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Abstract

The renal vasculature, like all vessels, is lined by simple squamous epithelium, called an
endothelium. These endothelial-lined vessels can be subdivided into four major compartments:
arteries, veins, capillaries and lymphatics. The renal vasculature is a highly integrated network that
forms through the active processes of angiogenesis and vasculogenesis. The precise contribution
of these two processes and the molecular signaling that governs the differentiation, specification
and maturation of these critical cell populations is an actively evolving field. Though much of the
focus has concentrated on the origin of the glomerular capillaries, this review extends the
investigation to the origins of the endothelial cells throughout the entire kidney and the signaling
events that cause their distinct functional and molecular profiles. A thorough understanding of
endothelial cell biology may play a critical role in better understanding renal vascular diseases.
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Introduction

The development of the adult kidney involves the intricate molecular and cellular
interactions of the metanephric mesenchyme (including the nephron progenitor and the renal
stroma) and the ureteric bud. Less focus has been given to the formation of the vasculature
and the role that the renal vasculature plays in patterning the developing kidney. The
formation of an appropriately patterned vasculature is critical as the kidneys receive between
20-25% of the total cardiac output. This is of particular significance when one considers the
relatively small size of the kidneys in relation to total body mass (approximately 0.5%).
Recent studies have shifted the primary focus from glomerular capillaries to an expanded
interrogation of the more numerous and encompassing vascular components that join
together to form the post-glomerular renal vasculature. This manuscript will provide an up-
to-date review of the literature related to the many and various interactions of the renal
endothelium and its role in patterning the formation of the kidney.
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Angiogenesis vs vasculogenesis

The formation of the developing vasculature throughout organogenesis and as the kidney
develops is the combination of two biological processes; the first being angiogenesis, which
is defined by the outgrowth (sprouting) of vessels from an established central vessel [1-3].
In the renal vasculature there are two primary angiogenic sites: vessels that sprout off the
renal artery and the formation of the vasa recta, which branches off the efferent arterioles.
The second is termed vasculogenesis, this process is the formation of vascular networks
from inherent endothelial progenitors [4]. At the initiation of kidney development the
angiogenic vessels track with the invading ureteric bud, concurrently the vasculogenic
vessels are forming a primitive vascular network (Figure 1). Angiogenic vessels then
connect with the vasculogenic network and produce the functional and highly integrated
kidney vasculature. These two critical vascular events happen in a coordinated manner in the
developing kidney to integrate into the glomeruli and attach to the major efferent renal
vessels.

The developmental origin and specification of endothelial progenitors in the kidney

The early intermediated mesoderm that is fated to become metanephric mesenchyme
initially expresses the transcription factor Odd-Skipped-Related 1 (OSR1) and it is this cell
lineage that gives rise to all the cell types of the metanephric mesenchyme. In mice this
OSR1 positive mesenchyme also gives rise to a subset of endothelial precursors that are
fated to become Flk1 (Vascular endothelial growth factor receptor 2) positive [5]. The
endothelium of the kidney is then subdivided into the various subcompartments including
the arteries, veins, capillaries and lymphatics [6]. The specification of the endothelium into
its various four distinct types is a dynamic process that involves critical cross talk between
VEGF, Ephrin, Notch and Sox signaling pathways (as reviewed in [6]).

Glomerular endothelium develops from inherent angioblasts via vasculogenesis

The human kidney contains between 200,000 and 2 million glomeruli [7]. One of the critical
structures that reside within the glomerulus are the capillary loops. These capillary loops
consist of fenestrated endothelial cells that act in the initial filtration of the blood, and
podocytes (Figure 2). Unlike other fenestrated endothelial vessels, the glomerular capillaries
are not spanned by diaphragms, which allows for free exchange of fluid, however they are
not wide enough to allow red blood cells to pass. The glomerular basement membrane,
synthesized by the glomerular endothelial cells and the podocytes, forms an integral part of
the filtration system of the glomerulus. Previously, in mice it has been determined that the
glomerular endothelium likely develops from hemangioblasts [8-10]. These cells are
thought to circulate into the kidney through the angiogenic vessels and take up residency in
the lower limb of the developing S-shaped body, and are closely associated and reliant on
the mesangial cells and the podocytes for normal formation and function. This process was
confirmed using a murine model which lineage tagged endothelial cells in combination with
kidney explants either under the renal capsule or into the anterior chamber of the eye. Here it
was found that explanted kidneys, even as early as embryonic day 12 (E12), contained the
necessary cells to form the renal microvasculature including the endothelium of the
glomerulus [8].
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Vasculogenic vessels give rise to many of the peritubular capillaries

Each glomerulus is connected to the collecting duct system by a series of tubular segments.
A rich vascular network known as the peritubular capillaries surround these tubular
segments. The peritubular capillaries are critical for electrolyte balance by modulating
reabsorption and secretion between the blood and filtrate. The origin of the peritubular
capillaries is much less studied than those invested in the glomeruli. However, it has
recently been shown by our lab and others in mice, that the peritubular capillary network
arises from both resident endothelial progenitors as well the invading angiogenic vessels
[4,11,12]. Studies from our laboratory have shown that the renal stroma gives rise to a
subset of endothelial progenitors as early as E12.5 that are present in the peritubular
capillaries, but not in glomerular endothelium. We utilized renal stroma that was
permanently labeled (using Foxdlcre mice bred with a mouse that contains RFP driven
under the Rosa locus) and tracked these cells through to adulthood, revealing that the renal
stroma gave rise to mature peritubular endothelium. Furthermore, we determined that the
renal stroma, when isolated and cultured in vitro, had the ability to differentiate into
endothelial cells given the appropriate environmental cues [11]. Studies have determined
that the metanephric mesenchyme contains a c-kit positive fraction of cells that also have the
ability to differentiate into endothelial cells [13].

The origin of the renal endothelium has been shown to arise from angiogenesis and
vasculogenesis, however, these vessels have a heterogeneous expression profile [14]. This
suggests that the various vascular compartments in the kidney have unique expression
profiles that may allude to their differing functional roles. Interestingly, the endothelium that
forms in the kidney contains several histological types including fenestrated and fenestrated
with diaphragms, as well as continuous capillaries. Fenestrated endothelia that do not have
diaphragms are seen in the glomerular capillaries, and this is important for selective sieving
of molecules from the blood into the filtrate (Figure 2 A,E). Fenestrated diaphragmed
endothelia are found in the peritubular area (Figure 2 B,F,G) and ascending vasa recta
capillaries (Figure 2 C,H,I). Continuous endothelial cells are seen lining the large vessels
such as arterioles and venules as well as the descending vasa recta capillaries (Figure 2
D,H,I). Figure 3 shows that the density and patterning of the vasculature is unique between
the cortex and medullary compartments.

Several years ago, a molecular profile was determined for mouse endothelial cells in the
kidney [15]. In this study it was determined that the developing renal endothelium contained
markers of both an endothelial and hematopoetic nature suggesting that there are multiple
sources contributing to the endothelial cells within the kidney. The heterogenic expression
pattern of the kidney endothelium allows unique therapeutic opportunities. If one can
specifically target the various endothelial compartments of the kidney to either stimulate,
when vascular formation is perturbed or insufficient, or inhibit vessel formation, to treat
renal cancers, this could be highly beneficial to patients with kidney diseases.

Critical role of vascular endothelial growth factor signaling in patterning the kidney

Perhaps the most critical of all of the signaling pathways that regulate endothelial cells is the
vascular endothelial growth factor (VEGF) pathway. This signaling pathway comprises 5
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major ligands VEGF-A,B and C,D and placenta growth factor (PIGF). These ligands bind to
1 or more receptor tyrosine kinases known as VEGFR1,2 and 3 [16,17]. Knockout
experiments in mice have shown that the binding of VEGF-A to VEGFR2 is critical for
vascular development. Homozygous VEGF-A knockouts die at E8-9, while even a loss of a
single allele leads to early embryonic lethality [18,19]. While both VEGFR1 [20] and
VEGFR2 [21] mice die at a similar time, their phenotypes differ from one another. VEGFR2
mice have a lack of differentiated endothelial cells and also do not contain organized blood
vessels. Conversely, VEGFR1 mice do possess mature endothelial cells but the vessels are
large disorganized, suggesting alternate and non-overlapping roles of these two receptors.
Furthermore, lymphatic endothelium is highly dependent upon VEGF-C binding to
VEGFR3. The VEGF ligands and receptors are expressed at high levels in the developing
and adult kidney. At the initiation of nephrogenesis, VEGF-A has been found in the E11
metanephric mesenchyme, while the expression of endothelial progenitor markers was also
observed. At this early developmental stage there were no patent capillaries. However, it
was postulated that these endothelial progenitors were able to respond to VEGF-A signals
and form patent glomerular capillaries [22]. VEGF ligands are widely expressed in the
kidney, typically in the podocytes, distal tubules and collecting ducts and at lower levels in
the proximal tubules [23,24], while the receptors have been found expressed on endothelial
cells of glomeruli and peritubular capillaries. It has also been found that VEGFR2 is
expressed on the apical surface of the ureteric epithelium [25,26]. Further, in vitro
experiments have shown a critical role for VEGF in mediating ureteric branching
morphogenesis [25,27]. VEGF activity is regulated on many levels. It has recently been
determined that the Semaphorin 3a gene product competes with VEGF-A,; subsequently
when Semaphorin 3a is knocked down, VEGF-A is able to elicit more of an effect on the
ureteric epithelium leading to an increase in ureteric branching. Conversely when
recombinant Semaphorin 3a is added to organ culture a knockdown in the activity of VEGF-
A is seen followed by a reduction in ureteric branching [28]. These findings taken together
suggest that the effect on the ureteric epithelium is direct, as VEGF-A could directly signal
to VEGFR2 on the ureteric epithelium. As well as being a potent inhibitor of ureteric
branching Semaphorin 3a has also been shown to play an important role in regulating kidney
vasculature patterning. Global deletion of Semaphorin 3a leads to vascular patterning
defects including glomerular malformation characterized by an overabundance of
endothelial cells in the glomerulus and effaced podocytes [29].

VEGF-A is produced by the developing nephrons and can act as a chemoattractant for the
invading vascular cells that populate the glomerulus [30]. Conditional deletion of VEGF in
mice within the glomerular podocytes leads to perinatal lethality [31]. This highlights one of
the critical roles of VEGF-A signaling which is a major component of crosstalk existing
between podocytes and endothelial cells to produce functional glomeruli. It has also been
elucidated that blocking of VEGF-A signaling during the early post-natal period, when most
of the other developing organs have already formed, therefore circumventing the early
lethality, leads to a reduction in the number of vessels in the renal cortex and glomeruli that
are avascular, suggesting that the VEGF-A programming of the endothelial cells is critical
through all developmental time points of kidney development [32]. It has been determined
that renal development is dependent on appropriate VEGF signaling. In humans, it has been
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shown that splicing of Exon 8 of VEGF-A leads to two classes of factors; angiogenic
(VEGF1g5)ang anti-angiogenic (VEGF1¢5p) [33,34]. During kidney development VEGF 65,
is expressed in the developing glomerulus through all developing stages and also in the
immature podocytes. However, expression of this isoform is down-regulated in the mature
glomerulus when angiogenesis is critical for formation of the glomerular capillary tuft.
Subsequently, it is the role of anti-angiogenic factors to mediate the actions of the VEGF
isoforms in normal kidney vasculature [35].

Role of angiogenic factors during kidney development

Formation of the vascular networks of the kidney requires highly specialized molecular
signaling. There is a critical role for angiogenic factors in patterning the developing
vasculature and kidney. The hypoxia inducible factors (HIFs) are a potent group of
transcription factors that control the expression of angiogenic genes. As their names suggest,
these molecules are activated under hypoxic conditions. When oxygen levels are low, as is
the case during kidney development, HIF genes are seen to be expressed in the mouse at E14
and also in the early postnatal period [36], HIF subunits are able to translocate to the nucleus
and avoid interaction with VVon Hippel-Lindau protein (VHL), an E3 ubiquitin ligase, that
leads to HIF degradation. However, under levels of high oxygenation that occur later in
kidney development, kidney development ends at P4-5 [37], HIF subunits are subjected to
oxygen-dependent propy! hydroxylation which leads to their interaction with VHL and their
subsequent degradation [38]. These pathways are critical in mediating vascular signaling in
the developing kidney. HIF subunits are largely found in the nephrogenic zone and in the
developing collecting ducts during embryogenesis, which are regions that are known to be
hypoxic. The major HIF-induced genes during kidney development are VEGF, Flt1 and
FIk1 and these genes are paramount to normal renal microvascular development [36,39].
Both VEGF and FIt1 (VEGFRL1) contain the conserved hypoxia responsive elements, and
these two factors have been shown to be responsive to hypoxia both in vitro and in vivo [40-
42]. Furthermore, VEGFR?2 has also been shown to be responsive under hypoxic conditions
[43]. 1t was previously determined that when embryonic kidneys are cultured under
normoxic conditions they do not contain endothelial cells. However, when these cultures are
maintained in hypoxic conditions, the kidneys are able to develop endothelial cells [44].

Notch genes are one of the critical signaling components that drive angiogenic vessels.
These genes play an essential role in mediating the expression of VEGFR2 in tip cells, while
down-regulating VEGFR2 in the adjacent stalk cell. This intricate balance determines the
correct location of the branching vessels [45]. Further, it has previously been determined
that the Notch genes are important factors for formation of the glomerular vasculature.
When mice are hypomorphic for the Notch2 gene (which is normally expressed in the
glomerular epithelial cells) they are unable to signal appropriately to its ligand Jagged
(expressed by the endothelium), which leads to glomeruli that are lacking both endothelial
cells and mesangial cells [46,47].

Angiopoietins are a family of growth factors that have been shown to regulate vascular
development in the developing kidney. Angiopoietin 1 (Angpt-1) is expressed in the
metanephric mesenchyme, maturing tubules and mature podocytes and binds to its
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endothelial receptor Tie-2 leading to endothelial survival, cell-cell stabilization and
maturation of the vessel [48]. One of the major roles of Angpt-1 is to drive endothelial cell
proliferation; this was confirmed in vitro via the addition of Angpt-1 to kidney organ
cultures resulting in an increased proportion of vascularized glomeruli. Global deletion of
Angpt-1 leads to early developmental lethality. To circumvent this problem, conditional
knockout approaches have been utilized and have shown that Angpt-1 is critical for
regulating vessel diameter and number. Global deletion of Angpt-1 causes glomerular
capillary defects; it was observed that the endothelial cells did not attach appropriately to the
basement membrane leading to dilated capillary loops [49]. Furthermore, null deletion of the
Angpt-1 receptor Tie-2 has similar vascular abnormalities to Angpt-1 global mutants and
early embryonic lethality [50]. Furthermore, the Angpt-1/Tie-2 transduction pathway is
further modulated by VEGF-A signaling [51]. Signaling can be down-regulated by Angpt-2
(expressed in renal smooth muscle and pericytes)/Tie-1 (endothelial cells) interactions. This
is particularly evident as deletion of Angpt-2 leads to alterations in kidney vascular
patterning. This is driven by an increase in Tie-2 expression leading to peritubular capillary
dysmorphogenesis [52]. Taken together, these findings suggest that there is a delicate
balance between Angpt-1/Angpt-2 signaling and alterations in this balance lead to vessel
instability and inappropriate vascular patterning.

The renin angiotensin system (RAS) is a complex developmental pathway that has
previously been shown to regulate vascular formation of the kidney (as reviewed in [53]). In
the developing kidney, renin expressing cells have been found to mediate branching of the
renal arterioles suggesting a role in angiogenesis [54]. Pharmacological blockage of any
individual component of the RAS pathway (including angiotensin, angiotensinogen or
angiotensin converting enzyme) has been shown to cause morphological changes including
renal vascular development that is severely stunted [55,56]. However, inactivation of single
receptor subunits has not recapitulated this phenotype suggesting a functional redundancy in
these receptor subunits [57-60]. Angiotenisin Il has subsequently been shown to promote
development of the renal microvasculature through ATy receptors. This was shown by
treating rats with the angiotensin Il type 1 receptor antagonist candesartan in the perinatal
period, which led to a decrease in cortical and medullary capillaries as well as inhibiting the
organization of the vasa recta bundles. Similar findings were observed when the AT,
receptors were deleted in mice [61].

Renal lymphatics developmental origins to disease progression

In the kidney, the least characterized of all the endothelial cells is the lymphatic
endothelium. The lymphatic vessels are important for the drainage of plasma and interstitial
fluids. Lymphatic vessels are responsive to signaling from VEGF-C via VEGFR3. Recent
studies have focused on characterizing the lymphatic endothelium throughout kidney
development. Lymphatic vessels have been shown to branch off veins and in the kidney it
has been found that the LYVE-1 positive lymphatic vessels are closely associated with the
interlobular and arcuate veins. Interestingly there is also a subset of LYVE-1 positive cells
that also express the macrophage marker F4/80 [62]. It is known that macrophages can
contribute to lymphangiogenesis via the release of VEGF-C, so it may be postulated that
their role in the kidney is to guide the ingrowing lymphatic vessels into the appropriate
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locations. It has recently been determined in a mouse model that there is a relationship
between the pro-fibrotic marker TGF-B1 and the pro-lymphatic marker VEGF-C. Both in
vitro and in vivo it was found that TGF-B1 stimulated VEGF-C and subsequently increased
the amount of fibrosis. Furthermore, by blocking TGF-f signaling a reduction in the
appearance of lymphatic vessels was observed [63].

Vascular related malformations

The formation of the renal vessels is a process that is highly variable and alterations in the
anatomical position and number of arteries and veins that enter the kidney is seen in as many
as 30 percent of all patients [64]. The precise pathological consequences of these
malformations is unknown, however it is hypothesized that these alterations may be critical
factors in mediating renal hypertension. Renal vascular shunting is a less uncommon
malformation which occurs when there is shunting directly between the arteries and the
veins that bypass the capillary beds [65]. These abnormalities display symptoms that range
from hypertension to development of renal masses.

Targeting microvasculature for a therapy to renal disease

In a recent review it was described how targeting of the renal microvasculature may prove
critical in tackling chronic kidney disease [66]. During chronic disease, it is suggested that
the kidneys are in an anti-angiogenic condition and this leads to renal vascular loss.
Angiogenesis has been shown to be stimulated using many of the angiogenic factors
mentioned above. In rat [67] and pig [68] models VEGF-A administration has been shown
to lead to a reduced endothelial dropout and a reduction in the amount of fibrosis.
Furthermore, supplementation with Angpt-1 leads to reduced peritubular capillary dropout
in a mouse model of unilateral ureteral obstruction [69]. It has also been suggested that
adoptive transfer of endothelial progenitors could be utilized to stimulate vasculogenesis.
Transplantation of endothelial progenitor cells at the early stages of ischemia reperfusion
injury in mice has been shown to regenerate tubules as well as preserving peritubular
capillaries via elevation of VEGF-A [70]. This technique has also been shown to play a
functional role in chronic kidney disease. Injection of endothelial progenitor cells after
microvascular disease was established in mice led to an increase in renal blood flow,
enhanced capillary proliferation and attenuation of fibrosis [71].

Future directions

Recent advances in understanding the kidney vasculature have included identification and
manipulation of key molecules characterized via transgenics, systemic and conditional
knockouts and clinical trials. However, several critical questions arise in relation to the
future directions of this field of research including: What is the precise origin and
contribution of angiogenesis and vasculogenesis to kidney vasculature? — this is a hotly
debated topic and the answers will dictate the treatment of many kidney vascular disorders;
Would the early detection of vascular malformation lead to a better renal prognosis or
predispose as a risk factor for future disease progression? - determining whether a patient is
susceptible to future illnesses is difficult at this stage as it is likely that even subtle variations
may significantly alter blood flow, however this is an area that requires significant study.
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Conclusion

This article describes the shift in focus regarding renal endothelial cell biology, from the
glomerulus as the primary site of vascular importance, to the entire renal vascular tree as an
integrated system critical for maintaining electrolyte balance and proper renal function. An
intricate relationship of the vasculature in patterning both the vessels and the parenchyma is
clearly apparent. Furthermore, interrogation of the molecular signaling that maintains these
endothelial cells and regulates their spatial-temporal function may be important in tackling
congenital vascular-related renal defects as well as offering insight into the vascular
component relevant to pathological conditions.
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Figure 1. The contribution of angiogenesis and vasculogenesisin the developing kidney
This schematic represents the interactions of angiogenesis and vasculogenesis throughout

the early stages of kidney development. In the top panel the angiogenic vessels are seen to
branch from the major renal vessels once the ureteric bud has invaginated into the
metanephric mesenchyme. In a series of coordinated steps the angiogenic vessels continue to
grow and branch closely tracking with the ureteric epithelial branching. As early as E11.5
sporadic cells are seen in the periphery of the kidney that express endothelial markers and
these are the endothelial progenitors. These cells form a primitive vascular plexus that is
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representative of the vasculogenic vessels. Angioblasts have been found to populate the
glomerulus and contribute to the vasculogenic vessels. The angiogenic and the vasculogenic
vessels then join forming the functional renal vasculature.
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Figure 2. Ultrastructural examination of renal microvasculature
Scanning electron micrographs (A-D) and transmission electron micrographs (E-I) of the

major microvascular beds of the mouse kidney. Ultrastructure of the glomerular capillaries
(A,E) showing fenestrated endothelium without proteinaceous diaphragms (E, arrows).
Glomerular endothelial cells share a basement membrane (*) with podocyte foot processes
(example, large arrowhead). Slit diaphragms (small arrowhead), span between individual
foot processes. Peritubular endothelium (B) are also fenestrated, but the fenestrations are
covered with diaphragms (F,G, arrows). | thick basement membrane (*) separates the
peritubular vasculature from the tubular cells. Ascending vasa recta (AVR) are fenestrated
endothelium with diaphragms (C,H, 1, arrow) but descending vasa recta (DVR) endothelium
are not fenestrated, but thick and continuous (D,H,1). In H, a thick basement membrane (*)
separates the two microvascular components. Size bar A-D = 1 micron. RBC: red blood
cell, EC: endothelial cell.
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Medulla

Figure 3. Vascularity in the kidney
Frozen sections of mouse kidney were labeled to accentuate the endothelium (CD31, red)

and counterstained to show F-actin (Phalloidin, green microvilli) and nuclei (Hoechst’s dye,
blue). In cortex, the vasculature is located within the glomerulus (G) and surrounding the
tubules (PT, proximal tubules). Occasional large arteries (A, like the arcuate or interlobular)
are also visible. In the inner medulla, the vasa recta are packed very densely surrounding the
collecting ducts and loops of Henle. Size bar = 50 microns.
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