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Angiopoietin-2 (Ang-2) modulates Tie-2 receptor acti-
vation. In mouse kidney maturation, Ang-2 is ex-
pressed in arteries, with lower levels in tubules,
whereas Tie-2 is expressed by endothelia. We hypoth-
esized that Ang-2 deficiency disrupts kidney vessel
patterning. The normal renal cortical peritubular
space contains fenestrated capillaries, which have
few pericytes; they receive water and solutes which
proximal tubules reclaim from the glomerular fil-
trate. In wild-type neonates, � smooth muscle actin
(�SMA), platelet-derived growth factor receptor �
(PDGFR�), and desmin-expressing cells were not
prominent in this compartment. In Ang-2 null mu-
tants, �SMA, desmin, and PDGFR� prominently im-
munolocalized in cortical peritubular locations. Some
�SMA-positive cells were closely associated with
CD31- and Tie-2-positive peritubular capillary endo-
thelia, and some of the �SMA-positive cells expressed
PDGFR� , desmin, and neural/glial cell 2 (NG2), con-
sistent with a pericyte-like identity. Immunoblotting
suggested an increase of total and tyrosine-phospho-
rylated Tie-2 proteins in null mutant versus wild-type
kidneys, and electron microscopy confirmed disorga-
nized capillaries and adjacent cells in cortical peritu-
bular spaces in mutant neonate kidneys. Hence,
Ang-2 deficiency causes dysmorphogenesis of cortical
peritubular capillaries, with adjacent cells expressing
pericyte-like markers; we speculate the latter effect is
caused by disturbed paracrine signaling between en-
dothelial and surrounding mesenchymal precursor
cells. (Am J Pathol 2004, 165:1895–1906)

In adult mammals, 20% of the cardiac output flows
through the kidneys. At embryonic day 11 (E11), the

mouse metanephros, the adult kidney precursor, forms
when renal mesenchyme condenses around the ureteric
bud.1 This rudiment contains no formed vessels, al-
though metanephric mesenchyme expresses vascular
endothelial growth factor receptors (VEGFR), and trans-
plantation experiments suggest that it harbors endothelial
cell (EC) precursors.2–6 By E13, capillaries form networks
around epithelial tubules; these vessels express EC
markers including CD31 and VEGFR. At E14, the rudi-
ment contains a single hilar artery and first-order (inter-
lobar) renal artery (RA) branches which later form corti-
comedullary junction “arcades.”1,7 Cortical (interlobular)
arteries branch from arcades and they themselves
branch, forming afferent glomerular arterioles. From E14,
� smooth muscle actin (�SMA) is expressed in vascular
smooth muscle cells (VSMC) of larger RA7 and, from E15,
the first layer of glomeruli acquires capillary loops sup-
ported by mesangial pericytes. At birth, the mouse kid-
ney contains around 1500 glomeruli but the rest form in
the next week, resulting in 104 nephrons.7

Apart from glomerular capillaries, the kidney contains
other blood capillary networks: 1) one occupies the
spaces between cortical, predominantly proximal, tu-
bules, and it arises from the efferent arteries of superficial
glomeruli; these fenestrated capillaries have few, if any,
pericytes8 and hence are able to receive with minimal
structural impediment water and solutes which have
been reclaimed from the glomerular filtrate by adjacent
tubules; 2) another capillary network, the vasa rectae,
arises from efferent arterioles of deep glomeruli; these
descend into the medulla as pericyte-coated vessels
and, together with fenestrated ascending vasa rectae,
are involved in urinary concentration. In mice, renal cap-
illaries surrounding proximal tubules in the cortex be-
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come prominent from the late fetal period whereas vasa
rectae mature 1 to 3 weeks postnatally.1

Genetic and pharmacological strategies have proven
that VEGF-A is important in glomerular capillary
growth,9,10 and transgenic expression of EphB4 recep-
tor, a gene expressed in developing kidney vessels,11

perturbs glomerular arteriole patterning.12 Mutant mice
have implicated platelet-derived growth factor B
(PDGFB) signaling in mesangial morphogenesis13,14 and
also �8 integrin in morphogenesis of peritubular capillar-
ies.15 Other molecules including transforming growth fac-
tor �1 and fibroblast growth factor 2 may facilitate renal
vessel growth.16,17 However, little is understood about
molecules which might control the normal maturation of
non-glomerular capillary beds.

Angiopoietins are a family of growth factors binding to
Tie-2, a receptor tyrosine kinase.18–22 Angiopoietin-1
(Ang-1) causes endothelial cell (EC) Tie-2 tyrosine auto-
phosphorylation, with context-dependent effects includ-
ing EC survival, and capillary stabilization and sprout-
ing.23,24 Ang-1 null mutant mice have defective
endocardial differentiation and, in other locations, pri-
mary vascular networks fail to remodel normally; addition-
ally, supporting cells such as cardiomyocytes and peri-
cytes/VSMC form incompletely, probably due to
secondary disruption of signaling between EC and adja-
cent mesenchymal precursors. VSMC begin differentia-
tion as “fibroblast-like” cells, lacking myofilaments and
basement membranes and appearing as aggregates
near embryonic EC.25 Cell lineage studies in birds sug-
gest that aortic arch VSMC are derived from ectoderm
(ie, neural crest), whereas VSMC in other sites are me-
sodermally derived. However, there is also evidence that
embryonic avian dorsal aortic EC transdifferentiate into
myofilament-expressing mesenchymal cells.26 Pericytes,
the cells which surround EC in many capillary beds, are
related to VSMC but their biology is complex. As exam-
ples: 1) pericytes cover different capillary beds to greatly
differing extents, eg, EC involved in transport of nutrients
and/or gases such as renal cortical peritubular capillar-
ies, are pericyte-free;8 2) the proteins that pericytes ex-
press vary depending on their location, their state differ-
entiation, and whether they are involved in normal
developing or adult, or pathological, vasculature, eg, in
terms of �SMA, desmin, the neural/glial cell 2 (NG2)
chondroitin sulfate proteoglycan, and PDGFR� expres-
sion;27,28 and 3) pericytes themselves can differentiate
into VSMC, fibroblasts, and other mesenchymal-derived
cell types such as osteoblasts.29 In addition, the ontog-
eny of pericytes is poorly understood, although paracrine
signaling via EC-derived PDGFB is important, with this
growth factor directing the growth and migration of mes-
enchymal cells which themselves express PDGFR�.30,31

Transgenic Ang-2 overexpression produces defects
resembling Ang-1 null mutants and initial work demon-
strated that Ang-2 bound to, but did not activate, EC
Tie-2;32 hence, Ang-2 was considered an Ang-1 inhibitor.
More recently, other Ang-2 actions were discovered. In
certain settings, Ang-2 triggers EC Tie-2 phosphorylation,
enhancing vessel growth;33–35 second, Ang-2 null mutant
mice have disordered lymphatics because Ang-2 stimu-

lates lymphatic capillary maturation;20 and third, Ang-2
can support EC adhesion independently from Tie-2 sig-
naling.36 Ang-2 modulates remodeling of ocular blood
capillaries20,37 but its possible functions in differentiation
of other organs is unknown. Tie-2, and its Ang-1 and
Ang-2 ligands, are expressed in the mouse metanephros
and in the mature organ, with total levels peaking in
perinatally.5,7,38–40 In the late fetal period, Ang-1 is ex-
pressed by glomerular epithelia and diverse tubules,
whereas Ang-2 is expressed by renal arterial walls, with
lower levels in tubules. Tie-2 is expressed by differenti-
ating renal EC. Based on known expression patterns of
Ang-2 and Tie-2 genes, We hypothesized that lack of
Ang-2 disrupts kidney vessel patterning. We therefore
assessed kidneys from Ang-2 mutant mice. In this study,
we demonstrate that Ang-2 is most likely implicated in the
differentiation of a non-glomerular renal microcirculation,
namely the cortical peritubular capillaries and associated
cells.

Materials and Methods

Reagents and Animals

Reagents were obtained from Sigma Chemical Company
(Poole, UK), unless otherwise stated. Primary antibodies
used were �SMA alone or conjugated (clone 1A4), �SMA
conjugated with horseradish peroxidase (HRP) (U7033;
DAKO, High Wycombe, UK), CD31 (BD Biosciences, San
Diego, CA), F4/80 macrophage marker (Serotec, Oxford,
UK), phosphotyrosine (PY-99; Santa Cruz Biotechnology
Inc, Santa Cruz, CA), desmin (D33; DAKO), NG2 proteo-
glycan (Chemicon, Hampshire, UK), PDGFR� (BD Bio-
sciences, Oxford, UK), Tie-2 (Santa Cruz), and Tie-2 (a
gift from Toshio Suda, Kumamoto University School of
Medicine, Japan). Animal experiments were performed
with UK Home Office permission. Mice heterozygous for
an Ang-2 inactivating mutation, with LacZ encoding �-ga-
lactosidase substituted as a reporter gene for normal
Ang-2 expression, were provided by Regeneron Pharma-
ceuticals, Inc (Tarrytown, NY).7,20 We refer to wild-type
mice as Ang-2�/�, heterozygous animals as Ang-2�/LZ,
and null mutant mice as Ang-2LZ/LZ. Mice were geno-
typed as described.7 Ang-2�/LZ mice were maintained by
mating with 129SV mice (Charles River Ltd, UK) for more
than 10 generations, so this study describes the mutation
effectively on a 129SV background. Ang-2�/LZ parents
were mated to generate Ang-2�/�, Ang-2�/LZ, and Ang-
2LZ/LZ progeny. In preliminary experiments, Ang-2LZ/LZ

mice appeared healthy on the first day of life (P1). By P3,
all Ang-2LZ/LZ mice had chylous ascites, as described,20

and they died by 1 week of age. We therefore studied
E14, E17, and P1 litters.

Whole Mount Staining

Kidneys were visualized with the X-gal (4-chloro-5-bro-
mo-3-indolyl-�-D-galactopyranoside) reaction as de-
scribed,3,4,7 allowing optimal detection of cytoplasmic
reporter LacZ gene product, while abolishing back-
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ground staining. Ang-2 is expressed by RA7,39 and pre-
liminary studies revealed that first-order RA branches
could be visualized after the X-gal reaction in Ang-2�/LZ

and Ang-2LZ/LZ organs. Their number (per two E17 kid-
neys in each animal) was quantified by summating
branches on anterior and posterior faces of whole
mounts. For LacZ expression, we examined 63 animals at
E17, with a minimum of 9 animals of each genotype, and
18 at P1, with a minimum of 4 animals of each genotype.
For immunostaining, the protocol of Pitera et al41 was
used; primary antibodies (�SMA, 1:1000; CD31, 1:1000;
PDGFR�, 1:500; and Tie2, 1:1000) were applied, organs
incubated with HRP-conjugated secondary antibodies
and signals generated with DAB. For these whole mount
immunostaining studies we examined 6 animals at E14
(using �SMA antibody), 26 at E17, and 34 at P1 (using all
antibodies), with approximate distributions of 1:1:1 for the
three genotypes.

Electron Microscopy and Bright Field
Immunohistochemistry

Other sets of kidneys were processed for electron mi-
croscopy (EM) and bright field microscopy as de-
scribed.3,7 In the latter cases, some sections were pro-
cessed for immunostaining after pretreatment to optimize
antigen retrieval using pronase (DAKO) and/or heat treat-
ment using Retrievagen buffer (BD Biosciences, CA).
Endogenous peroxidase was quenched with 3% H2O2 for
30 minutes, sections were blocked with 20% heat-inacti-
vated fetal calf serum, 0.2% bovine serum albumin (BSA)
and 0.1% Tween-20 in phosphate-buffered saline (PBS),
and were incubated overnight with antibodies (�SMA-
conjugated HRP, 1:1; CD31, 1:1000; desmin, 1:500;
Tie-2, 1:500; and F4/80, 1:4000). Cortical capillary area
was quantified by CD31 immunostaining, as described.42

Positive signal was captured using the Magic Wand Tool
of Adobe Photoshop 5.5.

Double-Immunofluorescence Studies

For desmin/�SMA and PDGFR�/�SMA double-immun-
ofluorescence studies, the following protocol was used:
P1 kidneys were fixed for 20 minutes in 4% paraformal-
dehyde and 8-�m frozen sections were cut; sections
were then blocked at room temperature with 20% fetal
calf serum (FCS) and 2% bovine serum albumin (BSA);
desmin (1:200) or PDGFR� (1:600) antibodies were ap-
plied for 1 hour at room temperature and appropriate
second antibodies conjugated to Alexa Fluor 488 (Mo-
lecular Probes, Leiden, Netherlands) were then applied.
For CD31/�SMA, Tie-2/�SMA, and NG2/�SMA double-
immunofluorescence studies, the following protocol was
used: 8-�m frozen sections were cut from unfixed P1
kidneys; sections were fixed for 10 minutes in ice-cold
acetone and blocked for 15 minutes at room temperature
with 20% fetal calf serum, 0.1% Tween 20, and 2% bovine
serum albumin; CD31 (1:000), Tie-2 (1:300), or NG2 (1:
50) antibodies were applied for 1 hour at room tempera-
ture and appropriate second antibodies conjugated to

Alexa Fluor 488 were then applied. All protocols were
finished as follows; after several washes in PBS, Cy3-
conjugated anti-�SMA (1:500) was applied and sections
covered in anti-fading fluorescence mountant (DAKO).
Color images were obtained with Leica confocal micro-
scope with windows set for appropriate emission wave-
lengths (eg, 519 nm for Alexa Fluor 488 and 570 nm for
Cy3). Alexa Fluor 488 signal appears green while the Cy3
signal appears red, with co-expression appearing as a
yellow color. To save space, representative pictures from
the double-immunofluorescence studies are depicted in
the Results section as merged images only. Preliminary
experiments demonstrated that there was no overlap be-
tween the two windows (data not shown); furthermore,
using these conditions, no significant signal was ob-
served in any experiments when primary antibodies were
omitted (data not shown).

Northern and Western Blotting and
Immunoprecipitation for Phosphorylated Tie-2

Northern blot was performed as described.38 Twenty �g
of total RNA from pools of six P1 kidneys from each
genotype was hybridized using mouse Ang-1 and Ang-2
probes. Mouse 18S rRNA cDNA was used to factor for
sample loading. Western blotting was performed as de-
scribed.38 For �SMA, 60 �g of protein samples from
pools of 10 P1 kidneys from each genotype was sepa-
rated on 6 to 12% SDS-PAGE gels. For detection of total
and phosphorylated Tie-2 protein, 1 mg of protein (which
required around 30 kidneys from each genotype) was
immunoprecipitated with Tie-2 antibody and Protein-A
agarose (Santa Cruz). Primary antibodies used to probe
blots were �SMA, 1:10,000; Tie-2, 1:1000; anti-phospho-
tyrosine, 1:500, and HRP-conjugated second antibodies,
1:1500. Western blots for �SMA were stripped and re-
probed with antibody to GAPDH (1:1000), a “housekeep-
ing” protein. Bands were measured by densitometry.
�SMA/GAPDH results were expressed as mean � SD
and were compared by unpaired Student’s t-test. For
total and phosphorylated Tie-2, only two experiments
were performed due to the large amounts of protein/
organs needed for the assays and data from the two
separate experiments are shown in the Results section.

Statistics

Parameters were expressed as mean � SD and groups
compared using unpaired Student’s t-test or by one-way
analysis of variance followed by t-tests.

Results

Northern Blot

An Ang-2 transcript was detected in Ang-2�/� P1 kid-
neys, with a fainter band in heterozygous, and no signal
in Ang-2LZ/LZ organs (Figure 1). Ang-1 transcript was
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detected in all genotypes. Hence Ang-2LZ/LZ was a true
null mutation and was specific for Ang-2 versus Ang-1.

Overview of Growth

At E14, E17, and P1, for all genotypes, each animal
examined had two kidneys and no anomalies of the lower
urinary tract (dilatation, obstructive lesions, or bladder
malformation) were detected. No ascites was observed
at laparotomy on E14 and E17. Expected Mendelian ra-
tios were observed for P1 offspring of Ang-2�/LZ parents;
of 178 from 21 litters, 48 were Ang-2�/�, 86 were Ang-
2�/LZ and 44 were Ang-2LZ/LZ. All P1 Ang-2LZ/LZ mice
appeared healthy eg, in activity and external appear-
ance, but 10 had free chyle on laparotomy. There was no
significant difference of P1 body weights between the
three genotypes, although Ang-2LZ/LZ mice had modest
but significantly reduced kidney and kidney/body
weights versus Ang-2�/LZ and Ang-2�/� mice (Table 1).

LacZ Expression

E17 Ang-2�/� organs were negative after the X-gal reac-
tion (Figure 2A). LacZ expressing RA were observed in
E17 Ang-2�/LZ and Ang-2LZ/LZ whole mounts (Figure 2, B
and C). There was no significant difference in absolute
numbers of first-order RA branches between the geno-
types, although there was a marginally significant (P �
0.05) decrease in the number of first-order branches in

Ang-2LZ/LZ kidneys when factored for body weight (Table
2) because the average body weights of null mutants
were marginally higher than those of heterozygous ani-
mals. We cannot rule out the possibility, however, that the
body weights of Ang-2LZ/LZ animals were “artificially ele-
vated” by a degree of subclinical edema. On the other
hand, E17 Ang-2LZ/LZ fetuses did not have peripheral
edema or ascites detectable by the naked eye. Histolog-
ically, no major structural differences in RA were dis-
cerned between genotypes (Figure 2, D and E). At P1,
the pattern of LacZ-expressing vessels in mutant geno-
types was more complex and could not be quantified as
for E17 organs; however, no major differences were
noted between Ang-2�/LZ and Ang-2LZ/LZ kidneys (Figure
2, F and G). LacZ was also expressed in radially ar-

Figure 1. Northern blot of P1 kidneys. Northern blot, representative of two
experiments, for Ang-1, Ang-2, and 18S rRNA in pools of P1 kidneys. Ang-2
signal was absent in the Ang-2LZ/LZ organs, whereas Ang-1 and 18S rNRA was
detected in this genotype.

Table 1. Body and Kidney Weights of P1 Mice

Body weight
(g)

Single kidney
weight (mg)

Kidney/body
weight (%)

Ang-2�/�

(n � 16)
1.57 � 0.18 7.5 � 0.7 0.48 � 0.06

Ang-2�/LZ

(n � 30)
1.59 � 0.13 7.4 � 0.9 0.47 � 0.06

Ang-2LZ/LZ

(n � 17)
1.48 � 0.20 6.1 � 0.8* 0.42 � 0.07†

Measurements are mean � SD. All animals from six litters were
examined. *P � 0.01 versus Ang-2�/� and Ang-2�/LZ, †P � 0.05 versus
Ang-2�/� and Ang-2�/LZ.

Figure 2. LacZ expression. Whole mounts of Ang-2�/� (A), Ang-2�/LZ (B)
and Ang-2LZ/LZ (C) littermate E17 metanephric kidneys; X-gal reaction pro-
duces a black signal. Representative pictures are shown from kidneys from 9
to 17 embryos from each genotype. Boxes in B and C indicate first-order RA
branches depicted in sections from Ang-2�/LZ (D) and Ang-2LZ/LZ (E) kid-
neys; note that D and E sections are counterstained with hematoxylin. P1
Ang-2�/LZ (F) and Ang-2LZ/LZ (G) P1 kidneys from one litter; no staining was
observed in Ang-2�/� organs (not shown). Representative pictures are
shown from four organs of each genotype. The impression of more promi-
nent arteries visualized in Ang-2LZ/LZ whole mounts (eg, C versus B) is
probably explained by the fact that homozygous mice have “two doses” of
the LacZ transgene whereas heterozygous mice have only one LacZ allele.
Arrows in F indicate LacZ-expressing tubules. Bars: 500 �m, A to C; 30 �m,
D and E; 1000 �m, F and G.

Table 2. E17 RA Branches Assessed by X-gal

Numbers of
branches

Body weight
(g)

Branches/body
weight

Ang-2�/LZ

(n � 9)
17.7 � 1.7 0.89 � 0.20 20.4 � 3.6

Ang-2LZ/LZ

(n � 17)
16.1 � 2.0 0.96 � 0.18 16.1 � 1.9*

“Numbers of branches” indicate the total number of main first-order
RA branches in both kidneys from one animal. Measurements are
mean � SD. Embryonic kidneys were chosen randomly from several
sets of litters. *P � 0.05 versus Ang-2�/�.
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ranged structures (eg, arrows in Figure 2F), which are
terminal portions of proximal tubules and thin descending
limbs of loops of Henle.7,38

�SMA Expression

The first Ang-2 expressing RA appear at E14.7 At this
stage, there was no discernable difference in whole
mount �SMA expression, with immunoreactivity only de-
tected in large RA (two to three embryos examined from
each genotype; data not shown). In Ang-2�/� E17 kid-
neys, a pattern of first-order RA branches was detected
similar to the LacZ expression pattern described above
(compare Figure 3A with 2B). In Ang-2�/LZ E17 kidneys,
a similar pattern was noted (Figure 3B), whereas this
pattern was not evident in Ang-2LZ/LZ littermates (Figure
3C), even though Ang-2LZ/LZ organs had a grossly normal
pattern of major RA as assessed by LacZ expression
(see Figure 2, C and E), and first-order RA were also
detected by �SMA immunohistochemistry (not shown).
Instead, when Ang-2LZ/LZ whole mounts were viewed en
face, a reticular aSMA pattern was evident (Figure 3C).
Similar observations were made in P1 kidneys (Figure 3,
D and E, and data not shown). In the cortex of Ang-2�/�

P1 kidneys (Figure 3F), �SMA immunostaining was de-
tected in small arteries and arterioles but signal was
absent in the interstitial spaces between proximal and
other tubules just below the nephrogenic zone. In Ang-
2LZ/LZ kidneys (Figure 3G), prominent �SMA signals were
detected between proximal and other tubules immedi-
ately below the nephrogenic zone, apparently correlating
with the altered �SMA immunostaining visualized in
whole mounts of mutant mice (Figure 3E). Glomeruli were
detected in both Ang-2�/� and Ang-2LZ/LZ organs, with
no gross difference on histology. The impression of in-
creased �SMA in Ang-2LZ/LZ versus wild-type littermate
P1 kidneys was confirmed both by Western blot and
densitometry (Figure 3, H and I).

Electron Microscopy

In toluidine blue-stained ultra-thin sections of P1 kidneys,
intertubular spaces in the cortex of Ang-2LZ/LZ mice were
noted to be disorganized versus wild-type littermate kid-
neys (Figure 4, A and B). On EM, in Ang-2�/� kidneys,
peritubular capillaries were typically comprised of single
lines of vessels (Figure 4C). In the Ang-2LZ/LZ kidney,
however, these spaces were occupied by structures with
multiple lumens with prominent, often loosely approximat-
ing, interstitial cells (Figure 4D). The former may repre-
sent dysmorphogenic capillaries, whereas the latter may
be �SMA � NG2/PDGFR�/desmin-expressing cells de-
scribed below. Although the peritubular spaces ap-
peared abnormal as assessed by EM, the cortical capil-
lary area, quantified by CD31 immunostaining, as
described in Materials and Methods, was not different
between wild-type and null mutant kidneys (mean of 25%
and 23%, respectively). Macrophages are a known cell
type in the renal interstitium but immunostaining with
F4/80 revealed only sparse positive cells in Ang-2�/� and

Ang-2LZ/LZ renal cortex (data not shown). Other EM data
(not shown) showed glomeruli with podocytes, capillary
loops, and mesangial cells in both Ang-2�/� and Ang-
2LZ/LZ kidneys.

Tie-2 Expression

In whole mounts immunostained for Tie-2, E17, and P1
Ang-2�/� kidneys displayed a reticular pattern which
appeared more prominent in Ang-2LZ/LZ organs (Figure 5,
A and B; and data not shown). Using histochemistry,
apparently more prominent Tie-2 immunostaining was
detected in P1 peritubular capillaries in Ang-2LZ/LZ versus
Ang-2�/� organs (Figure 5, C and D). In P1 kidneys,
immunoblot and densitometry detected a more promi-
nent band for both phosphorylated Tie-2 and total Tie-2 in
Ang-2LZ/LZ versus Ang-2�/� littermate kidneys (Figure 5,
E and F). For these biochemical assays, only two sets of
experiments could be performed, due to the large
amounts of protein (1 mg, representing several tens of
organs) needed for each individual assay.

Double-Immunofluorescence Studies

To clarify the relationship between endothelial and peri-
cyte markers, we performed a series of double-immun-
ofluorescence experiments on sections of P1 Ang-2�/�

versus Ang-2LZ/LZ littermate kidneys in which �SMA was
detected with Cy3, producing a red signal, and other
proteins were detected with Alexa Fluor 488, producing a
green signal (Figure 6, A to H). To save space, represen-
tative pictures from the double-immunofluorescence
studies from four to five animals of each genotype are
depicted as merged images only; in these frames, cells
that co-express the two proteins under study would ap-
pear yellow. In wild-type organs, networks of CD31- (Fig-
ure 6A) and Tie-2- (Figure 6E) expressing capillaries
were noted in the nephrogenic zone and between cortical
tubules underneath this zone; in these fields, significant
�SMA signal was only noted in the walls of arterial ves-
sels. High-power views of Ang-2�/� peritubular capillar-
ies confirmed that they were not associated with �SMA-
expressing cells (Figure 6, C and G). Low-power views of
the kidney cortex of null mutant kidneys revealed prom-
inent �SMA expression in a reticular pattern around tu-
bules (Figure 6, B and F) and high-power views made it
clear that CD31- and Tie-2-positive endothelia of peritu-
bular capillaries were often surrounded by a population
of cells expressing �SMA (Figure 6, D and H). By scan-
ning through these sections, we also noted that �SMA
signal did not cover the surface of every capillary, and
not all �SMA-expressing cells in the peritubular compart-
ment were closely associated with endothelia. Cells ex-
pressing both an endothelial marker and also �SMA were
not seen in the null mutants (note that, in some high-
power views, tiny yellow “speckles” are seen at the inter-
face between EC and adjacent cells, which most likely
represent interdigitations between these cells which
overlap in the same confocal section).
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Next, we performed further double-immunofluores-
cence studies to attempt to ascertain whether peritubular
�SMA cells in Ang-2LZ/LZ kidneys might also express
other “pericyte markers”, namely NG2, PDGFR�, and
desmin (Figure 7, A to L). In wild-type organs: 1) NG2
was immunolocalized to the outer layers of arterial ves-
sels (Figure 7A) and also to cells in peritubular spaces
(Figure 7, A and C); 2) a faint PDGFR� signal was de-
tected in some glomeruli and peritubular regions in the
deeper cortex (Figure 7E and data not shown) but no
significant signal was found near to peritubular capillaries
(Figure 7G); and 3) a faint desmin signal was detected in
the nephrogenic zone (Figure 7I). Low-power views of the
cortex of null mutant mice revealed a striking increase of
expression of NG2 (Figure 7B), PDGFR� (Figure 7F), and
desmin (Figure 7J). Detailed views of the cortical peritu-
bular spaces of Ang-2LZ/LZ kidneys showed that some,
but not all, of the cells positive for �SMA also expressed
NG2 (Figure 7D), PDGFR� (Figure 7H), and desmin (Fig-
ure 7L) proteins. Although these sections were not
probed with capillary markers, many of the co-expressing
cells appeared to surround “lumens”, some of which may
have represented peritubular capillary spaces.

Discussion

Ang-2 actions in vivo are thought to depend on levels of
VEGF; when ambient VEGF is low, Ang-2 causes vessel
regression (eg, involuting corpus luteum), whereas Ang-2
destabilizes vessels and facilitate sprouting with plentiful
VEGF (eg, tumors).21,43 It is established that the devel-
oping kidney expresses VEGF3,9 and, additionally, Ang-1
and Ang-2 mRNA levels in mice peak around the neona-
tal period.38 Removal or reduction of the influence of
Ang-2, as achieved in this study by genetic ablation,
would allow VEGF and Ang-1 actions to continue without
a modulating, possibly inhibitory, effect of Ang-2. Our
data showed dysmorphogenesis of the cortical peritubu-
lar capillaries especially with regard to associated peri-
cyte-like cells. In addition, we found a trend toward an
increase of total and probably also phosphorylated Tie-2
protein, when assessed by immunoblotting of neonatal
kidneys. Further experiments will be necessary, however,
using cell biology and biochemical techniques, to unravel
whether the genetic deletion of Ang-2 may have led to
either an activation or inhibition of Tie-2 activity at the
level of individual renal EC. Collectively, the data pre-
sented in the current study show that Ang-2 deficiency is
associated with aberrant differentiation of cells surround-
ing renal cortical peritubular capillaries and we speculate
that this is caused by enhanced paracrine signaling be-
tween endothelia and surrounding mesenchymal precur-
sor cells.

Recently, Ang-2 has been implicated in lymphatic
growth;20 indeed, Ang-2 null mutant mice develop chy-
lous ascites and most probably die directly because of
this pathology. Furthermore, both dermal blood and lym-
phatic capillaries express Tie-2 in culture.44 A question
therefore arises whether the disordered kidney peritubu-
lar vessels we observed might be lymphatic, rather than
blood, capillaries. We think this is unlikely for three rea-
sons. First, in mature kidneys, lymphatics are associated
with RA, reaching glomeruli along afferent arterioles, but
they are not found in the peritubular cortical spaces.45

Second, in Ang-2LZ/LZ kidneys, red blood cells were often
observed on EM in dysmorphic peritubular vessels.
Third, our unpublished data shows that the peritubular
regions of Ang-2LZ/LZ kidneys do not show abnormal im-
munostaining for Prox-1, a transcription factor expressed
by developing lymphatic capillaries.46

The most striking positive finding in this study was that
�SMA-expressing cells were up-regulated in renal corti-
cal peritubular locations in mutant mice. A trivial expla-
nation for this finding might be that the null mutant kidney

Figure 3. Whole mount �SMA immunostaining. Ang-2�/� (A), Ang-2�/LZ (B) and Ang-2LZ/LZ (C) littermate E17 kidneys; representative views are shown from
organs of three to five embryos for each genotype. The ureter (u) expresses �SMA (brown) in its muscle layer. The pattern of major RA was progressively obscured
in Ang-2�/LZ (B) and Ang-2LZ/LZ (C) metanephroi. A cortical zone (* in A, B, and C) immunostained progressively more intensely for �SMA in heterozygous and
Ang-2LZ/LZ kidneys. Whole mounts of Ang-2�/� (D) and Ang-2LZ/LZ (E) P1 littermate kidneys; representative views are shown from organs of three to four animals
for each genotype. Again, the pattern of major RA was obscured in Ang-2LZ/LZ organs by a reticular pattern of �SMA-positive structures. F and G: Sections of P1
Ang-2�/� and Ang-2LZ/LZ littermate organs; views are representative of kidney cortex from six animals of each genotype. Sections were immunostained for �SMA
(brown) and counterstained with hematoxylin. �SMA signal was evident in small arteries (arrows) in wild-type kidneys, whereas �SMA immunostaining was
prominent between tubules in Ang-2LZ/LZ kidneys. H: Western blot of three separate pools of 10 P1 kidneys of wild-type and null mutant genotype; note
apparently increased �SMA (45 kd) in Ang-2LZ/LZ organs, with similar levels of GAPDH (50 kd). I: Densitometry of �SMA bands shown in H, factored for GAPDH;
bars show mean � SD (n � three pools of kidneys), and the asterisk indicates P � 0.01 Ang-2LZ/LZ organs versus wild-type. Bars: 500 �m, A to C; 1000 �m,
D and E; 60 �m, F and G.

Figure 4. Cortical peritubular spaces. A and B were toluidine blue-stained
ultra-thin sections, and C and D are EM. A and C are Ang-2�/� kidneys and
B and D were Ang-2LZ/LZ littermates. Note apparently disorganized peritu-
bular spaces in the mutant organ (asterisk in B) versus Ang-2�/� organ (A).
Tubules (t) and a glomerulus (g) are indicted. In an Ang-2�/� kidney (C), a
single capillary containing a red cell (r) occupied the space between tubules
(t), whereas, in the Ang-2LZ/LZ kidney (D), the space was occupied by
multiple lumens (*), some containing red cells. Prominent, polygonal, or
elongated dark cells (x) were located near EC bodies (e) in the Ang-2LZ/LZ

kidney. Bars: 15 �m, A and B; 2.5 �m, C and D.
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Figure 5. Tie-2 expression. Whole mounts of Ang-2�/� (A) and Ang-2LZ/LZ (B) littermate P1 kidneys immunostained for Tie-2; representative views are shown
from organs of three animals for each genotype. Note the apparently increased signal (gray in these black and white photos) in the Ang-2LZ/LZ organs. C and
D, respectively, show Tie-2 immunohistochemistry P1 Ang-2�/� and Ang-2LZ/LZ P1 kidneys; note Tie-2 immunostaining between tubules in Ang-2�/� and in
Ang-2LZ/LZ kidney. E: Immunoprecipitation of Tie-2 protein from P1 kidney pools. Phosphorylated Tie-2 (p-Tie-2) and total Tie-2 (t-Tie-2) were respectively
detected using anti-phosphorylated tyrosine antibody and Tie-2 antibody. Results show two representative experiments using different sets of starting material,
with each lane run with equal amounts of total protein pooled from about 30 kidneys from each genotype. F: Densitometry of bands in the two blots depicted
in E showing increased total Tie-2 (open bars) and phosphorylated Tie-2 (black bars) levels in Ang-2LZ/LZ kidneys versus Ang-2�/� organs. Bars: 30 �m, A
and B; 15 �m, C and D.

1902 Pitera et al
AJP December 2004, Vol. 165, No. 6



has undergone a non-specific insult, and that the renal
interstitial mesenchymal population undergoes an injury
reaction. This explanation seems unlikely, however, be-
cause �SMA up-regulation was clearly observed in the
embryonic period (see Figure 3, A and C) at a time when
chylous ascites were absent (data not shown), and also
because neonatal mutant kidneys were grossly structur-
ally intact, with no subtle signs of injury such as macro-
phage infiltration or tubular necrosis. From our double-
immunostaining studies, at least some of the �SMA-
positive cells in null mutant mice approximated very
closely to CD31- and Tie-2-positive interstitial capillaries.
We speculate that, if the Ang-2LZ/LZ mice were to survive
the neonatal period, the former cells may fully differenti-
ate into an aberrant population of pericytes/VSMC and
that these cells then might impair the return of reab-
sorbed tubular filtrate into the circulation. In the future, the
study of Ang-2 null mutant mice in which the lymphatic
phenotype is “rescued” by insertion of Ang-1 into the
Ang-2 locus,20 might allow prolonged study of the renal
lesion and could be informative in testing this hypothesis
since such animals do not die in infancy.

As mentioned in the Introduction, pericytes and VSMC
fail to differentiate fully in Ang-1 null mutant mice, which
may be attributed to secondary signaling failure between
EC and adjacent mesenchymal precursors. Kidney ves-
sel pericytes and VSMC probably have an endogenous
origin from renal mesenchymal cells, as assessed by
transplantation experiments.47 During development of di-
verse organs, pericytes express PDGFR�, and this re-

ceptor is thought to transduce migration and differentia-
tion signals from EC-derived PDGFB.30,31 Our
observations that PDGFR� is prominently expressed by a
subpopulation of cells in the peritubular area of Ang-
2LZ/LZ kidneys are perhaps consistent with the idea that
increased Tie-2 activation by mutant EC might indirectly
lead to increased mesenchymal differentiation into peri-
cyte precursors. As outlined in the Introduction, pericytes
can also express other proteins, apart from �SMA, such
as NG2 and desmin. Our double-immunostaining exper-
iments allowed us to explore expression of these proteins
in cells in between cortical tubules. These results suggest
that NG2 is normally expressed by peritubular cells and
at least some �SMA-positive cells in Ang-2 null mutants
co-express NG2, PDGFR� and desmin, although the ex-
pression pattern of �SMA appeared more spatially exten-
sive than the three other proteins.

Ang-2 is prominently expressed by maturing RA7,39

but we found no major changes in the morphology of
large RA, although we cannot exclude subtle, undetected
effects. In the future, it would be interesting to formally
assess mutant arteries for expression of genes known to
be active in normal maturing RA, such as renin and
aquaporin 1.48,49 Similarly, although Ang-2 is transiently
expressed by differentiating mesangial cells,7,39 we
found no gross anomalies in mutant glomeruli. However,
since most glomeruli form and mature in the weeks after
birth, the early death of Ang-2 null mutant mice precludes
detailed analysis to assess a putative role for Ang-2 in
glomerular differentiation. We speculate that Ang-2 made

Figure 6. Double-immunofluorescence studies for CD31/�SMA and Tie-2/�SMA. Frames show Ang-2�/� (A, C, E, and G) and Ang-2LZ/LZ (B, D, F, and H) P1
littermate kidneys, with data representative of four to five animals of each genotype. A, B, E, and F are low-power views of the renal cortex, while C, D, G, and
H are high-power views. The following structures are indicated: nephrogenic zone (n), cortical tubules (t) just below the nephrogenic zone, arterial vessels
(arrows), and capillary lumens (c). CD31 and Tie-2 signals appear green and �SMA signals appear red; all frames are from merged images. In both genotypes,
CD31 and Tie-2 are detected in the nephrogenic zone and between cortical tubules, and �SMA is detected in walls of arterial vessels. In the Ang-2LZ/LZ kidneys,
but not in wild-type littermates, �SMA is also clearly immunolocalized between tubules. The high-power views of wild-type kidneys make evident that the
endothelial markers, CD31 (C) and Tie-2 (G), are present in capillaries lacking surrounding �SMA-expressing cells. In contrast, equivalent views of null mutant
kidneys show that CD31- (D) and Tie-2- (H) expressing capillaries are generally surrounded by cells expressing �SMA. Furthermore, there is generally no
colocalization of the endothelial and smooth muscle proteins (note that the few yellow “speckles” sometimes detected at the interface of EC and surrounding cells
are likely caused by the overlap of processes of the two cell types in the same confocal cut). Bars: 60 �m, A, B, E, and F; 5 �m, C, D, G, and H.
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by large RA and perhaps mesangial cells may not have
major local actions during normal development but in-
stead the factor is secreted into the renal circulation so
that Ang-2 would be delivered via efferent glomerular
arterioles into cortical peritubular areas. Here, we spec-
ulate that the factor may act on differentiating interstitial
capillaries. Yuan et al7,38 observed high Ang-2 expres-
sion in postnatal kidneys in descending limbs of loops of
Henle and postulated an effect on maintaining the integ-
rity of vasa rectae in the outer medulla. This microcircu-
lation cannot be studied in the current model because
Ang-2LZ/LZ mice die before the medulla, and the vasa
rectae, are properly formed.

Deregulation of survival and growth of the cortical peri-
tubular microcirculation occurs in diverse acquired ne-
phropathies associated with both acute and chronic renal
damage (eg, disease induced by toxins, ischemia, or
subtotal nephrectomy).42,50–52 Moreover, in several renal
disease models, the integrity of peritubular capillaries
has a positive correlation with renal function.52 For exam-
ple, in the rat remnant kidney, tubular VEGF-A expression

diminishes, correlating with attrition of adjacent capillar-
ies, and the administration of VEGF-A minimizes loss of
peritubular capillaries and stabilizes renal function.52 Re-
nal angiopoietin and Tie gene expression is deregulated
in some of these diseases, perhaps indicating that these
molecules have active roles in the pathophysiology of
these disorders.50,51 The results of our current study lend
further support to the suggestion that deregulation of
Ang/Tie signaling might contribute to disorganization of
peritubular vessels, and adjacent mesenchymal-like
cells, in renal diseases. This contention could, in the
future, be investigated by studying the effects of angio-
poietin blockade (eg, by soluble Tie receptors) or admin-
istration of Ang-1 or Ang-2 in models of acquired renal
disease.
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Figure 7. Double-immunofluorescence studies for NG2/�SMA, PDGFR�/�SMA, and desmin/�SMA. Frames show Ang-2�/� (A, C, E, G, I, and K) and Ang-2LZ/LZ

(B, D, F, H, J, and L) P1 littermate kidneys, with data representative of four to five animals of each genotype. A, B, E, F, I, and J are low-power views of the renal
cortex, while C, D, G, H, K, and L are high-power views. The following structures are indicated: nephrogenic zone (n), cortical tubules (t) just below the
nephrogenic zone, arterial vessels (arrows), and putative capillary lumens (c). NG2, PDGFR�, and desmin signals appear green and �SMA signals appear red,
with co-expressing cells appearing yellow; all frames are from merged images. In both genotypes, �SMA is detected in walls of arterial vessels. In wild-type
kidneys, NG2 is expressed by cells between tubules (A and C), there is a faint PDGFR� signal between tubules (E and G), and there is a faint signal for desmin
in the nephrogenic cortex (I) but not between tubules below the nephrogenic zone (K). In null mutant kidneys, peritubular areas express prominent �SMA (B,
F, and J); high-power views of Ang-2LZ/LZ organs confirm this impression and furthermore, show cells which often co-express the markers NG2 (yellow cells in
D), PDGFR� (yellow cells in H) and desmin (yellow cells in L). Bars: 90 �m, A, B, E, F, I, and J; 8 �m in C, D, G, H, K, and L.
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