplemental Figure 10, B–D).

and NeoGFAP-CreER;Ai9) were injected with 5-ethynyl-2′-deoxyuri-
dine (EdU) (a marker of cell proliferation) 24 hours before sac-
rifice (Figure 7A). Immunostaining analysis showed little to no 
EdU+ signal in td-Tomato+ astrocytes in both control and mutant 
cortices (Figure 7, B and C), eliminating the possibility of astro-
cyte proliferation as causing their clustered distribution. Inter-
estingly, EdU+ cell density was higher in the mutant cortex than 
in that of controls (Figure 7D) and many EdU+ cells had a close 
association with PECAM-1+ ECs in the mutant cortex (Figure 7, B 
and C), implicating an increase in EC proliferation. We thus fur-
ther tested this view by coimmunostaining analysis of EdU with 
PECAM-1 and ETS-related gene (ERG), an EC-specific transcrip-
tional factor (36). Indeed, more EdU+ERG+ signals were detected 
in NeoGFAP-CreER cortical BVs (Figure 7, E–G), supporting the view 
that there was increased EC proliferation in the mutant cortex. 
We then determined whether the increased proliferative ECs were 
tip ECs by coimmunostaining analysis of EdU with PECAM-1 and 
epidermal growth factor–like domain 7 (EGFL7), a protein highly  
expressed in proliferative tip ECs. More EGFL7+ signals were 
detected in PECAM-1+ ECs (Figure 7, H and J), and many (~36.8%) 
of the EGFL7+ tip cells were EdU+ (Figure 7, H–J), demonstrating 
increased proliferative tip ECs in the mutant cortex. This view 
was further supported by the observation of increased VGLUT1 
(another marker of tip cell) in PECAM-1+ BVs in the mutant cortex 
(Supplemental Figure 5).

Elevation of EC proliferation and migration in EC cultures exposed 
to the conditioned medium of Neo1-KO astrocytes. To understand how 
NEO1 deficiency in astrocytes results in increased EC prolifera-
tion, we carried out coculture assays. Human umbilical veins ECs 
(HUVECs) or mouse brain microvascular ECs (MBMEC) were 
cocultured with primary astrocytes from neonatal control or Neo1-
KO (NeoGFAP-Cre or NeoGFAP-CreER) mice in a Transwell assay, as illus-
trated in Figure 8, Supplemental Figure 7, and Supplemental Figure 
9. BrdU (3 μg/mL) was added into the medium 4 hours before ter-
mination of the culture (Figure 8A). As shown in Figure 8, B and 

Figure 9. Reduced NTN1 in Neo1-KO cortical astrocytes. (A–D) Antibody 
array analysis. The nitrocellulose membranes containing 26 antibodies 
(see Supplemental Figure 10A) were first incubated with biotin-conjugated 
proteins from CM of control and Neo1-KO astrocytes, respectively, washed, 
and then incubated with HRP-streptavidin, according to the manufactur-
er’s instructions. (A) Representative images of the antibody array blots. 
NTN1 is highlighted in red. (B) Volcano plot analysis showing reduced NTN1 
in the CM of Neo1-KO astrocytes. (C) Heatmap analysis (n = 4). (D) Quan-
tification analysis. Data are represented as mean ± SEM (n = 4). (E and F) 
Quantitative PCR (qPCR) analysis of indicated gene expression in cortical 
(E) and hippocampal astrocytes (F) (cultured in the presence of 10% FBS). 
Values were normalized to GAPDH levels and controls. Data are represent-
ed as mean ± SEM (n = 3 experiments /group). (G and H) FISH analysis of 
NTN1 mRNAs in td-Tomato+ astrocytes in control (GFAP-CreER;Ai9) and 
NeoGFAP-CreER;Ai9 cortex and hippocampus. (G) Representative images. Scale 
bar: 5 μm. (H) Quantification analysis of data in G. Data are represented as 
mean ± SEM (n = 6 slides/group). (I–M) BMP2 induction of phospho- 
Smad1/5/8 and NTN1 expression in cortical and hippocampal astrocytes 
(cultured in the presence of 1% FBS) from control and Neo1-KO mice. (I) 
Illustration of protocol of BMP2 treatment.(J) Western blot analyses using 
indicated antibodies. (K) Quantification of data in J. (L and M) qPCR anal-
yses of BMP2-induced NTN1 mRNAs in cortical (L) and hippocampal (M) 
astrocytes. Data are represented as mean ± SEM (n = 3 experiments). *P < 
0.05; **P < 0.01, 2-way ANOVA.
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naling (30 minutes after BMP2 stimulation, by Western blot) and 
NTN1 expression (4 hours after BMP2 stimulation, by RT-PCR) in 
both cortical and hippocampal astrocytes that were cultured under 
serum-starved condition (1% FBS) for 24 hours to allow efficient 
BMP2 stimulation (Figure 9, I–M). Upon BMP2 stimulation (for 30 
minutes), phospho-Smad1/5/8 was induced in both cortical and hip-
pocampal astrocytes, which were impaired in Neo1-KO astrocytes 
(Figure 9, I–K). However, BMP2 increased NTN1’s expression only 
in control cortical, but not hippocampal, astrocytes; this was abol-
ished in Neo1-KO cortical astrocytes (Figure 9, I, L, and M). These 
results thus support the view for brain region–selective regulation 
of astrocytic NTN1 expression by BMP2/NEO1 signaling.

NTN1 inhibition of EC proliferation and migration in a dose- 
dependent manner. We then determined whether reduced NTN1 
is responsible for EC proliferation and migration phenotypes 
induced by Neo1-KO astrocytes. To this end, we first examined 
NTN1’s effect on EC proliferation and migration by the EC- 
astrocyte coculture Transwell assay, as illustrated in Figure 10A. 
In light of a previous report that NTN1 regulates EC proliferation 
in a dose-dependent manner (41), both low (10 ng/mL) and high 
(1 μg/mL) concentrations of NTN1 were added to the medium of 
the coculture assay. The 10 ng/mL NTN1 showed an increased 
EC proliferation in MBMEC cultures (with M200 culture medi-
um) (Supplemental Figure 11), in line with a previous report (41). 
However, NTN1 at a concentration of 1 μg/mL reduced BrdU+ 
MBMECs cocultured with the CM of control or Neo1-KO astro-

NTN1 is believed to be expressed mainly in pericytes in 
adult mouse brain, based on findings in the single-cell RNA-Seq  
database (http://betsholtzlab.org/VascularSingleCells/database.
html.). However, based on the Allen Brain Atlas In Situ Hibridiza-
tion database, NTN1 appears to be expressed in a subset of neu-
rons. Our results suggest that NTN1 was expressed in astrocytes 
that were selectively reduced in Neo1-KO cortical astrocytes. 
To address this issue, we further examined NTN1 expression in 
GFAP-CreER;Ai9 (control) and NeoGFAP-CreER;Ai9 brain sections by 
FISH. NTN1 transcripts were detected by antisense, but not sense, 
probes (Supplemental Figure 8), suggesting NTN1 probe specific-
ity. Interestingly, these NTN1-positive signals were detected in 
a subset of neurons and td-Tomato+ astrocytes in control brains 
(Figure 9, G and H). However, NTN1 signals were remarkably 
reduced in NEO1-KO astrocytes, but not neurons, in the cortex, 
but not hippocampus (Figure 9, G and H). These results, in line 
with the reverse transcriptase PCR (RT-PCR) results (Figure 9, E 
and F), provide additional evidence for cortical astrocytic NTN1 
expression that is upregulated by astrocytic NEO1. This view was 
further verified by RNA-scope analysis, a high resolution in situ 
method (Supplemental Figure 8, B and C).

In addition to NTNs, NEO1 is a coreceptor for BMPs involved 
in multiple BMP-regulated cellular processes, including corti-
cal astrogliogenesis (40). We thus asked whether BMP regulates 
NTN1 expression in astrocytes in a NEO1-dependent manner. 
To this end, we examined BMP2-induced phospho-Smad1/5/8 sig-

Figure 10. NTN1 inhibition of EC prolif-
eration and migration induced by CM of 
Neo1-KO astrocytes. (A–C) NTN1 (1 μg/
mL) inhibition of MBMEC proliferation. 
(A) Schematic of NTN1 administration 
in MBMEC cultures in the presence of 
CM of astrocytes. BrdU (3 μg/mL) was 
incubated for 6 hours. (B) Representative 
images of BrdU+ MBMECs. (C) Quan-
tification analysis of data in B. (D–F) 
NTN1 inhibition of MBMEC migration. 
(D) Schematic of NTN1 administration 
in a Transwell assay to access MBMEC 
migration. (E) Representative images of 
MBMECs (stained with crystal violet). 
(F) Quantification analysis of data in E. 
Data are represented as mean ± SEM (n = 
5–6 coverslips /group). *P < 0.05, 2-way 
ANOVA. Scale bars: 20 μm.
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mutant mice, AAV-GFAP-NTN1 virus, which encodes chicken 
NTN1-Myc-His-2A-mCherry under the control of the GFAP pro-
moter, was generated (see Supplemental Figure 13). This AAV-
GFAP-NTN1 and its control virus (AAV-GFAP-GFP) were injected 
into the left side of the NeoGFAP-CreER cortex at P30. Mice were treat-
ed with TAM (i.p., 100 mg/kg/d, once per day for 4 days) at P33 
and sacrificed at P60 (Figure 11A). Brain sections were subjected 
to immunostaining analysis using indicated antibodies. As shown 

cytes (Figure 10, A–C). In addition, NTN1 (1 μg/mL) decreased 
EC migration induced by Neo1-KO astrocytes (Figure 10, D–F). 
These NTN1 effects were verified in HUVEC-astrocyte cocultures 
(Supplemental Figure 12) and suggest that a high concentration of 
NTN1 is sufficient to suppress EC proliferation and migration.

NTN1 amelioration of the deficit in BV/BBB and the alteration in 
astrocyte distribution in NeoGFAP-CreER cortex. To investigate whether 
astrocytic NTN1 expression could restore BV/BBB deficits in Neo1 

Figure 11. NTN1 amelioration of phenotypes of BV increase and BBB leakage in Neo1-KO cortex. (A) Schematic of protocol of AAV-GFP and AAV-GFAP- 
NTN1 viruses and TAM injections. AAV-GFAP-NTN1 encoding NTN1 fusion protein (NTN1-myc-his-P2A-mCherry) under control of GFAP promoter was 
injected into left side of NeoGFAP-CreER cortex (ipsilateral side) at P30. (B) Representative images of immunostaining using indicated antibodies. P60 
NeoGFAP-CreER cortices were injected with AAV-GFP or AAV-GFAP-NTN1, respectively. Scale bars: 100 μm. (C and D) Quantitative analyses of BV length (C) 
and branches (D). (E) Representative images showing 10 kDa dextran leakage in ipsilateral and contralateral cortices injected with AAV-GFP or AAV-GFAP-
NTN1, respectively. (F) Quantitative analyses of data in E. (G) Representative images showing PLVAP staining in ipsilateral and contralateral cortices 
injected with AAV-GFP or AAV-GFAP-NTN1, respectively. (H) Quantitative analyses of data G. Data are represented as mean ± SEM (n = 4 mice/group).  
*P < 0.05; **P < 0.01, 2-way ANOVA. Scale bars: 20 μm.
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NTN1 were injected into the left cortical brain of NeoGFAP-CreER;Ai9 
mice (at P30). Mice were exposed to TAM at P33 and sacrificed 
at P60, as illustrated in Supplemental Figure 15, A–C. Many td- 
Tomato+ astrocytes were distributed as clusters in the Neo1 mutant 
contralateral cortex (Supplemental Figure 15A); however, NTN1 
expression reduced the clustered astrocyte distribution pheno-
type in the Neo1 mutant cortex. Taken together, these results sug-
gest that the reduced NTN1 in Neo1-KO astrocytes is likely to be 
responsible for the phenotypes of increased BV density, reduced 
BBB function, and altered astrocyte distribution.

Requirement of astrocytic NTN1 for cortical BV homeostasis 
and function in mouse cortex. To further investigate astrocytic 
NTN1’s function in cortex BV/BBB maintenance, we generated  
NTN1GFAP-CreER mice by crossing NTN1fl/fl with GFAP-CreER mice. 
As illustrated in Figure 12A, the control (NTN1fl/fl mice) and 
NTN1GFAP-CreER mice were treated with TAM at P30, tail inject-
ed with dextran at P60, and sacrificed 30 minutes after dextran 
injection. NTN1 mRNA and protein expression were significantly 
reduced in the NTN1GFAP-CreER cortex exposed to TAM for 4 con-
secutive days (Supplemental Figure 16, A–C). Remarkably, BV/
BBB deficits in the NTN1GFAP-CreER cortex that were similar to those 
in the NeoGFAP-CreER cortex were detected, including increase of 
PECAM-1+ BVs (Figure 12, B and C), leaky BBB (Figure 12, B and 
D), elevation of EC proliferation and caveolin1+ caveolae (Figure 
12, E–H), and decrease of PDGFRβ+ or desmin+ pericytes (Figure 
12, I and K, and Supplemental Figure 16, D and E) and laminin-α5+ 
vBMs (Figure 12, J and L). Taken together, these results suggest 
that astrocytic NTN1, as that of NEO1, is necessary for BV/BBB 
homeostasis and function (Figure 12M).

Discussion
Astrocytes are known to play multiple functions in the brain, 
including BV homeostasis. However, the detailed mechanisms 
underlying astrocyte regulation of BVs/BBBs remain elusive. Here, 
we provide evidence that NEO1 in astrocytes is necessary for BV 
homeostasis and function in young adult mouse cortex. This effect 
appears to be cortex specific. A working hypothesis is depicted 
in Figure 12M, in which NEO1 promotes BMP2-induced NTN1 
expression in cortical astrocytes, which regulates BV homeostasis 
and function. These results uncover a pathway of astrocytic NEO1 
to NTN1 in promoting not only BV homeostasis, but also astrocytic 
distribution, and reveal a mechanism underlying astrocyte regula-
tion of cortical BV/BBB function.

NEO1 is initially identified as a DCC family NTN recep-
tor (14). However, its function in the NTN1 signaling pathway 
remains elusive because Neo1 mutant mice don’t show an obvious 
axonal pathfinding phenotype that is detected in NTN1-deficient 
mice (15, 16). Alternatively, NEO1, but not DCC, is found to be 
a receptor for 16 repulsive guidance molecules (RGMs) modulat-
ing the BMP signaling pathways (19). In the brain, NEO1 in NSCs 
promotes BMP-regulated cortical astrogliogenesis (19) as well as 
sonic hedgehog–regulated hippocampal neurogenesis (20). Addi-
tionally, NEO1 plays important roles in fissure formation in the 
developing brain (42) and in preventing hydrocephalus-like defi-
cit (17). In this paper, we provide evidence for astrocytic NEO1 in 
promoting BV homeostasis in the cortical brain (Figure 1). Neo1 
KO in astrocytes resulted in more abundant malfunctional BVs, 

in Figure 11, B–D, GFP fluorescence (for AAV-GFAP-GFP) and 
Myc+ fluorescence (for AAV-GFAP-NTN1) were detected on the 
injection side, but not contralateral side, of the mutant cortex (Fig-
ure 11B), demonstrating their expression in astrocytes. Western 
blot analysis verified AAV-GFAP-NTN1 expression at a concen-
tration of approximately 1.56 μg/mg homogenates (Supplemen-
tal Figure 13, B and D). Immunostaining analysis with antibodies 
against PECAM-1 showed no difference in PECAM-1+ vessel den-
sity and length between the control virus/GFP-injected side and 
the contralateral side of the brain (Figure 11, B–D). However, in 
the NeoGFAP-CreER cortex injected with AAV-GFAP-NTN1, the vessel 
length and branch points were obviously reduced as compared 
with those of the contralateral side of the cortical brain (Figure 11, 
B–D), demonstrating NTN1’s sufficiency to diminish the BV defi-
cit. Furthermore, coimmunostaining analysis of Ki67 (a cell-pro-
liferation marker) with SLC16A1 revealed that SLC16A1+ venous 
capillary EC proliferation was attenuated by AAV-GFAP-NTN1 
injection (Supplemental Figure 15, D and E).

To examine AAV-GFAP-NTN1’s effect on BBB function, the 
10 kDa dextran tracer assay was carried out. The 10 kDa dextran 
extravasation was detected on the contralateral side, but dimin-
ished on the AAV-GFAP-NTN1–injected side (ipsilateral) (Figure 
11, E and F), suggesting that NTN1 expression in astrocytes could 
ameliorate the BBB-permeability deficit in the Neo1-KO cortex. We 
further examined AAV-GFAP-NTN1’s effect on desmin+ pericytes, 
laminin-γ1+ vBMs, and PLVAP+ EC fenestrae in the NeoGFAP-CreER 
cortex. The desmin+ pericytes and laminin-γ1+ BVs appeared to 
be comparable in the ipsilateral (AAV-GFAP-NTN1 injected) and 
the contralateral side of the Neo1-KO cortex (Supplemental Fig-
ure 14), suggesting little effect of NTN1. However, the PLVAP+ EC 
fenestrae were reduced by AAV-GFAP-NTN1 injection (Figure 
11, G and H), suggesting a partial restoration of BBB function by 
NTN1. In addition to venous capillary, arterioles were examined 
in the mutant cortex in response to AAV-GFAP-NTN1. No obvious 
change in SMA+ arterioles was detected upon AAV-GFAP-NTN1 
injection (Supplemental Figure 15, F and G), suggesting little to no 
role of NTN1 in regulating arteriole diameter.

Finally, we examined NTN1’s function in astrocyte distribu-
tion in the NeoGFAP-CreER;Ai9 cortex. Control AAV and AAV-GFAP-

Figure 12. Increased BV density, leaky BBB, and fewer pericytes and 
vBMs in astrocytic Ntn1-KO cortex. (A) Schematic of experiments. 
NTN1GFAP-CreER and littermate control (NTN1fl/fl) mice (at P30) were injected 
with TAM, and mice at P60 were anesthetized, tail injected with 3 kDa 
dextran, and sacrificed 30 minutes after dextran injection. (B) Represen-
tative images of BVs (magenta) and dextrans (green) in cortices of control 
and NTN1GFAP-CreER mice. (C and D) Quantitative analyses of PECAM-1+ BV 
density (C) and dextron+ intensity (D). (E and G) Representative images 
(E) and quantification analysis (G) of BV-EC proliferation in the cortices 
of control and NTN1GFAP-CreER mice. Arrowheads indicate Ki67+ cells. (F and 
H) Representative images (F) and quantification analysis (H) of caveolin1+ 
capillary-venous in cortices of control and NTN1GFAP-CreER mice. (I and K) 
Representative images (I) and quantification (K) of PDGFRβ+ pericytes in 
cortexes of control and NTN1GFAP-CreER mice. (J and L) Representative images 
(J) and quantification (L) of laminin-α5+ BVs in cortices of control and 
NTN1GFAP-CreER mice. (M) Summary of phenotypes and illustration of a work-
ing model for astrocytic Neo1 to regulate BV hemostasis through NTN1. 
Scale bars: 20 μm. Data are represented as mean ± SEM (n = 5 mice). *P < 
0.05; **P < 0.01 Mann-Whitney U test.
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KO mice (Figure 12). Together, these observations lead to the con-
clusion that NTN1 is expressed in young adult cortical astrocytes, 
where it is upregulated by BMP-NEO1 signaling and secreted as 
a key extracellular protein for cortical vascular homeostasis and 
function. These observations also suggest that the upregulation 
of NTN1 expression in cortical, but not hippocampal, astrocytes 
by BMP-NEO1 signaling (Figure 9) may underlie NEO1’s brain 
region–specific effect on BV homeostasis and function. However, 
this view requires further investigation.

In terms of the underlying mechanisms for astrocytic NEO1 
to regulate BVs in a brain region–specific (cortex) manner, we sug-
gest the following possibilities. First, astrocytic NEO1 may regu-
late NTN1 expression in a brain region–specific (cortex) manner. 
This view is supported by our results showing that cortical, but not 
hippocampal, Neo1-KO astrocytes show reduced NTN1 expres-
sion (Figure 9, A–F). Second, NTN1 protein distribution may be 
in a gradient and brain region–specific fashion, and higher con-
centrations of NTN1 may be in the somatosensory cortex, where 
it prevents hyperproliferation of tip EC cells and angiogenesis. In 
agreement with this view are results showing that NTN1 regulates 
EC proliferation in a dose-dependent manner (Figure 10). Third, 
in the literature, astrocyte heterogeneity (with different mor-
phology and protein expression profiles) has been demonstrated 
across different brain regions. Our results suggest that the astro-
cyte NEO1 regulation of NTN1 may be one of the mechanisms 
underlying brain region–specific astrocyte heterogeneity. We hope 
to further test these possibilities in future experiments.

In addition to astrocytes, NTN1 is expressed in pericytes 
according to the single-cell RNA-Seq database (http://betsholtzlab.
org/VascularSingleCells/database.html). Both the NeoGFAP-CreER and 
the NTN1GFAP-CreER cortex showed reductions in pericytes, which may 
lead to further reduction of NTN1 levels in the cortex, accelerating 
the cortical BV phenotype. When AAV-GFAP-NTN1 was injected 
into the NeoGFAP-CreER cortex, it failed to rescue the pericyte deficit in 
Neo1 mutant mice (Supplemental Figure 14), suggesting an addi-
tional mechanism or mechanisms that may underlie NEO1 regula-
tion of pericytes. This view also requires further investigation.

NTN1 null alleles show normal BV development in embryonic 
stage, a critical age of angiogenesis (44). Our results demonstrate 
NTN1 as a key factor for BV homeostasis and function in young 
adults. These studies do not contradict each other, suggesting that 
NTN1 acts as a modulator for young adult BV homeostasis, but 
not an essential factor for the development of BVs. This view is 
also in line with literature reports showing NTN1 as a nonconven-
tional angiogenesis factor with multiple functions (45). It inhibits 
tip cell–mediated sprouting angiogenesis (12, 46), promotes BBB 
function(47), protects ischemic injury response (48), and regulates 
tumor-associated angiogenesis (41). The different functions of 
NTN1 may depend on space, time, and NTN1 receptors. While mul-
tiple NTN1 receptors, including Unc5b, CD146, and DCC, have been 
implicated in NTN1-regulated angiogenesis, NEO1’s function in this 
event remains poorly understood. Here, we propose that NEO1 not 
only acts as am NTN1 receptor, but also as a regulator of NTN1, pro-
moting NTN1-mediated BV homeostasis. In addition to promoting 
BMP-induced NTN1 expression, the astrocytic NEO1 may act as 
a decoy receptor to enrich local NTN1 concentration for its role in 
angiogenesis. We will test this view in future experiments.

which were accompanied by disrupted vBMs, reduced vascular 
pericytes, and impaired BBB integrity (Figure 2, Figure 3, Figure 
4, and Figure 5). This function of NEO1 is cortical brain specif-
ic, as BVs in the mutant hippocampus appeared to be normal 
(Supplemental Figure 2), corroborating with NEO1 promotion 
of BMP-induced cortical, but not hippocampal, astrogliogenesis 
(19) and NTN1 expression (Figure 9, E–K). These results suggest 
that astrocytic NEO1 may regulate NTN1 expression in a brain 
region–specific manner, which may underlie its brain region–spe-
cific regulation of BVs/BBBs.

Arteries in the Neo1-KO cortex appeared to be thinner than 
those of controls (Figure 5, F and H), which may underlie the 
reduced blood flow in the mutant cortex. This phenotype was not 
rescued by expression of NTN1 (Supplemental Figure 15, F and 
G), suggesting an additional mechanism or mechanisms that may 
underlie this event. We speculate that multiple mechanisms may 
underlie this event. It is possible that anesthesia-induced abnor-
mal BV blockage or contraction may cause the thinner arteries 
or reduced blood flow. It is also possible that impairments in  
astrocyte-mediated dilation of the BVs may occur in Neo1-KO 
mice. Interestingly, reduced Kir4.1/AQP4 and glutamate uptake 
and increased PGE2 synthesis and signaling in astrocytes could 
result in elevated vessel/smooth muscle constriction (43). In fact, 
AQP4 is reduced in Neo1 mutant mice (Supplemental Figure 4). 
Thus, it would be of interest to further investigate whether Neo1-
KO astrocytes show alterations in glutamate uptake and PGE2 
synthesis and signaling.

A study by Kubotera et al. (6) showed that specific ablation 
of astrocytes’ endfeet by high-energy laser had little to no effect 
on BBB function within 6 hours after injury. This study is not con-
tradictory to our study because the studies use different experi-
ments. The astrocyte endfeet regeneration response to the laser 
injury (described by Kubotera et al.) is an acute response (within 
a few days), and the deficits in BVs/BBBs in astrocytic Neo1 KO 
cortex in our paper appear to be chronic events (P30 [i.p. TAM to 
KO Neo1] and P60 [sacrifice to examine vessel phenotypes]). In 
addition, the laser ablation of the endfeet acts as local and direct 
damage on an astrocyte-vessel interaction site, while astrocytic 
Neo1 KO has wider and indirect effects on vessels/BBBs due to 
altered secreted factors from astrocytes.

Several lines of evidence suggest that astrocyte-derived 
NTN1 is a key factor underlying NEO1 regulation of BV remod-
eling and homeostasis in mouse cortex. First, NTN1 is expressed 
in astrocytes in the young adult mouse cortex. Both NTN1 tran-
scripts and proteins were detected in cultured astrocytes, and 
NTN1’s mRNAs were detected in td-Tomato+ astrocytes in GFAP-
CreER;Ai9 cortical brain sections (Figure 9). Second, astrocytic 
NTN1 expression was induced by BMP2 signaling in the brain 
region (cortex) and NEO1-dependent manners (Figure 9, G and 
H). Third, NTN1 was sufficient to attenuate deficits in BVs/BBBs 
due to astrocytic Neo1 KO in cultures and in vivo. Adding NTN1 
into the CM of Neo1 KO astrocytes attenuated EC proliferation 
and migration (Figure 10). Expression of NTN1 into Neo1-KO 
astrocytes diminished the deficits in BV/BBB in the NeoGFAP-CreER 
cortex (Figure 11). Fourth, astrocytic NTN1 is necessary for BV/
BBB maintenance and function, as KO NTN1 in astrocytes result-
ed in BV/BBB deficits in the cortex similar to those seen in Neo1-
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Methods
Animals, mouse breeding, and TAM treatment. Neogeninfl/fl (Neofl/fl) mice 
were generated, maintained, and genotyped as described previously 
(20). The hGFAP-Cre mouse was purchased from the Jackson Labo-
ratory (stock 004600, donated by A. Messing, University of Wis-
consin, Madison, Wisconsin, USA). The cre recombinase activity in 
this mouse line is detectable as early as E13.5 (largely in the dorsal 
and medial regions of the telencephalon), and at the adult stage, it 
is expressed in multiple types of brain cells, including NSCs, astro-
cytes, oligodendroglia, ependymal cells, and neurons (21). The GFAP-
CreERT2 mouse was provided by K.D. McCarthy (Department of Phar-
macology, University of North Carolina, Chapel Hill, North Carolina, 
USA) (57). Upon TAM injection for 5 consecutive days at a young adult 
age (2 months), Cre activity is positive in astrocytes specifically (58). 
Neofl/fl mice were crossed with GFAP-Cre and GFAP-CreERT2 mice to 
generate NeoGFAP-Cre and NeoGFAP-CreER mice, respectively. The Ai9 mouse 
(from the Jackson Laboratory, stock 007909) was used as a reporter 
for Cre activity because it contains a loxP-flanked STOP cassette that 
prevents the expression of the red fluorescent protein variant (td-To-
mato), and the td-Tomato in Ai9 is turned on by Cre-mediated recom-
bination. Ai9 mice were crossed with NeoGFAP-CreER and GFAP-CreERT2 
mice to generate NeoGFAP-CreER;Ai9 and GFAP-CreERT2;Ai9, respectively. 
Netrin1fl/fl (Ntn1fl/fl) mice, also purchased from the Jackson Laboratory 
(stock 028038, donated by Timothy E. Kennedy, Montreal Neurolog-
ical Institute, Montreal, Quebec, Canada, ref. 59), were crossed with 
GFAP-CreERT2 mice to generate the Ntn1GFAP-CreER mouse line. 
Tg (Slc1a2-EGFP), also called Tg (GLT-1-EGFP), was obtained from 
the Mutant Mouse Resource and Research Center (MMRRC) (stock 
010540-UCD). Nex-Cre (also called NeuroD6-Cre) mice were pro-
vided by Klaus-Armin Nave (Max-Planck-Institute of Experimental 
Medicine, Goettingen, Germany) (28) and crossed with Neofl/fl mice to 
generate NeoNex-Cre.

For NeoGFAP-CreER, GFAP-CreERT2, NeoGFAP-CreER;Ai9, GFAP-
CreERT2;Ai9, and Ntn1GFAP-CreER mice, TAM (MilliporeSigma) at a dose 
of 100 mg/kg/d was injected i.p. into the mice at P30 (for 4 consecu-
tive days) to induce Cre recombination.

All the mouse lines indicated above were maintained on a 
C57BL/6 strain background for more than 6 generations. To exclude 
sex as a potential confounding factor, male mice were use throughout 
all the experiments.

DiI perfusion. DiI (D-282, Invitrogen/Molecular Probes) perfu-
sion was carried out according to the protocol described by Li et al. 
(23). In brief, DiI working solution was made by mixing 200 μl DiI 
stock solution (100 mg of DiI crystal in 16.7 mL of 100% ethanol 
and filtered with 0.45μm filter) with 10 mL of diluent (PBS with 5% 
glucose at a ratio of 1:4) immediately before perfusion. Mice were 
anesthetized by isoflurane (3%) and perfused by injections of 2 mL 
PBS first, then 5–10 mL of the DiI working solution, followed by 
5–10 mL of the fixative buffer (4% PFA in PBS) at a rate of 1–2 mL per 
minute. After perfusion, mouse brain was isolated and post-fixed 
with 4% PFA for 3 hours. Brain samples were sectioned with the  
Leica Vibratome System into slices for further immunohistochemi-
cal staining analyses.

Measurement of blood flow in mouse cortex by laser Doppler. In 
brief, the control and NeoGFAP-CreER mice were anesthetized and their 
skull skins (~1.76 cm2 area) were opened for laser Doppler scan (Moor 
LDI2), with a scanning depth of 1 mm. Mouse skull thickness is 

NTN1 regulates EC proliferation in a dose-dependent man-
ner. At a high concentration (e.g., 1 μg/mL), it suppresses HUVEC 
proliferation and migration, while at a low concentration (10 ng/
mL), it had little to no effect (Figure 10). Interestingly, under 
serum-starved culture conditions, such a low concentration (10 
ng/mL) of NTN1 increased EC proliferation (Supplemental Fig-
ure 11), in line with the report by Park et al. (41). In addition, 
the observation of NTN1 suppression of EC proliferation is in 
line with reports that NTN1 inhibits sprouting angiogenesis via 
Unc5b (12, 46). Moreover, it is of interest to determine the rela-
tionship between NTN1 increase of laminin-γ1 secretion with its 
suppression of EC proliferation and migration and with pericyte 
survival and to address whether NTN1–laminin-γ1 stabilizes BVs 
by suppression of EC proliferation and migration and/or by pre-
vention of pericyte apoptosis.

While several literature reports demonstrate NEO1’s 
involvement in BMP signaling (49, 50), it has not been shown 
that NEO1 and BMP induce NTN1 expression. This event 
is cortical astrocyte specific, which may be due to differen-
tial expression of NEO1 ligands, RGMa/b, coreceptors of 
BMPs (51), and/or downstream proteins of phospho-Smad1/5/8 
between cortical and hippocampal astrocytes. How does BMP 
increase NTN1 expression in cortical astrocytes? Does the 
phospho-Smad1/5/8 protein complex bind to the promoter of 
NTN1 and turn on its transcription? These questions remain 
to be addressed in future experiments. It is noteworthy that, 
like NTN1, BMPs also play both pro- and antiangiogenic roles 
in BV development, homeostasis, and remodeling (52, 53). 
Both BMPR1a and BMPR1b are highly expressed in astrocytes 
(54), and BMPR1a-KO mice show an increase in cerebral BVs 
with BBB leakage (55), exhibiting a BV deficit similar to that of 
Neo1-KO mice. These observations are in line with our model. 
It is also noteworthy that, in addition to NTN1 and BMPs, addi-
tional angiogenesis factors, such as VEGF, may underlie NEO1 
regulation of BV/BBB homeostasis and function. In fact, VEGF 
transcripts were also induced in Neo1-KO astrocytes and in 
the mutant cortex (Figure 9, E and F, and Supplemental Figure 
10). It is necessary to investigate VEGF’s contribution to NEO1 
mutant BV phenotypes in future experiments.

Astrocyte tiling or nonoverlapping territories between astro-
cytes is a prominent feature of astrocyte distribution in the brain 
(41). Our studies reveal another function of the astrocytic NEO1/
NTN1 pathway in promoting an astrocyte tiling distribution 
pattern (Figure 6). The distribution deficit appears to be associ-
ated with the BV homeostasis defect, implicating a function of 
this event in BV/BBB maintenance. How does NTN1 regulate 
astrocyte distribution? Is this event due to NTN1 increase of  
laminin-γ1 secretion from and integrin signaling in astrocytes? 
These questions are of interest for future experiments.

Finally, the BV deficits detected in Neo1 mutant mice resem-
ble to a certain degree Moyamoya disease–like vasculopathy. 
One of the hallmarks of Moyamoya disease is blocked blood flow 
with aberrant angiogenesis. The newly generated cerebral BVs in 
patients with Moyamoya disease are small, with dysfunctional 
BBB, and prone to bleeding (56). It is our hope that this study may 
provide insight into the etiology and therapy strategy development 
for Moyamoya disease.
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was incubated with the CM at 4°C overnight, washed, and subjected 
to further detection by reaction with HRP-streptavidin, according to 
the manufacturer’s instructions. Fresh DMEM medium was used as 
a blank control.

Statistics. The number of animals varied per experiment and is 
noted in the corresponding figure legend. For immunohistochemical 
analyses, 6 or more brain sections/animal and 3 mice were evaluated 
(50 μm sections unless otherwise noted; every fourth or sixth section 
was used). Statistical analyses were performed using Prism 7 (Graph-
Pad Software). All values are expressed as mean ± SEM. Both Stu-
dent’s t test and the Mann-Whitney U statistical test were used for dual 
comparisons. The normally distributed data were analyzed by ANOVA 
followed by Bonferroni’s or Fisher’s least significant difference post 
hoc tests. The exact P value for each analysis is indicated in the corre-
sponding figure or figure legend. P < 0.05 was considered significant.

Study approval. All animal studies were approved by the Institutional 
Animal Care and Use Committee of Case Western Reserve University.

Immunostaining analysis, cell culture, EB measurement, 
RT-PCR, FISH, RNA-scope–based in situ hybridization, and ade-
no-associated virus (AAV) generation and injection are described in 
Supplemental Methods.
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approximately 150-250 μm (60), and the thickness in approximately 
L1–L4 cortex layers is approximately 800 μm (61). Thus, the blood 
flow in cortex can be measured by laser Doppler imaging analysis.

Tracer (EB and dextran) and EdU injections. To assess BBB 
function, EB (MilliporeSigma), 10 kDa FITC-dextran, or 70 kDa 
FITC-dextran (Thermo Fisher, D3305, D1821, D1823, respectively) 
was injected into tail veins of live mice. In brief, each mouse was 
put into a 50 mL tube with a hole in the middle of the tube cover, 
leaving its tail outside of the tube. The tracer (0.2 mg/kg in PBS) 
was injected into its tail vein. Thirty minutes after the injection, 
the mouse was anesthetized by isoflurane (3%) perfused with 4% 
PFA and sacrificed as described above. Its brain sample was post-
fixed with 1% PFA overnight and then sectioned using the Leica 
Vibratome System into 50 μm thick slices. Six slices, ranging from 
the forebrain to the hindbrain with an interval of 500 μm, were col-
lected for immunostaining analysis.

For EdU injection, EdU (MilliporeSigma) in phosphatase solution 
buffer was i.p. injected into a mouse (10 μg/g body weight, 4 times 
with 3-hour interval in 1 day) and the mouse was sacrificed 24 hours 
after the first injection. Its brain sections were stained for EdU using 
the iClick EU Andy Fluor 488 Imaging Kit (GeneCopoeia) following 
the manufacturer’s instructions.

EM analysis. Electron microscopic studies were carried as 
described previously (62). Briefly, mice were sacrificed and perfused 
with 2% glutaraldehyde/2% PFA in 0.1 M phosphate buffer (pH 7.4), 
and their brain samples were removed and post-fixed overnight at 4°C. 
Somatosensory cortices were excised and post-fixed in 2% osmium 
tetroxide in NaCac, stained with 2% uranyl acetate, dehydrated with 
graded ethanol, and embedded with epon-araldite resin. Ultrathin 
sections were prepared using a Leica EM UC6 Ultramicrotome (Leica 
Microsystems) and stained with uranyl acetate and lead citrate. Pre-
pared sections were examined by a JEM 1230 transmission EM (JEOL) 
at 110 kV with an UltraScan 4000 CCD camera and First Light Dig-
ital Camera Controller (Gatan). Twenty EM images per mouse were 
randomly picked and analyzed by investigators unaware of genotypes.

Antibody array. The antibody array kit, which contained 24 fac-
tors critical for angiogenesis (including growth factors, cytokines, 
chemokines, and NTN1 and NTN4) was purchased from the RayBio-
tech Company. The CM of primary cultured astrocytes from NeoGFAP-Cre 
and control mice was obtained under serum-starved culture condi-
tions (DMEM). The nitrocellulose containing 24 different antibodies 
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