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Abstract
To investigate the local mechanical forces associated with intravascular pillars and vessel pruning,
we studied the conducting vessels in the extraembryonic circulation of the chick embryo. During
the development days 12–16, intravascular pillars and blood flow parameters were identified using
fluorescent vascular tracers and digital time-series video reconstructions. The geometry of selected
vessels was confirmed by corrosion casting and scanning electron microscopy. Computational
simulations of pruning vessels suggested that serial pillars form along pre-existing velocity
streamlines; blood pressure demonstrated no obvious spatial relationship with the intravascular
pillars. Modeling a Reynolds number of 0.03 produced 4 pillars at approximately 20um intervals
matching the observed periodicity. In contrast, a Reynolds number of 0.06 produced only 2 pillars
at approximately 63um intervals. Our modeling data indicated that the combination of wall shear
stress and gradient of shear predicted the location, direction and periodicity of developing pillars.

Introduction
The effect of blood flow on the structure of the network remains a fundamental biologic
question in microvascular development (Jones et al., 2006). In early embryogenesis, vessels
within the embryo proper develop before the heartbeat. A definable aorta, segments of the
vitelline veins and parts of the cardinal veins develop before the onset of an active
circulation (Thoma, 1893b; Sabin, 1917). The extraembryonic area, present as an
“indifferent” network of capillaries (Chapman, 1918), undergoes limited development in the
absence of blood flow (Manner et al., 1995; Wakimoto et al., 2000). In later embryogenesis,
the onset of a heartbeat and active blood flow is associated with dramatic changes in both
embryonic and extraembryonic vessels (Romanoff, 1960).

Attempts to define the influence of blood flow on CAM vessel structure have largely
focused on the capillary plexus. As the primary exchange bed, the capillary plexus serves as
an ex ovo lung, (Hamburger and Hamilton, 1951; Rahn et al., 1974; Rizzo et al., 1995)
suggesting that the capillary network structure is influenced by gas exchange function in
addition to blood flow (Tanaka et al., 1986; Defouw, 1988). In contrast, branching vessels
leading to and from the capillary network serve a more limited function as conducting
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vessels (Weibel, 1969). Identified by the centripetal naming convention in which 1st, 2nd
and 3rd order vessels are progressively distant from the capillary network (Fenton and
Zweifach, 1981; Dimitropoulou et al., 1998), these branching pre- and post-capillary vessels
adapt to the increasing blood flow during tissue growth. Ausprunk et al. has demonstrated a
decrease in the average length of the pre- and post-capillary branching vessels for more than
4 days after the cessation of capillary angiogenesis (Ausprunk et al., 1974). Defouw et al.
suggested that the shortening of the 1st to 3rd order vessels was the result of active structural
remodeling (Defouw et al., 1989). These adaptive changes in extra-embryonic vessels are
coincident with the ongoing increase in blood flow associated with tissue growth and
differentiation.

A distinctive mechanism of structural remodeling in CAM and yolk sac vessels is
intussusceptive branching morphogenesis; a process characterized by an intravascular tissue
island or “pillar”(Djonov et al., 2000). A structure initially described in the rat lung (Caduff
et al., 1986; Burri and Tarek, 1990), expansion or growth of the intravascular pillar can
produce a variety of morphogenetic effects. Growth of the pillar along the axis of the vessel
results in vascular duplication (Konerding et al., 2010); growth of the pillar toward the
vertex of a vessel bifurcation results in angle remodeling (Djonov et al., 2003). A
particularly dramatic morphogenetic effect is produced when growth or expansion of the
pillar results in pruning or regression of a branching vessel. Although pillar-dependent
vascular pruning has been observed in a variety of developmental stages (Djonov et al.,
2003), the mechanism of pruning remains unclear.

To define the influence of intravascular flow fields on 2nd and 3rd order extra-embryonic
microvessels, we studied microvascular regression, or pruning, associated with intravascular
pillars. Using intravital microscopy imaging data, 3-D computational simulations of the
regressing vessel and contiguous vessel segments were performed. Our modeling suggests
that intravascular pillars, constrained by regions of high shear stress, produce progressive
flow obstruction in the regressing segment. Further, the direction of pillar development and
its periodicity may reflect both the magnitude and gradient of wall shear stress.

Methods
Eggs

Specific pathogen-free fertilized White Leghorn chicken eggs (G. gallus domesticus) were
obtained from Charles River Laboratories (Wilmington, MA). The care of the animals was
consistent with guidelines of the American Association for Acreditation of Laboratory
Animal Care (Bethesda, MD).

Ex ovo culture
For all experiments, a modified, ex ovo (shell-less) culture method was used (Tufan and
Satiroglu-Tufan, 2005). Briefly, the eggs were kept in an RCOM 20 digital incubator
(GimHae, Korea) at 37.5°C and 70% humidity with automatic turning for 3 days. On
embryonic development day (EDD) 3, the eggs were sprayed with 70% ethanol, air-dried in
a laminar flow hood and explanted into a 20×100mm Petri dish (Falcon, BD Biosciences,
San Jose, CA). The ex vivo cultures were maintained in a humidified 2% CO2 incubator at
37.5°C.

Intravital microscopy system
The extraembryonic vessels were imaged using a Nikon Eclipse TE2000 inverted
epifluorescence microscope using Nikon Plan Apo 10x and Plan Fluor 20x objectives. The
microscope was custom-fitted with an insulated 37°C convective warming unit with
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moderate relative humidity (Jones et al., 2002). An X-Cite (EXFO, Vanier, Canada) 120
watt metal halide light source and a liquid light guide were used to illuminate the CAM.
Excitation and emission filters (Chroma, Rockingham, VT) in separate LEP motorized filter
wheels were controlled by a MAC5000 controller (Ludl, Hawthorne, NY) and MetaMorph
7.6 software (Molecular Devices, Downingtown, PA). The 14-bit fluorescent images were
digitally recorded with an electron multiplier CCD (EMCCD) camera (C9100-02,
Hamamatsu, Japan). Images were routinely obtained at frame rates exceeding 50 fps with
2×2 binning. The images were recorded in image stacks comprising 100 to 500 frames of
video sequences on a Dell Precision workstation (3.06 GHz dual Xeon processors,
15,000rpm ultra-SCSI hard drives, 4gb RAM and an Nvidia Quadro 3450 graphics card with
512mb memory). The CAMs at EDD13 thru 17were imaged with intermittent time-lapse
videos over 6 to 24 hour time period.

Fluorescent tracers
The fluorescent plasma marker used for intravital imaging was a 5% fluorescein
isothiocyanate (FITC)-dextran (MW 2,000kDa; Sigma-Aldrich, St. Louis, MO) solution
prepared in normal saline immediately prior to injection. In some intravital microscopy
experiments, neutrally-charged, polystyrene spheres were injected with the plasma marker
(Ravnic et al., 2007). The 0.5um microspheres were labeled with derivatives of the BODIPY
fluorochrome (ex 488nm, em 510nm) using organic solvents (Invitrogen, Eugene, OR). The
plasma marker and intravascular tracer solution was injected into the CAM circulation using
a micro-fine 0.3ml insulin syringe with a 30G needle (BD, Franklin Lakes, NJ).

Time-series flow visualization
The stream-acquired images were stacked to create a time series of 100 or 500 consecutive
frames. The stacks were systematically analyzed to ensure the absence of motion artifact.
The stack “maximum” operation selected the highest intensity value for each pixel location
throughout the time series. Conversely, the stack “minimum” operation selected the lowest
intensity value for each pixel location. Other filters such as the “median” operation were
similarly applied. The resultant image produced a time series reconstruction of the vessel
during the time interval of the image stack. Processed image snacks were used to identify
intravascular pillars (Lee et al., 2010) as well as to facilitate morphometric measurements
such as area, length, orientation, perimeter, shape factor, hole area and prolate volume
(MetaMorph 7.6; Molecular Devices).

Exclusion zone
The plasma marker exclusion zone was determined by digitally recombining a source vessel
video image stack. Using a maximum and minimum algorithm, the maximum or minimum
intensity value at each pixel location in the source field was identified. The minimum stack
image was digitally subtracted from the maximum stack image with the resulting vessel
image reflecting intravascular fluorescence excluded from the flow of stream. The residual
vessel wall fluorescence was defined as the excluded zone. The excluded zone was
thresholded and measured both as a continuous variable average over the length of the inter-
branch segment as well as a discrete variable measured at intervals corresponding to the
vessel diameter. Agreement between the measures was typically within 10%.

Mural irregularity
The irregularity of the vessel wall was measured by digital combination of the source video
sequence using the MetaMorph 7.6 best focus filter. The resultant image was processed
using the sharpen algorithm and thresholded. The longitudinal perimeter of each vessel
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segment was measured, divided by 2 and expressed as a ratio relative to the axial length of
the vessel segment.

Time-series analysis
Flow patterns were demonstrated using time-series plots created by measuring the intensity
values of a region of interest through a time-based series of images. The time-series plots
were constructed using the MetaMorph kymograph application (Turhan et al., 2007). The
application was used to create a cross-sectional view of grayscale intensity values along a
region or “transept” drawn on the image stack (Ravnic et al., 2006). The average pixel
intensity across the vessel width was used to track movement in the time-series. The image
stack was preprocessed with minimal background subtraction to improve both the signal-to-
noise ratio and the sensitivity of motion detection. By convention, the transept distance was
plotted on the X-axis and the descending time-series was plotted on the Y-axis.

Corrosion casting and scanning electron microscopy
The CAM vessels were cannulated and perfused with 1–2ml of 37°C saline followed by 1–
2ml of buffered 2.5% glutaraldehyde solution (Sigma) and 2–3 ml of polyurethane
elastomer, PU4ii (vasQtec, Zurich, Switzerland). After complete polymerization of the resin,
the entire CAM was dissected out in warm waterbath. 5% potassium hydroxide was used
briefly to macerate any membrane tissue. The CAM corrosion casts were imaged after
coating with gold in an argon atmosphere with a Philips ESEM XL30 scanning electron
microscope. The casts demonstrated filling of the entire CAM capillary bed without
evidence of extravasation or pressure distension.

Finite element mesh (FEM) of vessel bifurcation
The construction of 3D FEM models for non-symmetrical, irregularly shaped 3D bifurcating
vessel was performed as previously described (Filipovic et al., 2009). The pillar-wall
interface required curved distortion of the mesh to match the morphology of the images
from intravital microscopy (Filipovic et al., 2009). Otherwise, geometric measurements
provided by intravital microscopy and digital image analysis were represented as faithfully
as possible in the FEM model. As automation of the FEM generation was not possible, a
customized approach was required for each model. Segmentation was performed on the
original 2D intravital microscopy image to obtain 2D polylines of the countours.
Subsequently, 2D splines were constructed from the polylines. Finally, a 3D FEM model
made of 6 blocks for smooth mesh continuity was created using 3D NURBS (Non-Uniform
Rational B-Spline) (Santa-Cruz and Ebrahimi, 2002). In addition, two blocks of finer mesh
were used around the pillar region to detect subtle changes in wall shear stress.

Statistical analysis
Significance estimates were based on multiple comparisons of paired data by Student-
Newman-Keuls or Mann-Whitney test for non-parametric analysis of variance. The values
for vessel and pillar orientation for each bifurcation were exported from MetaMorph and
plotted in Excel 2007 (Microsoft, Redmond WA). Pearson correlations to the unamplified
control were determined using Systat 12 statistical software (Chicago, IL). The significance
level for the sample distribution was defined as P<.05.

Results
Pruning vessel structure

The second and third order conducting vessels in the extraembryonic circulation of chick
embryo were examined by fluorescence intravital microscopy. In EDD 13–18 chick embyos
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(N=62), pruning microvessels were defined by the presence of 4 morphologic features: 1)
vessel confluence, 2) two or more intravascular pillars, 3) mural irregularity, and 4) an
excluded zone (Figure 1). Regressing vessels were associated with convergent flow (74.9%)
and multiple intravascular pillars (91%). Mural irregularity, calculated as the ratio of the
vessel perimeter to axial length, was 1.2±0.1-fold greater in regressing vessels than in
neighboring interbranch segments (Figure 2A). Similarly, the excluded zone, calculated as
the difference between the vessel’s anatomic radius and the radius of the flow stream, was
significantly greater in pruning vessel segments than in size-matched controls (Figure 2B).

Pillars and blood flow
Within pruning vessel segments, the morphology of both intravascular pillars and
endothelial cells was studied by corrosion casting and scanning electron microscopy. The
average pillar diameter was 25.1±17.8um with an elongated shape (Shape Factor.
0.34±0.14). In 34 vessel segments, the imprint of endothelial nuclei was sufficiently
resolved to evaluate endothelial cell morphology. A comparison of endothelial cell size—
calculated as corrosion cast surface area divided by the number of endothelial cell nuclei—
showed no significant difference between regressing segments (383±74um2) and size-
matched controls (369±84um2). Similarly, nuclear areas were comparable (pruning
31.2±4.5um2; control 31.1±4.2). The shape of the endothelial nuclei trended toward being
more elongated (S.F. 0.67±.04) in the vessel segments undergoing pruning than in size-
matched controls (S.F. 0.71±.09), but this difference was not statistically significant
(p=0.18).

The blood flow associated with intravascular pillars was studied by intravital microscopy.
Serial pillars, a series of two or more intravascular pillars, analyzed by time-series
reconstructions (Figure 4), were spatially associated with decreased florescence intensity in
the regressing segment (Figure 4A-2). Flow velocity—inversely proportional to the slope in
space-time plot (Figure 4B) —was influenced by inter-pillar distance: narrow inter-pillar
distances (Figure 4B segments a–b and c–d) demonstrated slower flow than wider inter-
pillar distances (Figure 4B segment b–c).

Pillars and mechanical forces
To map the mechanical forces associated with the pruning vascular segment, 3-D finite
element models of the vascular bifurcation were constructed using in vivo-derived geometry
and measured blood flow parameters. Computational simulations permitted the study of
blood flow with and without intravascular pillars. Superimposing blood flow velocity
profiles, calculated without intravascular pillars, on the pruning segment suggested that
serial pillars form along pre-existing streamlines (Figure 5B, arrow). Blood pressure
demonstrated no obvious spatial relationship with the intravascular pillars (Figure 5C).
Notably, mapping of wall shear stress demonstrated a region of low wall shear stress, less
than 0.3dyn/cm2, in the region of the first intravascular pillar (Figure 5D, arrow).

Computational modeling of the vessel bifurcation with intravascular pillars demonstrated a
highly resolved map of wall shear stress (Figure 6). The irregular walls demonstrated some
variability in wall shear stress; however, modeling performed with exaggerated mural
irregularities did not demonstrate an obvious spatial relationship with pillar location (not
shown). Regions of high wall shear stress were most notable on the intravascular pillars. The
highest wall shear stress was mapped to the pillar surface exposed to the dominant flow
stream (Figure 6). In contrast, the inter-pillar surfaces demonstrated the lowest shear stress
(τ <0.6).
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Pillar progression and periodicity
Computational modeling was used to study both the direction of pillar progression and
potential explanations for pillar periodicity. Assuming pillars form sequentially, pillars can
theoretically progress either proximally or distally relative to the flow stream. When wall
shear stress alone was calculated, there was no significant difference in shear maps whether
pillar progression occurred proximally or distally. Because of endothelial cell
responsiveness to spatial gradients of shear (LaMack and Friedman, 2007), we also
calculated dτ/dx for both directions of pillar progression. When pillars were assumed to
develop downstream, in the direction of flow, pillar location was consistently the following:

(1)

In contrast, calculations assuming proximal pillar progression--that is, pillars appearing
“against” the flow stream--resulted in unphysiologic shear gradients (both positive and
negative). Finally, we analyzed the effect of flow velocity on pillar progression. Assuming
our experimentally derived parameters (Eq 1), a Reynolds number of 0.03 produced 4 pillars
at approximately 20um intervals. A Reynolds number of 0.06 produced only 2 pillars at
approximately 63um intervals. A Reynolds number of 0.3 produced no pillars because wall
shear stress was always ≫1.1τ.

Discussion
In this report, we studied the local mechanical forces associated with intravascular pillars
and vessel pruning in 2nd and 3rd order conducting vessels of the extraembryonic
circulation. Using 3-D computational flow simulations, we investigated the physiologic
forces with and without intravascular pillars. Our analysis suggests that pillars develop and
extend along flow streamlines; that is, pillars are constrained by high wall shear stress and
extend along regions of low wall shear stress. Further, the periodicity of pillar development
may reflect the spatial gradient of shear produced by the antegrade flow stream.

The word “pruning” has been applied to a variety of subtractive processes not limited to
angiography-defined diseases (Schrire et al., 1965)(Cavaluzzi12544)(McCormick and Cho,
1977), computational algorithms (Kassab et al., 1994), and morphogenetic modeling
(Nguyen et al., 2006). Here, pruning describes the local morphologic relationships and
mechanical forces associated with the regression of 2nd and 3rd order vessels in the
extraembryonic membrane. Although our focus was limited to the local forces involved in
pillar-associated vessel regression, we suspect our findings will be equally relevant to more
comprehensive models of tissue growth and network remodeling.

A limitation of intravital microscopic analysis of pillar-dependent vascular pruning is the
sensitivity of the ex ovo cultures to changes in temperature, humidity and pH. Even when
meticulous culture conditions can be maintained, global changes in blood flow complicate
the interpretation of changing structure. For example, decreased blood flow through a pillar
series may give the appearance of pillar growth; however, an equally likely possibility is that
the decreased blood flow may simply unmask pre-existing mural irregularities. To avoid this
confounded interpretation, we used intravital microscopy to define the structure and
microhemodynamics of the regressing segment, then applied 3D computational modeling to
investigate variations in structure and blood flow.

An empirical observation--in both regressing vessels and contiguous vessel segments--was
the presence of thickened and irregular vessel margins. The thickened vessel wall,
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reminiscent of the “randzone” described by Thoma more than 100 years ago (Thoma,
1893a), was measured after the injection of fluorescent- dextran plasma marker. Based on
Intravital microscopy recordings, we measured the difference between a wider anatomic
projection of the vessel and a narrower speckled pattern of the flow stream. This marginal
florescence--here referred to as the “excluded zone”, because it was excluded from the flow
stream--was several-fold greater than control vessels and ten-fold greater than a comparable
region in human vessels (Henry and Duling, 1999; Platts and Duling, 2004; Rubio-Gayosso
et al., 2006). Although the apparent excluded zone could have been exaggerated by the low
hematocrit (Baumann et al., 1983) and prominent cell-depleted wall layer (Popel and
Johnson, 2005; Sugihara-Seki and Fu, 2005) in the circulation, the excluded zone in
regressing vessels was nonetheless significantly greater than control vessels within the same
vascular system. We suspect that the excluded zone in our studies, as well as the randzone in
Thoma’s work, represent endothelial-bound carbohydrates or glycocalyx (Ausprunk, 1986).
The function of the glycocalyx in regressing vessels is unknown, but a role in
mechanotransduction is an intriguing possibility (Tarbell and Pahakis, 2006; Yao et al.,
2007).

A related observation was the irregular vessel wall noted in the region of regressing blood
vessels. After digital recombination of fluorescence time-series recordings, mural
irregularity was measured as the ratio of the vessel perimeter to the axial length of the inter-
branch segment. The significance of the mural irregularity remains puzzling. The mural
irregularity, widely varied in computational simulations (not shown), produced neither a
significant effect on pillar shear stress maps nor an explanation for pillar periodicity.
Although both the excluded zone and mural irregularities are intriguing observations, their
role in vessel pruning remains unclear.

An intriguing biological feature of multiple intravascular pillars is their periodicity. In
pruning microvessels with several intravascular pillars, there is currently no satisfying
explanation for the quasi-regular gap between pillars. The possibility that pillars represent
retained tissue islands from earlier development is challenged by the distinct scale and
distant location of the conducting vessel pillars relative to the capillary plexus. Another
possibility is that intravascular pillars are remnants of an earlier, and incomplete, pruning
process. This possibility, however, does not account for the initial process giving rise to the
pillars nor the presence of multiple pillars in series. Because of the limitations of these
alternative explanations, and based on our observations of pillars in both adult chronic
inflammation (Konerding et al., 2010) and the CAM (Lee et al., 2010), we have postulated
that 1) intravascular pillars form in the conducting vessels, and 2) their formation is
sequential.

Spatial gradients of wall shear stress are relevant to a variety of nonrandom and localized
structural changes in the vascular system; structural changes that range from the focal
lesions of atherosclerotic disease (Davies, 2009) to the periodicity of intravascular pillars in
extraembryonic vessels of chick embryos. Endothelial cell responses to spatial gradients of
wall shear stress have been studied in a wide variety of conditions in vitro (White et al.,
2001; Barbee, 2002; Blackman et al., 2002; Hsiai et al., 2002; McKinney et al., 2006; Shen
et al., 2008; Szymanski et al., 2008; Farcas et al., 2009). In general, these studies have
suggested endothelial cell responsiveness to shear gradients and even differential
transcriptional responses to different aspects of the shear field (LaMack and Friedman,
2007). In vitro studies have an underlying assumption that the spatial distribution of in vitro
shear gradients reflects a scale that exists in vivo; that is, a physiologically relevant spatial
gradient detected by individual endothelial cells. Alternatively, the detection of larger spatial
gradients is plausible, but would require information transfer between endothelial cells
(Secomb and Pries, 2002).
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The extraembryonic vessels provide potential insights into the spatial gradients of shear in
vivo. The nonrandom and periodic distribution of intravascular pillars is consistent with the
integral scale of the CAM endothelial cells: intravital microscopy demonstrated pillars at
approximately 20um intervals and corrosion casting demonstrated endothelial cell surface
area in the range of 380um2. The spatial gradients also provide a potential source of
directionality in the sequence of pillar development. Because of the predominance of
viscous forces over inertial forces in the extraembryonic vessels (low Reynolds number
flow), wall shear stress alone does not predict the direction of pillar formation; specifically,
the map of wall shear stress is the same whether the sequence of pillar formation proceeds
with the flow stream (distally) or against the flow stream (proximally). In contrast, the
spatial gradient of shear stress in our studies predicted the downstream development of
sequential pillars. Based on flow parameters derived from pruning vessels, the combination
of wall shear stress and the gradient of shear predicted both the location and direction of
developing pillars. We anticipate that these predictions will be tested in future studies.

Finally, an interesting feature of the CAM network was the complex adaptive response of
the microcirculation to experimental manipulations. Although not reported here,
photodynamic occlusion of vessels spatially related to the pruning vessels resulted in
unpredictable flow patterns. Vascular occlusion was frequently associated with not only
wide variation in blood flow velocity, but also flow reversal and oscillatory flow. The
response to focal occlusion was reminiscent of the flow patterns observed after segmental
occlusions in other microcirculatory networks (Miele et al., 2009). Future studies will
benefit from network computational models that can accurately simulate perturbations in
system components as well as spatial statistics capable of characterizing the variable flow
patterns across the network.
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Abbreviations

2D 2-dimensional

3D 3-dimensional

CAM chick chorioallantoic membrane

EDD embryonic development day

FITC-dextran Fluorescein isothiocyanate-dextran

FEM finite element mesh

SF shape factor
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Figure 2.
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