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Sprouting angiogenesis is an essential vascularization mechanism consisting
of sprouting and remodelling. The remodelling phase is driven by rearrange-
ments of endothelial cells (ECs) within the post-sprouting vascular plexus.
Prior work has uncovered how ECs polarize and migrate in response to flow-
induced wall shear stress (WSS). However, the question of how the presence
of erythrocytes (widely known as red blood cells (RBCs)) and their impact on
haemodynamics affect vascular remodelling remains unanswered. Here, we
devise acomputational framework to model cellular blood flow in developmen-
tal mouse retina. We demonstrate a previously unreported highly heterogeneous
distribution of RBCs in primitive vasculature. Furthermore, we report a strong
association between vessel regression and RBC hypoperfusion, and identify
plasma skimming as the driving mechanism. Live imaging in a developmental
zebrafish model confirms this association. Taken together, our results indicate
that RBC dynamics are fundamental to establishing the regional WSS differences
driving vascular remodelling via their ability to modulate effective viscosity.

1. Introduction

Sprouting angiogenesis is an essential vascularization mechanism and consists of
two well-differentiated phases: sprouting and remodelling [1,2]. During the sprout-
ing phase, a primitive network of vessels is laid out in response to proangiogenic
factors via a well-established programme of cellular and molecular events [3].
The remodelling phase is responsible for overhauling this primitive network into
a hierarchical structure that can efficiently implement the transport capabilities
of the cardiovascular system. During the remodelling phase, extensive vessel prun-
ing is achieved primarily via dynamic rearrangement of endothelial cells (ECs) [4].

The mechanobiological regulation of ECs has been extensively studied, and it
is known that ECs respond to their haemodynamic environment [5]. Studies in
various animal models have shown that blood flow provides mechanical cues
to drive vascular remodelling (e.g. chick embryo [6], mouse yolk sac [7,8],
mouse aortic arch [9], zebrafish embryo [4,10-12] and mouse retina [4]).
Furthermore, these studies have uncovered multiple molecular regulators of EC
response to blood shear stress, such as VEGF [13], Wnt [14], Notch [15,16],
TGF /BMP [17-19], DACH1 [20] and KLF2 [21,22].

In previous works, we demonstrated that blood shear stress coordinates EC
migratory behaviour to achieve vessel regression during the remodelling phase
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[4,14,18]. In particular, differences in wall shear stress (WSS)
between neighbouring vessel segments lead to polarization
and migration of ECs away from vessel segments experiencing
low WSS. In these studies, WSS was calculated using a math-
ematical flow model that assumes blood as a single-phase
non-Newtonian fluid (i.e. homogeneous fluid of variable vis-
cosity) without considering the presence of individual red
blood cells (RBCs). However, recent computational studies in
microscale vessels have demonstrated that RBCs leave transi-
ent WSS luminal footprints and therefore could non-trivially
modify the local WSS differences driving vascular remodelling
[23-25]. This effect of RBCs is closely related to their crucial role
in the formation of cell-free layer and the regulation of effective
viscosity as well as flow field in microvascular blood flow
[26-32].

In the current study, we propose that the cellular nature of
blood (i.e. primarily a suspension of RBCs) plays a key role
in establishing the local WSS differences driving vascular remo-
delling. We approach the problem computationally based on
the mouse retina model of angiogenesis and provide exper-
imental validation in a developmental zebrafish model. We
present simulations of cellular blood flow in vascular networks
undergoing remodelling and characterize the bulk flow and
RBC dynamics in them. Remarkably, we uncover a previously
unreported high-level heterogeneity in RBC perfusion through-
out the developing network and a strong association between
RBC hypoperfusion and vessel regression, which we further
confirm experimentally in our zebrafish model via live ima-
ging. Furthermore, our experiments confirm previous
findings with additional insights that the presence of RBCs is
required for effective vascular remodelling at a whole plexus
level [7]. Finally, we demonstrate that RBC hypoperfusion is
primarily driven by the plasma skimming effect, i.e. the
uneven distribution of RBC volume fraction at microvascular
bifurcations [33,34], but uncover important deviations from
existing theory caused by asymmetry of the cross-sectional
distribution of haematocrit in some feeding vessels.

In line with our previous findings on WSS-modulated EC
migration, we argue here that RBC hypoperfusion constitutes a
mechanism for the enhancement of local WSS differences driving
vascular remodelling. This is attributed to the direct relationship
between RBC volume fraction, effective viscosity and WSS.
Additionally, we speculate that vascular remodelling driven by
the principle of removing RBC-poor vessels from the primitive
vasculature will lead to a network layout that avoids portions
of the tissue being vascularized but with poorly oxygenated
blood. This RBC-driven process, highly dynamical and emergent
in nature, can importantly contribute to the optimal patterning of
vascular networks during development. Conversely, it provides
a vascular remodelling mechanism to support recent clinical
findings in diabetes mellitus and hypertension [35-38] reporting
that the onset and progression of microangiopathy may arise
from altered RBC mechanical properties (e.g. impaired deform-
ability) that disrupts the microcirculatory blood flow: a
hypothesis first proposed by Simpson in the 1980s [39].

2. Results

2.1. Simulation of cellular blood flow in microvascular

network: validation versus in vivo data
The vascular plexus of a wild-type mouse retina at postnatal
day 5 (P5) was imaged and binarized following staining for

collagen 1V matrix sleeves (Col.1V) and ICAM2 luminal repor-
ter (see protocol in 85.1.1). The ICAM2 mask delineates the
perfused vessels in the network while the pixel-wise difference
between the Col.IV and ICAM2 masks highlights vessel seg-
ments undergoing remodelling (figure 1a) as demonstrated
in Franco et al. [4]. Therefore, the Col.IV mask constitutes a
good approximation of the network morphology prior to
these remodelling events. Indeed, the network recapitulates
the lognormal distribution of vessel diameters previously
reported by Bernabeu et al. [43], with a maximum value of
45 um and a mean of 11.85 um (figure 1b). Based on our
previously proposed approach [44], we construct a three-
dimensional (3D) flow model from the Col.IV binary image
and run whole-plexus blood flow simulations under the
assumption of generalized non-Newtonian blood rheology
(see the methods in 85.2.2). This is followed by simulations
of RBC flow in selected regions of interest (ROIs; see the selec-
tion criteriain 85.2.1) from the capillary bed (e.g. ROI-1, ROI-2,
ROI-3 and ROI-4 in insets of figure 1a) with inflow/outflow
boundary conditions specified from the whole plexus model
(see the methods in 85.2.3). For full details of the compu-
tational framework including model configuration and
simulation parameters, refer to figures S1-S2 and tables
S1-S3 in §S1 of the electronic supplementary material.

Our simulation recapitulates flow rates in the main artery
and veins (running in the axial direction of the retina) of
0.36 ul min * and 0.17-0.19 pl min %, respectively. These flow
rates are in good agreement with in vivo measurements recently
performed in adult mouse retina of 0.39-0.59 pl min * and
0.24 uL min *, respectively [41]. The RBC velocities and fluxes
calculated in the simulated ROIs are in the range
0-125mms ! (figure 1c) and 0-1500cellss * (figure 1e),
respectively. These results are also validated against reported
in vivo single-cell velocimetry data available for capillaries
within diameter 3-7 um [41,42]. Both the experimental and
simulation RBC velocities follow a skewed distribution and
show good agreement with median values of 2.14 mm s * and
2.35mms 1, respectively (p>0.05, figure 1d). The RBC fluxes
are significantly higher in experiments than in simulations
with median values of 120 cellss * and 19.3 cells s *, respect-
ively (p<0.01, figure 1f). The main reason for the lower
median observed in simulations is the presence of a number of
vessel segments with zero or negligible RBC fluxes in the primi-
tive vasculature of our developing retina (figure 1f), which were
absent in the reported experimental data for adult mouse retinal
capillaries by [41,42]. This major difference will become the
focus of study in the following §2.2.

2.2. Strong association between RBC hypoperfusion and
vessel regression in developing vasculature of

mouse retina
Having provided evidence of the broad range of RBC fluxes
in the selected ROIls, we now investigate a potential associ-
ation between RBC perfusion (referring to the state of
vessels being either sufficiently or scarcely perfused by
RBCs) and vessel regression within the network. We classify
vessels in each ROI into three groups: lumenized, stenosis
and regression (figure 2a). The ‘lumenized’ group shows
positive signals in both Col.IV and ICAM2 throughout the
entire vessel segment, indicating stable lumen; the ‘stenosis’
group shows positive signal in Col.IV but partially positive

©TT0TZ0Z 8T 8%euau| 208 Y ¢ hisi/reulnol/Bio BuiysijgndAiaiaosiesos H



Downloaded from https://royalsocietypublishing.org/ on 28 June 2021

@
- Col.IV: marker for type IV

collagen matrix sleeves

ICAM2: marker for
endothelial luminal surface

12.5; ° 1 n.s. (p = 0.45)
R a —
: L ]
¢ 10.0 [ IE
£ * ‘e £ 10 -
E L] L] & he . [ ] ? .
S 50 Y. 3
4 ® 0y ® o o S 5
O 25 @ Peg e’ > o, S
& Fiake )t Q
T ) o8 e Te o
5 10 15 20 experiment  simulation
Dyesser ( M) (n=90) (n=25)
(b) (e) ()
500 1400 e %o 1000 ** (= 0.006)
€ a 1
é mean = 11.85 L1200 o 8o ” I‘é’ :
= 400 2 £
3 S 1000 o® E
(5] = | ° = .
g 300 5 800 .‘. e * e 8 500
= = 600} o0 x
I S a0 ° "'#‘ o %o =
2 ® °® o ® 0
2 T ) enlfvasthmenee o | 0 . ' _
0 10 20 30 40 5 10 15 20 experiment  simulation
Dyessel ( M) Dyessel (MM) (n=90) (n=40)

Figure 1. Simulated RBC velocity and cell flux in the primitive vasculature of developing mouse retina. (a) A vascular plexus of postnatal day 5 (P5) mouse retina,
with vessel lumen and collagen matrix sleeves labelled by ICAM2 (light green) and Col.IV (dark red), respectively. The insets show four regions of interest (ROI-1,
ROI-2, ROI-3 and ROI-4) selected from the remodelling region of the plexus. The red line indicates the transitional border between the sprouting and remodelling
regions as estimated by [40]. (b) Network diameter histogram showing the total length covered by vessel segments of given diameters. (c) Simulated RBC velocities
and (e) RBC fluxes measured in vessel segments from all ROIs. The shaded areas in (c,e) highlight data from capillary vessels within diameter between 3 and 7 m.
(d,f) Comparison of simulated RBC velocities and fluxes against recent in vivo measurements by [41,42] from adult mouse retinal capillaries with the same diameter
range (two-sided Mann—Whitney U test).

ICAM2 signal that contains at least one location within the covered, featuring focal constriction (an early stage of vessel
vessel segment where less than 50% of the local vessel diam- regression [4]); the ‘regression’ group shows positive signal
eter (as indicated by the local width of Col.IV signal) is in Col.IV accompanied by discontinuously positive or overall
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Figure 2. Association between RBC hypoperfusion and vessel regression in the developing retinal network. (a) Classification of vessels based on their ICAM2 and
Col.IV signals (here demonstrating ROI-1 as in figure 1a). All vessels in the ROI are divided into three groups, i.e. lumenized, regression and stenosis. (b) A snapshot
of the simulation of RBC flow in ROI-1. (c) Combined cell trajectories in ROI-1 throughout the simulation (over 0.49 s). (d—g) Statistical test of time-average RBC flux
for the mentioned three groups in ROI-1, ROI-2, ROI-3 and ROI-4, respectively. Two-sided Mann—Whitney U test is performed. The sample sizes for the three groups
aren=44,6,131in (d);n=16,3,41in ();n=18,4, 6 1in (f); n=19, 7, 4 in (g).

negative signal in ICAM2 for the vessel segment, indicating
partial or complete lumen collapse.

In the four ROIs extracted from the whole plexus (including
63 vessels for ROI-1, 23 vessels for ROI-2, 28 vessels for ROI-3
and 30 vessels for ROI-4), we identified 27 regressed vessels,
accounting for 28% out of 97 regressed vessels in total through-
out the remodelling region of the plexus (see figure 1a). If the
regressed vessels and vessels undergoing stenosis within
each ROI are counted as remodelling events, the percentages
of vessel remodelling within each ROI are 30.4%, 36.7%,
35.7% and 30.2%, respectively. The consistent level of remodel-
ling events within the selected ROIs reflects that the overall
remodelling of the primitive vasculature is relatively uniform
from region to region.

Further examination of our cellular flow simulations
reveals that most poorly RBC-perfused channels (hereafter
defined as ‘RBC hypoperfusion’) in the simulation coincide
with vessels in the regression group (figure 2a,b). To quantify

this, we record the trajectories of all RBCs within each ROI
throughout the simulation and study their density across the
ROIs (figure 2¢c and figure S5 in the electronic supplementary
material). In general, a vessel segment with higher density
represents good RBC perfusion, whereas those with low
density indicate RBC hypoperfusion. Subsequently, the time-
average RBC flux within each vessel segment is calculated
and assigned to the three groups under study (figure 2d-g).
Our analysis demonstrates that vessel segments in the lume-
nized group of each ROI have significantly higher RBC
fluxes than those in the regression group (p<0.05 for all
ROIls, figure 2d-g). Meanwhile, the difference in RBC flux
between the stenosis group and the regression group is not
significant (p>0.05) for 3 out of 4 ROIs (except for ROI-1
due to a single outlier, figure 2d—g). Furthermore, there is no
significant difference in the distribution of RBC fluxes
between the lumenized groups of these ROIs, despite different
maximum values recorded depending on the relative location
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Figure 3. Time-lapse imaging of RBC perfusion and vascular remodelling in zebrafish caudal vein plexus. (a,b) Two exemplar caudal vein plexuses (CVPs, indicated
by a square bracket in yellow) from a 48 hpf ctl MO embryo (with RBC perfusion) and a 48 hpf gatal MO embryo (Tg(GATA-1:eGFP), without RBC perfusion). The
intersegmental vessels (ISVs) are marked with asterisks, and the caudal artery (CA) is indicated by square bracket in white. The RBC precursors in (b) are located
outside the vasculature and not circulating within the blood stream. (c—f) Time sequence showing vessel regression events in a region of interest extracted from the
ctl MO embryo in (a), where two vessel segments marked by white triangles are pruned over time (t = 48 hpf, 50 hpf, 52 hpf, 54 hpf). (g,h) Exemplar measure-
ments of CVP widths (indicated by capped lines) at t = 50 hpf and t = 72 hpf along the anterior—posterior axis of a ctl MO embryo (Z-projection image) at positions
given by eight consecutive 1SVs (ISV 18—ISV 25). The lengths of corresponding somites (seven counted here for each fish) are estimated by the inter-ISV distances.
(i) Normalized CVP width change and (j) normalized somite length change at t =72 hpf against t =50 hpf (relative change in percentages), calculated from
measurements of the ctl MO group and the gatal MO group (each containing 7 embryos). The statistical analysis in (ij) is performed using Welch's T test,

with n =56 in (i) and n =49 in (}).

of the ROI to the artery and the vein (see figure S6a in the
electronic supplementary material). These results support a
strong association between RBC hypoperfusion and vessel
regression within the remodelling plexus.

2.3. In vivo validation of the effect of RBC perfusion on
vascular remodelling in zebrafish caudal vein plexus

To provide experimental confirmation of the association
between RBC hypoperfusion and vessel regression predicted
by our computational model, we turned to a zebrafish model
of vascular development, where simultaneous live imaging
of vessel remodelling and RBC dynamics is possible. We
chose the caudal vein plexus (CVP) for observation 48-72h
post fertilization (hpf), a period during which gradual remo-
delling of the plexus down to a single, well-defined vascular
tube begins [45]. Comparison was made between control
(ctl) morpholino oligomer (MO) fish with normal RBC

perfusion (figure 3a) and gatal MO fish not carrying RBCs
in the bloodstream (figure 3b, see §5.1.2 for experimental
details). Our time-lapse imaging of the CVP in ctl MO fish cap-
tures heterogeneous RBC perfusion (figure 3c) leading to
multiple findings of intermittent and complete RBC depletion
in vessel segments (figure 3d), followed by vessel stenosis
(figure 3e) and eventual regression (figure 3f). These in vivo
findings therefore confirm our computational predictions.
Next, we investigated how RBC deletion in gatal MO fish
impacts CVP remodelling at a network level. We measured
CVP widths at standardized locations along the anterior—pos-
terior fish axis given by the positions of eight consecutive
intersegmental vessels (ISVs), for both the ctl MO and gatal
MO groups (seven fishes in each group) at 50 hpf and 72 hpf
(see figure 3g,h for an example). During this period of time,
substantial remodelling leading to narrowing of the plexus is
observed in the wild type (agreeing with [45]). Furthermore,
significantly larger reduction of CVP width in the ctl MO
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