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Abstract
The native (pre-existing) collateral circulation minimizes tissue injury if obstructive vascular disease
develops. Evidence suggests large differences in collateral extent exist among healthy individuals,
presumably from as-yet unknown genetic and/or environmental factors. Little is known regarding
when or how native collaterals form—information needed to identify these factors. We examined
collateral development between the middle and anterior cerebral artery trees in BALB/c and C57BL/
6 mouse embryos—strains with marked differences in adult collateral density and diameter (85%
fewer, 50% smaller in BALB/c). The circulation was dilated, fixed and stained. By E15.5, a “primary
collateral plexus” was beginning to form in both strains. By E18.5, plexus vessel number peaked,
but was 60% less and diameter smaller in BALB/c (P<0.001). Earlier time-points were examined to
determine if these differences correlated with differences in patterning of the general circulation. At
~E9.0, the primary capillary plexus was similar between strains, but by E12.5 branching was less
and diameter larger in BALB/c (P<0.05). Between E12.5–E18.5—during pial artery tree
development—small differences in tree size, branch number and distance between branches did not
correlate with the large difference in collaterogenesis. Pruning of nascent collaterals between P1–
P21 was comparable in both strains, yielding the adult density, but diameter and tortuosity increased
less in BALB/c. Pericyte recruitment to nascent collaterals was comparable, despite lower VEGF-A
and PDGF-B expression in BALB/c mice. These findings demonstrate that collaterals form late
during vascular development and undergo postnatal maturation, and that differences in genetic
background have dramatic effects on these processes.

Introduction
Native collaterals are pre-existing arteriole-to-arteriole anastomoses that bridge adjacent
arterial trees in healthy tissues. Their density, diameter and capacity to enlarge following
arterial obstruction (arteriogenesis), which are important determinants of their ability to protect
against ischemic tissue injury, vary widely within and among species.1–4 Evidence suggests
that conductance of the collateral circulation also differs greatly in healthy humans.5 This
variance arises, presumably, from interactions among as-yet unidentified genetic and/or
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environmental factors that regulate formation (ie, collaterogenesis) and maintenance of the
native collateral circulation (ie, collaterogenesis).

Surprisingly, no studies have examined when (or how) these unique vessels form. Does
collaterogenesis occur in the embryo, neonate or during growth to adulthood? The cerebral
arterial circulation and its collateral network reside in the pia/leptomeninges on the surface of
the brain, making this tissue ideal for investigating these questions. Also, the extent of the pial
collateral circulation greatly impacts the severity of stroke,4 adding relevance to studying
collaterogenesis in brain. Early studies examining the development of the cerebral circulation
noted the presence of rudimentary pial arteriole anastomoses.6–9 More recently, we reported
that mouse pial collaterals are present at birth, and that targeted reduction in Vegfa or Clic4
expression reduces their density and increases postnatal pruning, resulting in a lower density
in adults and increased severity of stroke.10,11 Little else is known about the time-course or
mechanisms involved in formation and stabilization/remodeling (ie, maturation) of the native
collateral circulation. Such information is not only fundamental, but is also required to identify
mechanisms underlying individual variation in collateral extent and to develop therapies to
induce formation of new collaterals in occlusive disease.

In the present study, we characterized collaterogenesis in the cerebral cortical circulation. To
gain insight into genetic mechanisms underlying differences in this process, we compared two
mouse strains—C57BL/6 and BALB/c—with large differences in collateral density and
diameter in the brain and other tissues of adults.4 We hypothesized that natural, genetically
determined differences in arterial tree patterning and/or postnatal maturation of nascent
collaterals are major determinants of the wide variation in extent of the collateral circulation
in healthy adults.

Materials and Methods
Offspring of C57BL/6 and BALB/c breeders from Jackson Laboratories were studied
(embryonic, postnatal, and 10–12 weeks). Embryos were staged by crown-to-rump length.
Experiments were conducted on at least two litters. The circulation was dilated, fixed, and
stained for isolectin-B4, beta-galactosidase (ephrin-B2tLacZ)12 or NG2, or filled with casting
material, followed by morphometry of both hemispheres.4,10,11 Quantitative RT-PCR was
conducted on tissue samples taken from the “collateral zone” between the MCA and ACA trees
and from the central MCA tree (non-collateral zone) Data are means ± SEM, with significance
(P<0.05) determined by t-tests or ANOVA followed by Dunn-Bonferroni t-tests.

An expanded Materials and Methods is available in the Online Data Supplement at
http://www.sciencedirect.com.

Results
Reduced branching in the early embryonic capillary plexus and middle cerebral artery tree
of BALB/c mice

Preliminary studies showed that pial collaterals first appear in C57BL/6 and BALB/c strains
at ~E15.5, with many fewer forming in BALB/c (detailed below). Therefore, we began by
examining these strains at earlier time-points to determine if differences in vascular patterning
of the cerebral circulation underlie the reduced formation in BALB/c. Differences in formation
of the primary capillary plexus which begins at ~E8.5 in the pia,13,14 or its subsequent
remodeling, could lead to variation in arterial tree patterning. This could result in variation in
subsequent collateral formation. In agreement with others,14 at E8.5–9.5 the plexus did not
have well-defined capillary tubes, preventing measurement of branch density and vessel
diameter; however, percentage of cortex overlain by plexus material was comparable in both
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strains (Figure 1a,b). By E12.5, in BALB/c, plexus capillaries had remodeled into larger
diameter vessels that branched less, but covered a similar area, compared to C57BL/6 (Figure
1c–f). These findings suggest that the primary plexus is composed of similar numbers of
endothelial cells in both strains.

Between E13.5 and E14.5, second-order vessels began branching from the MCA trunk (which
first became evident at E12.5—Fig 1c) in a similar pattern in both strains (data not shown).
However, by E15.5, the BALB/c’s MCA had fewer second- and third-order branches, and
second-order branches were larger in diameter (Figure 2a–e). These differences, which mimic
those in the primary embryonic plexus (above), were confirmed with isolectin-B4 labeling of
endothelium (data not shown). Cortex areas were comparable (Figure 2f).

BALB/c embryos form fewer collaterals and intra-tree anastomoses
To aid differentiating developing arteries from veins, we back-crossed ephrin-B2tLacZ/+

mice12 (arterial endothelial cell marker) onto C57BL/6 and BALB/c strains for ≥10 generations
(Figure 3a,e). Compared to C57BL/6 embryos at E15.5 and E18.5, respectively, BALB/c: had
an MCA territory that was 14% smaller at both time-points (data not shown), tended to have
20% and 17% greater distance between the MCA and ACA crowns (Figure 3b,f), had 60%
fewer collaterals (“primary embryonic collaterals”, ie, ring-like anastomoses–-see insets in
Figure 3e and Supplemental figure 1) at both time-points between MCA and ACA trees (Figure
3c,g), and had no difference in the total number of distal-most MCA arterioles, ie, arterioles
continuing on by either penetrating into the cortex or as a collateral connecting to the ACA
tree (Figure 3d,h). The number of collaterals between the MCA and ACA trees increased 7-
fold in both strains between E15.5 and E18.5 (compare ordinate values for Figures 3c and 3g).
However, at E18.5 the number of distal-most arterioles in the MCA tree that continue on as
collaterals was 80% in C57BL/6 and 30% in BALB/c (compare Figures 3d and 3h). Collateral
diameters were 16% smaller at E18.5 in BALB/c (non-significant, n=5–6; data not shown).

By E18.5, a plexus of ring-like arteriole-to-arteriole anastomoses had also formed within the
MCA tree. This intra-tree plexus had the same morphology as the primary collateral plexus
between the trees (Figure 4d and Supplemental figure 1). Like the 60% collaterals between the
BALB/c trees at E18.5, BALB/c also had 65% fewer intra-tree anastomoses (Figure 4e). The
density of these anastomoses within and between the cerebral artery trees did not change
significantly from E18.5 to postnatal day 1 (P1) in either strain (Figures 3g, 4b,4e) except for
a decline in BALB/c (Figure 4e).

The distance between the crowns of their MCA and ACA trees at E15.5 and E18.5 trended
wider in BALB/c (~18%, Figure 3b,f). This could contribute to the 60% fewer collaterals
formed. We thus wondered whether BALB/c also have a wider distance between branches of
the MCA tree to account for their formation of 65% fewer intra-tree. Therefore, the length and
number of all second-through-fourth order arterioles, and the territory that they circumscribe,
were measured to permit determination of vessel length-density (n=6 for each strain and time-
point). In BALB/c at E15.5 and E18.5, branch length averaged 19% and 7% less than C57BL/
6 (P=0.01, P=0.45), and branch number averaged 2% and 15% fewer (non-significant). These
small differences are expected since MCA territory of BALB/c was 14% smaller at both time-
points, as noted above. Vessel length-density was 8% and 7% smaller in BALB/c at E15.5 and
E18.5, respectively (both non-significant). These differences in length-density are considerably
smaller than the differences in the distances separating the distal-most arterioles of the MCA
and ACA trees at the same time-points (17% and 20%). Yet inter-tree and intra-tree
anastomoses are reduced by similar amounts in BALB/c (60 and 65%, respectively). These
results suggest that the somewhat greater distance between branches is not the main cause of
the large decrease in inter- and intra-tree anastomoses forming in BALB/c mice. The above
data also show that the MCA tree in BALB/c embryos grows out somewhat more slowly,
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resulting in slightly fewer distal-most arterioles that is rectified by E18.5. These two
differences, which exist at a time when the primary collateral plexus is forming, though small
in comparison to the large difference in collateral formation, could nevertheless contribute to
the latter.

Nascent collaterals in BALB/c embryos undergo similar pruning but less growth in length
and diameter after birth

C57BL/6 and BALB/c mice evidenced comparable decreases in the absolute number of
collaterals between P1 and P21 (Figure 4b), whereas number of intra-tree anastomoses declined
more in C57BL/6 (Figure 4e). In both strains, the number of collaterals and intra-tree
anastomoses present at P21 are the same number observed in adults, in agreement with previous
studies in CD-1 mice.10,11 Collateral diameter in both strains increased similarly, in absolute
microns, between P1 and P21, but declined by ~50% in BALB/c during growth to adulthood
(Figure 4c). Since acquisition of tortuosity—one of the signatures of native collaterals—has
not been examined, we studied its development. Tortuosity increased from E18.5 through
adulthood (compare Figure 3e insets with Supplemental figure 4), but by a smaller amount in
BALB/c (Figure 4f). Thus, C57BL/6 and BALB/c mice undergo similar postnatal pruning but
collaterals of BALB/c fail to increase their diameter and evidence smaller increases in length
during growth to adulthood.

Adult collateral density was established by P21 in both strains (Figure 4b). Therefore, we
examined the relationship between number of collaterals and distal-most arterioles of the MCA
tree at this time-point. Compared to the 14% smaller size of the embryonic MCA tree of BALB/
c (see above), the tree was now 8% smaller (Figure 5c); this remaining difference is abolished
by adulthood.4 Consistent with this, the number of distal-most MCA arterioles was 8% lower
in BALB/c (Figure 5d, sum of black and white bars), similar to the small differences in the
embryo (Figure 3d,h). This contrasts with the much greater absolute and percentage decrease
in collaterals in BALB/c (Figure 5d, black bars). Comparing E18.5 to P21, pruning reduced
the number of distal-most arterioles in the MCA tree that continue on as collaterals from 80%
to 35% in C57BL/6 and from 30% to 4% in BALB/c. Adult BALB/c had 9% fewer distal-most
MCA arterioles, compared to adult C57BL/6 (data not shown).

The number of distal-most arterioles was slightly larger in adult C57BL/6 and BALB/c (72±4
and 63±3, respectively) than at P21. This likely reflects the small additional brain growth that
occurs between P21 and adulthood. The P21 and adult data show almost identical deficits in
absolute number of distal-most MCA arterioles and MCA-ACA collaterals in BALB/c. This
indicates that the cortex underlying the collateral zone of BALB/c mice is supplied mostly by
penetrating arterioles descending from the ends of the distal-most arterioles of the MCA, ACA
and PCA trees, plus those from the one or two collaterals present. This contrasts with abundant
collaterals of C57BL/6 mice: on average, a collateral provides a “scaffold” for 2.8±0.3 and 2.7
±0.7 penetrating arterioles in adult C57BL/6 and BALB/c (n=10 each), respectively, to help
supply the collateral zone.15

Expression of PDGF-B and VEGF-A, but not angiopoietin-2 are reduced in BALB/c mice
Differences in factors governing primary collateral plexus formation between C57BL/6 and
BALB/c mice could underlie their subsequent differences in collateral density. VEGF-A,
angiopoietin-2 and PDGF-B are implicated in formation, branching, stabilization, pericyte/
smooth muscle cell recruitment (muralization) and regression (pruning) of nascent vessels.
16–18 Therefore, we examined their expression in the cortex and overlying pia from two regions
—the “collateral zone” between the MCA and ACA trees, and the regions overlain by the ACA
and MCA trees (“non-collateral zone”). No significant differences were detected in individual
VEGF-A isoforms; however overall VEGF-A expression was reduced at P1 in the collateral
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zone of BALB/c (Supplemental figure 2a,b). Angiopoietin-2 was elevated at E18.5 in the
collateral zone of BALB/c (Supplemental figure 3). PDGF-B was reduced 90% in both sample
sites at all time-points in BALB/c (Figure 6a,b). Expression of the endothelial cell marker, VE-
cadherin, was comparable between strains (Supplemental figure 3c,d).

BALB/c collaterals do not have a defect in pericytes
Reduced expression of VEGF-A and PDGF-B plus transient increase in angiopoietin-2 in
BALB/c may contribute to impaired formation, stabilization, muralization or growth of nascent
collaterals. Given the involvement of these molecules in pericyte function,18 we examined
pericyte density on collaterals at E15.5 when collaterals are beginning to appear and at P1 when
collateral density has passed its peak and pruning is beginning. Although VEGF-A and PDGF-
B were lower in BALB/c, pericyte density on pial collateral arteries was comparable between
strains (Figure 6d–g). Smooth muscle cells are not present on collaterals until after P7 (Zhang
and Faber, unpublished, 2009). These findings do not support a defect in mural cell recruitment
to explain formation of fewer collaterals of smaller diameter that exhibit less growth in length
in BALB/c mice.

In vivo analysis of collateral flow
Collaterals are presumed to be subjected to unique hemodynamic forces during and after
formation, given their position between two arterial trees, ie, low oscillatory flow and high
circumferential wall stress. These forces could participate in formation and postnatal pruning
and maturation in length and diameter of these vessels. However, no studies have measured
velocity and shear stress in collaterals (albeit a study19 appeared just before submission of our
findings). Therefore, we used intravital microscopy through an open cranial window over the
collateral zone between the MCA and ACA to obtain collateral blood flow velocity, diameter
and shear stress in anesthetized adult C57BL/6 mice. Velocity and shear stress averaged 150
μm/s and 2 dynes/cm2 (Figure 7), with some collaterals exhibiting very slow flow in one
direction, while others having slow oscillatory flow (Supplemental videos 1,2). By comparison,
velocity and shear stress were several-fold greater in adjacent penetrating arterioles and 15-
fold greater in nearby distal-most arterioles with comparable diameters. After ligation of the
MCA distal to the lenticulo-striate branches, velocity and shear stress abruptly increased to
values measured in the distal-most arterioles (Figure 7). These findings document the unique
hemodynamic environment in which native collaterals exist.

Several additional observations in this study are noteworthy. (1) We did examine the time-
course of formation of the pial cerebral vein trees. However formation, remodeling and
localization of these trees occur later and differ significantly from artery tree development
(Supplemental figure 5). (2) Unlike the developing artery trees overlying the cerebral cortex
which have a dendritic pattern similar to the newborn and adult (eg, Figures 2–5, Supplemental
figure 5, reference 4), the pattern of the early artery trees overlying the cerebellar cortex
dramatically changes with development (Supplemental figure 6 versus reference 4). (3) Ephrin-
B2-LacZ background staining differed significantly for the cerebral cortex versus the midbrain
and cerebellum (Figures 3,4, Supplemental Figures 1c, 6), suggesting that within the cortex,
but not other brain regions, endothelial cells or neurons/glia express ephrin-B2.

Discussion
This is the first study to examine development of the native collateral circulation. To facilitate
this, we compared C57BL/6 and BALB/c mice—strains with large differences in collateral
extent (ie, density and diameter) in adult brain, hindlimb and intestine.4 These strains have the
greatest extremes in collateral extent among 15 inbred strains,15 and BALB/c suffer more
severe tissue injury than C57BL/6 in models of stroke and hindlimb ischemia.1,4,15 Significant
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differences in extent of the native collateral circulation also appear to exist in healthy humans.
5 Deficient collateral conductance in adult BALB/c could be from fewer collaterals formed,
reduced stabilization (ie, increased pruning) or impaired lumen/wall growth of nascent
collaterals, or due to a decline in collateral density, diameter or increase in length (tortuosity)
during tissue growth to adulthood. We examined these questions in the cerebral circulation
because of its imaging advantages and because genetically-determined differences in collateral
extent in this circulation are shared in other tissues.4,10,11 Our findings show that pial collaterals
begin to form in both strains at ~E15.5, after the MCA has extended across the cerebral cortex.
At the time of peak collateral formation (E18.5), BALB/c form 60% fewer. In both strains,
these nascent collaterals undergo comparable pruning that is complete by P21, yielding the
adult density. Our findings suggest that the deficiency in collateral formation in BALB/c results
from slower outgrowth of the cerebral artery trees and altered expression of genes important
in forming and stabilizing newly formed anastomoses.

Before this study, information about the early collateral circulation was confined to comments
in several early studies examining the postnatal cerebral and cerebellar circulations6–9. In
newborn rats, the presence of “ring-like anastomoses” between and within pial artery trees was
noted, followed by pruning over the first ~7 weeks after birth.7,8 In Swiss-Webster mice, Wang
et al. noted that anastomoses between the MCA and ACA were present at birth but, like the
BALB/c strain studied herein, were almost absent within two weeks.8

Our findings show that BALB/c mice form fewer collaterals than C57BL/6. Identifying this
difference and the responsible mechanisms required determining when these vessels develop.
Pial collaterals begin to form in both strains at ~E15.5 as an abruptly appearing plexus of ring-
like “primary” collaterals composed of endothelial cells expressing the ephrin-B2 arterial
phenotype. Outgrowth of this plexus peaks at ~E18.5. A similar plexus arises between branches
within the cerebral artery trees (intra-tree anastomoses) over this same relatively short time-
window. Compared to formation of the general arterial circulation, this period of primary
collateral plexus formation occurs relatively late, ie, after the cerebral artery trees have
extended across the cortex. BALB/c have 60–65% fewer inter- and intra-tree plexus vessels at
both time-points. These nascent anastomoses subsequently undergo a similar absolute amount
of pruning in both strains, such that by P21 when the adult density is achieved, BALB/c have
85% fewer collaterals and 95% fewer intra-tree anastomoses (increases in percentage,
compared to E18.5, are a consequence of changes in total numbers of anastomoses).

We investigated possible mechanisms for these large differences in collateral formation. No
difference existed between the strains in the total area of the primary embryonic capillary plexus
at E9.0 and 12.5. This suggests no difference in size of the initial endothelial cell population,
which is determined by vasculogenesis and sprouting angiogenesis. This is not surprising, since
both processes are tightly regulated by genes (eg, Vegfa, angiopoietins) whose expression, if
altered beyond certain amounts, cannot be tolerated without major or often lethal vascular
abnormalities.16–18

We also hypothesized that differences in branching morphogenesis, leading to differences in
branch density at the crowns of the cerebral artery trees that collaterals interconnect, could also
be important. Both the embryonic capillary plexus at E12.5 and early MCA tree at E15.5 of
BALB/c mice displayed less branching and vessels with larger diameters. However, no
difference in the number of distal-most arterioles was evident between the strains during
collateral plexus formation (E15.5–18.5), although there was a trend toward slightly (14%)
fewer at E15.5 in BALB/c.

We found that the cerebral artery trees form somewhat more slowly in BALB/c mice (MCA
tree territory was 14% smaller at E15.5 and E18.5, 8% smaller at P21, and not different in
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adult). This caused BALB/c to have a wider distance between the MCA and ACA trees (17–
20%) and between branches within the MCA tree (ie, a 7–8% lower branch length-density)
during the E15.5–E18.5 interval of plexus formation. This difference could contribute to the
fewer anastomoses that form at both sites in BALB/c. However, the much larger deficits (60
and 65%) in collaterals and intra-tree anastomoses that formed suggests an additional
mechanism may play a larger role in collateral development. In addition, a very weak
correlation was found between differences in cerebral artery tree territories and collateral
number (r2 = 0.05) in an analysis of 15 inbred mouse strains exhibiting large genetic differences
both traits.15 We therefore postulated that the large difference in collateral formation in BALB/
c and C57BL/6 mice may involve genetically determined differences in expression/activity of
factors within the signaling pathway(s) driving formation and stabilization of the primary
collateral plexus.

To begin to examine this hypothesis, we measured expression of three potential factors—
VEGF-A, angiopoietin-2 and PDGF-B. These were chosen because of their known roles in
vessel formation, growth, stabilization and remodeling.16–18,20 plus our previous eQTL
analysis suggesting the presence of a polymorphism in or near the VEGF-A gene linking lower
VEGF-A4 and lower PDGF-B expression in BALB/c compared to C57BL/6. Tissue samples
were taken from the “collateral zone” and from the center of the MCA and ACA trees (“non-
collateral zone”). Thus, a limitation is that these samples unavoidably included RNA from both
the pial vasculature and the underlying neurons and glia. Overall VEGF-A isoform expression
was lower in both zones at P1 (significant for the collateral zone). BALB/c are known to express
less VEGF-A during ischemia/hypoxia.4,21,22 Moreover, VEGF-A expression positively
regulates collateral density in the newborn and hence adult in a gene-dose-dependent manner.
10 Thus, the present data support the hypothesis that VEGF-A signaling is involved in driving
formation and outgrowth of the primary collateral and intra-tree anastomotic plexuses.
Previous studies have also shown that expression of Clic4, which may reside in the VEGF-A
signaling pathway, positively regulates collateral density in the newborn and adult in a gene-
dose-dependent manner.11

Our inability to detect differences in VEGF-A expression until P1 may have resulted from its
known high expression in the neurons and glia before birth.23,24 This could mask detection of
levels in and near the pial vasculature before birth, compared to after birth. Our angiopoietin-2
and PDGF-B data support this notion, since these predominantly vascular/mesenchymal factors
are expressed at much lower levels or not at all by neurons and glia.25,26 Moreover, they support
the above hypothesis concerning their involvement in collateral plexus formation:
Angiopoietin-2 was elevated at E18.5 in the collateral zone samples, at a time when PDGF-B
(discussed below) was reduced. Unlike VEGF-A, angiopoietin-2 is highly expressed in
endothelial cells, compared to neurons and glia.17,25 Also, VEGF-A augments angiopoietin-2
expression, and angiopoietin-2 is a key controller of angiopoietin-1—Tie-2-mediated
stabilization of nascent vessel formation.17 Elevated angiopoietin-2 levels promote instability
of nascent vessels.17 PDGF-B, which is downstream of VEGF-A—angiopoietin signaling16,
18 and is much more strongly expressed in vascular than brain tissue,26 was reduced by more
than 90% at all time-points in BALB/c mice. Because of this, we hypothesized that lower
PDGF-B in BALB/c mice could result in less mural cell recruitment to nascent collaterals,
resulting in less stabilization and thus many fewer forming in BALB/c. However, pericyte
numbers were comparable in both strains. PDGF-B is highly expressed by sprouting tip-cells.
27 Thus, another possiblility is that lower expression in BALB/c could result in less branching
density and fewer collaterals being formed.

Based on these and our previous studies,4,10,11 we propose that levels of VEGF-A,
angiopoietin-2 and PDGF-B are important in determining formation of the primary collateral
plexus in the embryo and maturation in the neonate, and thus the extent of the collateral
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circulation in the adult. Therefore, variants in genetic elements impacting the expression or
activity of these factors could contribute to differences in the native collateral circulation
among species and individuals. Future studies localizing expression and activity are needed to
clarify the role of these and undoubtedly other factors involved in collateral formation.

Compared to previous work in adult C57BL/6 and BALB/c mice4 that were confirmed herein,
collateral density in P1 pups was greater in both strains, and C57BL/6 collaterals had smaller
diameters. To identify mechanisms for this difference, we examined additional postnatal time-
points. In both strains, comparable postnatal pruning of collaterals (and intra-tree anastomoses)
occurred through P21, as did comparable increases in collateral diameter. In support of the
similar pruning observed, no difference was seen at P1 in pericyte density on collaterals
between the strains. This is consistent with the similar angiopoietin-2 expression in both strains
at P1, which may, along with potential compensations in BALB/c, prevent enhanced pruning
of nascent vessels that is favored by their lower VEGF and PDGF-B expression.

BALB/c collaterals developed less tortuosity after birth and during growth to adulthood (3
months). This may result from an effect of lower VEGF and PDGF-B expression on
proliferation of collateral endothelial and mural cells, and could also explain why diameter
declines between P21 through adulthood in BALB/c. It is unclear why collaterals acquire their
characteristic tortuous morphology and why tortuosity continues to increase beyond P21 when
density (and diameter in C57BL/6) have reached adult values. A similar increase in pial
collateral tortuosity from P10 to P56 was reported in Wistar rats.28 We speculate that this
characteristic, which increases resistance and is thus counterproductive for collateral function,
is caused by the low and oscillatory shear stress environment in which native collaterals
normally reside (Figure 7). Such conditions may stimulate a higher level of tonic endothelial
cell proliferation than in non-collateral arterioles, especially after birth when arterial pressure
and pulsatility from heart rate rapidly rise, resulting in progressively increasing tortuosity.
Understanding the adaptive mechanisms that permit endothelial and mural cells of the native
collateral to tolerate such a disturbed hemodynamic environment is an intriguing area for future
investigation.

In summary, this study shows that the collateral circulation forms in the mouse initially as a
plexus late in embryogenesis, after the general arterial-venous circulation has formed. This
plexus then undergoes pruning and maturation during the first three postnatal weeks, at which
time collaterals acquire their characteristic tortuosity and adult density and diameter. Genetic
background is capable of having dramatic effects on these processes. Lastly, we present
evidence supporting the hypothesis that individual differences in the extent of this circulation
may arise from natural genetic polymorphisms that alter expression of genes driving formation
of the collateral plexus. These findings are not only fundamental, but they may also help
identify genetic mechanisms underlying differences in collateral abundance in humans and aid
development of therapies to promote formation of new collaterals in individuals that have or
are prone to occlusive disease.
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Figure 1.
Area of the primary capillary plexus overlying the dorsal cerebrum is similar between C57BL/
6 and BALB/c. Top: a,b, Confocal imaging of primary capillary plexus stained with isolectin-
B4 and plexus area. b, n=5 C57BL/6, n=4 BALB/c; E8.5–E9.5 imaged. Bottom: BALB/c
plexus has fewer branches of larger-diameter vessels at E12.5; collaterals not yet present. c,
Lateral view of the cerebral vasculature at E12.5 stained with isolectin-B4. Rudimentary MCA
tree is present. d–f, Number of plexus branches (* in inset in c), size of vessel diameters and
percentage of cerebrum covered by vessels were determined in an anterior region of the
cerebrum (box in c). n=4–5. Data here and in other figures are means±SE for n-number of
embryos per strain (ie, per bar) from ≥ two litters per strain.
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Figure 2.
Branching in the MCA tree was less at E15.5 in BALB/c. a, Lateral view of the tree at E15.5.
Staining with anti-neuron-glial 2 (NG2). b–e, Number of 2nd- and 3rd-order branches are
reduced in BALB/c, while diameters of 2nd-order but not 3rd-order branches are larger in the
BALB/c. f,g, Reduced branching in BALB/c is not due to a smaller cortex, but the MCA tree
covers 14% less area. n=6–7/bar.
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Figure 3.
Collateral formation increases ~7-fold from E15.5-to-E18.5 in both strains but is less in BALB/
c. c,g, BALB/c have 60% fewer collaterals at E15.5 and E18.5 (stars in a,e) than C57BL/6. a,e,
LacZ staining (both strains are ephrin-B2tLacZ/+) of dorsal view of cortex; insets show ring-
like morphology of early “primary” collateral plexus between MCA and ACA. b,f, Distance
between the crowns of the MCA and ACA trees is 20% and 17% greater at E15.5 and E18.5,
respectively, in BALB/c than C57BL/6 (non-significant). d,h, The number of distal-most
arterioles at the crown of the MCA tree is not significantly different at E15.5 or E18.5. n=5–
6/bar.
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Figure 4.
Nascent collaterals and intra-tree anastomoses of C57BL/6 and BALB/c mice undergo
comparable postnatal pruning. a, Dorsal view of postnatal day 1 (P1) vasculature of ephrin-
B2tLacZ/+ mice. b, Fewer MCA-to-ACA collaterals (stars, panel a) in BALB/c versus C57BL/
6 at all ages. c, Collateral diameters are smaller in BALB/c. d, Lateral view of cortex from
ephrin-B2tLacZ/+ mice showing MCA intra-tree anastomoses (stars) at E18.5. e, Fewer intra-
tree anastomoses in BALB/c versus C57BL/6 at all ages. f, Collateral tortuosity increases with
age and is less in BALB/c. n=5–12/bar.
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Figure 5.
Smaller MCA territory and number of distal branches of MCA tree (both 8% smaller) are much
less than the 85% lower collateral number in BALB/c. a, Dorsal view of cortex at P21. b,c,
Dorsal cortical area and percentage of area supplied by cerebral artery trees. d, Total number
of distal-most MCA arterioles adjacent to collateral zone (*, panel a) is 8% less in BALB/c,
collateral number is ~85% less. n=8–11/bar.
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Figure 6.
BALB/c collaterals have reduced PDGF-B expression and similar pericyte coverage. a,b, Q-
PCR in collateral and non-collateral zones of the cortex at indicated times. Data normalized to
18S rRNA and expressed as fold-change from C57BL/6; n=6/bar. c, Confocal image of
isolectin-B4 (red), anti-NG2 (green); stars, pericytes. d-g, Number of pericytes per collateral
length-x-width and per length at E15.5 and P1. n=3 mice/bar with 2–4 collaterals per brain.
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Figure 7.
Slow, oscillatory velocity and shear stress in native collaterals under baseline, quantified using
intravital microscopy of 1μm diameter fluorescent microspheres injected intravenously. a,
Tracking of two microspheres (arrowheads); time-base in 0.01 second. Mice were anesthetized
with ketamine and xylazine. b, Shear stress and velocity; calculations in Supplement. n=3/bar.
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