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ABSTRACT 

 

Mechanisms in Notch-mediated Development of Arteriovenous Malformation 

 

by 

 

Tyson Nam Kim 

Doctor of Philosophy in Bioengineering 

University of California, San Francisco 2012 

University of California, Berkeley 2012 

Professor Rong A. Wang, Dissertation Advisor 

 

The vasculature arborizes as an elegant system of branching arteries, veins, and 

capillaries. For over a century, forces exerted by blood flow have been recognized to 

determine the arterial and venous (AV) identities of blood vessels. Recent studies have 

uncovered genes that are uniquely expressed in arteries but not veins, and vice versa. It is 

thought that these AV markers are expressed prior to circulation and necessary for the 

morphogenesis of embryonic arteries and veins, suggesting an interplay of biochemical 

and hemodynamic cues in development and maintenance of the AV network.  

 

The programs regulating the AV network are disrupted in arteriovenous malformation 

(AVM), a dangerous condition characterized by enlarged, tangled shunts between arteries 

and veins that bypass capillaries. These high-flow lesions are believed to persist and 
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enlarge under the influence of blood flow, and the abnormal hemodynamic stress exerted 

on the vasculature can lead to life-threatening ruptures in organs such as brain. To date, 

the origin of AVMs is poorly understood. These lesions are speculated to persist as 

congenital abnormalities from embryonic development, or arise de novo later in life. We 

have previously reported a mouse model of AVMs, wherein endothelial expression of 

constitutively active Notch4, a potent regulator of arterial identity, caused high-flow 

shunts to directly join arteries and veins. We hypothesized that reprogramming of the 

endothelium caused postnatal AVMs through the enlargement of pre-existing capillaries.  

 

We constructed a two-photon laser scanning microscope for in vivo observation of 

vascular development over time.  We developed a method to quantify blood velocities in 

high-flow AVMs, enabling correlation of hemodynamics and formation of these lesions. 

Utilizing these tools, we discovered that brain AVMs developed from the established AV 

network by the enlargement of pre-existing microvessels. Additionally, we found that 

normalization of Notch signaling in our mouse model resulted in the regression of AVMs 

to capillary-like vessels. Taken together, these results suggest that AVM may arise from 

capillaries, and importantly, may be a reversible process. This work presents tools that 

will be highly useful in the study of developmental vascular biology, and sheds light on 

the pathogenesis of arteriovenous malformations in general.  
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INTRODUCTION 
 

The vertebrate vasculature forms an extensive and efficient network of blood vessels that 

allows transport of nutrients, gases, hormones, and circulating cells between tissues and 

organs of the body. In early vascular development, endothelial cells (ECs) assemble and 

remodel into the first blood vessels through the processes of vasculogenesis and 

angiogenesis1,2. Upon maturation, the vasculature becomes arborized as an elegant 

hierarchical system of arteries, capillaries, and veins. In the seventeenth century, William 

Harvey established the functional definition of arteries and veins as vessels that carry 

blood from and back to the heart, respectively3. Hemodynamic forces have been 

recognized to play a role in shaping blood vessels and were once thought to be the 

primary determinants of arteriovenous (AV) identity4-7. Surgical manipulation of blood 

flow can cause abnormalities in heart and vessel development8,9 and primary defects in 

heart contractility have detrimental effects on vessel and cardiac remodeling10-12. More 

recently, biochemical programs have been identified that are involved in specifying 

arteries and veins prior to circulation13 raising important questions on the interplay of 

genetic and hemodynamic cues in development of the AV hierarchy. In a seminal study, 

Wang et al. described the expression pattern of ephrin-B2, a member of a family of 

membrane-bound ligands, in arterial but not venous endothelial cells of mouse embryo. 

EphB4, a gene encoding the putative receptor for ephrin-B2, was expressed at much 

higher levels in the veins than the arteries13,14. Subsequently, artery- and vein-associated 

genes have been identified in vertebrate animals and humans15-17. Extensive in vitro work 

has been conducted to directly test the role of AV markers on vascular development. 
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However, the vascular hierarchy cannot be recapitulated in vitro or removed from the 

body without loss of function and has been challenging to study. 

 

  

Figure 1.1: Graphical representation of the text in Chapter 1. The relative size of the 
word correlates with the frequency at which it appears in the chapter. 

 

The relationship between blood flow, AV specification, and vessel hierarchy will be 

better understood by investigating vascular diseases such as arteriovenous 

malformation (AVM), a dangerous condition characterized by enlarged, tangled shunts 

that bypass normal capillary beds. These high-flow lesions are believed to persist and 

enlarge under the influence of blood flow18,19, and abnormal hemodynamic stress exerted 

on the vasculature can lead to life-threatening ruptures in organs such as brain18,19. 

Treatments for these fragile lesions include surgical resection, radiological ablation, and 

endovascular embolization - interventions that can be associated with significant risk in 

themselves20. Unfortunately, the etiology of AVMs remains unclear and has hindered 

design of molecular therapies for the disease. Observations in human skin AVMs suggest 
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that these defects are initiated by the enlargement of post-capillary venules and grow over 

time21. In contrast, brain AVMs are often discovered in younger people and have 

morphologic similarities to early vasculature, leading to the hypothesis that these lesions 

persist as congenital abnormalities22,23. Recently, we have reported that expression of 

activated Notch4 (Notch4*) in endothelial cells results in AVMs in young and adult 

mice24,25. Additionally, we and others have linked increased Notch signaling in ECs with 

human brain AVMs26,27, suggesting an important role for this signaling pathway in the 

pathogenesis of the disease. The ability to dynamically study the formation and possible 

regression of AVMs through a Notch-mediated mechanism would shed light on this 

enigmatic disease and be a powerful tool in understanding how the AV network is 

established and maintained. 

 

Notch signaling is an exquisitely sensitive regulator of lineage decisions in many aspects 

of embryonic development28,29 and is a critical mediator in the arterial specification of 

endothelial cells. In brief, Notch receptors are a class of transmembrane proteins that are 

activated through direct cell-cell contact by ligands on adjacent cells, resulting in 

sequential cleavage events that release the Notch intracellular domain (ICD)30. The ICD 

translocates to the nucleus where it must associate with the DNA-binding protein, RBP-J, 

to elicit transcription of target genes. In mice, Notch1 and Notch4 are expressed in 

arterial ECs31,32. Embryos that lack Notch activity expressed venous marker EphB4 

ectopically in the aorta33,34. Mutants lacking the Notch ligand Dll4 had decreased 

expression of arterial markers ephrin-B2, connexin40, and neuropilin-1, while exhibiting 

ectopic expression of EphB4 in arteries30,35. Consistent with these findings, we found that 
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expression of activated-Notch4 (Notch4*) in ECs resulted in upregulation of ephrin-B2 

and concomitant reduction of EphB4 in veins25,36. 

 

Notch’s role in regulating markers of AV identity in ECs is compelling evidence for the 

physical segregation of arteries and veins. In embryo, the first artery and vein develop in 

close proximity to each other from what was once thought to be a homogenous 

population of angioblasts in the lateral plate mesoderm. In zebrafish, the Notch 

downstream gene gridlock (homologue of Hey2 in mammals) labels arterial precursors 

and is also necessary for formation of the dorsal aorta37. Additional studies have 

implicated Notch signaling in the sorting of endothelial cells between the early artery and 

vein in zebrafish and mouse embryo38,39. Interestingly, Notch has recently been 

established in regulating angiogenic sprouting. Several studies have provided different 

lines of evidence that Notch-Dll4 signaling at the angiogenic front suppresses tip cell 

formation and inhibits sprouting angiogenesis40-44. Combined with the highly mosaic 

pattern of Dll4 expression and Notch activation in the retina42-44, these results suggest that 

the activation of Notch signaling imparts a quiescent, non-sprouting phenotype on some 

ECs that may help to maintain the integrity of angiogenic blood vessels.  However, these 

studies were conducted in specialized model systems such as developing mouse retina or 

intersgmental vessels in the zebrafish embryo, where it was simpler to examine the 

extension of non-lumanized ECs into avascular regions. It currently remains unclear how 

perfused capillaries are maintained within the established AV network. Using our Notch-

mediated mouse model of AVMs, we investigated how the appropriate balance of Notch 

signaling in vessels is not only important for AV identity, but also for regulating the 
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critical interface between arteries and veins through small, low-flow capillaries.  

 

  

Figure 1.2: Graphical representation of the text in Chapter 2. The relative size of the 
word correlates with the frequency at which it appears in the chapter. 

 

Recent advances in technology have enabled in vivo observation of blood flow and vessel 

morphology over time with microscopic resolution. Combined with advanced genetic 

tools, we may now investigate the role of hemodynamics and molecular specification on 

AV hierarchy with incredible scrutiny. Chapter two of this dissertation describes the 

combination of optical and genetic tools as an approach to study vascular development in 

the living mouse. In particular, we use two-photon fluorescence laser-scanning 

microscopy (TPLSM) to image fluorescently labeled vessels and structure deep within 

mice over multiple time-points. We describe how this technology may be used to 

quantify blood flow in individual microvessels when employed with the appropriate 

algorithms. We also demonstrate several genetic approaches that enable detection and 

alteration of the biochemical composition of cells within vessels, which may be 

dynamically studied over time with in vivo imaging.  
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Figure 1.3: Graphical representation of the text in Chapter 3. The relative size of the 
word correlates with the frequency at which it appears in the chapter. 

 

Quantifying blood flow with optical resolution in intact animals is technically 

challenging. Traditional single-photon microscopes have difficulty imaging into thick 

specimens. Alternatively, confocal microscopy and TPLSM can be used to quantify 

blood flow hundreds of micrometers deep, but have traditionally been limited to the 

lower range of velocities present in mice. Chapter three describes an analytical 

approach that, when employed with well-established TPLSM protocols45, can analyze a 

wider range of blood velocities. This work was motivated by our need to analyze the high 

flow speeds harbored by large arteriovenous malformations.  
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Figure 1.4 Graphical representation of the text in Chapter 4. The relative size of the word 
correlates with the frequency at which it appears in the chapter. 

 

We previously reported that expression of Notch4* in endothelium of neonatal mice 

results in brain arteriovenous malformation25. Chapter four investigates the regression 

of these high flow lesions. We use in vivo TPLSM through a cranial window and observe 

that repression of Notch4* resulted in conversion of large-caliber AV shunts into 

capillary-like vessels. These structural changes are associated with recovery of tissue 

hypoxia, restoration of EphB4 expression in venous ECs and a normalization of blood 

flow. Importantly, our study suggests that AVMs may be treated therapeutically by 

targeting the causal genetic lesion.  
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Figure 1.5 Graphical representation of the text in Chapter 5. The relative size of the word 
correlates with the frequency at which it appears in the chapter. 

 

The developmental origin of AVMs is currently unknown. In chapter five, we examine 

how brain AVMs arise from the cerebral vasculature upon postnatal expression of 

Notch4*. Using in vivo TPLSM through a cranial window, we observed that AV shunts 

enlarged from capillary-like vessels. The initial enlargement of these low-flow vessels 

often preceded their increase in blood velocity, indicating that expansion of the vessel 

lumen was the primary developmental defect. AV specification of the vasculature in 

mutant mice appeared normal at P10 prior to detection of Notch4* expression, suggesting 

that AV shunts arose from normal capillaries within the AV hierarchy. Next, we 

examined whether the ectopic Notch signaling outside the arterial compartment was 

responsible for AVMs. Conditional expression of Notch4* in arterial ECs did not lead to 

AVM formation.  Similarly, blocking canonical Notch signaling in all ECs, but not 

arterial ECs, prevented the AVMs. Taken together, these results indicate that ectopic 

Notch signaling outside of the arterial compartment was the specific genetic lesion 

leading to the enlargement of capillaries. These results compellingly suggest that the 
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appropriate balance of Notch signaling is important for the maintenance of capillaries in 

postnatal life. 
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II 
Optical tools for in vivo imaging of vascular development and blood flow 

 
 

Optical approaches are well suited for the detailed study of biology. In particular, 

fluorescence microscopy is a powerful technique that allows for high-resolution imaging 

of structures that can be selectively labeled. Signal is generated from these structures 

using an external source of excitation light that is focused onto the sample. With 

conventional fluorescence microscopy, signal is produced throughout the path of 

excitation light. It becomes impossible to distinguish in- or out-of-focus fluorescence 

once it has reached the detector, thus fluorescence generated outside the focal plane can 

contribute to severe reduction in image quality. Histology addresses this problem by 

cutting the sample into thin slices, thereby eliminating ‘out-of-focus’ material. However, 

this approach is highly invasive in living specimens. Alternatively, confocal and 

multiphoton microscopy are powerful tools for imaging in thick specimens by recording 

fluorescent signal originating from a known focal point in three-dimensional space. Both 

methods focus excitation light into the specimen and generate fluorescent signal by 

scanning the focal point throughout a volume. The fluorescence at this point is recorded 

and extrapolated into a three-dimensional map of fluorescence intensity1,2.  

 

Confocal microscopy utilizes linear excitation of fluorescence. The signal that is 

produced above and below the focal point is removed by re-imaging the collected light 

onto a mask (pinhole). The photons generated at the focal point pass through the mask 

while photons generated elsewhere are blocked. Thus, confocal microscopy is able to 

selectively distinguish fluorescence from one position using sophisticated filtering 
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techniques. Alternatively, multiphoton microscopy generates fluorescence only at one 

focal spot in three-dimensional space. There is no ‘out-of-focus’ fluorescence that needs 

to be filtered and all collected signal can contribute to image reconstruction. The ability 

to generate fluorescence in one spot, deep within a specimen, is made possible by 

harnessing nonlinear optical effects that occur with extremely high intensities of light 

(generally on the order of 1010 W/cm2 and above). In the lab, these high intensities can be 

achieved momentarily during femtosecond (fs) pulses from an ultrafast laser. Light 

exhibits very different properties in this intensity regime. One particularly useful property 

for biological study has been two-photon absorption for fluorescence generation. In two-

photon excited fluorescence, the energy of a single photon of laser light is insufficient to 

energize a fluorescent molecule into a fluorescent state. However, the energy of two 

photons may be absorbed simultaneously if the intensity of light (density of photons) is 

sufficiently high. The probability of this event depends on the intensity of light squared.  

Therefore, with tight focusing and controlled laser intensity, two-photon absorption can 

be induced in only a small focal volume within three-dimensional space. 

 

TPLSM has two major advantages over confocal microscopy for in vivo imaging. First, 

TPLSM induces less phototoxicity in the specimen. As with fluorescence, phototoxicity 

occurs only at the focal point because the laser intensity elsewhere is insufficient to excite 

molecules that would convert to harmful reactive species. The average power and energy 

deposition into the tissue remains low despite the high intensities achieved with ultrafast 

lasers. For example, our laser (MaiTai HP; SpectraPhysics) will generate 100 fs laser 

pulses at approximately 60 MHz. Cumulatively, these brief laser pulses are proportional 
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in time to about half a second of light distributed across a full day. Although 

multiphoton-mediated effects can potentially harm tissue, empirical studies demonstrate 

that cells in culture survive better with TPLSM than with confocal microscopy. Second, 

TPLSM can image significantly deeper into specimens due to its relative insensitivity to 

scattering. In confocal microscopy, any fluorescence photons that are scattered by tissue 

can deviate from their ballistic path to the detector. These photons will miss the pinhole 

and result in a loss of useful signal. Conversely, fluorescence that is scattered in TPLSM 

can still contribute to the image because the origin of the signal is already known and no 

mask is required. In combination, these attributes have made TPLSM a robust tool for in 

vivo imaging deep within living specimens. 

 

 

 
 
 
 
 
Figure 2.1: Deep cortical imaging with 
in vivo TPLSM. A, Three-dimensional 
rendering of cortical vessels imaged with 
TPLSM demonstrating depth-dependent 
decrease in signal-to-noise ratio. The 
blood plasma was labeled with Texas 
Red-dextran and a 1000 mm stack was 
acquired with images at 1 mm spacing 
along the z-axis starting from the brain 
surface. B, 100 mm-thick projections of 
regions 1-4 in panel (A).  
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In vivo imaging of blood vessels with arteriovenous specificity 

Advancements in genetic technologies allow for selective fluorescent labeling of normal 

or biochemically altered tissues, enabling incredible scrutiny of in vivo biology when 

combined with TPLSM. Importantly, this blend of genetics and optics is unbound from 

static, post-mortem analysis and allows for detailed study of dynamic processes over time. 

The experimental possibilities are vast. This section describes several applications that 

can useful in the study of vascular biology. 

 

 

Figure 2.2: In vivo imaging of blood vessels with arterial specification. A, TPLSM 
projection of cortical vasculature in ephrin-B2+/H2B-eGFP mouse with the blood plasma 
labeled by intravenous injection of Texas Red-dextran. Ephrin-B2+/H2B-eGFP mice express 
nuclear GFP in arterial endothelial cells, which allows these vessels to be distinguished 
with cellular resolution. B, TPLSM projection of cortical vasculature in BMX-CreER; 
mT/mG mouse where the plasma is labeled by intravenous injection of TexasRed-dextran. 
Mice were administered Tamoxifen at P1 and P2 to induce Cre-mediated recombination 
under regulation of the BMX promoter, resulting in irreversible GFP expression in 
arterial ECs from early post-natal life. Importantly, these cells remain GFP+ despite any 
subsequent changes in their arteriovenous specification.  
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Ephrin-B2+/H2B-eGFP mice express histone-associated GFP under control of the 

endogenous ephrin-B2 promoter3, allowing visualization of arterial endothelium with 

cellular resolution. In vivo TPLSM may be employed to track these cells over time or to 

examine the acquisition of arterial specification under genetic or hemodynamic 

perturbations. The BMX-CreERT2 mice were kindly provided by the Ralph Adams lab 

and may be treated with tamoxifen to induce Cre-mediated recombination in arterial 

endothelium. These arterial ECs can be fluorescently tagged when crossed with the 

mT/mG reporter line4, where expression of membrane-targeted tdTomato (mT) 

irreversibly converts to membrane-targeted eGFP (mG) in the presence of Cre-

recombinase. The expression of GFP distinctly resolves the arteriole-capillary boundary 

and is carried throughout the life and progeny of converted cells. The position of this 

boundary or mixing of cells between the arteriole and capillary vessels can be examined 

using the relative contrast between GFP positive and negative cells. 

 

Genetic approaches for studying vascular development with in vivo imaging 

We utilize three general approaches to induce or remove gene expression with tissue and 

temporal control. First, we employ the well-validated tetracycline regulatory system5, 

where the unusually specific transcriptional response to tetracycline in a bacterium was 

cloned to regulate transgene expression in the presence or absence of the drug. The Tie2-

tTA construct generated in our lab6,7 allows expression of the tetracycline transactivator in 

endothelium under control of the Tie2 promoter. Combined with a TRE-transgene (where 

TRE designates tetracycline response element), the Tie2-tTA/TRE-transgene construct 

allows expression of that transgene with high specificity in ECs. Expression is suppressed 



	   17	  

when the animals are fed tetracycline or doxycycline. Importantly, use of this system 

enables both perturbation and re-normalization of key signaling pathways, such as those 

involved in specification of arteries and veins (further described in Chapters 4 and 5). 

 

Second, the Cre/loxP system relies on the bacteriophage P1 Cre-recombinase that 

recognizes loxP sites (locus of recombination) and removes the intervening DNA 

sequence, thereby generating a nonfunctional allele5,8,9. Temporal control can be added 

with tamoxifen-inducible versions of Cre (CreERT), which are fusion proteins consisting 

of mutated ligand-binding domains of the estrogen receptor and Cre-recombinase8,9. 

Administration of tamoxifen activates the Cre fusion protein and enables recombination 

to be timed with a particular process of interest, thereby circumventing other 

developmental abnormalities or embryonic lethality. Additionally, the recombination of 

DNA is permanently accomplished in somatic cells and their entire progeny, allowing for 

lineage tracing of these cells and their expansion. Robust endothelial-specific expression 

patterns of Cre have been achieved10,11. We temporally regulate expression of Cre-

recombinase in endothelium using Cdh5-CreERT2
12 or in arterial endothelium using 

BMX-CreERT2 mice, both kindly provided by the Ralph Adams lab. Importantly, these 

regulatable Cre mice may be used to disrupt endogenous gene function or activate other 

genetic constructs in endothelium. For example, the loxP-flanked STOP sequence can be 

excised to allow expression of GFP in mT/mG mice 4 or the tetracycline transactivator in  

fs-tTA mice13.  
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Third, the ability to study behavior and expansion of discrete endothelial cells within the 

vasculature is a powerful approach in understanding in vivo vascular biology at the 

cellular level. This is made possible by administering Cdh5-CreERT2
12 mice with a 

sufficiently low dose of tamoxifen to allow Cre-mediated recombination in only a few 

endothelial cells per image field. Combined with the above-mentioned Cre-responsive 

constructs, these discrete cells may be programmed for gene deletion, activation, and/or 

GFP expression in an effectively normal animal. We examine these cells over time with 

TPLSM to better understand their function and maintenance within the artery and vein 

systems. 

 

 

Figure 2.3: Labeling and study of discrete EC behavior in mouse brain. Imaging of 
cortical vasculature of Cdh5-CreERT2;mT/mG mouse perfused with Cy5-conjugated 
Lycopersicon esculentum lectin. The animal was administered low-dose Tamoxifen at P1 
to induce Cre-mediated recombination in a few discrete endothelial cells, resulting in 
their expression of GFP from early post-natal life. Importantly, these cells continue to 
express GFP+ and their migration and proliferation can be tracked over time by in vivo 
TPLSM.  
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Optical approaches for quantifying blood flow 

Video-rate microscopy has been widely used for studying flow within microfluidic 

devices by imaging moving particles14,15 and employing computational approaches to 

quantify their displacement between serial images. In particular, digital particle image 

velocimetry (DPIV) is a robust method for calculating velocities from these data. 

Traditionally, DPIV utilizes fast Fourier transforms to determine the cross-correlation of 

two serial images of a flow field. The location of the cross-correlation peak represents the 

most probable particle displacement within a sub-region. The velocity at that location is 

determined from dividing by the time interval between exposures. DPIV has many 

desirable features including high resolution and the ability to quantify complex flow 

fields. However, it has had minimal application in vivo because of difficulty in acquiring 

data with sufficient spatiotemporal resolution deep in tissues with traditional microscopy. 

Nevertheless, cross-correlation based approaches hold great promise for analyzing blood 

flow when employed with advanced imaging techniques. One example will be discussed 

further in Chapter 3. 

 

Several optical approaches have been used to quantify blood flow in living animals. First, 

laser Doppler flowmetry (LDF) utilizes a single wavelength of laser light to illuminate 

moving RBCs. The wavelength of light is broadened slightly after scattering from these 

cells, and the degree of broadening is a measure of their speed. While easy to use, LDF 

has course spatial resolution due to the large scattering properties of most tissues. It is 

best applied for comparative study of blood perfusion in a delocalized area. Second, 

speckle imaging is a method that quantifies blood speed utilizing the interference of 
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coherent light as photons scatter off tissue and interfere with each other from nearby 

points16. Scattering of the laser light on the specimen results in a ‘speckled’ appearance 

as photons constructively or destructively interfere. The blood flow can be quantified by 

measuring the change in contrast of the speckles as RBCs move through the vessel. 

Lateral resolution of speckle imaging is about one scattering length (~200 mm), and 

though an improvement upon LDF, also has difficulty distinguishing sub-surface blood 

flow. Third, Doppler optical coherence tomography (DOCT)17 can quantify blood flow 

along the axial path of light in well-defined microscopic volumes by measuring the 

Doppler shift of light scattered off moving RBCs. Though a powerful approach for 

measuring flow in an unbiased fashion, DOCT is currently applicable to speeds under 10 

mm/s and in larger vessels rather than capillaries18. Additional methods are required to 

analyze a wider range of RBC velocity with microscopic resolution deep within living 

specimens.   

 

Fourth, TPLSM and confocal line-scan geometries have been used to track red blood cell 

(RBC) motion in a vessel-specific19-23 or multi-vessel24 fashion. Line-scanning can 

acquire substantially more frames per second than two-dimensional imaging and, when 

oriented along the length of a vessel, can resolve RBC motion over relatively large 

distances. Typically, sequential scans are visualized as a space-time image with distance 

on the abscissa and time advancing downward on the ordinate. The blood plasma is 

loaded with fluorescent dye, allowing individual RBCs to appear as dark spots. These 

dark spots produce streaks in the space-time data if there is sufficient overlap of the same 

RBCs between scans, where the slope of each streak is inversely proportional to the cell’s 
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speed. Previous methods have quantified blood velocities from this data using Singular 

Value Decomposition (SVD) or Radon transform-based algorithms to determine the 

angle of the streaks19,21.  

 

 

Figure 2.4: Loss of RBC continuity in space-time data when high velocities are 
measured with line-scans.  A, Top, schematic of line-scan data of slow to moderate 
RBC velocities. Each sequential line-scan appears beneath the previous one, with time 
advancing from top to bottom. RBCs appear as continuous diagonal streaks in the space-
time image when RBC velocities are relatively slow compared to the line-scan rate. 
Bottom, space-time image of in vivo line-scan data where RBCs appear as continuous 
dark streaks. Previous analytical methods have determined velocities by calculating the 
inverse slope of the streaks.  B, Top, schematic of line-scan data of fast RBC velocities. 
RBCs may appear as discontinuous streaks or as just a few dark spots in the space-time 
image. The large number of RBCs confounds identification of individual streaks. Bottom, 
space-time image of in vivo line-scan data where RBCs velocity is high relative to the 
line-scan rate. 
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As the velocities of the RBCs increase relative to the line-scanning rate, the cell images 

no longer create discernable streaks. At high velocities (as we observe in arteriovenous 

shunts), the SVD and Radon transform-based approaches no longer work. To overcome 

this limitation, we developed a method to analyze the same space-time data irrespective 

of the slope produced by moving RBCs. This alternative approach is described in Chapter 

3. 
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Abstract  

 

Background: The ability to measure blood velocities is critical for studying vascular 

development, physiology, and pathology. A key challenge is to quantify a wide range of 

blood velocities in vessels deep within living specimens with concurrent high-resolution 

imaging of vascular cells. Two-photon laser scanning microscopy (TPLSM) has shown 

tremendous promise in analyzing blood velocities hundreds of micrometers deep in 

animals with cellular resolution. However, current TPLSM-based approaches are limited 

to the lower range of blood velocities and are not adequate to study faster velocities in 

many normal or disease conditions.   

 

Methodology/Principal Findings: We developed line-scanning particle image 

velocimetry (LS-PIV) using TPLSM and quantified peak blood velocities up to 84 mm/s 

in live mice harboring brain arteriovenous malformation, a disease characterized by high 

flow. With this method, we were able to accurately detect the elevated blood velocities 

and exaggerated pulsatility along the abnormal vascular network in these animals. LS-

PIV robustly analyzed noisy data from vessels as deep as 850 µm below the brain 

surface. In addition to analyzing in vivo data, we validated the true accuracy of LS-PIV 

up to 800 mm/s using simulations with known velocity and noise parameters.  

 

Conclusions/Significance: To our knowledge, these blood velocity measurements are the 

fastest recorded with TPLSM. Partnered with transgenic mice carrying cell-specific 

fluorescent reporters, LS-PIV will also enable the direct in vivo correlation of cellular, 
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biochemical, and hemodynamic parameters in high flow vascular development and 

diseases such as atherogenesis, arteriogenesis, and vascular anomalies.  

 

Introduction 

  

A functional vascular supply is critical for efficient transport of nutrients, fluids, 

signaling molecules, and circulating cells between tissues and organs in the vertebrate 

system. Lack of appropriate vascular development and maintenance contributes to the 

pathogenesis of many diseases and can involve excess angiogenesis, abnormal 

remodeling, and insufficient growth or regression of vessels [1,2,3]. Importantly, 

hemodynamic forces have long been recognized to play a defining role in shaping blood 

vessels [4,5] and in mediating vascular disease. Surgical manipulation of blood flow can 

cause abnormalities in heart and vessel development [6,7] and primary defects in heart 

contractility have detrimental effects on vessel and cardiac remodeling [8,9,10]. Recent 

studies have also identified genetic programs involved in specifying arteries and veins 

prior to circulation [11,12], raising important questions on the interplay of genetic and 

hemodynamic cues in arteriovenous development and plasticity. This interplay is 

enigmatic yet critical toward understanding vascular diseases such as arteriovenous 

malformation (AVM), an often dangerous condition characterized by enlarged, tangled 

shunts that bypass normal capillary beds. These high-flow lesions are believed to persist 

and enlarge under the influence of hemodynamic forces [13,14], yet little direct evidence 

links flow with cellular and molecular mechanisms for their pathogenesis. The ability to 

correlate blood flow with cellular and molecular-level dynamics in living animals would 

improve our understanding of vascular development and disease. However, a key 
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obstacle has been the inability to quantify high blood velocities in individual vessels deep 

in living specimens with concurrent high-resolution imaging of vascular cells. 

 

Video-rate imaging methods have been widely used for measuring blood flow within 

microvessels [15,16] and microfluidic devices [17,18] but perform poorly when focusing 

deep into biological tissue due to severe image blurring imposed by light-scattering. For 

this reason, two-photon laser scanning microscopy (TPLSM) has been the tool of choice 

for studying hemodynamics at the resolution of individual capillaries in mice and rats 

[19], because it can penetrate hundreds of micrometers by mitigating the effects of light-

scattering on image generation [20,21,22]. However, this depth imaging ability comes at 

the cost of imaging speed and has hindered the quantification of faster blood velocities. 

Thus, previous investigations using TPLSM have generally focused on blood velocities 

under 10 mm/s, although one study reported analysis up to 35 mm/s [23]. The adult 

mouse harbors far greater blood velocities throughout the body that can exceed 180 mm/s 

in the carotid artery [24] and 500 mm/s in the suprarenal aorta [25,26]. The ability to 

analyze a large range of blood velocities in mice with microscopic resolution and deep 

imaging would enable detailed correlation of cellular, molecular, and local hemodynamic 

cues in high-flow processes such as atherogenesis, arteriogenesis, and AVM. 

 

TPLSM and confocal line-scan geometries have been used to track red blood cell (RBC) 

motion in a vessel-specific [19,27,28,29,30] or multi-vessel [31] fashion. Line-scanning 

can acquire substantially more frames per second than two-dimensional imaging and, 

when oriented along the length of a vessel, can resolve RBC motion over relatively large 
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distances. Typically, sequential scans are visualized as a space-time image with distance 

on the abscissa and time advancing downward on the ordinate. The blood plasma is 

loaded with fluorescent dye, allowing individual RBCs to appear as dark spots. These 

dark spots produce streaks in the space-time data if there is sufficient overlap of the same 

RBCs between scans. The slope of each streak is inversely proportional to the cell’s 

speed and previous methods have quantified moderate blood velocities by determining 

the angle of the streaks [19,27]. However, as the velocities of the RBCs increase relative 

to the line-scanning rate, the cell images no longer create discernable streaks. 

 

To overcome this limitation, we developed a method to analyze a significantly wider 

range of velocities using TPLSM or confocal microscopy. Line-scanning particle image 

velocimetry (LS-PIV) determines the RBC displacements between pairs of line-scans. 

Here we describe the operating principles of LS-PIV and test its robustness to noise and 

increasing blood flow speed. We demonstrate the power of this technique by quantifying 

blood flow velocities with high temporal and spatial resolution within a mouse model of 

brain AVM [32,33].  

 

Methods 

Full experimental details are provided in the Supplemental Materials. 

 

Mice 

This study was carried out in strict accordance with NIH regulations and the Institutional 

Animal Care and Use Committee at the University of California San Francisco. The 
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protocol was approved by the IACUC at UCSF (Approval Number: AN085404-01). 

Tie2-tTA and TRE-Notch4* mice were generated by our lab as previously described [32] 

and crossed to produce mice harboring brain AVMs [33]. Tetracycline sucrose water (0.5 

mg/mL Tetracycline hydrochloride, Sigma, and 50 mg/mL D-sucrose, Fisher 

BioReagents) was administered to pregnant mothers and withdrawn when pups were born 

to allow expression of endothelial Notch4* in neonates. Wild-type mice were used to 

study normal brain vasculature. Ephrin-B2+/H2B-eGFP mice [34] were kindly provided by 

the Soriano lab and aided with in vivo visualization of arterial endothelium with cellular 

resolution. Mice were backcrossed into FVB/N by nine generations or greater. 

 

In Vivo Imaging 

TPLSM imaging of mouse brain was performed as previously described [35]. In brief, 

three week-old mice were anesthetized with 0.5-2% isoflurane in 2 L/min of oxygen and 

warmed with a homeothermic blanket (Harvard Apparatus). The head was immobilized 

with a stereotax (myNeuroLab.com) for surgery and imaging. The scalp was treated with 

betadine and given subcutaneous injection of 0.125% bupivacaine prior to surgery. A 

small craniotomy was performed over the right cortex, bathed in artificial cerebral spinal 

fluid, covered with a 5 mm coverglass (World Precision Instruments), and sealed with 

dental acrylic (Lang Dental) to provide optical access to the brain. Mice were 

administered with subcutaneous injections of 0.1 mg/kg buprenorphine pre-operatively 

and twice daily for three days. For imaging, the blood was fluorescently labeled with 

2000 KDa Texas Red-dextran that was prepared according to a published protocol [36] 

and filtered with 1000 KDa dialysis tubing (Spectrum Labs).  



30	  	  

 

Texas Red and GFP fluorescence were excited simultaneously using low-energy 

femtosecond laser pulses centered at 870 nm (Mai Tai HP, Newport Spectra-Physics). 

Images and line-scan data were obtained with a locally constructed two-photon laser 

scanning microscope (Supplemental Materials and Figure S1) using a long working 

distance 1.0 NA water dipping objective (Zeiss) and MPScope 1.0 software [37] to 

control the microscope and record data.  

 

LS-PIV implemented with TPLSM 

Figure 1 illustrates the operating principles of LS-PIV. In brief, line-scans were recorded 

at 2.6 kHz along the central axis of vessels. The data was cropped to a region-of-interest 

(ROI) along a straight segment of each vessel, with a typical length of 10 µm for 

capillaries and 50 µm or greater for arteries. Displacement of RBCs between sequential 

line-scans was determined from their cross-correlation. The shift from the origin to the 

center of the peak of the cross-correlation is a measure of the spatial shift of RBCs 

between image frames. Because the line-scan trajectory was pre-selected, multiple RBCs 

within the imaging field collectively contributed to the strength of the velocity calculation 

per time point. To determine the shift with maximum accuracy, the peak was fitted with a 

Gaussian distribution. The shift in pixels was then converted to velocity by dividing by 

the time interval between the line-scans. All operations were executed in 32-bit Matlab 

(Mathworks) and are further described in the Supplemental Materials. 
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Results 

 

Operational principles of LS-PIV 

We initially found that existing TPLSM-based methods could not quantify RBC 

velocities in large brain AVMs of Notch4* mice. RBCs often moved too quickly to be 

tracked as individual streaks in the space-time data (Figure S2A-B). However, we 

reasoned that many of the same cells were re-imaged in sequential line-scans and could 

still be used to analyze velocity. We therefore developed LS-PIV and first tested it in 

cortical arteries with moderate RBC speeds. Figure 2 shows analysis of line-scan data 

measured from an arterial segment in a collateral loop. These cerebral collateral vessels 

were ideal for early tests as they generally harbored lower RBC velocities than similarly 

sized arteries in arborizing networks. Arteries were identified by their morphology, 

direction of flow, and endothelial expression of histone-tagged GFP under control of the 

endogenous promoter for arterial marker ephrin-B2 [34] (N=34 vessels in 3 mice, Figure 

2A). The blood plasma was labeled with high-molecular-weight Texas Red-dextran and 

the cortical vasculature was imaged through a cranial window over the right parietal 

cortex. Image stacks were acquired with 1 µm steps along the optical axis and visualized 

as average projections (Figure 2A).  

 

Line-scans were recorded along the central axis of vessels and analyzed in a ROI of 50 

µm corresponding to 3-4 endothelial cells along the adjacent wall (Figure 2B). These data 

were organized into space-time images with time advancing downward on the ordinate 

and with distance on the abscissa. Individual RBCs appeared as dark streaks at these 
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moderate velocities (Figure 2C). LS-PIV was applied between every pair of sequential 

line-scans to produce a running cross-correlation of RBC motion. The initial result was 

converted to a probability distribution with units of mm/s by dividing by the scan interval 

(Figure 2D). The final velocity for each time-point was calculated from the most probable 

value in the corresponding correlation (Figure 2E). These results demonstrated that LS-

PIV could analyze RBC velocities without the need to modify existing TPLSM or 

surgical preparation. Additionally, LS-PIV provided exceptional temporal resolution 

equal to the line-scan rate (2.6 kHz on our system) and made it easy to see heartbeats and 

rapid changes in blood velocity. 

 

Performance of LS-PIV with increasing noise and velocity 

We sought to validate LS-PIV under demanding conditions using both in vivo and 

simulation data. Previous methods were constrained by their range of analyzable flow 

speeds or by depth-dependent image quality. We therefore tested the performance of LS-

PIV under different signal-to-noise ratios (SNR) and increasing RBC velocity. A major 

source of image noise in TPLSM results from laser scatter and production of extra-focal 

fluorescence as the imaging plane is positioned deeper into the specimen [20,38]. We 

found that utilizing Texas Red-dextran to label the plasma allowed for deeper imaging 

depths than fluorescein-dextran (data not shown), likely because of Texas Red-dextran’s 

large two-photon cross-section and low absorption of red fluorescence by the blood. SNR 

values were determined from the raw line-scan data in individual vessels using the 

contrast of RBCs amid the fluorescent plasma. Typical best data was acquired at the 

surface of the brain and had an SNR of ~8. High noise data, generally obtained hundreds 
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of micrometers below the surface, had an SNR of ~2 or less. Figure 3A-B shows 

increasing noise from progressively deeper imaging in the living brain and LS-PIV 

analysis down to 850 µm using line-scan data with an SNR of 2.2. To our knowledge, 

these RBC velocity measurements are the deepest ones recorded with TPLSM without 

the use of amplified [39] or longer wavelength femtosecond laser pulses [40], and 

demonstrate the robustness of LS-PIV with well-established imaging parameters.  

 

Next, we examined the true accuracy and range of LS-PIV using simulated line-scan data 

where it was possible to precisely define velocity and noise parameters (Figure 4A). 

These data were generated using a randomized distribution of particles that was shifted in 

known spatial increments over time. The size of each particle was further randomized 

between 1 to 7 µm to mimic RBCs at different orientations and positions relative to the 

scan line. Speed was increased with oscillations at 10 Hz to simulate mouse heart rate, 

and normally distributed noise was added for typical best or very poor data corresponding 

to an SNR of 8 or 1, respectively. Under both noise conditions, LS-PIV accurately 

quantified velocities above previously reported values using a ROI of 100 µm (Figure 

4B). Actual velocities are displayed as a dark blue line, analysis of corresponding data 

with an SNR of 8 is displayed with light blue dots, and analysis of corresponding data 

with an SNR of 1 is displayed with red dots (Figure 4B). LS-PIV demonstrated high 

fidelity beyond 150 mm/s using the data with an SNR of 8, and with gradually increasing 

error after 50 mm/s using the poor data with an SNR of 1. This error manifested as 

increased scatter and the appearance of distinct outliers corresponding with rapid changes 

in high velocity (Figure 4B, arrows). Outliers are a common occurrence in PIV data and 
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can be removed using median filters [18]. We further tested LS-PIV with SNRs ranging 

from 0.33 to 8 and validated these results with analysis using singular valued 

decomposition (SVD) [19], demonstrating good agreement with the previous method at 

lower velocities (Figure S3). Importantly, LS-PIV works well at high velocities and with 

low signal-to-noise conditions. As a practical upper limit, LS-PIV could analyze speeds 

up to 800 mm/s using an ROI of 426 µm (Figure S4A). LS-PIV performed well under 

capillary-level velocities and in periodic reversals in flow direction (Figure S4B).  

 

We found that RBC displacement in capillaries was often small compared to the pixel 

resolution of the microscope when two sequential line-scans were compared, which 

potentially decreased the accuracy of the speed determination. We eliminated this 

inherent error in the raw data by processing non-neighboring line-scans in time (i.e., 

every line-scan with its 5th neighboring scan) thereby increasing the delay between cross-

correlated line-scans and allowing RBC displacement to be large enough to resolve. 

Thus, LS-PIV has a large dynamic range and enables TPLSM-based quantification of 

high RBC velocities while maintaining the ability to study spatiotemporal hemodynamics 

in individual capillaries.  

 

Analysis of RBC velocities in normal and AVM cerebrovasculature   

Functional implementation of TPLSM has made it possible to study hemodynamics in 

living organisms with extremely high detail. However, previous investigations could 

quantify only the lower range of blood velocities typically found in rodents. We were 

interested in using LS-PIV to investigate hemodynamics in a mouse model of Notch-
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mediated AVM and quantifying the fastest reported RBC velocities measured by in vivo 

TPLSM. 

 

We first measured RBC velocities within major artery-to-vein networks overlying the 

cortex of control mice (N=28 vessels in 3 mice, Figure 5A-B). The blood plasma was 

labeled with Texas Red-dextran and arteriovenous identity of vessels was determined by 

their morphology and flow direction. Line-scans were then recorded along the central 

axis of contiguous vessel segments between a major branch of the middle cerebral artery 

and a surface vein draining to the superior sagittal sinus (Figure 5A’-B’). Representative 

analyses in a subset of these vessels are displayed (Figure 5C). We found that LS-PIV 

clearly resolved peak arterial velocities up to 44 mm/s in controls (the fastest we 

measured) as well as slow capillary velocities, which were typically below 2 mm/s. Flow 

remained pulsatile due to heartbeat in all measured vessels, including capillaries and 

venules. RBC velocity progressively decreased from arteries to capillaries and thereafter 

increased modestly as flow coalesced into major veins. A slower ~0.5-2 Hz modulation 

in RBC speed corresponded with the respiratory rate of the anesthetized animals and was 

extracted from analysis of arteries or veins (data not shown).  

 

We next combined in vivo TPLSM with a mouse model of Notch-mediated AVMs [33] 

and directly investigated hemodynamics within the aberrant artery-to-vein topology in the 

brain. The most important determinant of hemodynamics within an AVM is its resistance 

to blood flow. This is largely dependent on the narrowest cross-sectional point along the 

flow path, where increases in diameter result in dramatic loss of resistance and from 
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which many pathophysiological phenomena of AVMs are speculated to follow [13]. We 

therefore identified individual arteriovenous shunts and measured center axis velocities in 

contiguous vessel segments in both the up- and down-stream pathways (N=42 vessels in 

3 mice, Figure 6A). These vessels were tortuous and dramatically enlarged. 

Representative analyses in a subset of these vessels are displayed in Figure 6B. We found 

that LS-PIV clearly resolved peak RBC velocities up to 84 mm/s (the fastest we 

measured) and that velocities were elevated and markedly pulsatile within all 

compartments of the vascularture. Interestingly, velocities often spiked within AV shunts 

(Figure 6B, purple segments) compared with up- and down-stream segments. These 

shunts exhibited laminar flow when we examined their average, peak systolic, and end-

diastolic spatial flow profiles (Figure S5). Average RBC velocities progressively 

decreased toward and from the AV shunts within the measurable field (Figure 6A’), 

without increasing again in the coalescing veins. These results highlight the impact that 

shunts have on hemodynamics within the arteriovenous network and demonstrate the 

utility of LS-PIV in studying a wide range of flow speeds with microscopic resolution. 

 

Discussion 

 

Advances in genetic labeling techniques and functional imaging approaches have helped 

establish TPLSM and confocal microscopy as a powerful, noninvasive ways to study 

vascular biology in whole-tissue explants and living organisms [20,21,22,28]. 

Hemodynamics have been investigated with capillary-level resolution in brain [19], 

kidney [41], and tumor [42,43]. However, the adult mouse harbors far faster RBC 
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velocities than can be analyzed by previous TPLSM- or confocal-based methods. LS-PIV 

enables analysis of a wide range of RBC velocities by easy integration with well-

established in vivo imaging and line-scan acquisition approaches. We demonstrated the 

utility of this method by robustly quantifying blood velocities in a mouse model of brain 

AVM. To our knowledge, these are the fastest RBC velocities analyzed using multi-

photon or confocal microscopy. Our simulations indicate that LS-PIV may analyze 

velocities from capillaries to greater than 800 mm/s, potentially covering the full range of 

blood velocities generated in mice [25,26].  

 

An important feature of LS-PIV is its ability to resolve the spatial flow profile within 

individual vessels. As a proof-of-principle, we measured the flow in a control artery and a 

Notch-mediated AV shunt by acquiring multiple axial line-scans spaced every few 

micrometers across the diameters of their lumens (Figure S5). Complete profile 

measurements took roughly 10-15 minutes, which could be drastically shortened by using 

pre-patterned line-scan arrays and reducing the number of scans per vessel. Such 

systematic approaches, combined with the temporal resolution of LS-PIV, allow for 

quantification of pulsatile dynamics including the spatial profiles of peak systolic and 

end-diastolic flow (Figure S5). These highly resolved measurements have the potential to 

address long-standing questions on how local hemodynamic forces influence 

endothelium and vascular development in vivo. For example, it is established from in 

vitro studies that hemodynamic shear stress regulates endothelial cell proliferation, shape, 

alignment, and gene expression [44,45,46,47]. Arterial and pulsatile waveforms regulate 

‘athero-prone’ and ‘athero-protective’ genes [48,49] suggesting that peak systolic or end-
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diastolic shear forces may be important stimuli for flow-responsive programs. There is 

currently no method to correlate high shear rates from fast blood flow directly with 

cellular-level dynamics and vascular remodeling in animals. Application of LS-PIV in a 

systematic fashion will shed light on the role of high pulsatile shear in vessel 

development, maintenance, and disease. 

 

LS-PIV may be combined with a growing number of transgenic approaches to study the 

relationship between hemodynamics, cellular behavior, and biochemical signaling in 

vivo. For example, ephrin-B2+/H2B-eGFP mice [34] allow visualization of arterial 

endothelium with cellular resolution by TPLSM (Figure 2A-B) which could be used to 

track these cells over time. Tissue-specific and temporally inducible methods may be 

used to test the role of key biochemical constituents on vessel maintenance or 

malformation within various hemodynamics environments. We use the Tie2-tTA and 

TRE-Notch4* mice [32,33] to express Notch4* in endothelium of post-natal mice. 

Combining LS-PIV with such genetic approaches will be helpful in studying the role of 

hemodynamic cues in developmental programs. 

 

An important limitation of TPLSM has traditionally been its slow scanning rate along the 

optical (‘z’) axis, which has been achieved by translating the position of the sample 

relative to the objective lens with a stepper motor. While sufficient for three-dimensional 

imaging, this approach has considerable inertial constraints that prevent rapid laser 

scanning oblique to the (‘xy’) image plane. Two previous approaches have attempted to 

obviate the need for rapid scanning along the optical axis to quantify blood flow in three-
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dimensions: residence time line scanning (RTLS) velocimetry [31] and Doppler optical 

coherence tomography (DOCT) [50]. RTLS velocimetry extrapolates RBC velocities at 

all orientations from two-photon line-scans collected in the ‘xy’ plane. This analysis 

utilizes the angle between the scan line and vessel axis, and the residence time of the 

RBCs as they pass the scan region. However, RTLS will not work to calculate high 

velocities at oblique angles because RBCs pass too quickly through the scan line to be 

imaged more than once. Alternatively, DOCT can quantify blood flow in three-

dimensions and simultaneously across many vessels by measuring the Doppler shift of 

light scattered off moving RBCs. Though a powerful approach for measuring network 

flow in an unbiased fashion, DOCT is currently applicable to speeds under 10 mm/s, and 

in larger vessels rather than capillaries [51]. Additional methods are required to analyze 

high RBC velocities with microscopic resolution in three-dimensions.  Recently, rapid 

three-dimensional scanning has been achieved using acousto-optic deflectors (AOD) to 

steer the laser beam without moving the animal or the objective lens [52]. This approach 

reportedly has an effective scan range of 50 µm along the optical axis using a high 

numerical aperture objective, which would be sufficient for direct line-scan 

measurements of a wide range of RBC velocities. Implementation of three-dimensional 

AOD scanning with LS-PIV would enable analysis of high blood velocities in all 

orientations. 

 

In conclusion, TPLSM has been the tool of choice for studying hemodynamics with 

capillary-level resolution and large penetration depths, but has traditionally been limited 

to studying slow blood flows.  We have developed LS-PIV, which may be easily 
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integrated with well-established in vivo imaging and line-scan data acquisition 

approaches, in order to quantify higher blood velocities with TPLSM or confocal 

microscopy. LS-PIV performed robustly with noisy data in vessels as deep as 850 µm 

below the brain surface and with very high accuracy as validated with simulation data. As 

a proof of principle, we investigated blood velocities within the vascular network of brain 

AVM in mice. LS-PIV is uniquely suited to study high RBC velocities with optical 

resolution deep in living animals. Partnered with transgenic mice with cell-specific 

fluorescent reporters or with exogenous dyes, LS-PIV will enable the direct in vivo 

correlation of cellular, biochemical, and hemodynamic cues in high flow processes such 

as atherogenesis, arteriogenesis, and AVMs. 
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Supplemental Material 

Detailed Methods  

 

Microscope and Imaging 

We constructed a TPLS microscope to acquire in vivo images and line-scan data (Figure 

S1). We generated 100 fs pulses at 80 MHz with a Titanium:Sapphire laser oscillator 

(Mai Tai HP; Newport Spectra-Physics) that was pumped by a continuous wave diode 

laser (Millenia; Newport Spectra-Physics) and passed through a dispersion compensator 

(DeepSee; Newport Spectra-Physics). Intensity was controlled by rotating a λ/2	  wave-‐

plate relative to a polarizing splitter and utilizing the transmitted beam. The laser was 

then routed onto a microscope platform based on a previous design [1] that was 

optimized for deep tissue imaging and blood velocity measurements. The laser pulses 

were raster-scanned by galvanometric mirrors (Cambridge Technology) and relay-imaged 

to the back aperture of a 1.0 numerical aperture, 20x water-immersion objective (Zeiss). 

Fluorescence was collected by the same objective, reflected by a primary dichroic mirror 

(700 nm long-pass; Chroma), split into red and green channels with a secondary dichroic 

mirror (560 nm long-pass; Chroma), spectrally cleaned with additional band-pass filters 

(Chroma), and relayed to photomultiplier tubes (PMT; H7422P-40MOD; Hamamatsu). 

The PMT signal was amplified (105 transimpendence gain), low-pass filtered         (4 pole 

Bessel at fc = 300 kHz), and digitized. The anesthetized mouse’s head was immobilized 

with a stereotax and placed on a three-dimensional translation stage (11SI70521 Rev. 01; 

Newport) that allowed precise positioning of the brain relative to the imaging focus. 

MPScope 1.0 software was used to control the microscope and to acquire image and line-



46	  	  

scan data [2]. 

 

LS-PIV in Detail 

The blood plasma was loaded with fluorescent dye that allowed clear imaging of perfused 

vessels. RBCs did not take up dye and could be resolved as dark particles amid the bright 

background using TPLSM (Figure S2A). Line-scans were positioned along the central 

axis of vessels and captured at a rate of 2.6 kHz. This central location corresponded to the 

path of maximum axial velocity, allowing multiple RBCs to contribute collectively to 

analysis per time point. The line-scan data was cropped to an ROI within the measured 

vessel, from which LS-PIV determined displacement of RBCs between sequential line-

scans using cross-correlation in Fourier space. Importantly, displacement can be 

determined by this method when RBCs move too quickly to form continuous streaks 

within the space-time data (Figure S2B). Velocity is calculated as , where  

is the time between line-scans and also determines the temporal resolution of analysis.  

 

Let us consider a single RBC captured by a line-scan.  We can approximate its image 

point spread function as a Gaussian h(x,σ) with center x and standard deviation σ. The 

line-scan image can then be written as a convolution of the point spread function with the 

RBC density made of delta functions: 

 

s1(x) = ρ(x)∗h(x,σ ) ,  

 

where x is the instantaneous location of the active area of the line-scan,  𝜌(x) is the RBC 

€ 

v = Δx /Δt Δt

€ 

ρ(x) = δ(x − xn )
1

N

∑



47	  	  

density, and  is the location of a RBC.  If we take a second line-scan quickly after the 

first, we can write the signal from that second scan as: 

 

s2 (x) = ρ(x)∗δ(x +Δx)∗h(x,σ )  

 

where  is the distance moved by the RBCs in the time, , between the two scans. For 

the ideal case, the cross-correlation of the two images results in: 

 

g(x) = s1(x)⊗ s2 (x)

= N ⋅h(x,σ 2)⊗δ(x +Δx)
 

 

This tells us that the cross-correlation of the two images, in which the second image is a 

shifted version of the first, will yield a Gaussian distribution centered at shift distance, 

.  Further, this result shows us that the signal-to-noise ratio increases with the number 

of particles in the field of view. The velocity along the line-scan is then the center peak of 

the cross-correlation divided by the time between the two images: 

 

 

 

In practice, there are a number of techniques beyond simple cross-correlation that we use 

to optimize analysis.  First, we remove background (such as from non-moving tissue) by 

subtracting the average time-invariant signal from the line-scan data. Analysis of the 

Fourier transform has demonstrated that phase information, not amplitude, is more 
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important in describing an object’s position [3]. We therefore employ a filtering 

technique in the Fourier domain consisting of symmetric phase-weighted filtering, which 

reduces side-lobes that frequently appear in the cross-correlation [4]. We then convert 

back to the spatial domain where we average across a number of cross-correlation frames 

to increase the SNR.  To arrive at a maximum accurate velocity, we fit a Gaussian 

distribution to the cross-correlation. All analyses were executed in 32-bit Matlab 

(Mathworks).  
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Figure 1. Illustration of generalized LS-PIV.  RBCs appear dark amid fluorescently labeled 
plasma. Two successive line-scans are recorded along the central axis of the vessel, capturing the 
displacement of an RBC across time interval . The line-scans are Fourier-transformed, cross-
correlated with a symmetric phase-weighted filtering operation, and inverse Fourier-transformed. 
A peak detection operation is performed to locate the correlation peak corresponding to the RBC 
displacement, which is converted to velocity by dividing by the time interval between the scans. 
 
  

Δt



50	  	  

 
 
Figure 2. LS-PIV analysis of in vivo two-photon line-scan data measured in cortical artery. 
A, TPLSM projection of cortical vasculature in ephrin-B2+/H2B-eGFP mouse with the blood plasma 
labeled by intravenous injection of Texas Red-dextran. Ephrin-B2+/H2B-eGFP mice express nuclear 
GFP in arterial endothelial cells, which allows these vessels to be distinguished with cellular 
resolution. B, TPLSM image through the center of an arteriole from the white box in (A). The 
double-headed arrow indicates the location where line-scans were recorded and the single-headed 
arrow represents the direction of flow. C, Line-scan data from the vessel in (B) where each 
sequential line-scan appears beneath the one before, forming a space-time image with time 
increasing from top to bottom. Each dark streak corresponds to a single RBC as it moves along 
the scan path. D, LS-PIV applied between pairs of sequential line-scans from vessel (C). 
Individual cross-correlation results are oriented along the y-axis with time advancing left to right. 
Each respective probability distribution is normalized and color-coded according to the inset key. 
The y-axis is converted from units of distance to units of speed by dividing by the time interval 
between line-scans.  E, The final RBC velocity along the scan line is determined from the peak 
value at each time point in (D). The dotted line represents time-averaged velocity. The temporal 
resolution of analysis is shown here at 1.3 kHz (1/2 of maximum) to better illustrate individual 
points.  
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Figure 3. Effects of depth-dependent noise on LS-PIV analysis. A, Three-dimensional 
rendering of cortical vessels imaged with TPLSM demonstrating depth-dependent decrease in 
signal-to-noise ratio (SNR). The blood plasma was labeled with Texas Red-dextran and a 1000	  
µm	   stack was acquired with images at 1	   µm	   spacing along the z-axis starting from the brain 
surface. B, 100 µm-thick projections of regions 1-4 in panel (A). RBC velocities were measured 
along the central axis of vessels shown in red boxes, with red arrows representing orientation of 
flow. The raw line-scan data (L/S) are depicted to the right of each field and labeled with their 
respective SNR. Corresponding LS-PIV analyses are depicted to the far right.  
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Figure 4. Accuracy of LS-PIV analysis with noise and increasing speed. A, Top, simulation 
line-scan data with a low level of normally distributed noise with SNR of 8, typical of good in 
vivo data. Bottom, simulation line-scan data with a high level of normally distributed noise with 
SNR of 1, representing poor data. These data were generated using a randomized distribution of 
particles that was shifted in known spatial increments over time. The size of each particle was 
further randomized between 1 to 7 µm to mimic RBCs at different orientations and positions 
relative to the scan line. Speed was increased over time and oscillated at 10 Hz to simulate mouse 
heart rate. Particles initially appear as continuous dark lines within the time-space data, and 
become discontinuous at higher speed. For comparison, these data are displayed with time along 
the x-axis aligned with their velocity analyses in (B). B, LS-PIV analysis of line-scan data from 
panel (A). Actual particle speed is represented by a dark blue line (SNR of infinity) with 
increased thickness to aid in visualization of overlapping points. Analyses of data with an SNR of 
8 or 1 are displayed as light blue dots or red dots, respectively. Arrows indicate distinct outliers 
from analysis of high velocity data with an SNR of 1, which could be removed using median 
filters. 
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Figure 5. RBC velocities along the normal vessel network in mouse cortex.  A, Low-
magnification TPLSM image of cortical vasculature in control mouse with the blood plasma 
labeled by Texas Red-dextran. A’, Diagram of the vascular network from image (A) with arteries 
shown in red and veins in blue. An artery-to-vein pathway is highlighted and labeled with 
arrowheads to indicate the direction of flow and specific locations of velocity and diameter 
measurements. Bold numbers represent average center-axis velocity in units of mm/s and italic 
numbers represent diameter in units of µm	  corresponding to the adjacent arrowheads.  B, High 
magnification TPLSM image from the white box in (A) demonstrating an artery, vein, and 
interconnecting capillary. B’, Diagram of the vascular network from image (B). C, Representative 
analyses in a subset of vessels (v1-v4) from panels (A’) and (B’).               
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Figure 6. RBC velocities along the vessel network of brain AVMs in mice.  A, Low-
magnification TPLSM image of cortical vasculature in Notch4* mouse model with the blood 
plasma labeled by Texas Red-dextran. A’, Diagram of the vascular network from image (A) with 
arteries shown in red, veins in blue, and shunts in purple. Artery-to-vein pathways are highlighted 
and labeled with arrowheads to indicate the direction of flow and specific locations of velocity 
and diameter measurements. Bold numbers represent average center-axis velocity in units of 
mm/s and italic numbers represent diameter in units of µm	   corresponding to the adjacent 
arrowheads. B, Representative analyses in a subset of vessels (v1-v4) from panels (A’).   
 
 
  



55	  	  

 
 
 
 
 
 

 
 
Supplemental Figure 1. Schematic of the two-photon laser scanning microscope. Images and 
line-scan data were obtained using a locally constructed TPLSM. 100 fs, 80 MHz pulses were 
generated by a Titanium:Sapphire laser oscillator (Mai Tai HP; Newport Spectra-Physics) and 
passed through a dispersion compensator (DeepSee; Newport Spectra-Physics). Laser intensity 
was controlled by rotating a λ/2	  wave-plate relative to a polarizing splitter, and the attenuated 
beam was directed onto the microscope platform. The laser pulses were raster-scanned by 
galvonometric mirrors and relay-imaged to the back aperture of a 1.0 NA water-immersion 
objective (Zeiss). Two-photon excited fluorescence was collected by the same objective, reflected 
by a dichroic mirror (700 nm long pass, dichroic 1), split into red or green channels by a second 
dichroic mirror (560 nm long pass, dichroic 2), spectrally cleaned with additional band-pass 
filters (Chroma), and relayed to photomultiplier tubes (PMT; H7422P-40MOD; Hammamatsu). 
The anesthetized mouse was immobilized with a stereotax (myNeurolab.com) and placed on a 
three-dimensional translation stage (11SI70521 Rev. 01; Newport) that allowed precise 
positioning of the mouse relative to the focus of the microscope. MPScan 1.0 software was used 
to control the microscope and record image data. 
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Supplemental Figure 2. Loss of RBC continuity in space-time data when high velocities are 
measured with line-scans.  A, Top, schematic of line-scan data of slow to moderate RBC 
velocities. Each sequential line-scan appears beneath the previous one, with time advancing from 
top to bottom. RBCs appear as continuous diagonal streaks in the space-time image when RBC 
velocities are relatively slow compared to the line-scan rate. Bottom, space-time image of in vivo 
line-scan data where RBCs appear as continuous dark streaks. Previous analytical methods have 
determined velocities by calculating the inverse slope of the streaks.  B, Top, schematic of line-
scan data of fast RBC velocities. RBCs may appear as discontinuous streaks or as just a few dark 
spots in the space-time image. The large number of RBCs confounds identification of individual 
streaks. Bottom, space-time image of in vivo line-scan data where RBCs velocity is high relative 
to the line-scan rate. 
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Supplemental Figure 3. Effects of noise on performance of LS-PIV and SVD. Analyses of 
simulation line-scan data using LS-PIV and previously published singular valued decomposition 
(SVD). Data had increasing velocity and SNRs ranging from 0.33 to 8. Blue and red dots 
correspond to LS-PIV and SVD analysis, respectively. Analysis parameters were matched 
between LS-PIV and SVD using a 100 µm-‐long region of interest and the same processing time. 
Agreement between these methods was best at lower velocities and diverged with increasing 
speed. 
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Supplemental Figure 4. Performance of LS-PIV with high velocities and flow reversal. 
A, LS-PIV analysis of simulation line-scan data with velocity increasing to 800 mm/s. Actual 
particle velocity is represented by the blue line (SNR of infinity). Analysis was performed on data 
with an SNR of 8, within a 426 µm-long region of interest, and displayed as red dots.  B, LS-PIV 
analysis on simulation line-scan data with increasing velocity and reversal of flow. Actual particle 
velocity is represented by the blue line (SNR of infinity). Analysis was performed on data with an 
SNR of 8 and displayed as red dots. 
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Supplemental Figure 5. Cross-sectional flow profiles in control artery and AV shunt. 
A, RBC speed as a function of transverse position in a control artery. B, RBC speed as a function 
of transverse position in an AV shunt. Maximum, mean, and minimum RBC speeds were 
calculated from pulsatile velocities across 5 second scans. Five separate datasets were analyzed at 
each position in the vessel to determine the final velocities and their standard deviations (vertical 
error bars). Measurements were acquired serially along the vessel diameter over the span of ~15 
minutes. Vertical dotted lines represent the position of the vessel walls. Interestingly, measured 
RBC velocities did not go to zero at the wall, likely because of the cells’ finite size and inability 
to move closer to the boundary than half their width. Positional error was estimated additively 
from the optical resolution, translation stage jitter, and motion artifact of the animals (horizontal 
error bars). 
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IV 

Notch4 Normalization Reduces Blood Vessel Size in Arteriovenous Malformations 

 

Chapter 4 is a reprint of material as it appears in Patrick A. Murphy, Tyson N. Kim, 

Gloria Lu, Andrew W. Bollen, Chris B. Schaffer, and Rong A. Wang, “Notch4 

Normalization Reduces Blood Vessel Size in Arteriovenous Malformations”, Science 

Translational Medicine 4, 117 (2012). Dr. Patrick Murphy is the principal author of this 

work and wrote the manuscript, which is also his thesis work. The dissertation writer is a 

second author with equal contribution, who contributed to tools and technology, 

performing experiments, and analyzing the data. Reprinted with permission from AAAS.  
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VASCULAR D I S EASE

Notch4 Normalization Reduces Blood Vessel Size
in Arteriovenous Malformations
Patrick A. Murphy,1*† Tyson N. Kim,1* Gloria Lu,1 Andrew W. Bollen,2

Chris B. Schaffer,3 Rong A. Wang1‡

Abnormally enlarged blood vessels underlie many life-threatening disorders including arteriovenous (AV) mal-
formations (AVMs). The core defect in AVMs is high-flow AV shunts, which connect arteries directly to veins,
“stealing” blood from capillaries. Here, we studied mouse brain AV shunts caused by up-regulation of Notch
signaling in endothelial cells (ECs) through transgenic expression of constitutively active Notch4 (Notch4*).
Using four-dimensional two-photon imaging through a cranial window, we found that normalizing Notch
signaling by repressing Notch4* expression converted large-caliber, high-flow AV shunts to capillary-like ves-
sels. The structural regression of the high-flow AV shunts returned blood to capillaries, thus reversing tissue
hypoxia. This regression was initiated by vessel narrowing without the loss of ECs and required restoration of
EphB4 receptor expression by venous ECs. Normalization of Notch signaling resulting in regression of high-flow
AV shunts, and a return to normal blood flow suggests that targeting the Notch pathway may be useful ther-
apeutically for treating diseases such as AVMs.

INTRODUCTION
Abnormally enlarged high-flow blood vessels often continue to expand,
leading to life-threatening ruptures. These dangerous vascular lesions
underlie the pathology of a wide range of “high-flow” vascular diseases
such as arteriovenous (AV) malformations (AVMs), hereditary hem-
orrhagic telangiectasia, and aneurysms (1). The hemodynamic stress
exerted on the vasculature by these high-flow lesions can cause hem-
orrhagic rupture (1, 2). The ability to safely and noninvasively con-
strict the high-flow large vessels by molecular intervention holds
promise to treat these life-threatening conditions for which there
are currently limited effective treatments.

Normally, arteries carry blood from the heart to the capillaries
through a series of vessels with a successive reduction in caliber to re-
duce blood flow. Capillaries, where exchange of nutrients and wastes
occurs, are the smallest diameter vessels with the lowest blood flow.
Postcapillary venules join sequentially wider veins to return blood
back to the heart. This AV interface is critical for proper tissue perfu-
sion. High-flow AV shunts are direct connections of arteries to veins,
displacing the perfusing capillaries, thus creating positive feedback be-
tween increased vessel diameter and accelerated blood flow, and often
resulting in vessel rupture. High-flow AV shunts are the fundamental
defect in AVMs, causing both tissue ischemia and hemorrhage.

Notch receptors are transmembrane proteins that promote arterial
at the expense of venous endothelial cell (EC) specification by enhancing
expression of arterial molecular markers, such as ephrin-B2, and sup-
pressing the expression of venous markers, such as EphB4 (3). The
transmembrane signaling molecule ephrin-B2 was the first gene found
to be expressed by the ECs of arteries but not veins, and is a key

marker of arterial ECs (4). Its cognate tyrosine kinase receptor, EphB4,
was the first venous endothelial marker identified (4). COUP-TFII, a
member of the orphan nuclear receptor superfamily expressed by
venous but not arterial ECs, acts upstream of Notch and actively pro-
motes venous EC specification by repressing the expression of Notch
(5). These AV-distinctive genes are crucial in the morphogenesis of the
embryonic vasculature, and their differential expression patterns in ar-
terial and venous vessels persist in adult vascular endothelium (6, 7),
suggesting that postnatal retention of AV specification may have a role
in maintaining vascular structure and function. Supporting this no-
tion, we and others have reported that Notch activity in the endothe-
lium is aberrantly increased in patients with brain AVMs (8, 9). This
suggests that aberrant Notch signaling may be a molecular defect
underlying AVMs and that targeting Notch signaling may be a new
therapeutic strategy for the treatment of high-flow vascular diseases
such as AVMs.

Here, we use a mouse model of Notch-mediated AVMs (10) and
two-photon excited fluorescence imaging (11) to obtain four-dimensional
(4D) vascular topology and blood velocity data from the mouse brain
vasculature. We demonstrate that high-flow AV shunts can be shrunk
to capillary-like vessels after normalization of Notch signaling through
an EphB4-dependent mechanism that does not require the loss of ECs.

RESULTS

Repression of Notch4* causes the specific regression
of high-flow AV shunts
In our Notch4*-Tet (Tie2-tTA;TRE-Notch4*) mouse model of AVM,
Notch4*, a truncated Notch4 lacking the extracellular domain and
thus constitutively active, is expressed specifically in ECs using a tem-
porally regulatable tetracycline-repressible system (12). Notch4* is un-
der the control of the tetracycline-responsive element (TRE) and is only
activated by the tetracycline transactivator (tTA) driven by the Tie2
promoter expressed in ECs. Treatment with doxycycline, a tetracycline
derivative, led to rapid repression of Notch4* expression to baseline
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levels by 24 hours (fig. S1). Because Notch4* was rapidly repressed by
doxycycline, henceforth, we refer to doxycycline-mediated Notch4* re-
pression simply as Notch4* repression. Notch4* expression leads to
high-flow AV shunts in the brains of these mice (10). To directly test
whether these high-flow AV shunts can be normalized after the repres-
sion of Notch4*, we combined two-photon microscopy with a cranial
window placed over the right parietal cortex of the mouse brain (fig.
S2) to visualize vascular topology and hemodynamics over time.

To avoid the potential confounding effects of hemorrhage and ill-
ness in severely affected Tie2-tTA;TRE-Notch4* mice, we focused on
high-flow AV shunts in the mice about postnatal day 12 (P12), when
most of the animals had just developed abnormal AV shunts. The mini-
mum diameter of these AV shunts at P11 to P13 averaged 22.2 mm ±
SD 7.3, ranging from 8.1 to 51.3 mm (n = 46 shunts in 13 mice), about
2 to 10 times the diameter of the capillaries in age-matched controls,
which averaged 4 mm ± SD 0.5, ranging from 2.7 to 5.0 mm (n = 9
capillaries in 3 mice, P < 0.000002; Fig. 1, A to D). Centerline flow
velocity through AV shunts was much higher than in control capil-
laries, averaging 37.7 mm/s ± SD 14.4 (n = 11 shunts in 11 mice),
compared to 2.1 mm/s ± SD 1.0 in control capillaries (n = 9 capil-
laries in 3 mice, P < 0.0000008; Fig. 1, A to D), and as reported (13).

We then analyzed the vessel diameter and blood flow in AV shunts
before and after Notch4* repression. We found that both the diameter
and the flow were significantly decreased within 48 hours of Notch4*
repression (Fig. 1, E to M) relative to that in untreated mutant animals
(fig. S3). The diameter changed primarily in the AV shunt and distal
vein; adjacent arterial vessels were less affected (Fig. 1, E to L). To de-
termine whether advanced AVMs also regressed upon Notch4* repres-
sion, we examined severely affected, ataxic mice at a later time point
(P22) and found that the mature AVMs also regressed (fig. S4).

Not all AV shunts enlarge with continuedNotch4* expression, a var-
iability likely caused by systemic or regional hemodynamic changes.
Therefore, we sought to identify a subset of “growth-prone” AV shunts
to further test the effects of Notch4* repression. We found that among
a growth-prone population of AV shunts, defined by continued growth
over several days, all were induced to regress by Notch4* repression
(ten AV shunts in eight mice, fig. S5). In contrast, with continuedNotch4*
expression, all of this population continued to grow (five AV shunts in
two mice, fig. S5). Supporting these data, we also show similar findings
in a separate experiment using mice with a mixed genetic background
(fig. S8B).

When imaging for >1 week was possible, we observed the complete
regression of the AV shunt such that the AV shunts returned to micro-
vessels resembling capillaries (fig. S6), a finding also confirmed by ex
vivo analysis (fig. S6). Structurally, this regression involved the nor-
malization of smooth muscle cell coverage; that is, the wrapping of
smooth muscle cells around vessels, typical of arteries, was restored
after Notch4* repression (fig. S7). Time point analysis of vessel nar-
rowing indicated that the onset of diameter and velocity reductions
occurred within 12 to 24 hours of Notch4* repression (fig. S8). These
data suggest that Notch4* repression results in the prompt narrowing
of high-flow AV shunts.

Notch4* repression directly induces narrowing
of AV shunts
Given that reductions in blood flow are known to cause vessel regres-
sion (14), we asked whether Notch4* repression leads to shunt regres-
sion directly or indirectly through the reduction of AV shunt flow. To

discriminate between these possibilities, we measured blood flow in
the upstream feeding artery, the AV shunt, and an adjacent artery.

If Notch4* repression directly reduces the diameter of the AV shunt,
we would expect increased resistance and decreased flow through the
AV shunt (Fig. 2A). Consequently, the total flow through the feeding
artery would also be reduced. Furthermore, the AV shunt blood flow
would redistribute to adjacent arteries, thus increasing blood flow in
adjacent arteries. Our empirical measurements matched these predic-
tions; total blood flow was reduced, but flow through an adjacent
artery to the AV shunt was increased (Fig. 2, B to D).

It is possible that regression of the AV shunt might also be caused
indirectly by the effects of reduced flow in the AV shunt after Notch4*
repression (Fig. 2A). Two possible scenarios might lead to reduced
flow in the AV shunt. In one, resistance in the adjacent artery is re-
duced, “stealing” blood flow from the AV shunt. However, in this sce-
nario, total systemic resistance to flow should also be reduced, and thus,
combined flow through the AV shunt and the adjacent artery should
be increased, which we did not observe. In a second scenario, systemic
flow is reduced by events either upstream or downstream of the AV
shunt and adjacent artery. However, in this scenario, flow through both
the AV shunt and the adjacent artery should be reduced, which we also
did not observe. These data suggest that there is a direct mechanism for
AV shunt regression after Notch4* repression.

The mechanism for vessel regression does not
require the loss of ECs
To understand the cellular mechanism of AV shunt regression, we asked
whether reduction in the total number of ECs or the area covered by
individual ECs could be involved. To this end, we used the ephrin-B2–
H2B–eGFP mouse line to provide nuclear labeling of ECs within the
AV shunt (10). In the presence of Notch4*, ECs in the AV shunt, re-
gardless of arterial or venous origin, expressed ephrin-B2–H2B–eGFP.
The H2B-eGFP (enhanced green fluorescent protein) fusion protein is
extremely stable and can persist for months (15). Thus, within the AV
shunt, in the short time frame of examination, ephrin-B2–H2B–eGFP
serves as a general EC marker without arterial specificity.

We performed 4D imaging of AV shunt diameters and cell numbers
in 23 AV shunts in seven Tie2-tTA;TRE-Notch4*;ephrin-B2–H2B–eGFP
mice, at time points up to 48 hours after Notch4* repression. Figure 3A
shows such an example: AV shunt regression was detected between 20
and 28 hours, but the cell count was not reduced in the regressing AV
shunts at 28 hours or even at 36 hours after further vessel regression.
Another example is provided in fig. S9. More analysis at 0 and 24 or
28 hours after Notch4* repression showed that all shunts regressed by
40% ± SD 14% by 24 or 28 hours. The onset of AV shunt regression
was variable, sometimes occurring as early as 12 hours after Notch4*
repression. About 70% (18 of 23) of these AV shunts regressed with-
out detectable loss of cells at 24 or 28 hours, judged by counting the
eGFP+ nuclei. These results suggest that AV shunt regression did not
depend on the loss of vascular cells. We confirmed that this was the
case with an alternative method of tracking EC nuclei using our Tie2-
tTA induction system in conjunction with a TRE-H2B-eGFP reporter.
We first verified that this reporter was a specific and robust marker of
EC nuclei; analysis of cell labeling in the sections revealed that 91.4% ±
SEM 3.4% of 4!,6-diamidino-2-phenylindole–positive (DAPI+) ECs but
none of the adjacent mural cells were GFP+ (fig. S10). We then analyzed
vessel diameter and EC number up to 36 hours after Notch4* repres-
sion. By 12 hours, we detected vessel regression in 36 of 38 AV shunts
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Fig. 1. Repression of Notch4* induces the normalization of AVMs. (A to C)
Two-photon time-lapse imaging of cortical brain vessels through a cranial
window in wild-type mice. Plasma was labeled by intravenous injection of
FITC-dextran. (A) Line depicts the path of blood fromartery through arteriole,
capillary, venule, and vein. (B) Images of the artery, capillary, and vein in
which blood velocity wasmeasured by line scan along the axis are depicted.
Diameters of the vessels were measured transaxially. (C) Velocity tracing, as
calculated from line scans. Note that both the velocity and the pulse (the
range in velocity) were reduced from artery to capillary to vein. (D) Table sum-
marizes measurements in control and Notch4* mutant mice. (E to L) Two-
photon time-lapse imaging of cortical brain vessels through a cranial window
in Notch4*mutant mice. Vessel topology was visualized by intravenous FITC-

dextran. AV shunts (E and F) were reduced in diameter after the repression of
Notch4*by doxycycline (G to L). Centerline velocity in the regressingAV shunt
was obtained by direct measurement of the velocity of individual red blood
cells (F, H, J, and L). Repression ofNotch4*decreasedblood flowvelocity in the
AV shunt within 48 hours (compare F to H). (M) Quantification of the changes
in shunt diameter without repression of Notch4* (Notch4*-On) or with repres-
sion of Notch4* (Notch4*-Off) at 48 hours. Diameter wasmeasured at the nar-
rowest point between artery and vein in Notch4*-On mice before and after
treatment (n = 22 AV shunts in 10mice with and n = 35 AV shunts in 11mice
withoutNotch4* repression). Reduction in shunt diameter inNotch4*-On con-
dition is 6%and inNotch4*-Off condition is 49%. P<0.0003by Student’s t test.
Error bars represent SEM between individual AV shunts. Scale bars, 50 mm.
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from the four mice examined (fig. S11A). Only 9 of the 36 regressing
AV shunts exhibited loss of ECs. Twenty-seven AV shunts regressed
without detectable loss of ECs (fig. S11B). We did detect EC loss later
(fig. S11B), after AV shunt regression, but this was not correlated with
either shunt diameter or degree of regression (fig. S11, C and D). An
example of this is shown in Fig. 3B, where AV shunt regression was
detected between 12 and 20 hours, but cell count was not reduced until

36 hours after Notch4* repression. These data suggest that the initia-
tion of AV shunt regression does not require the loss of ECs.

Ex vivo staining for VE-cadherin, a marker of cell-cell junctions
between ECs, in mutant mice before and after repression of Notch4*
suggests that the area encompassed by individual ECs was reduced
during vessel regression (fig. S12). Therefore, mean area, but not the
total number, of ECs was reduced during the acute regression of AV
shunts after Notch4* repression.

EphB4 is up-regulated in AV shunts after
Notch4* repression
We then asked whether recovery of venous specification, which was
repressed in the presence of Notch4*, might underlie the observed re-
gression of AV shunts after Notch4* repression. Coup-TFII is a venous
marker that acts upstream of Notch. Therefore, we hypothesized that
Coup-TFII expression would be retained in the cells of venous origin
in the AV shunt, making it possible to trace the original venous segment
and to assess the reestablishment of venous specification upon Notch4*
repression. To determine Coup-TFII expression, we used a nuclear lacZ
reporter of Coup-TFII promoter activity, Coup-TFII+/fl-stop-nLacZ;Tie2-Cre
(5). The lacZ expression is controlled by a floxed-STOP sequence. Tie2-
Cre–mediated excision ensures that the lacZ reports the expression of
Coup-TFII in Tie2+ endothelial and hematopoietic cell lineages.

In wild-type control mice, Coup-TFII expression was localized to
the EC nuclei of the venous branches, including capillaries, but was
absent in the arterial branches in the brain (Fig. 4A). In mutant mice
expressingNotch4* (Fig. 4, B and C), regardless of whetherNotch4* was
ON or OFF, Coup-TFII expression was maintained throughout the
venous branches, as in control animals. Thus, Coup-TFII expression
marked the venous boundary of AV shunts, suggesting that part of the
AV shunts originated from the vein.

EphB4, in contrast to Coup-TFII, is a venous marker that acts
downstream of Notch (4, 16), making it possible to trace the effects
of Notch4* on the repression of venous specification. We used a lacZ
reporter of EphB4 promoter activity (16) to examine EphB4 expression
before and after Notch4* repression. In control mice, EphB4tau-lacZ was
expressed throughout the veins, venules, and capillaries of the brain
vasculature (Fig. 4D). Notch4* expression decreased the expression of
EphB4tau-lacZ, resulting in patchy expression in the vein and very little
expression in AV shunts (Fig. 4E).

Fig. 2. AVM narrowing is the primary event in AVM regression. (A) Illustra-
tion of potential ways in which AV shunt regression takes place. The primary
event can be either the acute narrowing of the AV shunt or a reduction in
flow, caused by either “steal” from an adjacent artery or a systemic reduction
in flow. The acute AV shunt narrowing model, predicting the increase in ad-
jacent artery flow and reduction in feeding artery flow, best fits the empirical
observations. We do not observe increased feeding artery flow, as predicted
by the adjacent artery steal model, or a decrease in adjacent artery flow, as
predicted by a systemic flow reduction model. (B and C) Two-photon time-
lapse imaging of cortical brain vessels through a cranial window in Notch4*
mutant mice. Vessel topology was visualized by plasma labeling by intra-
venous FITC-dextran. Centerline velocity in the regressing AV shunt, feeding
artery (FA), and adjacent artery (AA) was obtained by direct measurement of
the velocity of individual red blood cells. Repression of Notch4* decreased
blood flow velocity by 48 hours in shunt and feeding artery but increased
velocity in the adjacent artery. (D) Summary of percentD in calculated flow in
vessels either 48 hours after Notch4* suppression or after 48 hours with no
Notch4* suppression. Scale bars, 50 mm.
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To examine arterial marker expression during vessel regression, we
used an ephrin-B2 reporter. We have previously shown that ephrin-B2
expression is up-regulated through the AV shunt in Notch4*-On mu-
tants (10).Here, using ephrin-B2tau-lacZ reportermice, we confirmed this
up-regulation (Fig. 4H) and show that ephrin-B2 expression was nor-
malized when Notch4* was turned off (Fig. 4I). To determine whether
Notch4* repression leads to the normalization of a broader arterial spec-
ification program in the AV shunts, we examined the expression of ad-
ditional arterial-specific proteins Dll4, Jag1, and Cx40 (Fig. 4, J to U).
We found that all of these genes were expressed preferentially in the
arteries in control mice; however, their expression extended throughout
AV shunts and veins when Notch4* was switched on in mutant mice,
and became normalized whenNotch4* was switched off (Fig. 4, J to U).

These data, combined with the Coup-
TFII expression pattern, suggest thatNotch4*
induced arterial identity and repressed ve-
nous identity in the venous segment of AV
shunts. Repression of Notch4* resulted in
the loss of the arterial markers ephrin-B2,
Dll4, Jag1, and Cx40 (Fig. 4, I, O, R, and U,
respectively) with a concomitant increase
in EphB4 expression in the regressing AV
shunts (Fig. 4F).

To determine whether EphB4 was re-
expressed at the cellular level, we used the
TRE-H2B-eGFP reporter to mark ECs in
Tie2-tTA;TRE-Notch4*;TRE-H2B-eGFP
mice expressingNotch4* transgenes by eGFP
expression (Fig. 5A). We found that EphB4
protein expression was repressed to ~50%
of control levels in the TRE-H2B-eGFP+

venous ECs of Tie2-tTA;TRE-Notch4*;TRE-
H2B-eGFP mutant mice relative to Tie2-
tTA;TRE-H2B-eGFP control mice. Once
the Notch4* transgene was turned off,
EphB4 expression normalized to control
levels in the venous cell population.

Inhibition of EphB4 signaling
impairs regression of AV shunts
To determine whether EphB4 signaling is
necessary for the regression of AV shunts,
we used a soluble form of the EphB4
(sEphB4) receptor to competitively inhibit
EphB4 receptor signaling (17) after re-
pression of Notch4* (Fig. 5B). If regres-
sion depends on EphB4 signaling,
sEphB4 receptor should inhibit the re-
duction in AV shunt diameter induced
by suppression of Notch4*. Indeed, the
mean change in the diameter of AV shunts
(!11.5% ± SD 20.8) was significantly re-
duced relative to mice not treated with
sEphB4 (!49.3% ± SD 19.3, P < 0.004).
As a control for the recombinant protein
treatment, we examined AV shunt regres-
sion in mice injected with recombinant hu-
man fibronectin. The mean change in AV

shunt diameter in these mice (39.7% ± SD 16.9) was not significantly
different from the regression in mice without recombinant protein
treatment (P > 0.5). Thus, sEphB4 significantly impaired the regres-
sion of AV shunts.

Regression of AV shunts alleviates hypoxia
To investigate the functional effect of AV shunt regression, we asked
whether AV shunt regression reversed vascular dysfunction. We first
examined blood velocity in arterial branches adjacent to the AV shunt
and found that blood velocity increased with Notch4* repression but
decreased with continued Notch4* expression (Fig. 2D). Markedly,
these decreasing velocities could be promptly increased by Notch4* re-
pression and shunt regression (fig. S5). Perfusion of capillary vessels

Fig. 3. Regression is initiated by reorganization of ECs. (A) Two-photon time-lapse imaging through a
cranial window in mouse brain of nuclei marked by ephrin-B2+/H2B-eGFP in a Notch4*mutant mouse. Plasma
was labeled by intravenous Texas Red–dextran. In the AV shunt shown, vessel diameter was reduced by
28 hours after Notch4* repression, whereas the GFP+ nuclei of ECs were retained after vessel regression at
36 hours. Because these images are Z-stacks through the vessel, cell 6 presented at 36 hours was also
present earlier but out of the imaging plane. (B) Two-photon time-lapse imaging through a cranial
window of nuclei marked by Tie2-tTA/TRE-GFP in a Notch4* mutant mouse. Plasma was labeled by intra-
venous Texas Red–dextran. In the AV shunt shown, vessel diameter was reduced by 20 hours after
Notch4* repression, whereas the GFP+ nuclei representing ECs were retained at 20 hours, and even at
28 hours when the vessel regressed further. At 36 hours, further regression was evident, and some EC loss
was observed in the large shunt, V1, but not in the smaller shunt, V2. Scale bars, 50 mm.
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(Fig. 6, A toC) with a tomato lectin that binds to the endothelium sug-
gests that tissue perfusion was globally increased after AV shunt re-
gression.

Using hypoxyprobe staining, we then examined hypoxia in
Notch4* mutant mice with neurological defects before and after
Notch4* repression. The hypoxyprobe detects tissue exposed to a
partial oxygen pressure of <10 mmHg, close to the hypoxic thresh-

old expected to cause dysfunction of neuronal cells (18). We detected
an increase in hypoxyprobe staining in the cerebellum and cerebral
cortex of sick Notch4*-expressing mice relative to their littermate
controls (Fig. 6, D and F). When Notch4* was repressed for 72 hours
in severely affected Notch4* mutant mice, hypoxyprobe staining in-
tensity was significantly reduced, and approached that of control
animals (Fig. 6E).

Fig. 4. Turning off Notch4* normalizes AV
specification in AV shunts. (A to I) Whole-
mount LacZ staining of the surface vascula-
ture of the cerebral cortex reveals expression
of Notch upstream venous specification gene
Coup-TFII, downstream venous marker EphB4,
and downstream arterial marker ephrin-B2.
Perfused vessels were counterstained by
colorimetric 3,3!-diaminobenzidine reac-
tion with horseradish peroxidase–bound
tomato lectin. (A to C) LacZ staining of
Tie2-cre activated Coup-TFII reporter. (A) In
control mice, Coup-TFII was expressed in
the veins, venules, and capillaries up to the
arterioles. (B) InNotch4*-expressingmutants,
Coup-TFII was expressed in the vein and
venous portion of the AV shunt. (C) After
repression of Notch4*, the narrowest point
in AV shunts was found between Coup-TFII–
positive and Coup-TFII–negative endothelium.
(D to F) LacZ stainingof EphB4 reporter. (D) In
control mice, EphB4 was expressed in the
veins and venules up to the capillaries. (E) In
Notch4*-expressing mutants, EphB4 expres-
sionwas reduced throughAVshunts, venules,
and veins. (F) After the repression ofNotch4*,
EphB4 expression was increased in the re-
gressingAV shunt. (G) In controlmice, ephrin-
B2 expression was detected in the arteries
and arterioles up to the capillaries. (H) In
Notch4*-expressing mutants, ephrin-B2 ex-
pression was detected in the arteries, the
AV shunts, and extending into the veins. (I)
After repression of Notch4*, ephrin-B2 ex-
pression was decreased in the regressing
AV shunts and veins. Closed arrowheads in-
dicate venules; open arrowheads indicate
arterioles. n = 3 (A to C, G, and I), n = 4 (H),
and n = 8 (D to F) for each condition. Scale
bars, 100 mm. (J to U) Whole-mount immu-
nofluorescence staining of cerebral cortex
after FITC-lectin perfusion. (J to L) Endo-
thelial localization of Notch4-ICD was un-
detectable in control mice (J) but was
present in a focal manner consistent with
nuclear localization throughout the artery
and vein in Notch4*-On mice (arrowheads
in K); this was reduced once Notch4* was
turned off (L). Arterial markers Dll4 (M to O),
Jag1 (P to R), and Cx40 (S to U) were ex-
pressed in the artery but not the vein in
control mice (M, P, and S). All of these mark-
ers were up-regulated in the artery, through the AV shunt, and into the vein in Notch4*-On mice (N, Q, and T). When Notch4* was turned off, the
expression in theAV shunt and vein was lost but remained in the artery (O, R, and U). n=5 for allmutants,n=2 for each control. Scale bars, 100 mm. See next
page for continuation of figure.
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Finally, we determined the histopathological changes in the brain
parenchyma with and without Notch4* repression. Histological anal-
ysis of Notch4* mutant mice without Notch4* repression revealed foci
of pyknotic nuclei, often surrounding a core of decreased nuclear den-
sity, consistent with ischemia-induced necrosis (four of six mice, Fig. 6G).

Such regions occasionally also contained
evidence of hemorrhage. Notch4* repres-
sion for several weeks eliminated these
pyknotic and acellular regions (nine of
nine mice), although structural damage
could still be detected (Fig. 6H), pre-
sumably representing the evolution of
the earlier ischemic damage. In support
of this, hemosiderin deposits suggested
the resolution of earlier hemorrhages.
These findings suggest structural healing
of earlier lesions after Notch4* repres-
sion. Thus, regression of AV shunts in-
duced by Notch4* repression normalizes
cerebrovascular flow patterns and tis-
sue oxygenation, providing a physio-
logical explanation for recovered brain
function.

DISCUSSION

Here, we report that genetic reprogram-
ming of AV specification converts high-
flowAVshunts to low-flowmicrovessels.
Using in vivo time-lapse imaging at single-
cell resolution, we show thatNotch4* re-
pression leads to a narrowing of AV
shunts that was not dependent on loss
of ECs, initiating AVM regression. Mech-
anistically, this involves the restoration of
venous programming in the high-flow
AV shunts by Notch4* repression.

Notch induces reversible
arterial programming of the
venous compartment
Previously, we have observed expanded
expression of the arterial marker ephrin-
B2 in the vasculature after up-regulation
of Notch signaling in mice (10, 12, 19).
Arterial ECs in coronary artery develop-
ment have been reported to arise from
venous vessels (20). However, it is cur-
rently unknown whether venous ECs
had been reprogrammed to an arterial
specification or whether arterial ECs
had expanded. Using venous markers up-
stream (Coup-TFII) (5) and downstream
(EphB4) (19) of Notch, we now show
that Notch is sufficient to reprogram
differentiated venous endothelium in
the postnatal mouse. We show here,

in normal brain endothelium, that Coup-TFII is preferentially ex-
pressed in venous but not arterial endothelium. Upstream of Notch,
Coup-TFII expression is not affected by Notch4* expression, identi-
fying ECs of venous origin. Expression of Notch4* led to the mis-
expression of the arterial markers ephrin-B2, Dll4, Jag1, and Cx40

Fig. 4. Turning off Notch4* normalizes AV specification in AV shunts. (Continued from previous page)
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in Coup-TFII–positive veins, confirming that Notch4* expression con-
verts venous ECs into arterial ECs. Expression of Notch4* also led to the
suppression of the venous marker EphB4 in the Coup-TFII–positive
cells, demonstrating a simultaneous loss of venous expression in ECs
of the venous lineage. Besides AV marker expression, venous segments
converted by Notch4* repression also exhibit the features of arteries,
including arterial structure and flow velocity. Thus, our data suggest
that Notch is sufficient to induce veins to become arteries.

We further demonstrate that this conversion of veins to arteries
by Notch up-regulation is reversible. Notch4* repression led to re-
expression of the venous marker EphB4 in Coup-TFII–positive ves-
sels, as well as structural and hemodynamic normalization. Thus,
our results suggest that venous vessels induced to become arteries
by Notch4* expression reverted back to veins after repression of
Notch4*. The reversible arterial specification in postnatal vascu-
lature suggests that AV lineage specification is genetically pliable, and
a single genetic manipulation is sufficient to switch AV specifica-
tion postnatally.

AV reprogramming elicits narrowing of high-flow AV
shunts without EC loss
The mechanism underlying the regression of AV shunts after Notch4*
repression involves ephrin-B2 and EphB4-mediated EC reorganiza-
tion, rather than a reduction of EC number. Although the role of
Eph/ephrin signaling in the endothelium is not yet clear, our finding

is consistent with the established functions of ephrin-B2/EphB4 in
regulating cell migration through repulsive signaling (21). We think
that once reexpressed in Coup-TFII+ ECs, EphB4mediates ephrin-B2
signaling and elicits EC repulsion involving actomyosin contraction
(Fig. 7). Supporting a critical role for ephrin-B2/EphB4 signaling in
this normalization process, the specific regression of vessels occurs at
the AV interface, whereas the adjacent arteries often do not regress.
Furthermore, the regression of AV shunts after Notch4* repression
can be blocked by sEphB4.

The mechanism of AV normalization after Notch4* repression is
distinct from the apoptotic mechanism of vessel regression after with-
drawal of the growth factor VEGF (vascular endothelial growth fac-
tor). Microvessels in tumors and normal tissues regress after VEGF
inhibition (22). Regression in these vessels is attributed to apoptosis
of ECs (23). Another model of vessel regression is the hyaloid vascu-
lature of the eye (24). In vivo imaging of hyaloid vessel regression
shows that apoptosis of ECs obstructs the lumen and capillary blood
flow, triggering the apoptosis of remaining ECs in the capillary seg-
ment and ultimately its regression (25). Thus, apoptosis and a sub-
sequent reduction in blood flow are thought to precipitate vessel
regression in these settings.

Our findings suggest that the cellular mechanism underlying the
regression of the high-flow vessels after Notch4* repression does not
involve EC apoptosis, but likely is due to reorganization of ECs result-
ing from restoration of venous identity.

Fig. 5. Venousmarker EphB4 is reexpressed
in venous ECs and is required for AV shunt
regression. (A) Sagittal sections showing
veins in the cerebellum of Tie2-tTA;TRE-
Notch4*;TRE-H2B-eGFP mutants before and
5 days after Notch4* repression, with litter-
mate Tie2-tTA;TRE-H2B-eGFP control mice.
EphB4 expression in TRE-eGFP+ cells was
visualized by immunofluorescence staining.
EphB4 expression was selectively reduced
in Notch4*-expressing mutant mice but re-
covered after Notch4* repression. Graph
shows quantification of EphB4 fluorescence
signal intensity in TRE-GFP+ cells. n = 4 for
mutants, n = 3 for controls, an average of
~12 cells per vessel and >5 vessels per
mouse. (B) Two-photon time-lapse imaging
of cortical brain vessels through a cranial
window in Notch4* mutant mice. Plasma
was labeled by intravenous FITC-dextran.
Treating Notch4* mutant mice with soluble
EphB4 (sEphB4) inhibited the regression
of the AV shunt examined 48 hours after
Notch4* repression. In a Notch4* mutant
mouse littermate treated with soluble hu-
man fibronectin (sFN) as control, the AV
shunt was reduced in diameter 48 hours
after Notch4* repression. Shown is quan-
tification of changes in minimal AV shunt
diameter after 48 hours in mice without
repression of Notch4* (Notch4*-On, n =
35 AV shunts in 11 mice), with repression of Notch4* (Notch4*-Off, n =
22 AV shunts in 10 mice), with repression of Notch4* and sEphB4 intra-
venous treatment (+sEphB4, n = 26 AV shunts in 5 mice), and with re-

pression of Notch4* and sFN control intravenous treatment (+sFN control,
n = 13 AV shunts in 2 mice). Scale bars, 50 mm. Error bars represent SEM
between individual AV shunts.
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Future implications
Direct in vivo imaging in this study demonstrates the regression of
high-flow large vessels to capillary-like vessels by a single genetic ma-
nipulation that represses expression of Notch4*. Markedly, vascular
normalization was not accompanied by hemorrhage and vascular dam-
age. Rather, AV shunt regression safely reversed tissue hypoxia and
tissue dysfunction. We have focused on AVMs in mouse brain, but
the finding likely applies to AVMs in other tissues given that we have
previously identified Notch4*-mediated AVMs in the liver, skin, uterus,
and lung in the mouse (12, 19, 26). Thus, we believe that exploiting the
tractable brain AVMmouse model system will provide important clues
into the cellular and molecular regulation of AVMs in general. AV
shunts are a core component of a range of high-flow vascular lesions
(1). Thus, our demonstration of complete and safe normalization of
dangerous high-flow AV shunts in animals may spur development
of molecular therapeutic strategies to induce the regression of these
dangerous high-flow vessels and treat these devastating diseases.

MATERIALS AND METHODS

Mice
Tie2-cre, Tie2-tTA, and TRE-Notch4*mice are published (8, 10, 12, 19),
as are ephrin-B2+/H2B-eGFP (27), EphB4+/tau-lacZ (16), ephrin-B2+/tau-lacZ

(4),mT/mG (28), TRE-H2B-eGFP (29), and Coup-TFII+/fl-stop-nLacZ mice
(30). Tetracycline solution [Tet (0.5 mg/ml), sucrose (50 mg/ml),
Sigma] was administered to mothers and withdrawn at birth (10).
Doxycycline treatment was initiated with intraperitoneal injection

Fig. 6. Notch4* repression normalizes vascular perfusion and tissue
oxygenation. (A to C) Vascular perfusion of surface vessels of the ce-
rebral cortex by fluorescent tomato lectin. After repression of Notch4*,
capillary perfusion was increased. (D to F) Immunofluorescence (red)
staining for hypoxyprobe (pimonidazole) adduct in coronal section of
mouse cortex. Patches of staining were visible in mutant mice with
neurological defects before Notch4* suppression (D). Staining was re-
duced 72 hours after suppression of Notch4* (E). Control tissue shows
an absence of staining (F). Quantification of staining intensity in cor-
tical brain relative to nonspecific immunoglobulin G controls. Control
before treatment is 30.8 arbitrary units (AU) ± SD 20.6; Notch4* mu-
tant before treatment is 69.0 AU ± SD 34.2; control after treatment is
35.5 AU ± SD 25.6; Notch4* mutant after treatment is 27.6 AU ± SD
13.8. P < 0.05 versus all other groups by one-way analysis of variance
(ANOVA) and Newman-Keuls multiple comparison test. n = 9 at 0 hours
Notch4*-Off, n = 8 at 72 hours Notch4*-Off. (G to J) Hematoxylin and
eosin staining of sagittal paraffin sections of cerebellum. In Notch4*
mutant mice before Notch4* repression (0 hours Notch4*-Off), areas of
hemorrhage (open arrowhead) and necrotic tissue (closed arrowhead) were
visible (G). After 28 days of Notch4* suppression (28 days Notch4*-Off ),
areas of scarring were visible (open arrow), but areas of hemorrhage and
necrotic tissue had been resolved (H). The numbers of Purkinje cells were
decreased in (H) when compared to these cells in the corresponding area
in control (J) (solid arrows). Granular cells [open arrow in (H)] were found in
the scarred area. Scale bars, 100 mm.

Fig. 7. Model for AVM regression after Notch4* repression. (A) In control
mice, Notch and ephrin-B2 are expressed in arteries and capillaries. Coup-TFII
and EphB4 are expressed in veins and capillaries. (B) In mutant mice, Notch4*
is forcibly expressed throughout the endothelium, causing the repression of
EphB4 and the expression of ephrin-B2 in AV shunts. The venous marker
Coup-TFII, upstream of Notch, is retained, demarcating the original arterial-
venous boundary. (C) Repression of Notch4* allows EphB4 to be reexpressed
in the Coup-TFII+ venous segment. Normalization of ephrin-B2/EphB4 signal-
ing in ECs results in their reorganization, which initiates AV shunt narrowing
and AVM regression.
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[500 ml of 1 mg/ml in phosphate-buffered saline (PBS)], followed by
doxycycline diet (200 mg/kg, Bio-Serv) (10, 12). All animals were treated
in accordance with the guidelines of the University of California San
Francisco Institutional Animal Care and Use Committee.

sEphB4 treatment
Two hundred microliters of recombinant human EphB4 extracellular
domain (200 mg/ml) (R&D Systems) was injected by tail vein (final
concentration of ~4 mg/kg), followed by 100 ml of 200 mg/ml 24 hours
later (17). Recombinant human fibronectin (R&D Systems) at the
same concentration was a negative control.

In vivo imaging
Chronic in vivo brain vascular imaging was performed as described
(11, 31), with modifications for immature mice (32). Briefly, a craniotomy
was performed over the right cortex. A 5-mm glass coverslip (World
Precision Instruments) was placed over artificial cerebrospinal fluid and
fixed into place. A custommetal bar was attached adjacent to the window,
allowing it to be secured by a custom adaptor arm on a stereotactic base
(Cunningham). For imaging, mice were anesthetized with isoflurane
(1.25 to 1.5%) in pure oxygen on a homeothermic heat blanket (Harvard
Apparatus). Fluorescent contrast agents were injected by tail vein [2000-kD
fluorescein isothiocyanate (FITC)–dextran (Sigma), 155-kD tetramethyl
rhodamine isothiocyanate (TRITC)–dextran (Sigma), or 2000-kD Texas
Red–dextran, prepared according to published protocols (33) and filtered
by dialysis]. Two-photon microscopy was performed with a locally con-
structed microscope, to be described in detail in a future publication.

Immunostaining
Conjugated Lycopersicon esculentum–lectin (Vector Labs) was injected
as we described (10, 12). Brain was fixed by 1% paraformaldehye (PFA)
fixation via the left ventricle. Tissue was incubated in blocking solution
[2% bovine serum albumin (BSA), 0.1% Triton X-100 in PBS],
primary antibody overnight, and secondary antibody overnight. Anti-
bodies were anti–VE-cadherin (BD Pharmingen, clone 11D4.1, 1:200
dilution) and anti–a-smooth muscle actin (Sigma, clone 1A4, 1:200 dilu-
tion) (12, 34). Staining for AV marker expression followed a similar
protocol, except that blocking was with 10% donkey serum and
0.1% Triton X-100 in PBS. Antibodies (2 mg/ml in block) were anti–
Notch4-ICD (intracellular domain) (Millipore), anti-Jag1 (R&D
Systems), anti-Dll4 (R&D Systems), and anti-Cx40 (Santa Cruz).

Notch4 staining followed published protocols (10). Briefly, brains
were perfusion-fixed with or without previous L. esculentum–lectin
(Vector Labs) injection. After overnight fixation in 1% PFA, brains were
sagitally bisected and dehydrated in 30% sucrose in PBS overnight and
embedded in OCT (optimal cutting temperature). Sections (10 mm) were
cut, blocked (3% donkey serum, 2% BSA, 0.2% Triton X-100 in PBS), and
then incubated with anti–Notch4-ICD antibody (Millipore, formerly
Upstate, 1:500 dilution) overnight in block, washed, incubated with second-
ary antibody, washed, and stored in VectaShield + DAPI (Vector Labs).

X-galactosidase/3,3!-diaminobenzidine co-staining
Under ketamine/xylazine and isoflurane anesthesia, 25 mg of biotinylated
L. esculentum–lectin (Vector Labs) was injected via the inferior vena
cava and allowed to circulate for 2 min. Perfusion was performed
through the left ventricle with PBS, followed by fixative (0.25% glutar-
aldehyde, 50 mM EGTA, and 100 mM MgCl2 in PBS). After short fix-
ation, the cortex was stained for b-galactosidase at room temperature

according to published X-galactosidase protocols (35). The cortex was then
fixed with 1% PFA and blocked (10% BSA and 0.1% Triton X-100 in
PBS), incubated with 1:1000 streptavidin-conjugated horseradish per-
oxidase (Jackson ImmunoResearch) in block, washed, and stained
with a DAB (3,3!-diaminobenzidine) kit (Vector Labs).

SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/4/117/117ra8/DC1
Fig. S1. Notch4* repression occurs within 24 hours of doxycycline treatment.
Fig. S2. Placement of the chronic imaging window.
Fig. S3. Specific regression of AV shunts after repression of Notch4*.
Fig. S4. Repression of Notch4* induces regression of well-established large AV malformation.
Fig. S5. AV shunts are stable until repression of Notch4*.
Fig. S6. AV shunts regress to capillary diameter vessels in mice with and without cranial window.
Fig. S7. Smooth muscle coverage is normalized by suppression of Notch4*.
Fig. S8. Velocity changes coincide with narrowing of AV shunts and distal vein beginning by 12
to 24 hours after Notch4* repression.
Fig. S9. Narrowing of ephrin-B2–GFP+ AV shunt occurs specifically after Notch4* repression.
Fig. S10. Tie2-tTA;TRE-H2B-eGFP marks brain endothelial cells.
Fig. S11. Loss of endothelial cells is not required for AV shunt regression.
Fig. S12. Endothelial cells are narrowed in regressing AV shunts.
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V	  

Constitutively	  active	  Notch4	  causes	  brain	  arteriovenous	  malformation	  from	  

capillary-‐like	  vessels	  through	  endothelial	  reprogramming	  

	  

Introduction	  

Brain	   arteriovenous	  malformations	   (BAVMs)	   are	   a	   dangerous	   condition	   characterized	   by	  

enlarged,	   tangled	   shunts	   that	   bypass	   normal	   capillary	   beds.	   These	   high-‐flow	   lesions	   are	  

believed	   to	   persist	   and	   enlarge	   under	   the	   influence	   of	   blood	   flow[1,2],	   and	   abnormal	  

hemodynamic	  stress	  exerted	  on	   the	  vasculature	  can	   lead	   to	   life-‐threatening	  ruptures[1,2].	  

Hemodynamic	  forces	  have	  been	  recognized	  to	  play	  a	  role	  in	  shaping	  blood	  vessels	  and	  were	  

once	  thought	  to	  be	  the	  primary	  determinants	  of	  arteriovenous	  (AV)	  identity[3,4,5,6].	  More	  

recently,	  biochemical	  programs	  have	  been	  identified	  that	  are	  involved	  in	  specifying	  arteries	  

and	  veins	  prior	  to	  circulation[7]	  raising	  important	  questions	  on	  the	  interplay	  of	  genetic	  and	  

hemodynamic	  cues	   in	  development	  and	  maintenance	  of	   the	  AV	  hierarchy[7,8].	  Elucidating	  

the	  origin	  and	  pathogenesis	  of	  AVMs	  will	  provide	  a	  fundamental	  understanding	  of	  how	  the	  

AV	  network	  is	  maintained	  and	  balanced	  in	  the	  living	  organism.	  

	  

Observations	   in	   human	   skin	   AVMs	   suggest	   that	   these	   defects	   are	   initiated	   by	   the	  

enlargement	  of	  post-‐capillary	  venules	  and	  grow	  over	   time[9].	   In	  contrast,	  brain	  AVMs	  are	  

often	  discovered	  in	  younger	  people	  and	  have	  morphologic	  similarities	  to	  early	  vasculature,	  

leading	  to	  the	  favored	  model	  that	  BAVMs	  are	  a	  result	  of	  failed	  remodeling	  from	  embryonic	  

development	  persisting	   as	   congenital	   lesions	   into	   adulthood	   [10,11].	  A	  number	  of	   studies	  

have	   identified	   mutations	   that	   are	   important	   for	   vascular	   development	   and	   lead	   to	  

embryonic	  AVMs	  [2,12,13,14].	  However,	  these	  genetic	  defects	  are	  also	  embryonic	  lethal	  and	  

it	   remains	   unclear	   if	   they	   account	   for	   the	   presentation	   of	   AVMs	   in	   people.	   An	   alternative	  
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model	   is	   the	  de	  novo	   formation	  of	  postnatal	  AVMs,	  which	  could	  potentially	  arise	   from	   the	  

fusion	  of	  arteries	  and	  veins	  or	  the	  enlargement	  of	  pre-‐existing	  capillaries.	  Such	  mechanisms	  

would	  demonstrate	  the	  plasticity	  of	  the	  AV	  network	  and	  provide	  insight	  into	  programs	  that	  

distinguish	  arteries	  and	  veins	  later	  in	  life.	  

	  

We	   recently	   reported	   that	   expression	   of	   activated	   Notch4	   (Notch4*)	   in	   endothelial	   cells	  

results	   in	   AVMs	   in	   young	   and	   adult	  mice[15,16].	   Additionally,	  we	   and	   others	   have	   linked	  

increased	  Notch	  signaling	   in	  ECs	  with	  human	  brain	  AVMs[17,18],	  suggesting	  an	   important	  

role	   for	   this	   signaling	   pathway	   in	   the	   pathogenesis	   of	   the	   disease.	   Notch	   signaling	   is	   an	  

exquisitely	   sensitive	   regulator	   of	   lineage	   decisions	   in	   many	   aspects	   of	   embryonic	  

development[19,20]	  and	  has	  emerged	  as	  a	  critical	  mediator	   in	   the	  arterial	  specification	  of	  

endothelial	   cells.	   In	   embryo,	   Notch	   loss-‐of-‐function	   mutations	   exhibit	   enlarged	  

arteriovenous	   connections	   with	   decreased	   expression	   of	   arterial	   marker	   ephrinB2	   and	  

increased	  expression	  of	  venous	  marker	  EphB4	  ectopically	  in	  arteries30,35	  [12,13].	  We	  found	  

that	   expression	  of	  Notch4*	   in	  ECs	   resulted	   in	  upregulation	  of	   ephrin-‐B2	   and	   concomitant	  

reduction	  of	  EphB4	  in	  AVMs	  and	  veins[16,21]	  in	  postnatal	  mice,	  suggesting	  that	  the	  balance	  

of	  Notch	  activity	  is	  important	  both	  for	  AV	  development	  as	  well	  as	  maintenance.	  

	  

We	  use	  our	  Notch-‐mediated	  mouse	  model	  of	  AVMs	  and	   in	  vivo	   two-‐photon	   laser	  scanning	  

microscopy	   (TPLSM)	   to	   acquire	   vessel	   topology	   and	   blood	   velocity	   data	   over	   time	   in	   the	  

neonatal	   brain.	   Here,	   we	   find	   that	   Notch	   activity	   in	   non-‐arterial	   vessels	   leads	   to	   the	  

enlargement	  of	  pre-‐existing	  capillaries,	  thereby	  causing	  shunting	  and	  progressive	  growth	  of	  

AVMs.	  	  
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Results	  

Brain	  arteriovenous	  malformation	  is	  a	  devastating	  disease	  with	  poorly	  understood	  etiology.	  

These	  tortuous,	  high-‐flow	  lesions	  are	  often	  identified	  before	  the	  age	  of	  30	  and	  demonstrate	  

morphologic	   characteristics	   similar	   to	   embryonic	   vessels,	   leading	   to	   the	   hypothesis	   that	  

brain	  AVMs	  arise	  from	  defects	  in	  early	  vascular	  development	  [2,6	  PD].	  However,	  this	  theory	  

remains	  speculative	  due	   to	   the	  paucity	  of	   chronic	   imaging	  data	  on	  AVM	  development.	  We	  

have	  previously	  reported	  a	  mouse	  model	  of	  AVM	  (Tie2-‐tTA;TRE-‐Notch4*)	  wherein	  Notch4*,	  

a	   truncated	   and	   constitutively	   active	   Notch4	   receptor,	   is	   expressed	   in	   ECs	   using	   the	  

temporally	   regulatable	   tetracycline-‐responsive	  system	  [STM	  12].	  Expression	  of	  Notch4*	   is	  

under	   control	   of	   the	   tetracycline-‐responsive	   element	   (TRE)	   and	   is	   activated	   by	   the	  

tetracycline	  transactivator	  (tTA)	  which	  is	  driven	  in	  ECs	  by	  the	  Tie2	  promoter.	  Induction	  of	  

Notch4*	  in	  adulthood	  caused	  AVMs	  in	  liver,	  skin,	  and	  uterus	  [ref]	  and	  induction	  in	  neonatal	  

life	  caused	  brain	  AVMs	  as	  early	  as	  postnatal	  day	  12	  (P12)	  [ref].	  The	  temporal	  control	  of	  this	  

system	   is	   an	   important	   feature	   offering	   the	   study	   of	   spontaneous	   AVM	   formation.	   We	  

speculated	  that	  AVMs	  arise	  in	  our	  model	  by	  one	  of	  two	  possibilities:	  (1)	  the	  enlargement	  of	  

pre-‐existing	  capillaries	  or	  (2)	  de	  novo	  connections	  that	  form	  between	  arteries	  and	  veins.	  To	  

dynamically	  study	  the	  developmental	  origin	  of	  these	  AVMs,	  we	  implanted	  cranial	  windows	  

over	  the	  right	  parietal	  cortex	  of	  young	  animals	  about	  P7	  and	  employed	   in	  vivo	  two-‐photon	  

laser-‐scanning	  microscopy	  (TPLSM)	  to	  record	  vessel	  topology	  and	  hemodynamics	  over	  time.	  

	  

Notch4*-‐mediated	  AVMs	  arise	  from	  the	  primary	  enlargement	  of	  capillary-‐like	  vessels	  

Multiple	   brain	   vascular	   fields	   were	   obtained	   across	   each	   cranial	   window	   using	   in	   vivo	  

TPLSM.	   The	   blood	   plasma	   was	   labeled	   with	   high-‐molecular	   weight	   fluorescein-‐dextran,	  

revealing	   branching	   networks	   of	   surface	   and	   penetrating	   vessels.	   Candidate	   regions	   for	  

time-‐lapse	   imaging	   were	   selected	   based	   upon	   identifiable	   arteries	   and	   veins	   within	   the	  
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same	  field	  of	  view	  that	  were	  joined	  by	  capillary-‐like	  vessels.	  By	  daily	  imaging,	  we	  observed	  

AV	  shunts	  enlarge	   from	  what	  appeared	   to	  be	  pre-‐existing	  capillaries	   (44/103	  vessels	   in	  8	  

mice).	  These	  lesions	  progressively	  enlarged	  in	  caliber	  (Figure	  1A,	  Supplemental	  movies	  1	  

and	   2)	   while	   other	   capillary-‐like	   vessels	   did	   not	   enlarge	   (22/103	   vessels	   in	   8	   mice)	   or	  

pruned	  away	  over	  time	  (37/103	  vessels	  in	  8	  mice).	  Control	  capillaries	  did	  not	  enlarge	  over	  

time	  (Figure	  1B).	  Large-‐scale	  involvement	  of	  the	  brain	  was	  examined	  at	  an	  advanced	  stage	  

of	  disease	  by	  casting	  the	  vasculature	  with	  radio-‐opaque	  microfil	  and	  imaging	  with	  microCT.	  

Here,	  we	  found	  that	  AVMs	  were	  extremely	  large	  and	  directly	  connected	  the	  largest	  branches	  

of	   the	  middle	   cerebral	   artery	   and	  draining	  veins	   (Supplemental	   Figure	   1).	   Interestingly,	  

these	  branches	  were	  generally	  associated	  with	  one	  large	  AVM,	  suggesting	  that	  only	  a	  few	  of	  

the	  initial	  AV	  shunts	  had	  progressed	  to	  this	  size.	  

	  

AVMs	  have	   long	  been	  speculated	   to	  persist	  and	  enlarge	  under	   the	   influence	  of	  high	  blood	  

flow	   [refs],	   however,	   the	   intrinsic	   coupling	   between	   flow	   and	   low-‐resistance	   shunts	   has	  

obscured	   whether	   one	   may	   be	   the	   initiating	   pathology.	   Capillaries	   are	   necessarily	   the	  

lowest	  flow	  vessels	  in	  the	  body	  and	  allow	  nutrient	  and	  waste	  exchange	  between	  the	  tissue	  

and	   circulation.	   To	   test	   whether	   dysregulation	   in	   blood	   flow	   or	   vessel	   diameter	   was	   the	  

primary	  defect,	  we	   examined	   the	   temporal	   relationship	  between	   increased	  blood	   velocity	  

and	   lumen	   diameter	   during	   the	   onset	   of	   AV	   shunts.	   Red	   blood	   cell	   (RBC)	   velocities	  were	  

analyzed	  from	  line-‐scans	  recorded	  along	  the	  narrowest	  vessel	  segments	  joining	  arteries	  and	  

veins	  [refs].	  Figure	  1C	  shows	  the	  relationship	  between	  lumen	  diameter	  and	  blood	  velocity	  

in	   three	   representative	   capillary-‐like	   vessels	   that	   were	   studied	   over	   time.	   Abnormal	  

increases	   were	   determined	   as	   greater	   than	   twice	   the	   standard	   deviation	   of	   physiologic	  

variability	  in	  capillaries	  of	  control	  animals.	  The	  initial	  enlargement	  of	  lumen	  diameter	  in	  AV	  

shunts	  either	  coincided	  with	  the	  initial	  increase	  in	  velocity	  (4/18	  capillary-‐like	  vessels	  in	  4	  
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mice)	   or	   preceded	   the	   initial	   increase	   in	   velocity	   (4/18	   capillary-‐like	   vessels	   in	   4	   mice).	  

Some	  capillary-‐like	  vessels	  enlarged	  without	  any	  significant	  increase	  in	  velocity	  during	  the	  

acquisition	   period	   of	   several	   days	   (4/18	   capillary-‐like	   vessels	   in	   4	   mice),	   while	   others	  

exhibited	  neither	  an	  increase	  in	  diameter	  or	  velocity	  (6/18	  capillary-‐like	  vessels	  in	  4	  mice).	  

Figure	   1D	   shows	   representative	   examples	   of	   lumen	   diameter	   and	   blood	   velocity	   in	  

capillaries	  from	  control	  mice.	  The	  initial	  increase	  in	  velocity	  and	  diameter	  of	  AV	  shunts	  are	  

visually	  depicted	  in	  Figure	  1E.	  Note	  that	  the	   initial	   increase	   in	  diameters	  either	  coincided	  

with	   or	   preceded	   the	   initial	   increase	   in	   velocities.	   These	   results	   suggest	   that	   the	   initial	  

enlargement	   of	   capillary-‐like	   vessels	   may	   occur	   prior	   to	   blood	   flow	   changes	   and	   is	   the	  

initiating	  pathology	  leading	  to	  AV	  shunts	  in	  our	  mouse	  model.	  

	  

Expression	   of	   Notch4*	   in	   postnatal	   life	   rapidly	   converts	   cerebral	   capillary-‐like	  

vessels	  into	  AV	  shunts	  

We	  examined	  Notch4-‐ICD	  staining	  in	  a	  subset	  of	  animals	  at	  ages	  P10,	  P12,	  and	  P18	  to	  test	  

whether	  Notch4*	   expression	  was	   rapidly	   associated	  with	   the	   onset	   of	   AV	   shunts	   (Figure	  

2A).	  These	  ages	  were	  selected	  to	  correspond	  with	  periods	  before	  AV	  shunts,	  coincident	  with	  

onset	   of	   AV	   shunts,	   and	   after	   the	   formation	   of	   brain	  AVMs,	   respectively.	   Anti-‐Notch4-‐ICD	  

was	  quantified	  by	  immunofluorescence	  in	  nuclei	  of	  endothelial	  cells	  as	  previously	  described	  

[22,23].	  Because	  Notch4*	  is	  a	  portion	  of	  the	  Notch4	  receptor,	  the	  anti-‐Notch4-‐ICD	  staining	  

could	  not	  distinguish	  Notch4*	  from	  endogenous	  Notch4.	  Therefore,	  nuclear	  accumulation	  of	  

Notch4-‐ICD	  in	  mutant	  mice	  was	  normalized	  between	  age-‐	  and	  experiment-‐matched	  controls	  

to	   evaluate	   the	   relative	   increase	   in	   Notch4-‐ICD	   (Figure	   2B).	   Mutant	   mice	   exhibited	  

7.1±1.96%	  increase	  in	  staining	  relative	  to	  controls	  at	  P10.	  Staining	  in	  mutants	  increased	  by	  

40.1±5.1%,	  and	  83.4±3.6%	  at	  P12	  and	  P18,	  respectively.	  These	  animals	  also	  contained	  the	  

TRE-‐H2B-‐GFP	  reporter	  [24],	  where	  expression	  of	  Notch4*	  and	  nuclear	  GFP	  were	  regulated	  
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in	   ECs	   by	   the	   Tie2-‐tTA	   construct	   [21].	   GFP	   and	   Notch4-‐ICD	   staining	   intensities	   were	  

positively	   correlated	   in	  EC	  nuclei	   of	  Notch4*	  mice	   (Pearson	   r	  =	  0.5286,	  P	   value	  <	  0.0001,	  

Supplemental	   Figure	   2),	   where	   90.7%	   of	   GFP+	   cells	   (greater	   than	   x3	   background	  

intensity)	  had	  a	  greater	  than	  20%	  increase	  in	  Notch4-‐ICD	  staining	  relative	  to	  controls.	  We	  

utilized	   TRE-‐H2B-‐GFP	   as	   a	   fluorescent	   method	   to	   monitor	   the	   spatio-‐temporal	   ‘on’	  

expression	   of	   transgene	   by	   in	   vivo	   TPLSM	   (Figure	   2C).	   AVMs	   arose	   from	   capillary-‐like	  

vessels	   that	   acquired	   GFP+	   cells	   shortly	   before	   their	   enlargement	   into	   AV	   shunts	   (18/19	  

AVMs	   in	   5	   mice,	   Figure	   2D).	   The	   enlargement	   of	   these	   vessels	   was	   correlated	   with	   the	  

number	  of	  GFP+	  nuclei	   that	   they	  contained	  (Pearson	  r	  =	  0.7713,	  P	  value	  <	  0.0001,	  Figure	  

2D).	   These	   results	   indicate	   that	   Notch4*	   expression	   increased	   shortly	   before	   the	  

enlargement	  of	  capillary-‐like	  vessels,	  suggesting	  that	  AV	  shunts	  developed	  from	  the	  normal	  

vasculature	  in	  postnatal	  life.	  

	  

AV	  specification	  in	  cerebral	  vessels	  appears	  normal	  prior	  to	  onset	  of	  AV	  shunts	  

We	  then	  asked	  whether	  the	  AV	  specification	  of	  the	  vasculature	  was	  abnormal	  just	  prior	  to	  

the	  onset	  of	  AV	  shunts	   in	  Notch4*	  mice.	  We	  therefore	  examined	  the	  expression	  pattern	  of	  

arteriovenous	  markers	  that	  act	  either	  downstream	  or	  independently	  of	  Notch4	  signaling.	  To	  

examine	  arterial	  marker	  expression,	  we	  utilized	  the	  Notch1+/nlacZ	  [ref]	  reporter	  and	  ephrin-‐

B2+/tau-‐lacZ	  mice	  [7].	  Notch1	  is	  arterial	  marker	  that	  acts	  in	  parallel	  with	  Notch4	  in	  ECs.	  LacZ	  

expression	   is	   nuclear	   in	   the	   Notch1+/nlacZ	   reporter,	   which	   was	   restricted	   to	   arteries	   in	  

Notch4*	   and	   control	  mice	   without	   labeling	   capillaries	   or	   veins	   (Figure	   3A	   and	   3B).	  We	  

previously	   reported	   AVMs	   in	   Notch4*	   mice	   exhibited	   arterial	   specification	   by	   increased	  

expression	   of	   Notch-‐downstream	   arterial	   marker	   ephrin-‐B2	   [21][and	   PNAS].	   Here,	   we	  

demonstrate	   ephrin-‐B2	   expression	   is	   restricted	   to	   arteries	   in	   Notch4*	   and	   control	   mice	  

without	  the	  presence	  of	  AV	  shunts	  at	  P10	  (Figure	  3C	  and	  3D).	  	  
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Next,	  we	  examined	  venous	  marker	  expression	  using	  EphB4+/tau-‐lacZ	  [8]	  and	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Coup-‐

TFII+/fl-‐stop/nlacZ;	  Tie2-‐Cre	   [P5,	  STM]	  mice.	  Coup-‐TFII	   is	  a	  venous	  marker	  upstream	  of	  Notch	  

signaling	   [Tsai	   reference].	   LacZ	  expression	   is	  nuclear	   in	   the	  Coup-‐TFII+/fl-‐stop/nlacZ	  mice	  and	  

controlled	   by	   a	   flox-‐STOP	   sequence.	   Tie2-‐Cre	   enabled	   lacZ	   to	   report	   Coup-‐TFII	   in	   Tie2+	  

endothelium	   and	   hematopoietic	   lineages,	  which	  was	   expressed	   throughout	   the	   veins	   and	  

into	   the	   capillaries	   in	  mutants	   and	   controls	   without	   AV	   shunts	   (Figure	   3E	   and	   3F).	  We	  

previously	   reported	   Notch4*	   mice	   exhibited	   suppression	   of	   Notch-‐downstream	   venous	  

marker	  EphB4	  in	  AVMs	  and	  veins	  [21].	  At	  P10,	  EphB4	  is	  expressed	  throughout	  the	  veins	  of	  

mutant	   and	   control	  mice	  without	   the	   presence	   of	  AV	   shunts	   (Figure	   3G	   and	   3H).	   Taken	  

together,	   these	   results	   suggest	   that	   the	   arteriovenous	   specification	   of	   the	   vasculature	   in	  

mutants	  was	  normal	  within	  a	  day	  or	  two	  of	  initial	  enlargement	  of	  AV	  shunts.	  

	  

AVM	  formation	  is	  mediated	  through	  canonical	  Notch	  signaling	  

RBP-‐J,	   a	   DNA-‐binding	   protein,	   is	   ubiquitously	   expressed	   and	   is	   a	   critical	   mediator	   of	  

canonical	   signaling	   of	   all	   four	   types	   of	   the	   Notch	   receptor	   [25].	   The	   Notch	   intracellular	  

domain	  translocates	  to	  the	  nucleus	  and	  acts	  as	  a	  transcriptional	  activator	  upon	  binding	  with	  

RBP-‐J	   [26].	   To	   determine	   if	   AVM	   formation	   in	   our	   model	   is	   mediated	   through	   canonical	  

Notch	  signaling,	  we	  deleted	  RBP-‐J	  throughout	  the	  endothelium	  of	  postnatal	  mice	  prior	  to	  the	  

onset	  of	  AV	  shunts.	  Notch4*	  and	  control	  mice	  were	  crossed	  with	  the	  RBP-‐Jflox	  [27]	  and	  Cdh5-‐

CreER	  [ref]	  constructs	  and	  administered	  tamoxifen	  at	  P7	  and	  P8	  for	  Cre-‐mediated	  excision	  

of	  RBP-‐J	  in	  Cdh5+	  endothelial	  cells.	  Using	  this	  approach,	  we	  found	  that	  Notch4*	  mutants	  did	  

not	   form	  AVMs	  by	  P18	  when	  both	  alleles	  of	  RBP-‐J	   had	  been	  excised	   (43	   image	   fields	   in	  4	  

mice,	  Figure	  4A)	  but	  still	  developed	   in	  Notch4*	   littermates	   that	  retained	  one	  endogenous	  

RBP-‐J	   allele	   (20	   fields	   in	   3	   mice,	   Figure	   4B).	   Control	   animals	   did	   not	   exhibit	   noticeable	  
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cerebrovascular	   abnormalities	   upon	   excision	   of	   both	  RBP-‐J	  alleles	   (27	   of	   fields	   in	   5	  mice,	  

Figure	  4C)	  or	  one	  RBP-‐J	  allele	  (23	  fields	   in	  4	  mice,	  Figure	  4D).	  Cre	  activity	  was	  verified	  in	  

endothelium	  with	  the	  addition	  of	  the	  mT/mG	  reporter,	  allowing	  GFP	  expression	  upon	  Cre-‐

mediated	   recombination	   in	   Cdh5+	   cells	   (Figure	   4A’	   to	   4D’).	   Taken	   together,	   these	   data	  

suggest	  that	  the	  onset	  of	  AV	  shunts	  is	  mediated	  through	  the	  canonical	  signaling	  pathway	  in	  

ECs	  of	  Notch4*	  mice.	  Additionally,	  we	  examined	  the	  survival	  in	  a	  subset	  of	  Notch4*	  animals	  

with	   deletion	   of	   one	   or	   both	  RBP-‐J	  alleles,	   demonstrating	   improved	   survival	   in	   the	   latter	  

group	  (Figure	  4E).	  

	  

Notch	  signaling	  in	  non-‐arterial	  vessels	  mediates	  AVM	  formation	  

Next,	   we	   directly	   examined	   whether	   Notch4*	   expression	   contributed	   to	   AVM	   formation	  

through	   signaling	   in	   the	   arterial	   or	   non-‐arterial	   compartment.	  We	   employed	   two	   genetic	  

approaches.	  First,	  we	  conditionally	  expressed	  Notch4*	   in	  arterial	  ECs	  under	  control	  of	   the	  

BMX-‐CreER2;flox-‐stop-‐tTA	  construct.	   BMX	   is	   a	   tyrosine	   kinase	   that	   is	   expressed	   in	   arterial	  

endothelium,	   endocardium,	   and	   lymphatic	   vessels	   [28,29].	   In	   brain,	   the	   BMX-‐CreER2	  

construct	  allows	  Cre-‐mediated	  recombination	  that	  is	  highly	  specific	  to	  arterial	  endothelium	  

and	   is	   not	   detected	   in	   capillaries	   or	   veins	   (Supplemental	   Figure	   3).	   We	   administered	  

tamoxifen	   at	   P7	   and	   P8	   and	   examined	   the	   cerebral	   vessels	   at	   P18.	   BMX-‐CreER;flox-‐stop-‐

tTA;TRE-‐Notch4*	   animals	   demonstrated	   no	   AVMs	   or	   gross	   abnormalities	   in	   the	   cerebral	  

vasculature	   (34	   fields	   in	   4	   mice,	   Figure	   5A).	   Conversely,	   Cdh-‐CreER;flox-‐stop-‐tTA;TRE-‐

Notch4*	  mice	   developed	   robust	   AVMs	   (33	   fields	   in	   3	   mice,	   Figure	   2B),	   indicating	   that	  

arterial-‐specific	  expression	  of	  Notch4*	  did	  not	  cause	  brain	  AVMs.	  	  

	  

Our	  second	  genetic	  approach	  was	  to	  test	  if	  blocking	  canonical	  Notch	  signaling	  in	  arterial	  ECs	  

of	  Notch4*	  mice	  prevented	  AVM	  formation.	  Tie2-‐tTA;TRE-‐Notch4*	  and	  control	  animals	  were	  
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crossed	  with	   the	  RBP-‐Jflox	   and	  BMX-CreERT2	   constructs	   and	  administered	   tamoxifen	  at	  P7	  

and	   P8	   to	   allow	   Cre-‐mediated	   excision	   of	  RBP-‐J	   in	   arterial	   ECs.	   Notch4*	  mutants	   formed	  

AVMs	  by	  P18	  regardless	  of	  whether	  they	  were	  homozygous	  (34	  fields	  in	  4	  mice,	  Figure	  6A)	  

or	  heterozygous	  (15	  fields	  in	  2	  mice,	  Figure	  6B)	  	  for	  the	  RBP-‐Jflox	  transgene.	  Control	  animals	  

did	   not	   exhibit	   AVMs	   or	   noticeable	   cerebrovascular	   abnormalities	  when	  homozygous	   (28	  

fields	  and	  5	  mice,	  Figure	  6C)	  or	  heterozygous	  (11	  fields	  in	  2	  mice,	  Figure	  6D)	  for	  the	  RBP-‐

Jflox	  transgene.	  Cre	  activity	  was	  verified	  in	  arterial	  endothelium	  with	  the	  addition	  of	  mT/mG	  

reporter,	  allowing	  GFP	  expression	  upon	  Cre-‐mediated	  recombination	  of	  BMX+	  cells	  (Figure	  

6A’	   to	   6D’).	  Taken	   together,	   these	   results	   suggest	   that	   the	   formation	  of	  AVMs	   in	  Notch4*	  

mice	  was	  mediated	  by	  Notch	   signaling	   in	  non-‐arterial	   endothelium.	   Interestingly,	  we	   also	  

found	   that	   the	   BMX-CreERT2 ;mT/mG	   construct	   labeled	   AVMs	   and	   veins	   upon	  

administration	  of	  tamoxifen	  at	  P16	  and	  P17	  (Supplemental	  Figure	  4).	  This	  result	  is	  further	  

evidence	   that	   Notch4*	   was	   not	   expressed	   in	   capillaries	   or	   veins	   upon	   induction	   with	  

tamoxifen	  at	  P7	  and	  P8,	  and	  suggests	  the	  possibility	  that	  BMX	  promoter	  activity	  is	  regulated	  

by	  Notch4	  signaling.	  
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Discussions	  

To	  date,	  the	  etiology	  and	  developmental	  mechanisms	  of	  BAVM	  formation	  remains	  obscure.	  

The	   favored	   model	   is	   that	   BAVMs	   are	   a	   result	   of	   failed	   remodeling	   from	   embryonic	  

vasculature	   that	   persist	   as	   congenital	   lesions	   into	   adulthood	   [10].	   This	   theory	   is	   based	  

heavily	  on	  the	  morphological	  appearance	  of	  adult	  BAVMs	  due	  to	   lack	  of	  timelapse	  data	  on	  

disease	   onset.	   We	   have	   previously	   reported	   that	   Notch4*	   expression	   in	   ECs	   leads	   to	  

reprogramming	   of	   AV	   specification	   and	   the	   development	   of	   brain	   AVMs	   in	   neonatal	   life.	  

Here,	  we	  use	   four-‐dimensional	  TPLSM	   to	  dynamically	  observe	  vascular	   remodeling	   in	   the	  

young	   mouse	   brain	   and	   find	   that	   BAVMs	   can	   arise	   from	   the	   conversion	   of	   postnatal	  

capillaries	   into	  high	   flow	  shunts.	  The	   initiation	  of	   these	  AV	  shunts	   involves	  an	   increase	   in	  

capillary	   diameter	   that	   can	   precede	   elevated	   blood	   flow.	   Mechanistically,	   this	  

transformation	  involves	  ectopic	  Notch	  signaling	  in	  non-‐arterial	  vessels	  and	  does	  not	  require	  

Notch	  signaling	  in	  arteries.	  

	  

De	  novo	  AVM	  formation	  

Our	  data	  support	  the	  theory	  of	  de	  novo	  AVM	  formation	  through	  enlargement	  of	  capillaries	  in	  

the	  context	  of	  rapidly	  growing	  tissue.	  We	  previously	  found	  that	  Notch4*	  expression	  resulted	  

in	   BAVMs	   during	   the	   neonatal	   period	   when	   the	   brain	   was	   rapidly	   growing,	   but	   not	   in	  

postweaning	  mice	  [16].	  Additionally,	  Notch4*	  expression	  in	  adult	  mice	  most	  greatly	  affected	  

the	  liver,	  skin,	  and	  uterus	  –	  organs	  that	  continuously	  remodel	  though	  adult	  life	  [15].	  	  	  

 

Recent work in an alternate mouse model of AVM demonstrated that	   deletion	   of	   ALK1	  with	  

constitutive	   L1Cre resulted in robust brain, GI, and lung AVMs with lethality by P5 [30], 

supporting the hypothesis that growing tissues provide a permissive environment for AVM 

formation. Importantly, this study also found that postnatal deletion of ALK1 resulted in AVMs 
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upon wounding in dermis, indicating that injury could provide necessary cues for the de novo 

formation of AVM in adult mice. In this setting, AVMs formed by active extension	  of	  arterial	  

blood	  vessels	   that	  met	   growing	  venous	  branches	   and	   then	  enlarged.	  Although	  we	  did	  not	  

observe	  AVMs	  developing	  from	  new	  connections	  in	  our	  Notch4*	  model,	  a	  compelling	  theory	  

is	  that	  growing	  or	  healing	  tissues	  share	  common	  signaling	  elements	  that	  are	  permissive	  for	  

enlargement	  of	  capillaries	  regardless	  of	  their	  origin.	  

	  

Capillaries	   enlarge	   into	   AV	   shunts	   without	   mixing	   or	   extension	   of	   cells	   from	   the	  

artery	  

Interestingly,	   recent	   work	   has	   demonstrated	   that	   dynamic	   ‘cell-‐mixing’	   of	   ECs	   may	  

contribute	   to	   angiogenic	  morphogenesis	   in	   a	  Notch-‐dependent	   fashion	   [31].	   Using	   in	  vivo	  

TPLSM,	   we	   observed	   that	   ECs	   can	   migrate	   within	   the	   walls	   of	   established	   vessels	  

(Supplemental	  Figure	  5).	  To	  further	  test	  whether	  active	  extension	  of	  arterial	  vessels	  might	  

contribute	  to	  AVMs	  in	  our	  mouse	  model,	  we	  fluorescently	  labeled	  the	  arterial	  ECs	  using	  the	  

BMX-‐CreER;mT/mG	  with	  tamoxifen	  induction	  at	  P1	  and	  P2,	  and	  imaged	  the	  development	  of	  

AVMs	   using	   in	   vivo	  TPLSM.	   AV	   shunts	   developed	   without	   the	   migration	   of	   ECs	   from	   the	  

adjacent	   arteries	   (11/11	   AVMs	   in	   5	   mice,	   Figure	   7),	   further	   supporting	   the	   notion	   that	  

AVMs	  can	  arise	  from	  the	  primary	  growth	  of	  capillaries.	  

	  

Smooth	  muscle	  coverage	  is	  not	  required	  for	  the	  initial	  enlargement	  of	  capillaries	  

A	  common	  feature	  of	  human	  AVMs	  is	  increased	  vascular	  smooth	  muscle	  cell	  (SMC)	  coverage,	  

which	   is	   speculated	   to	  be	  a	   result	  of	  AV	  shunting	   [32].	   In	  our	  animal	  model,	  we	  observed	  

enhanced	   smooth	   muscle	   coverage	   in	   AVMs	   and	   veins	   that	   was	   normalized	   upon	  

suppression	   of	   Notch4*	   [21].	   This	   phenotype	   led	   us	   to	   ask	   whether	   SMCs	  might	   directly	  

contribute	  to	  the	  enlargement	  of	  capillaries	  into	  AV	  shunts.	  We	  examined	  early	  AV	  shunts	  in	  
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cerebral	   cortex	   at	   P12	   by	   wholemount	   immunostaining	   with	   α−Smooth	   muscle	   actin	  

(αSMA).	  Staining	  was	  visible	   in	  arteries	  and	  veins,	  but	  was	  often	  absent	   from	  small	  AVMs	  

(Figure	   8).	   These	   results	   suggest	   that	   SMCs	   do	   not	   play	   a	   direct	   role	   in	   the	   onset	   of	   AV	  

shunts	   and	   further	   supports	   the	   notion	   that	   SMC	   coverage	   in	   AVMs	   is	   a	   consequence	   of	  

shunting.	   Importantly,	   recent	  work	   has	   demonstrated	   that	   pericytes	   can	   directly	   regulate	  

capillary	  constriction	   in	  retina	  and	  cerebellar	  slices	   [33], raising the possibility that pericyte 

dysfunction might contribute to the initial enlargement of capillaries in Notch4* mice. A detailed 

investigation of the interaction between endothelial Notch signaling and apposed pericytes 

through paracrine or cell-cell signaling may shed light on an important mechanism maintaining 

capillaries and preventing their enlargement into AV shunts. 

	  

We employed two-photon laser scanning microscopy and a neonatal cranial window for in vivo 

observation of vessels in the mouse brain and studied the formation of brain AVM over time. 

Using this approach, we demonstrate that AVMs may arise from capillaries during postnatal life 

upon endothelial expression of Notch4*. The onset of AV shunts involves an increase in capillary 

diameter that can precede elevated blood flow, suggesting that disruption of capillary caliber is 

the initiating pathology in the formation of AVMs. We have focused on brain, but our findings 

likely apply in other organs such as liver, uterus, skin, and lung where we have also identified 

AVMs in Notch4* mice [15]. Our data supports a model of de novo AVM formation in actively 

remodeling tissues. Our mouse model may also be used to shed light on the permissive conditions 

for AVM formation by investigating the molecular congruencies across these organs during 

periods of AVM development or quiescence. 
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Methods 

 

In Vivo Imaging 

Cranial windows for long-term imaging were performed as previously described [34,35,36,37] 

with modifications for immature mice [21,38]. In brief, one-week-old mice were anesthetized 

with 0.5-2% isoflurane in 2 L/min of oxygen and warmed with a homeothermic blanket (Harvard 

Apparatus). The scalp was treated with betadine and given subcutaneous injection of 0.125% 

bupivacaine prior to surgery. The head was immobilized for surgery and imaging by attaching a 

custom-milled metal bar to the cranium, allowing it to be secured to an adapter arm that was 

added to a stereotactic base (myNeuroLab.com). A small craniotomy was performed over the 

right cortex, bathed in artificial cerebral spinal fluid, covered with a 5 mm round coverslip 

(World Precision Instruments), and sealed in place with dental acrylic (Lang Dental) to provide 

optical access to the brain. Mice were administered with subcutaneous injections of 0.1 mg/kg 

buprenorphine pre-operatively and twice daily for three days.  

 

The blood was fluorescently labeled for in vivo imaging with either 2000 KDa fluorescein-

dextran (Sigma) or 2000 KDa Texas Red-dextran prepared according to a published protocol [39] 

and filtered with 1000 KDa dialysis tubing (Spectrum Labs). Low-energy femtosecond laser 

pulses were centered at 870 nm to simultaneously excite Texas Red-dextran and GFP, or at 800 

nm to excite fluorescein-dextran. Line-scan data was typically recorded at 2.6 kHz along the 

central axis of vessels and analyzed for blood velocity using previously described methods 

[34,35,36,37]. Image and line-scan data were obtained using a locally constructed TPLSM. 100 fs, 

80 MHz pulses were generated by a Titanium:Sapphire laser oscillator (Mai Tai HP; Newport 

Spectra-Physics) and passed through a dispersion compensator (DeepSee; Newport Spectra-

Physics). Laser intensity was controlled by rotating a λ/2	  wave-plate relative to a polarizing 

splitter, and the attenuated beam was directed onto the microscope platform. The laser pulses 
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were raster-scanned by galvonometric mirrors and relay-imaged to the back aperture of a long 

working distance 1.0 NA water-immersion objective (Zeiss). Two-photon excited fluorescence 

was collected by the same objective, reflected by a dichroic mirror (700 nm long pass), split into 

red or green channels by a second dichroic mirror (560 nm long pass), spectrally cleaned with 

additional band-pass filters (Chroma), and relayed to photomultiplier tubes (PMT; H7422P-

40MOD; Hammamatsu). A three-dimensional translation stage (11SI70521 Rev. 01; Newport) 

allowed precise positioning of the mouse relative to the focus of the microscope. MPScan 1.0 

software was used to control the microscope and record image data [40]. 

 

Mice 

This study was carried out in strict accordance with NIH regulations and the Institutional Animal 

Care and Use Committee at the University of California San Francisco. The protocol was 

approved by the IACUC at UCSF (Approval Number: AN085404-01). Tie2-tTA, TRE-Notch4*, 

and Tie2-Cre mice were generated by our lab as previously described [15,41]. For Tie2-tTA; 

TRE-Notch4* breedings, Tetracycline sucrose water (0.5 mg/mL Tetracycline hydrochloride, 

Sigma, and 50 mg/mL D-sucrose, Fisher BioReagents) was administered to pregnant mothers and 

withdrawn when pups were born to allow expression of Notch4* in endothelial cells. In a subset 

of experiments, mice were given intraperitoneal injection of doxycycline (0.5 mg in 500mL of 

phosphate-buffered saline) and fed doxycycline diet (Bio-Serv) to repress Notch4* expression 

later in life. Ephrin-B2+/H2B-eGFP mice [42] were kindly provided by the Soriano lab and aided with 

in vivo visualization with arterial specification of endothelium over time. The ephrin-B2+/tau-LacZ 

[7], EphB4+/tau-LacZ [8],	  Notch1+/tau-LacZ [reference], Coup-TFII+/fl-stop-nLacZ [43] reporter lines were 

used to visualize the arteriovenous specification of blood vessels by X-gal staining. The TRE-

H2B-eGFP [24] fluorescent reporter was used to label endothelial nuclei and examine Tie2-tTA-

mediated gene expression by in vivo TPLSM. Cre-recombinase was temporally regulated in 

endothelium using Cdh5-CreERT2 [44] or in arterial endothelium using BMX-CreERT2 mice, both 
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kindly provided by the Adams lab. These CreERT2 lines were used to fluorescently label ECs 

with mT/mG [45], activate the tetracycline regulatable system in flox-stop-tTA mice [46] or 

abrogate Notch signaling with the RBP-‐Jflox/flox	  constructs	  [27].	  

 

Induction of Cre-mediated Recombination 

Tamoxifen solution was prepared at 20 mg/mL in corn oil and administered according to 

published methods [44] with minor modifications. Three different regimens of tamoxifen were 

utilized to activate Cre-mediated recombination for AVM formation or regression experiments. 

For peri-natal induction, newborn pups were given 0.2 mg of tamoxifen by intragastric injection 

at P1 and P2. For induction closely preceding AV shunt formation, pups were given 0.5 mg of 

tamoxifen by intragastric injection at P7 and P8. For induction after the development of AVMs, 

juvenile mice were given 1 mg of tamoxifen by intraperitoneal injection at P17 and P18. All 

littermates were treated with the same dose of tamoxifen to generate appropriate experimental 

controls. 

 

Gamma Secretase Inhibitor Treatment 

DAPT (N-[N-(3,5-Difluorophenacetyl-L-alanyl)]-Sphenylglycine t-Butyl Ester, Sigma) was 

prepared and administered according to published methods [47]. In brief, 100 mg/kg DAPT was 

dissolved in 10% ethanol and 90% corn oil. Mice were administered DAPT or vehicle daily by 

intraperitoneal injection at a volume of 10 µL/g. 

 

X-galactosidase/3,3-diaminobenzidine Staining 

25 µg of biotinylated L. esculentum-lectin (Vector Labs) was injected via the inferior vena cava 

and allowed to circulate for 2 minutes in anesthetized mice. Animals were then perfused 

transcardially with PBS followed by LacZ fixative (0.25% glutaraldehyde, 50 mM EGTA, 100 
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mM MgCl2 in PBS). Brains were harvested and briefly bathed in LacZ fixative. The cortex was 

removed and stained for β-galactosidase at room temperature according to published protocol 

[48]. The cortex was then fixed with 1% PFA, blocked (10% BSA and 0.1% Triton X-100 in 

PBS), and incubated with 1:1000 streptavidin-conjugated horseradish peroxidase (Jackson 

ImmunoResearch) in block overnight. Specimens were washed for several hours and then stained 

with DAB kit (3,3-diaminobenzidine, Vector Labs). 

 

Immunostaining 

25 µg of biotinylated L. esculentum-lectin (Vector Labs) was mixed with Cy5-streptavidin 

conjugated (Jackson ImmunoResearch) and injected into the inferior vena cava and allowed to 

circulate for 2 minutes in anesthetized mice. Animals were perfused transcardially with PBS and 

then with 1% paraformaldehyde (PFA). The brains were harvested and fixed briefly in 1% PFA. 

For wholemount staining, tissue was blocked (2% bovine serum albumin, 0.1% Triton X-100 in 

PBS) and incubated with anti-VE-cadherin (BD Pharmingen, clone 11d4.1, 1:200 dilution) and 

anti-α-smooth muscle actin (Sigma, clone 1A4, 1:200 dilution) antibodies overnight in block. 

Notch4-ICD staining in sections was conducted according to published protocol [16]. In brief, 

harvested brains were fixed in 1% PFA overnight. Brains were bisected along the longitudinal 

fissure, dehydrated in 30% sucrose in PBS overnight, and embedded in optimal cutting 

temperature compound (OCT) for frozen sectioning. The brains were cut in 10 µm sagittal 

sections, blocked (3% donkey serum, 2% BSA, 0.2% Triton X-100 in PBS), incubated with anti-

Notch4-ICD antibody (Millipore, formerly Upstate, 1:2000 dilution) or non-specific rabbit IgG 

(Santa Cruz Biotechnology, 1:800) in block, washed, incubated with Cy3-donkey-ant-irabbit 

antibody (Jackson ImmunoResearch, 1:1000), washed, and mounted in VectaShield with DAPI 

(Vector Labs). 
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Fluorescence Quantification of Notch4-ICD Staining and TRE-H2B-GFP Expression 

Quantification of immunofluorescence was conducted according to published protocol [18]. In 

brief, Tie2-tTA; TRE-Notch4*; TRE-H2B-GFP brain specimens were harvested at P10, P12, and 

P18 to correspond with various stages of AV development. Specimens were stained with Notch4-

ICD antibody (see Immunostaining) and imaged using a 20x objective on a Zeiss Axiovert 

fluorescent microscope (Thornwood, NY, USA) with Intelligent Imaging software (Denver, CO, 

USA). Identical exposure time was used for all slides and individual fluorescent channel 

intensities were exported as 16-bit TIFF files. Using ImageJ, a blinded examiner circumscribed 

DAPI-labeled nuclei that were double-positive for perfusion-labeling by L. esculentum-lectin 

with Cy5-streptavidin. Intensities of Notch4-ICD or IgG staining, and TRE-H2B-GFP were 

quantified in the enclosed area for each nucleus. Notch4-ICD intensities in mutant mice was 

normalized to controls that were stained and imaged within the same experimental session. TRE-

H2B-GFP intensities were normalized to background levels in neighboring, non-endothelial 

nuclei within the same slide.  

 

RNA Probe Preparation 

Mouse Rbp-J DNA (provided by C Cepko, Harvard Medical School) was amplified from plasmid 

using T3/T7 PCR (56oC annealing). DNA template was recovered using gel extraction 

(QIAGEN), and in vitro transcription produced digoxigenin-labeled, single-stranded RNA probe. 

 

Whole mount In Situ hybridization 

In situ hybridization was performed as described by Hunter et al., 2005, with modifications [49]. 

Following transcardial perfusion with saline and 4% paraformaldehyde, whole brains were 

harvested and immersion fixed in 4% paraformaldehyde overnight at 4oC. Cerebral cortex was 

removed and used in subsequent steps. Tissue was dehydrated through 5 min methanol series (25, 

50, 75, 100%) and stored in 100% methanol at -20oC. Pre-hybridization, tissue was rehydrated 
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through reverse methanol series, rinsed in PBS, treated with 6% hydrogen peroxide in PBS 1 hr, 

rinsed in PBS, incubated with 10ug/mL proteinase K 30 min, washed with 2mg/mL glycine 10 

min, rinsed in PBT (PBS + 1% Tween-20), fixed in 0.2% gluteraldehyde/4% paraformaldehyde 

in PBT 20 min, rinsed in PBT, incubated in hybridization buffer (50% formamide, 5X SSC pH4.5, 

50ug/mL yeast tRNA (Invitrogen), 1% SDS, 50ug/mL heparin). For hybridization, digoxigenin-

labeled RNA probe was heated to 95oC 5min. Tissue was incubated in fresh hybridization buffer 

containing 1mg/mL riboprobe 70oC overnight. Post-hybridization, tissue was washed as follows: 

solution 1 (50% formamide, 5X SSC pH4.5, 1% SDS) 2X 30min 65oC; equal parts solution 

1:solution 2 (0.5M NaCl, 10mM Tris pH7.5, 0.1% Tween-20) 10min room temperature (RT); 

solution 2 3X 5min RT; 25ug/mL RNase A (Sigma-Aldrich) in solution 2 1hr 37oC; solution 2 

5min 65oC; solution 3 (50% formamide, 2X SSC pH4.5) 5min 65oC; solution 3 2X 30min 65oC; 

TBST (0.14M NaCl, 2.7mM KCl, 25mM Tris pH7.5, 1% Tween-20) 3X 5 min RT. Tissue was 

incubated in Roche Blocking Reagent (prepared per manufacturer’s instructions) with 2mM 

levamisole (Sigma-Aldrich) 1hr RT. Anti-digoxigenin-alkaline phosphatase (Roche) was applied 

1:1000 in blocking solution with 2mM levamisole 4oC overnight. Tissue was washed in TBST 3X 

5min and 5X 1hr RT. Tissue was rinsed in staining buffer 100mM NaCl, 100mM Tris pH9.5, 

50mM MgCl2, 1% Tween-20) 3X 10min at RT. For transcript detection, tissue was incubated 

with 4.5uL NBT (Roche)/3.5uL BCIP (Roche) per 1mL of staining buffer in the dark at RT. Post-

detection, tissue was rinsed 3X 5min in PBS containing 20mM EDTA and post-fixed in 4% 

paraformaldehyde. 
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Figure	  1.	  Notch4*-‐mediated	  AVMs	  arise	  from	  the	  primary	  enlargement	  of	  capillary-‐like	  vessels.	  
A)	  Two-‐photon	  time-‐lapse	  imaging	  of	  a	  developing	  AV	  shunt	  in	  a	  Notch4*	  mouse	  from	  post-‐natal	  day	  
P14	   to	   P19	   where	   the	   plasma	   was	   labeled	   by	   intravenous	   injection	   of	   fluorescein-‐dextran.	   The	  
complete	  artery-‐to-‐vein	  connection	  progressively	  enlarged	  over	  several	  days	  and	  is	  indicated	  by	  red	  
arrowheads.	  Note	   the	  pronounced	  growth	  of	   the	   capillary-‐like	  vessel	   over	   time	   (green	  arrows).	  B)	  
Two-‐photon	  time-‐lapse	  imaging	  of	  a	  capillary	  in	  a	  control	  mouse	  from	  P14	  to	  P19.	  Red	  arrowheads	  
indicate	   the	   complete	   artery-‐to-‐vein	   connection.	   C1-‐3)	   Representative	   plots	   of	   blood	   velocities	  
(dotted	  line)	  and	  lumen	  diameters	  (solid	  line)	  of	  capillary-‐like	  vessels	  in	  Notch4*	  mice.	  C1)	  Example	  
of	   coupled	   increase	   in	   lumen	   diameter	   and	   blood	   velocity.	   Note	   that	   the	   initial	   increase	   in	   lumen	  
diameter	   precedes	   velocity	   by	   one	   day.	   C2)	   Example	   of	   initial	   increase	   in	   vessel	   diameter	  without	  
increase	   in	  blood	  velocity	  over	   the	   recorded	  period.	  C3)	  Example	  of	  a	   capillary-‐like	  vessel	   that	  did	  
not	  exhibit	  abnormal	  increase	  in	  lumen	  diameter	  or	  blood	  velocities	  over	  the	  recorded	  period.	  D1-‐3)	  
Representative	   plots	   demonstrating	   normal	   variation	   of	   lumen	   diameter	   and	   blood	   velocity	   in	  
control	  mice.	   E)	  Visual	   depiction	  of	   time	  of	   initial	   increase	   in	   velocity	   and	   lumen	  diameter	  per	  AV	  
shunt.	  The	  dotted	  red	  line	  represents	  values	  with	  simultaneous	  increase	  in	  diameter	  and	  velocity.	  All	  
capillary-‐like	   vessels	   were	   detected	   to	   enlarged	   either	   before	   or	   on	   the	   same	   day	   as	   increase	   in	  
velocity.	   Data	   was	   acquired	   with	   per	   day	   temporal	   resolution.	   Adjacent	   data	   points	   represent	  
overlapping	   values	   at	   the	   nearest	   whole	   number.	   Data	   points	   on	   the	   dotted	   black	   line	   represent	  
capillary-‐like	  vessels	   that	  enlarged	  but	  did	  not	  exhibit	  a	  significant	   increase	   in	  velocity	  by	   the	   final	  
day	  of	  imaging	  (P19).	  
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Figure	  2.	  Notch4	  expression	  increases	  in	  postnatal	  brain	  prior	  to	  enlargement	  of	  AV	  shunts.	  A)	  
Notch4-‐ICD	   staining	   in	   sagittal	   brain	   sections	   of	  Tie2-‐tTA/TRE-‐Notch4*/TRE-‐H2B-‐GFP	  mice	   at	   P10	  
(a1),	  P12	  (a2),	  and	  P18	  (a3).	  (a3)	  Notch4-‐ICD	  staining	  in	  littermate	  control.	  (a4)	  Negative	  control	  of	  
Notch4	   staining	   using	   non-‐specific	   IgG	   on	   adjacent	   section	   in	   mutant	   specimen.	   B)	   Notch4-‐ICD	  
staining	   intensities	  of	  mutant	  mice	  normalized	   to	  staining	   in	  age-‐matched	  controls.	  C)	  Two-‐photon	  
time-‐lapse	   imaging	   of	   an	   artery-‐to-‐vein	   connection	   in	   a	  Tie2-‐tTA/Notch4*/TRE-‐GFP	  mutant	  mouse	  
from	  post-‐natal	  day	  P11	  to	  P16	  where	   the	  plasma	   is	   labeled	  by	   intravenous	   injection	  of	  TexasRed-‐
dextran.	   Note	   the	   initial	   detection	   of	   GFP+	   cells	   in	   the	   artery-‐to-‐vein	   connection	   on	   P12	   and	   P13,	  
prior	  to	  enlargement	  of	  the	  AV	  shunt	  at	  P14.	  The	  AV	  shunt	  progressively	  enlarged	  from	  P14	  to	  P16	  
with	  increase	  in	  GFP+	  cells	  number.	  D)	  Correlation	  between	  the	  time	  of	  initial	  detection	  of	  GFP+	  cells	  
and	  initial	  increase	  of	  diameter	  per	  capillary-‐like	  vessel.	  The	  dotted	  red	  line	  represents	  simultaneous	  
increase	   in	   diameter	   and	   detection	   of	   GFP+	   cells.	   GFP	   was	   detected	   prior	   to	   enlargement	   in	   the	  
majority	  of	  vessels	  (18/19	  capillary-‐like	  connections	  in	  5	  mice)	  or	  on	  the	  same	  day	  (1/19	  capillary-‐
like	   connections).	   All	   data	   was	   acquired	   with	   per	   day	   temporal	   resolution.	   Grouped	   data	   points	  
represent	  overlapping	  values	  at	  the	  nearest	  whole	  number.	  E)	  Correlation	  between	  the	  diameter	  and	  
number	  of	  GFP+	  cells	  in	  capillary-‐vessels	  that	  enlarged	  into	  AV	  shunts	  (Pearson	  r	  =	  0.7713,	  P	  value	  <	  
0.0001).	  
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Figure	  3.	  Arteriovenous	  specification	  appears	  normal	  in	  Notch4*	  mice	  shortly	  before	  the	  onset	  
of	   AV	   shunts.	   Wholemount	   lacZ	   staining	   of	   the	   surface	   vasculature	   of	   the	   cerebral	   cortex	  
demonstrating	  expression	  patterns	  of	  arterial	  and	  venous	  markers	  at	  postnatal	  day	  10.	  Vessels	  were	  
perfused	  with	  horseradish	  peroxidase-‐bound	  lycopersicon	  esculentum	  lectin,	  and	  counterstained	  by	  
3,3’-‐diaminobenzidine	  reaction.	  A	  and	  B)	  Notch1+/nlacZ	  reporter	  in	  control	  and	  Notch4*	  mice	  at	  P10.	  
In	  both	  control	  (A)	  and	  mutant	  (B)	  animals,	  LacZ	  staining	  demonstrating	  nuclear	  labeling	  of	  arteries	  
but	  not	  capillaries	  or	  veins.	  C	  and	  D)	  ephrin-‐B2+/tau-‐lacZ	  reporter	  in	  control	  and	  Notch4*	  mice	  at	  P10.	  
LacZ	   staining	   labeled	   arteries	   and	   not	   veins	   in	   both	   control	   (C)	   and	  mutant	   (D)	   animals.	   E	   and	   F)	  
Coup-‐TFII+/fl-‐stop/nlacZ;	  Tie2-‐Cre	   labeling	   in	  control	  and	  Notch4*	  mice	  at	  P10.	   In	  both	  control	   (E)	  and	  
mutant	   (F)	   animals,	   LacZ	   staining	   demonstrating	   nuclear	   labeling	   in	   veins	   and	   capillaries,	   but	   not	  
arteries.	  G	  and	  H)	  EphB4+/tau-‐lacZ	  reporter	  in	  control	  and	  Notch4*	  mice	  at	  P10.	  In	  both	  control	  (G)	  and	  
mutant	  (H)	  animals,	  LacZ	  staining	  demonstrating	  labeling	  in	  veins	  and	  not	  arteries	  without	  presence	  
of	  AV	  shunts.	  
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Figure	   4.	   Endothelial	   deletion	   of	   RBP-‐J	   inhibits	   the	   formation	   of	   Notch4*	   mediated	   AVMs.	  
Imaging	   of	   cortical	   vasculature	   in	   mice	   perfused	   at	   P18	   with	   Cy5-‐conjugated	   Lycopersicon	  
esculentum	   lectin.	   Animals	   were	   administered	   with	   Tamoxifen	   at	   P7	   and	   P8	   to	   allow	   post-‐natal	  
excision	   of	   RBP-‐J	   in	   ECs	   by	   Cdh5-CreERT2	   prior	   to	   the	   onset	   of	   AV	   shunts.	   A)	   Notch4*	   mice	  
homozygous	   for	   floxed-‐RBP-‐J	   alleles	  did	  not	  exhibit	  AVMs	  by	  P18	  (43	   fields	   in	  4	  mice).	  B)	  Notch4*	  
mice	  heterozygous	  for	  the	  floxed-‐RBP-‐J	  allele	  developed	  AVMs	  by	  P18	  (20	  fields	  in	  3	  mice).	  Control	  
mice	   homozygous	   for	   floxed-‐RBP-‐J	   alleles	   did	   not	   exhibit	   AVMs	   or	   gross	   cerebrovascular	  
abnormalities	  (27	  fields	  and	  5	  mice).	  D)	  Control	  mice	  heterozygous	  for	  the	  floxed-‐RBP-‐J	  allele	  did	  not	  
exhibit	   AVMs	   or	   gross	   cerebrovascular	   abnormalities	   (23	   fields	   in	   4	   mice).	   A’-‐D’)	   Cdh5-CreERT2	  
activity	   was	   visualized	   in	   ECs	   using	   the	   flox-‐STOP-‐mGFP	   construct	   from	   the	  mT/mG	   reporter.	   E)	  
Kaplan-‐Meier	   survival	   curve	   showing	   that	   homozygous	   deletion	   of	   RBP-‐J	   in	   Cdh5+	   endothelium	  
improved	  survival	  in	  Notch4*	  mice	  compared	  with	  heterozygous	  RBP-‐J	  deletion.	  
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Figure	   5.	   Notch4*	   expression	   in	   arterial	   endothelium	   does	   not	   lead	   to	   AV	   shunt	   formation.	  
Imaging	   of	   cortical	   vasculature	   of	   flox-‐stop-‐tTA;Notch4*	   	   mice	   perfused	   with	   Cy5-‐conjugated	  
Lycopersicon	  esculentum	  lectin.	  Importantly,	  these	  animals	  contained	  the	  flox-‐stop-‐tTA	  instead	  of	  the	  
Tie2-‐tTA	  element	  to	  regulate	  Notch4*	  expression.	  Animals	  were	  administered	  with	  Tamoxifen	  at	  P7	  
and	   P8	   to	   allow	   expression	   of	   Notch4*	   under	   control	   Cre-‐mediated	   activation	   of	   flox-‐stop-‐tTA.	  A)	  
BMX-‐CreER;flox-‐stop-‐tTA;TRE-‐Notch4*	   did	   not	   demonstrate	   AVMs	   or	   gross	   abnormalities	   in	   the	  
cerebral	  vasculature	  at	  P18	  (34	   fields	   in	  4	  mice).	  B)	  Cdh5-‐CreER;flox-‐stop-‐tTA;TRE-‐Notch4*	  mice	  all	  
developed	   robust	   AVMs	   indicated	   by	   the	   red	   arrowheads	   (33	   fields	   in	   3	   mice).	   C)	   Control	   mice	  
containing	   the	   flox-‐stop-‐tTA;Notch4	   construct,	   without	   Cre-‐recombinase,	   did	   not	   exhibit	   vascular	  
abnormalities	  (41	  fields	  in	  5	  mice).	  	  
	  
	   	  



	   98	  

	  
	  
Figure	   6.	   Deletion	   of	   RBP-‐J	   in	   arterial	   ECs	   does	   not	   inhibit	   formation	   of	   Notch4*	   mediated	  
AVMs.	   Imaging	   of	   cortical	   vasculature	   in	  mice	   perfused	   at	   P18	  with	   Cy5-‐conjugated	   Lycopersicon	  
esculentum	   lectin.	   Animals	   were	   administered	   with	   tamoxifen	   at	   P7	   and	   P8	   to	   allow	   post-‐natal	  
excision	  of	  RBP-‐J	  in	  arterial	  ECs	  by	  BMX-CreERT2	  prior	   to	   the	  onset	  of	  AV	  shunts.	  A)	  Notch4*	  mice	  
homozygous	   for	   floxed-‐RBP-‐J	   developed	   AVMs	   by	   P18	   (34	   fields	   in	   4	   mice).	   B)	   Notch4*	   mice	  
heterozygous	  for	  the	  floxed-‐RBP-‐J	  allele	  developed	  AVMs	  by	  P18	  (15	  fields	  in	  2	  mice).	  Control	  mice	  
homozygous	  for	  floxed-‐RBP-‐J	  alleles	  did	  not	  exhibit	  AVMs	  or	  gross	  cerebrovascular	  abnormalities	  (28	  
fields	  and	  5	  mice).	  D)	  Control	  mice	  heterozygous	  for	  the	  floxed-‐RBP-‐J	  allele	  did	  not	  exhibit	  AVMs	  or	  
gross	   cerebrovascular	   abnormalities	   (11	   fields	   in	   2	   mice).	   A’-‐D’)	   BMX-CreERT2	   activity	   was	  
visualized	  in	  arterial	  ECs	  using	  the	  flox-‐STOP-‐mGFP	  construct	  from	  the	  mT/mG	  reporter.	  
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Figure	  7.	  AVMs	  in	  Notch4*	  mice	  develop	  from	  capillaries	  without	  mixing	  or	  extension	  of	  ECs	  
from	   the	   arteries.	   A)	   Two-‐photon	   time-‐lapse	   imaging	   of	   an	   enlarging	   AVM	   in	   Notch4*	   mouse.	  
Fluorescent	  contrast	  of	  perfused	  vessels	  was	  provided	  by	  intravenous	  injection	  of	  Texas	  Red-‐dextran.	  
GFP	   expression	   was	   induced	   in	   arterial	   ECs	   prior	   to	   upregulation	   of	   Notch4*	   by	   administering	  
Tamoxifen	   early	   at	   P1	   and	   P2,	   allowing	   the	   cells	   at	   the	   arteriole-‐capillary	   boundary	   to	   be	   tracked	  
over	  time.	  The	  (*)	  indicates	  the	  same	  vessel	  bifurcation	  over	  time	  and	  white	  arrows	  denote	  the	  edges	  
of	   the	  GFP+	  boundary.	   Imaging	   from	  P12	  to	  P20	  revealed	  that	  ECs	   from	  the	  artery	  did	  not	  migrate	  
into	  the	  enlarging	  capillary	  and	  moved	  in	  the	  opposite	  direction	  past	  the	  proximal	  vessel	  bifurcation.	  
B)	  Two-‐photon	  time-‐lapse	  imaging	  of	  a	  control	  mouse	  demonstrating	  little	  change	  in	  the	  boundary	  of	  
GFP+	  cells	  over	  time.	  
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Figure	   8.	   The	   onset	   of	   AV	   shunts	   can	   occur	   without	   smooth	   muscle	   coverage.	  Wholemount	  
immunofluorescence	   imaging	   of	   cortical	   vasculature	   of	   Notch4*	  mutant	  mouse	   showing	   small	   and	  
large	  AVMs.	  A)	  Merged	  image	  showing	  perfusion	  by	  Cy5-‐conjugated	  Lycopersicon	  esculentum	  lectin	  
and	  staining	  with	  FITC-‐conjugated	  anti-‐alpha	  smooth	  muscle	  actin	  antibody.	  B)	  Image	  of	  Cy5	  channel	  
from	  panel	  (A)	  demonstrating	  a	  small	  and	  large	  AVM	  by	  perfusion	  labeling.	  C)	  Image	  of	  FITC	  channel	  
from	   panel	   (A)	   demonstrating	   α smooth	   muscle	   staining	   throughout	   the	   large	   AVM	   (white	  
arrowheads)	  but	  mostly	  negative	  in	  the	  small	  AV	  shunt	  (white	  arrows).	  
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Supplemental	   Figure	   1.	   Advanced-‐stage	   AVMs	   directly	   join	   major	   arteries	   and	   veins	   in	  
Notch4*	  mice.	  MicroCT	  imaging	  of	  mutant	  and	  control	  mouse	  brains	  where	  contrast	  was	  provided	  
by	   intra-‐cardiac	  perfusion	  of	  microfil.	  A-‐C)	   Imaging	  of	  a	  Notch4*	  mouse	  brain	  with	  advanced	  stage	  
AVMs	  at	  P23.	  A)	  Superior	  and	  B)	  sagittal	  perspectives	  showing	  large	  and	  tortuous	  vessels	  throughout	  
the	  brain.	  C)	  High	  magnification	  of	  boxed-‐region	  in	  panel	  (B)	  demonstrating	  extremely	  large	  caliber	  
AV	  shunts	  directly	  joining	  the	  middle	  cerebral	  artery	  and	  a	  major	  draining	  vein	  (purple	  arrows).	  D-‐F)	  
Imaging	   of	   littermate	   control	   brain	   at	   P23.	   D)	   Superior	   and	   E)	   sagittal	   perspectives	   showing	   no	  
abnormally	   large	  vessels.	   F)	  High	  magnification	  of	  boxed-‐region	   in	  panel	   (E)	  demonstrating	  no	  AV	  
shunts.	   The	   viscous	   microfil	   labeled	   arteries	   but	   not	   all	   veins,	   likely	   due	   to	   difficulty	   in	   passing	  
through	  the	  capillary	  bed.	  
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Supplemental	   Figure	   2.	   Correlation	   of	   Notch4-‐ICD	   staining	   and	   TRE-‐GFP	   intensity.	   a1-‐a5)	  
Notch4-‐ICD	   staining	   in	   sagittal	   brain	   sections	   of	   Tie2-‐tTA/TRE-‐Notch4*/TRE-‐H2B-‐GFP	   and	   control	  
mice.	  b1-‐b5)	  Co-‐labeling	  by	  DAPI	  and	  perfusion	  of	  Cy5-‐conjugated	  Lycopersicon	  esculentum	   lectin.	  
Endothelial	   nuclei	  were	   identified	   as	   DAPI+	   nuclei	   enclosed	   by	   Cy5	   labeling.	   ImageJ	   software	  was	  
used	   to	   circumscribe	   these	   nuclei	   and	   quantify	   the	   enclosed	   intensities	   from	   the	   Notch4	   and	   GFP	  
channels.	   Notch4*	   staining	   in	  mutants	  was	   normalized	   to	   age-‐matched	   controls	   that	  were	   stained	  
and	  imaged	  in	  the	  same	  experimental	  session.	  TRE-H2B-GFP expression in EC nuclei was normalized 
to background levels in neighboring, non-endothelial nuclei.	   C)	   Correlation	   between	   the	   normalized	  
Notch4-‐ICD	   staining	   intensities	   and	  GFP	   expression	   in	   individual	   EC	  nuclei	   (Pearson	   r	   =	   0.5286,	   P	  
value	  <	  0.0001).	  
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Supplemental	   Figure	   3.	   In	   vivo	   labeling	   and	   Cre-‐mediated	   recombination	   in	   arterial	  
endothelial	   cells.	   In	  vivo	   imaging	  of	  BMX-‐CreER;	  mT/mG	  construct	  where	   the	  plasma	   is	   labeled	  by	  
intravenous	  injection	  of	  TexasRed-‐dextran.	  Mice	  are	  administered	  Tamoxifen	  at	  P1	  and	  P2	  to	  induce	  
Cre-‐mediated	   recombination	   under	   regulation	   of	   the	   BMX	   promoter,	   resulting	   in	   irreversible	   GFP	  
expression	  in	  arterial	  ECs	  from	  early	  post-‐natal	  life.	  Importantly,	  these	  cells	  remain	  GFP+	  despite	  any	  
subsequent	   changes	   in	   their	   arteriovenous	   specification.	  A)	   Low	  magnification	  view	  of	   the	   cortical	  
vasculature	   demonstrating	   that	   arterial	   but	   not	   venous	   vessels	   are	   labeled	   with	   GFP.	   B)	   High	  
magnification	  of	  the	  boxed-‐region	  from	  panel	  (A)	  demonstrating	  GFP	  expression	  in	  the	  arterioles	  but	  
not	  capillaries	  or	  venules.	  The	  arteriole-‐capillary	  interface	  is	  visually	  distinguished	  by	  the	  boundary	  
of	   GFP	   positive	   and	   negative	   expression	   along	   the	   vessels.	   C)	   Three-‐dimensional	   cortical	   stack	  
demonstrating	  a	  penetrating	  arteriole	  that	  is	  also	  labeled	  by	  the	  BMX-‐CreER;	  mT/mG	  construct.	  
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Supplemental	   Figure	   4.	   BMX	   promoter	   activity	   is	   upregulated	   in	   Notch4*-‐mediated	   AVMs.	  
Imaging	   of	   cortical	   vasculature	   of	   Notch4*	   mutant	   and	   control	   mice	   containing	   the	   BMX-‐CreER;	  
mT/mG	  construct	  and	  perfused	  with	  Cy5-‐conjugated	  Lycopersicon	  esculentum	  lectin.	  Animals	  were	  
administered	   Tamoxifen	   on	   post-‐natal	   days	   P16	   and	   P17	   and	   perfused	   at	   day	   P20.	   A)	   Littermate	  
control	   demonstrating	   strong	   GFP	   labeling	   of	   arterial	   vessels	   but	   not	   capillaries	   or	   veins.	   B)	  
Littermate	   mutant	   demonstrating	   robust	   expression	   of	   GFP	   in	   arteries,	   along	   the	   AV	   shunt,	   and	  
patchy	   expression	   within	   the	   vein.	   Importantly,	   the	   timing	   of	   Cre-‐mediated	   recombination	   was	  
chosen	  to	  correspond	  with	  a	  period	  after	  the	  onset	  of	  Notch4*	  expression.	  	  
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Supplemental	  Figure	  5.	  Labeling	  and	  tracking	  of	  EC	  behavior	  in	  mouse	  brain.	  In	  vivo	  imaging	  of	  
Cdh-‐CreER;	   mT/mG	   construct	   where	   the	   plasma	   is	   labeled	   by	   intravenous	   injection	   of	   TexasRed-‐
dextran.	  Mice	  are	  administered	  low-‐dose	  Tamoxifen	  at	  P1	  to	  induce	  Cre-‐mediated	  recombination	  in	  a	  
few	   discrete	   endothelial	   cells,	   resulting	   in	   their	   expression	   of	   GFP	   from	   early	   post-‐natal	   life.	  
Importantly,	   these	   cells	   continue	   to	   express	   GFP+	   and	   their	   migration	   and	   proliferation	   can	   be	  
tracked	  over	  time.	  Images	  correspond	  to	  post-‐natal	  day	  P11	  through	  P13.	  (V)	  indicates	  a	  vein	  and	  the	  
(*)	  denote	   the	  proximal	  and	  distal	  ends	  of	  a	  venule	  segment.	  The	  blue	  arrow	  shows	  an	  endothelial	  
cell	  migrating	  within	  the	  venule.	  Note	  that	  this	  cell	  begins	  at	  one	  end	  and	  moves	  into	  the	  bifurcation	  
point	  at	  the	  opposite	  end	  of	  the	  vessel	  segment.	  Scale	  bar	  is	  20	  microns.	  
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DISCUSSIONS 

 

The work in this dissertation creates a foundation for the dynamic study of vascular 

development in the neonatal brain and provides important insight into the pathology of 

brain arteriovenous malformation. Hemodynamic forces were once thought to be the 

primary determinants of artery and vein identity.	  More recently, studies have identified 

biochemical programs involved in specifying arteries and veins prior to circulation. The 

relationship between blood flow, AV specification, and vessel hierarchy may be better 

understood by investigating how these interdependent systems may be disrupted and 

restored.  

 

Recently, we have reported that expression of activated Notch4 in endothelial cells 

results in AVMs in young and adult mice1,2. Additionally, we and others have linked 

increased Notch signaling in ECs with human brain AVMs3,4, suggesting an important 

role for this signaling pathway in the pathogenesis of the disease. Notch’s role in 

regulating markers of AV identity in ECs is compelling evidence for the physical 

segregation of arteries and veins. The sorting of endothelial cells between the early artery 

and vein in zebrafish and mouse embryo is an active field of study5,6. Importantly, Notch 

signaling has recently been established in regulating angiogenic sprouting by imparting a 

quiescent, non-sprouting phenotype on some ECs that may help to maintain the integrity 

of angiogenic blood vessels.  However, these studies were conducted in specialized 

model systems where it was simpler to examine the extension of non-lumanized ECs into 

avascular regions. It currently remains unclear how perfused capillaries are maintained 
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within the established AV network. Using our Notch-mediated mouse model of AVMs, 

we investigated how the appropriate balance of Notch signaling in vessels regulates the 

critical interface between arteries and veins through small, low-flow capillaries.  

 

Using in vivo TPLSM through a cranial window, we observed that AV shunts enlarged 

from capillary-like vessels. The initial enlargement of these low-flow vessels often 

preceded their increase in blood velocity, indicating that expansion of the vessel lumen 

was the primary developmental defect. AV specification of the vasculature in mutant 

mice appeared normal at P10 prior to detection of Notch4* expression, suggesting that 

AV shunts arose from normal capillaries within the AV hierarchy. Conditional expression 

of Notch4* in arterial ECs did not lead to AVM formation.  Similarly, blocking canonical 

Notch signaling in all ECs, but not arterial ECs, prevented the AVMs. Importantly, 

repression of Notch4* resulted in conversion of large-caliber AV shunts into capillary-

like vessels and a normalization of blood flow. Taken together, these results indicate that 

ectopic Notch signaling outside of the arterial compartment was the specific genetic 

lesion leading to the enlargement of capillaries. Our work also compellingly suggests that 

the appropriate balance of Notch signaling actively maintains perfused capillaries 

between arteries and veins in postnatal life.  

 

One of the most difficult aspects of studying biology is the intrinsic level of variability in 

living systems. Recent advancements in genetic and optical imaging technologies allow 

for interrogation of in vivo biology with incredible detail and specificity, helping to 

reduce the number of variables and determine mechanisms of interest. The work 
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presented here utilizes TPLSM and regulatable genetic tools to study cerebral vascular 

development and concurrent blood flow dynamics at the cellular level. Importantly, this 

blend of genetics and optics is unbound from static, post-mortem analysis and allows for 

detailed study of dynamic processes over time. The possibilities are vast and herald a 

technical renaissance for developmental biology that will enable more rapid 

advancements in our understanding of normal and disease mechanisms. Additionally, our 

work provides an important analytical advancement in measuring blood flow dynamics 

with TPLSM, which will be helpful for the study of high-flow vascular biology in general. 
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