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The aim of our study was to investigate the phenome-
non of intussusceptive angiogenesis with a focus on its
molecular regulation by vascular endothelial growth
factor receptor (VEGFR)/platelet-derived growth factor
receptor 3 (PDGFRf) pathways and biological signifi-
cance for glomerular recovery after acute injury. Glo-
merular healing by intussusception was examined in a
particular setting of Thy1.1 nephritis, where the lysis of
mesangial cells results in an initial collapse and succes-
sive rebuilding of glomerular capillary structure. Resto-
ration of capillary structure after induction of Thyl.1
nephritis occurred by intussusceptive angiogenesis re-
sulting in i) rapid expansion of the capillary plexus with
reinstatement of the glomerular filtration surface and
ii) restoration of the archetypical glomerular vascular
pattern. Glomerular capillaries of nephritic rats after
combined VEGFR2 and PDGFRf inhibition by
PTK787/7ZK222584 (PTK/ZK) were tortuous and irreg-
ular. However, the onset of intussusceptive angiogen-
esis was influenced only after long-term PTK/ZK
treatment, providing an important insight into differ-
ential molecular regulation between sprouting and
intussusceptive angiogenesis. PTK/ZK treatment abol-
ished a-smooth muscle actin and tensin expression
by injured mesangial cells, impaired glomerular fil-
tration of microspheres, and led to the reduction of
glomerular volume and the presence of multiple hem-
orrhages detectable in the tubular system. Collec-
tively, treatment of nephritic patients with PTK/ZK
compound is not recommended. (4m J Pathol 2011,
178:1899-1912; DOI: 10.1016/j.ajpath.2010.12.049)

The concept of intussusceptive angiogenesis, an alterna-
tive to sprouting mode of angiogenesis, was postulated two

decades ago within the rapidly expanding pulmonary cap-
illary bed of neonatal rats. Numerous slender intraluminal
tissue pillars, the hallmarks of intussusception, were ob-
served in the lung capillaries.”? It was postulated that the
pulmonary capillary network expands predominantly by the
insertion of transcapillary pillars, a phenomenon termed in-
tussusceptive microvascular growth, thereby implying that
the capillary network expanded “within itself.”

Further investigations demonstrated that intussusception
is an important mechanism of vascular growth, remodeling,
and angioadaptation. It permits a rapid expansion of the
capillary plexus (intussusceptive microvascular growth),
plays an essential role in the segregation of small arteries
and veins (intussusceptive arborization), and optimizes the
branching geometry to changes in blood flow (intussus-
ceptive branching remodeling). Intussusception can also
lead to the degeneration of a vessel branch; this process
is termed intussusceptive pruning (for more details see
reviews by Djonov and coworkers).®=® Recently, the pres-
ence of intussusceptive angiogenesis was demonstrated
during kidney and lung development in chickens. It has
been confirmed that the primary capillary plexus is formed,
as hitherto believed, by sprouting angiogenesis but that
subsequent vascular growth and, most importantly, the for-
mation of an organ-specific angioarchitecture occur mainly
by intussusception. Compared with sprouting, intussuscep-
tive angiogenesis is faster and does not require extensive
endothelial cell proliferation and the accompanying vascu-
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lar permeability remains low (ie, on a physiologic level). As
a result, the vasculature could expand without compromis-
ing the specific functions of the organ. Importantly, only
sprouting angiogenesis can vascularize avascular regions,
whereas intussusception acts merely in preexisting capil-
lary plexuses.®”

Thy1.1 nephritis is a well-established model for study-
ing restorative remodeling of glomerular structure after
acute injury. Administration of an anti-Thy1.1 antibody
causes transient mesangial and successive vascular in-
jury, but glomerular function and capillary structure are
completely restored in approximately 3 to 4 weeks.® En-
dothelial and mesangial regeneration resulting in the
capillary growth and rebuilding of the glomerular angio-
architecture is an essential step in the repair process.®™°
Recently, Notoya and coworkers'" demonstrated that in-
tussusceptive angiogenesis is involved in the process of
Thy1.1 nephritis recovery. Combining different morpho-
logic approaches, the authors showed that formation of
transluminal tissue pillars is involved in the postinjury
glomerular angiogenesis. They suggested that a critical
role is played by endothelial and mesangial cells in this
process. Initially, the endothelial cells build the pillars,
which are subsequently stabilized by cytoplasmic protru-
sions of mesangial cells in the vicinity of the latter. The
active role of mesangial cells in the pillar formation has
been recently hypothesized by Ichimura and col-
leagues.'® The authors demonstrated the transient mes-
angial expression pattern of a-smooth muscle actin (a-
SMA) during the recovery period and suggested that
contraction of a-SMA-positive mesangial protrusions
within the pillars contributed to intussusceptive angio-
genesis and normalization of the glomerular volume.

We have previously shown that in tumors treated with
PTK787/2ZK222584 (PTK/ZK), a small-molecular-weight
inhibitor of vascular endothelial growth factor receptor
(VEGFR) and platelet-derived growth factor receptor
(PDGFRB) signaling,'® intussusception is the angiogenic
mechanism that permits tumor regrowth. '

Because VEGFRs and PDGFRB are by far one of the
most relevant receptor tyrosine kinases for endothelial
and pericyte functions, respectively,'® we asked whether
PTK/ZK administration affects intussusceptive vessel split-
ting in a particular setting of physiologic organ recovery,
namely, in kidney recovery from Thy1.1 nephritis. We have
also followed the effects of PTK/ZK on mesangial biology
and glomerular permeability in nephritic glomeruli.

Materials and Methods

Animals and Experimental Protocols

All procedures were conducted according to the National
Institutes of Health guidelines for the care and use of
laboratory animals and with the approval of the local
animal ethics committee.

Male Wistar rats weighing 170 to 190 g at the begin-
ning of the study were obtained from Charles River Lab-
oratories, Sulzfeld, Germany.

Acute Thy1.1 glomerulonephritis was induced by a
single intravenous injection of 1 mg/kg of monoclonal
OX7 antibody.'® Rats were sacrificed on days 3, 5, 9, 14,
and 21. Animals receiving the same volume of saline
served as control.

PTK/ZK Experiments

PTK/ZK was obtained from Novartis Pharma AG, Basel,
Switzerland. A total of 1 mg/kg of monoclonal OX7 antibody
was injected to the rat tail vein. OX7 binds to the Thy1.1
molecule within the first 2 hours after injection.’® Adminis-
tration of PTK/ZK began a few hours after OX7 injection to
avoid potential influence of the compound on OX7 binding
to Thy1.1 molecule. PTK/ZK was dissolved in PEG300 at a
concentration of 20 mg/mL. Animals received 50 mg/kg of
PTK/ZK intraperitoneal injection once daily. Control ne-
phritic animals received PEG300 alone. Compound/vehicle
administration continued for 5, 9, 14, or 21 days. At the end
of the experiment, kidneys were prepared for further anal-
ysis.

Primary Antibodies

Anti-VEGFR2 and anti—-phospho-PDGFRB (Tyr716) anti-
bodies were obtained from Millipore (Bedford, MA). Anti—
B-actin and antitensin antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA). Antibodies against pro-
tein kinase B (PKB), phospho-PKB (Ser473), and phos-
pho-VEGFR2 (Tyr1175) were purchased from Cell Signal-
ing Technology (Danvers, MA). Anti—-a-SMA antibody was
from Sigma (St. Louise, MO), anti Ki-67 was obtained from
Dako (Glostrup, Denmark), and antisynaptopodin from Syn-
aptic Systems (Goettingen, Germany). Antibodies against
the following proteins were purchased from Abcam (Cam-
bridge, UK): PDGFRB, VEGF, VEGFR1, and phospho-
VEGFR1 (Tyr1213). Anti-CD31 antibody was from Abcam or
BD Biosciences (Heidelberg, Germany).

Light Microscopy, Scanning Electron
Microscopy on Tissues Dried at Critical
Point, and Immunohistochemistry

For light microscopy on semithin sections, kidney pieces
were fixed in 2.5% glutaraldehyde in 0.1M cacodylate
buffer (pH 7.4, 350 mOsm). Tissue blocks were postfixed
in osmium tetroxide, block stained using uranyl acetate,
dehydrated through ascending concentrations of etha-
nol, and embedded in epoxy resin. Semithin sections
were obtained at a nominal thickness of 1 um, and
stained with toluidin blue.

Kidney tissue fixed in the same way was used for the
preparation of the specimens dried at critical point. Tissue
pieces were cut into 1- to 2-mm sections and were subse-
quently immersed into the same fixative as used for perfu-
sion. Probes were then washed, dehydrated in ascending
concentrations of ethanol, and dried in a desiccator. Sam-
ples were mounted on aluminum stabs, sputter-coated with
gold, and viewed with scanning electron microscopy (SEM)
(Philips XL 30, Eindhoven, The Netherlands).



Kidney tissue for immunohistochemical analysis was
perfusion fixed with 2% paraformaldehyde, embedded in
paraffin, and sectioned at 5 um. A signal amplification kit
based on streptavidin-biotin-peroxidase reaction (CSA TM;
Dako) was used to visualize VEGFR2 and VEGF according
to the manufacturer’s instructions. Control experiments in-
cluded omission of the primary antibody and substitution of
the primary antibody with nonimmune serum.

Images were obtained with a Nikon Eclipse E600 mi-
croscope (Nikon, Tokyo, Japan) and captured with the
Nikon digital camera DXM1200.

Confocal Laser Scanning Microscopy

Indirect immunofluorescence staining was performed with
cryosections (5 um) that had been postfixed in ice-cold
methanol:acetone (1:1 vol/vol) for 10 minutes and air dried.
Sections were incubated with primary antibody overnight at
4°C. Bound antibody was visualized using Alexa Fluor 488
goat anti-rabbit IgG or Alexa Fluor 594 goat anti-mouse 1gG
(Invitrogen, Karlsruhe, Germany) (30 minutes, room temper-
ature). Sections were evaluated with laser scanning micros-
copy (LSM510; Carl Zeiss, Heidelberg, Germany).

Studies of Glomerular Permeability with
Fluorescent Microspheres

At day 5 of nephritis, rats received intravenous injection
of 600 ulL of FluoroSpheres carboxylate-modified micro-
spheres, red fluorescent 580/605 (Invitrogen). The diam-
eter of the microspheres was 100 nm. Animals were sac-
rificed 30 minutes later, and kidneys were frozen for
further analysis. Cryosections were stained with different
markers of glomerular cells in green, counterstained with
DAPI, and evaluated with laser scanning microscopy.

Glomeruli Isolation and Western Blotting

Rat glomeruli were isolated using the standard sieving
method. Isolated glomeruli were homogenized in lysis
buffer containing 50 mmol/L Tris-HCI (pH 7.2), 120
mmol/L NaCl, 1 mmol/L EDTA (pH 8.0), 6 mmol/L ethyl-
eneglycoltetracetic acid (pH 8.5), 1% Nonidet-P 40, and
20 mmol/L NaF; lysis buffer was freshly supplemented
with 0.1% SDS, 2 mmol/L orthovanadate, 10 mmol/L so-
dium pyrophosphate, and protease inhibitors cocktail
tablet (Roche Diagnostics, Basel, Switzerland). Lysates
were centrifuged at 15,000 X g for 30 minutes at 4°C and
supernatant was collected for further analysis. SDS poly-
acrylamide gel electrophoresis was performed with 30 to
100 ng of glomerular proteins.

Samples were run under reducing conditions on SDS
polyacrylamide gel and transferred onto polyvinylidene
difluoride membrane (Millipore). In case of Thy1.1 detec-
tion with OX7 antibody, the samples were run under
nonreducing conditions. Membranes were blocked in
blocking buffer (5% nonfat dry milk in Tris-buffered sa-
line, 0.1% Tween 20) and incubated overnight at 4°C with
primary antibody. Peroxidase-conjugated goat anti-
mouse (1:10,000) and goat anti-rabbit (1:20,000) were
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used as secondary antibodies (Santa Cruz Biotechnol-
ogy). Membranes were stripped with 0.1M glycine (pH
2.5) when indicated and reprobed with the appropriate
antibody. Western blots were quantified with ImagedJ soft-
ware (http://rsbweb.nih.gov/ij/index.html). To quantify the
effects of PTK/ZK on receptor phosphorylation, first the ex-
pression of phosphorylated and total receptor was adjusted
to the B-actin expression. Next, the expression of phosphor-
ylated and total receptor was quantified, indicating the per-
centage of phosphorylated receptor. Because PTK/ZK af-
fected not only phosphorylation status but also expression
of the receptor, the ratio was next multiplied by the total
amount of receptor. In this way a value named “amount of
phosphorylated receptor” was obtained.

Vascular Casting and Morphometric Analyses

For the preparation of vascular casts, systemic vasculature
was perfused with a freshly prepared Mercox solution (Vilene
Company, Tokyo, Japan) containing 0.1 mL of accelerator
per 5 mL of resin. When resin polymerized, kidneys were
excised and transferred to 7.5% potassium hydroxide for
the dissolution of surrounding not perfused tissue.

Pictures of glomeruli were taken at X 1200 magnification
with SEM (Philips XL 30) to assess the density of tiny holes
and small capillary loops. At least 50 glomeruli from each
animal were used for quantification. The image analysis was
performed with iTEM software (Olympus, Hamburg, Ger-
many). Pillars were identified in the vascular casts as tiny
holes whose larger diameter was lesser than 2 um. All tiny
holes whose larger diameter was between 2 and 10 um
were considered as small capillary loop.'" Tiny hole and
small capillary loop appearance was expressed as numer-
ical density per vessel area.

Glomeruli volume (V) was quantified from SEM pic-
tures of vascular casts. It was assumed that glomeruli are
ellipsoidal; therefore, the following formula was used to
calculate the mean glomerular volume:

Vo = (4/3) X m X (L/2) X (1/2) X (1/2)

where 7 = 3.1416, L is the length of longest glomerular
diameter, and | is the length of the diameter perpendic-
ular to the longest one. At least 100 glomeruli from each
animal were used for quantification.

The total number of glomeruli in the left kidney was
determined by the physical dissector/fractionator stereo-
logic technique.™

Microaneurysm appearance was quantified from scan-
ning electron micrographs. A total of 100 glomeruli were
randomly chosen, and the diameter of enlarged vessels
was measured. Dilated vessel was selected as microan-
eurysm if its diameter exceeded 50 um.

Urinanalysis

For the assessment of proteinuria, rats were housed indi-
vidually in metabolic cages for collection of 24-hour urine
specimens. Urinary proteins were precipitated with 30%
trifluoroacetic acid, and protein pellet was resuspended in
0.25N NaOH.'® Protein concentration was determined with


http://rsbweb.nih.gov/ij/index.html

1902  Wnuk et al
AJP April 2011, Vol. 178, No. 4

a bicinchoninic acid kit (Thermo Fischer Scientific, Rock-
ford, IL). Bovine serum albumin diluted in 0.25N NaOH
served as standard.

Statistical Analyses

All data presented are expressed as mean = SD. Statistical
analyses were performed with GraphPad Prism software (La
Jolla, CA). An unpaired t-test was used when single compar-
isons were performed. For multiple comparisons, one-way
analysis of variance with an appropriate post hoc test was
used. Results at P < 0.05 were considered significant.

Results

Thy1.1 Nephritis Recovery Is Associated with
Intussusceptive Angiogenesis, Increase of
Glomerular Volume, and Loss of Nephrons

To determine the progress of glomerular revasculariza-
tion after OX7 injection in rats, animals were sacrificed at
days 3,5, 9, 14, and 21 of nephritis. We used the vascular
casting method to visualize the vascular damage and
three-dimensional alterations in the capillary structure on
nephritis induction.

Glomerular capillaries of control animals assemble in a
compact, uniform, classic pattern with rather large intercap-
illary distance. The signs of intussusceptive remodeling (eg,
transluminal tissue pillars represented by holes in the cast-
ing material) are not frequent in healthy glomeruli (Figure
1A). At day 3 of nephritis, glomerular vasculature is severely
destroyed. It appears disrupted, and only peripheral capil-
laries close to the vascular pole are perfused (Figure 1B,
asterisks). Day 5 of nephritis is characterized by enlarged
capillaries with diameters greater than 50 um, termed mi-
croaneurysms herein (Figure 1, C and D, asterisks). The
presence of microaneurysms is of a temporary nature, and
by day 9 of nephritis their occurrence decreased more than
eight times, by day 14 their occurrence decreased by more
than 30-fold, and at day 21 they are not detectable (see
Supplemental Figure S1A at http.//ajp.amjpathol.org). From
day 5 of nephritis on, vascular casts revealed the presence
of tiny holes in glomerular capillaries (Figure 1, D, F, H, and
J, arrowheads), which are the hallmarks of intussusceptive
angiogenesis. It seems that, on the one hand, the
newly formed pillars separate and slash the microan-
eurysms (asterisk in Figure 1C), and on the other hand
they serve as a material for vascular splitting. The
presence of tiny holes was even more pronounced on
days 9 (Figure 1, E and F) and 14 (Figure 1, G and H)
of nephritis. Intussusception was still taking place at
day 21 of nephritis (Figure 1, | and J). After the translu-
minal tissue pillars were formed, they next increased in
girth, enlarged, and became capillary loops (Figure
1H, arrows). We could not observe any sprouts arising
from glomerular capillaries.

The phenomenon of pillar insertion and enlargement
contributes to the rapid growth of glomerular vasculature.
At days 9, 14, and 21 we noticed that pillars and small
capillary loops often arrange themselves in rows. This

50um

Figure 1. Corrosion vascular casts of Thy1.1 nephritic kidneys. The control
group (A) is characterized by glomeruli with slender capillaries and wide
intercapillary spaces. At day 3 of nephritis (B), the glomerular vasculature is
destroyed and only the peripheral vessels close to the vascular pole are
preserved (asterisks). On day 5 (C and D), enlarged glomeruli containing
microaneurysms (asterisks) are frequently observed and tiny holes start to
be clearly detected (arrowheads in D). At day 9 (E and F), density of pillars
(arrowheads in F) increased remarkably and many arose in rows. At day 14
(G and H), pillars (arrowheads in H) enlarged in girth, merged, and formed
small capillary loops (arrows in H). Starting from day 14 (G and H), and at
day 21 (T and J), the capillary loops (H, arrows) are often arranged in rows,
indicating the advanced stage of capillary splitting. H and J: Thin arrows
depict breaking connections and successive vessel splitting of the mother
(main) segment (J, asterisk).

route of development is involved in rebuilding of the glo-
merular specific angioarchitecture. The process started
by an arrangement of pillars in rows along the long axis of
the blood flow, thus delineating a new vascular entity
(Figure 1F, arrowheads). Subsequently, the pillars re-
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shaped, became elongated (arrows in Figure 1H), and
merged with the neighboring ones, forming slits. Succes-
sive attenuation of the connecting bridges (thin arrows in
Figure 1, H and J) split the main vessel (Figure 1J, black
asterisk) and segregated solitary capillary segments from
the uniform capillary plexus. At day 21, the process was
rather advanced, and the typical glomerular vessel an-
gioarchitecture was almost rebuilt (Figure 1, | and J).
Intussusceptive angiogenesis is thus not only restoring
capillary volume and number but also reestablishing the
archetypical glomerular vascular pattern. The quantifica-
tion of tiny holes and small capillary loops in the vascular
casts of nephritic glomeruli as numerical density per ves-
sel area confirmed the dynamic nature of intussusceptive
remodeling during nephritis recovery (Figure 2A). Start-
ing from day 5, the number of pillars increased with a
peak of intussusception at day 14. As the number of tiny
holes increased, the number of small capillary loops in-
creased concomitantly and the entire glomerulus ex-
panded progressively. The onset of intussusception de-
creased at day 21 of nephritis, when the glomerular
angioarchitecture is almost restored. The number of glo-
merular proliferating cells was highest at days 3 and 5 of
nephritis and gradually decreased (Figure 2B), thus
showing inversed dynamics compared with intussuscep-
tion. Morphometric analysis of vascular casts showed that
glomerular volume increased significantly on nephritis in-
duction (Figure 2C). After a peak at day 5, the volume
started to decrease but did not reach the basal level. At day
21, glomeruli remained on average 65% larger than in the
control group (control: 841 X 10° um?® + 18 X 10° um?; day
21 of nephritis: 1387 X 10% um® + 442 X 10° um®), al-
though the difference was not statistically significant.

The course of acute mesangioproliferative nephritis led
to a decrease in the number of nephrons (Figure 2D).
Stereologic evaluation of the glomerular number showed
that there was 39% less glomeruli at day 21 of nephritis
(18.9 X 10% = 0.6 X 10%) compared with healthy controls
(31 x 10° = 1.8 X 10%).

Semithin Sectioning of Healthy and Nephritic
Kidney Depicts the Progress of Glomerular
Recovery and Intussusception Onset

The semithin sectioning of nephritic kidneys harvested at
different time points allowed us to follow the changes in
glomerular morphology on nephritis induction. Capillaries of
healthy glomerulus present a uniform structure with incon-
spicuous mesangial region (Figure 3A). Glomerular vascu-
lature was severely reduced at day 3 of nephritis, causing
enlargement of the urinary space (Figure 3B, white aster-
isks). The first microaneurysms were already detectable
(Figure 3B, black asterisk). From day 5 on (Figure 3C), a
compact mesangial region (white asterisk) was visible be-
side the enlarged capillaries (black asterisks) and micro-
aneurysms were filled with erythrocytes. At day 9 of nephri-
tis, the mesangial region was represented by a dense
mesangial area (Figure 3D, white asterisk), pushing the
capillaries toward the glomerular periphery (Figure 3D,
black asterisks). At day 14, we noticed the presence of thin
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Figure 2. Morphometric analysis of glomerular intussusception, prolifera-
tion, volume, and number throughout Thy1.1 nephritis course. Quantifica-
tion of pillar and capillary loop density at different time points showed the
involvement of intussusception in the vascular reconstruction (A). Kidney
recovery during Thy1.1 nephritis is associated with proliferation of glomer-
ular cells (B), increased glomerular volume (C), and reduced total number of
glomeruli (D). Columns were compared versus healthy animals (ctr]) (A, C,
and D: n = 4; B: n = 4 in ctl, day 5, day 14, and day 21 groups, n = 5 in
day 3 group, and 7 = 8 in day 9 group). *P < 0.05, *P < 0.01, *P < 0.0001.
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Figure 3. Toluidine blue staining of semithin rat kidney sections at different
stages of Thy1.1 nephritis. Capillaries of healthy glomeruli (A) assemble in a
compact structure with inconspicuous mesangial region. Day 3 of nephritis
(B) is characterized by the presence of first microaneurysms (black asterisk)
and wide urinary space (white asterisks). At day 5 (C), enlarged capillaries
(black asterisks) and microaneurysms are frequently filled with erythro-
cytes (Er). Starting from day 5 (C), but very pronounced by day 9 (D), is the
prominent, dense mesangial region (white asterisks), which pushed the
dilated capillaries to the periphery of glomerulus (black asterisks). At day
14 (E and F), intussusception (ie, pillar formation) is represented here as an
insertion of tiny walls between the capillaries (arrowheads in F, which is a
zoom of the area surrounded by the rectangle in E). Bc = Bauman capsule.

walls between the capillaries (Figure 3, E and F; rectangle
and arrowheads). This observation is in line with the onset of
intussusceptive vessel splitting.

Glomerular Immunoreactivity of VEGFR2/VEGF
Increases during Thy1.1 Nephritis

Immunohistochemical staining of VEGFR2/VEGF was used
to determine their in situ expression pattern in healthy and
nephritic glomeruli. The intensity of both VEGFR2 and VEGF
immunoreactivity increased during the nephritis course
compared with healthy glomeruli (Figure 4, A-J). The ex-
pression pattern of VEGFR2/VEGF during nephritis was
confirmed by Western blot analysis (Figure 4K). The up-
regulation lasted until day 14 of nephritis, whereas at day 21
VEGFR2/VEGF expressions have already decreased and
were comparable with basal levels (Figure 4K). The up-
regulation of VEGFR2/VEGF resulted in an increase of re-
ceptor phosphorylation (Figure 4L).

Next, we performed a colocalization study to find out
what types of cells express VEGFR2 in healthy and nephritic
glomeruli. In both cases we observed a marked degree of
colocalization between VEGFR2 and CD31, an endothelial
cell marker. In nephritic glomeruli, colocalization was ob-
served at the periphery of lobules (Figure 4N), whereas in

control animals, costaining was detected throughout the
entire glomerulus (Figure 4M). We also noticed that the
intensity of glomerular VEGFR2 staining was lower overall
compared with the intensity of tubular VEGFR2 labeling.
Endothelial cells were not the only glomerular cells express-
ing VEGFR2 during nephritis. As Figure 40 shows, we could
detect colocalization between a-SMA and VEGFR2 in the
central part of glomerular lobules, indicating that injured
mesangial cells express VEGFR2.

Administration of PTK/ZK during Nephritis
Results in the Reduction of a-SMA and Tensin
Expression and Transient Decrease of
Glomerular Volume

A total of 50 mg/kg of PTK/ZK administered i.p. inhibited
glomerular VEGFR2 signaling by blocking receptor over-
expression observed during Thy1.1 nephritis. Thus, the
amount of phosphorylated VEGFR2 decreased (Figure 5,
A and B). Expression and phosphorylation of PKB, a
molecule involved in VEGFR2 signaling,'® were lower in
glomeruli of nephritic PTK/ZK-treated animals compared
with glomeruli isolated from vehicle-treated nephritic an-
imals (Figure 5, A and C). PDGFRB receptor was over-
expressed in the nephritic glomeruli at days 9 and 14 of
nephritis, and PTK/ZK compound blocked the expression
of phosphorylated receptor similarly to VERGFR2 (Figure
5, D and E). In contrast to VEGFR2 and PDGFRp recep-
tors, glomerular VEGFR1 expression showed only a mild
but not statistically significant regulation that was not
influenced by PTK/ZK treatment (Figure 5, D and F).

Next, we aimed to investigate whether VEGFR2 inhibition
had an effect on nephritis-induced glomerular hypertrophy.
Glomerular volume was quantified from vascular casts by
means of SEM. PTK/ZK significantly decreased glomerular
volume when applied for 5 and 9 days. At days 14 and 21 of
nephritis, glomerular volume was again comparable to the
vehicle-treated nephritic animals (Figure 5G).

To determine whether PTK/ZK influenced mesangial cell
behavior, we analyzed glomerular expression of a-SMA,
tensin, Thy1.1, fibronectin, and collagen IV proteins. As the
Western blot analysis shows, a-SMA was not detected in
control glomeruli but was significantly expressed at day 5 of
nephritis. Surprisingly, PTK/ZK treatment led to a decrease
of a-SMA expression (Figure 5, H and I). Tensin, a protein
also described to be specifically expressed by mesangial
cells, was overexpressed in nephritic glomeruli and down-
regulated by PTK/ZK (Figure 5, H and J). Thy1.1 molecule
was abundant in healthy glomeruli, but its level decreased
on nephritis induction due to the mesangiolysis. PTK/ZK treat-
ment did not influence the expression of Thy1.1 during nephri-
tis (Figure 5, H and K). Expression of fibronectin and collagen
type IV increased in the glomeruli of nephritic rats, and their
levels were not regulated by PTK/ZK (Figure 5, H, L, and M).

PTK/ZK Administration Leads to Glomerular
Hemorrhaging

Morphologic evaluation by semithin sections revealed
structural changes in the nephritic nephrons on PTK/ZK
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Figure 4. Analysis of glomerular VEGFR2/VEGF expression and signaling during Thy1.1 nephritis. Immunohistochemical staining of VEGFR2 (A-E) and VEGF
(F=J)) showed that both receptor and ligand were expressed at low levels in healthy glomeruli but were up-regulated during the nephritis course. Western blot
analysis of glomerular VEGFR2/VEGF expression confirmed receptor and ligand up-regulation after OX7 injection (K, 7 = 4). Extent of VEGFR2 phosphorylation
increased concomitantly to the increase of VEGFR2 expression (L, 7 = 4). Glomerular VEGFR2 colocalized with CD31 in healthy (M) and nephritic (N) glomeruli.
At day 5 of nephritis, colocalization between VEGFR2 and a-SMA could be additionally detected (0). *P < 0.05, **P < 0.01, **P < 0.0001.

treatment. The PTK/ZK-treated group was character- into the tubular system (Figure 6, A, B, and C). The
ized by the presence of intraglomerular hemorrhages. presence of hemorrhages in the glomeruli and tubuli
The hemorrhagic areas were located in the mesan- was confirmed by SEM on kidneys dried at critical point

gium, but they often broke into the urinary space and (Figure 6, D and E). This fact may play a crucial role in
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Figure 5. Effect of PTK/ZK on receptor tyrosine kinase signaling, glomerular volume, and mesangial cells during nephritis. PTK/ZK administered i.p. during
nephritis led to the inhibition of glomerular expression and phosphorylation of VEGFR2 (A and B, 7 = 4) and PDGFRB (D and E, n = 4) but not VEGFR1 (D
and F, n = 4). Glomerular expression and activity of PKB was partially inhibited as a result of PTK/ZK treatment (A and C, n = 4). PTK/ZK transiently prevented
nephritis-induced glomerular hypertrophy (G, n = 3-4). Treatment with PTK/ZK resulted in the decrease of a-SMA and tensin expression, but the compound
did not influence the expression of Thyl.1, fibronectin, and collagen type IV (H). Expression of these proteins was normalized to B-actin and quantified with
Image] software I-M, n = 4). *P < 0.05, *P < 0.01, **P < 0.0001.



the subsequent degeneration of nephrons, starting
with glomeruli and expanding to the tubular system. It
can also explain the reduced number of microaneu-
rysms on vascular casts in the PTK/ZK-treated group
(see Supplemental Figure S1B at http.//ajp.amjpathol.
org). At day 9 of nephritis, hemorrhages were in the
process of organization and the mesangial area was
still enlarged (Figure 6F, white asterisk). We could still
observe the invasion of capillary lumen by the thin capillary
walls, an evidence of intussusception (Figure 6, F and I;
arrowheads). The presence of tiny holes (Figure 6, G and H;
arrowheads), small capillary loops, and slits (Figure 6G,
arrows) during PTK/ZK treatment was confirmed by SEM on
kidneys dried at critical point.

PTK/ZK Administration Impairs Filtration in
Nephritic Glomeruli

Next, we aimed to examine whether PTK/ZK administra-
tion impairs glomerular permeability in nephritic rats. Flu-
orescent spheres (diameter, 100 nm) were injected intra-
venously, and rats were sacrificed 30 minutes later. To
determine whether the spheres are located in the Bow-
man space or within glomerular vasculature or mesan-
gium, the cryosections were additionally stained with syn-
aptopodin. We could see mild focal fluorescence in the
glomeruli of healthy rats (Figure 7A). This signal disap-
peared in the glomeruli of nephritic vehicle-treated ani-
mals (Figure 7B). However, after PTK/ZK treatment, ne-
phritic glomeruli showed very bright red fluorescence
(Figure 7, C-E). The spheres were mainly located in mes-
angial cells (Figure 7D) and ED1-positive macrophages
(Figure 7E).
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Figure 6. Glomerular histopathologic alterations
after PTK/ZK treatment of nephritic rats. Dilated
vessels and microaneurysms with intact vascular
endothelial walls were observed at the periphery
of the glomeruli (A; see corresponding zoom), but
most often the breach of the glomerular vessel wall
(B) led to the hemorrhages into the urinary space
with penetration of blood into the tubular system
(O). SEM on kidneys dried at critical point con-
firmed the presence of intraglomerular (D) and
tubular (E) hemorrhages at day 5 of nephritis. After
9 days of PTK/ZK treatment (F), enlarged area of
mesangial cells (white asterisk) with ongoing pil-
lar formation (arrowheads) in the dilated capil-
laries (black asterisks) was observed. Using SEM
we could detect a high number of solitary pillars
(G and H, arrowheads) merging and forming
capillary loops and slits (G, arrows). The semithin
method showed that at this time point (I) capillaries
became smaller in diameter, are better seen in the
medullar part of glomeruli, and show signs of intus-
susceptive angiogenesis (zoom in D. En = endothe-
lium; Be = Bauman capsule; Er = erythrocytes; Tu =
tubuli. A, B, C, F, and I: Stained with toluidine blue.

The Vasculature of PTK/ZK-Treated Nephritic
Animals Shows Multiple Abnormalities But
Intussusception Is Affected Only After Long-
Term Treatment

The most striking effects of PTK/ZK on glomerular vessel
structure were observed with vascular casting and SEM.
At day 5 of nephritis, glomerular capillaries appear to be
tightly connected (Figure 8A), and the number of microa-
neurysms was significantly smaller in PTK/TK-treated group
(see Supplemental Figure S1B at http://ajp.amjpathol.
org). Higher magnification revealed the presence of tiny
holes and small capillary loops (Figure 8B, arrowheads

spheres/synaptopodin/DAPI

spheres/synaptopodin/DAPI

ctrl
D5 / vehicle

spheres/synaptopodin/DAPI  spheres/Thy1.1/DAPI spheres/ED1/DAPIL

D5 / PTK/ZK
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Figure 7. Study of glomerular filtration by the injection of fluorescent mi-
crospheres. Red fluorescent spheres of a diameter of 100 nm were observed
only sporadically in the glomeruli of healthy rats (A) and were not present in
nephritic glomeruli (B) when intravenously injected to animals. When nephritic
rats were treated with PTK/ZK for 5 days, the fluorescence of the spheres was
clearly visible in the glomerular area (C). Spheres were taken up by the Thy1.1-
positive mesangial cells (D) and ED1-positive macrophages (E).
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(B). Glomerulus at day 9 of nephritis is depicted in C. One lobule is characterized
by haphazardous pillar formation process (D). The capillaries of the second
lobule are tortuous (C, asterisk). Glomerular vasculature at day 14 of nephritis
(E and F) was characterized by uneven endothelial cell surface, tortuous capil-
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arrows. D and F: Magnified areas depicted by rectangles on C and E, respec-
tively. Numerical density of pillars (G) and small loops (H) was reduced only
after 14 days of PTK/ZK treatment compared with vehicle-treated animals ne-
phritic at respective time points. The number of tiny holes and small capillary
loops in PTK/ZK-treated animals was, however, up-regulated compared with
healthy animals (ctrD (12 = 4). *P < 0.05, **P < 0.01.

and arrows, respectively). The vessel structure differed,
however, from what was observed in nephritic vehicle-
treated glomeruli (Figure 1). The surface of glomerular
endothelial cells appears not to be homogenous and
tortuous (Figure 8B). Figures 8, C and D, present the
glomerulus of a PTK/ZK-treated rat at day 9 of nepbhritis.
One lobule shows pillar formation process (Figure 8, C
and magnified area at D), although pillars arise haphaz-
ardly. Capillaries of the second lobule (Figure 8C, aster-
isk) are abnormally shaped without clear contour. Those
features were more pronounced the longer PTK/ZK was
administered. At day 14 we could see that the endothelial
cell surface is fiberlike, vessel edges are tortuous, and
the capillaries appear irregular (Figure 8, E and magni-
fied area at F). We detected tiny holes and small capillary
loops only rarely in comparison with Thy.1 nephritic glom-
eruli (Figure 8F, arrowheads and arrows, respectively).
The morphometric analysis of intussusception onset
showed that the appearance of tiny holes or small capil-
lary loops in PTK/ZK-treated rats did not differ from vehi-
cle-treated nephritic animals at days 5 and 9. Although
intussusception decreased after 14 days of PTK/ZK ad-
ministration compared with vehicle-treated nephritis ani-
mals, the number of tiny holes and small capillary loops in
PTK/ZK-treated group was still significantly up-regulated
compared with healthy animals (Figure 8, G and H). This
indicates that PTK/ZK administration did not completely
block intussusception onset at this time point.

Although different morphologic evaluations showed
that glomeruli structure was affected by PTK/ZK treat-
ment, we failed, however, to observe any effect of PTK/ZK
on urinary protein excretion (see Supplemental Figure S2
at http://ajp.amjpathol.org).

Discussion

The present work uses different methods to follow the re-
vascularization process and focus on pathways leading to
glomerular recovery during Thy1.1 nephritis and their mo-
lecular basis (Figure 9). We used different methods to follow
the revascularization process that occurred by intussus-
ceptive angiogenesis. We next asked the question of the
involvement of combined VEGFR and PDGFRB inhibition in
the different aspects of recovery process.

Intussusceptive Angiogenesis Restores
Glomerular Capillaries and Kidney-Specific
Angioarchitecture

The restoration of capillary structure can theoretically oc-
cur via sprouting or intussusceptive angiogenesis or a
combination of both.'*2° Intussusception is a newly char-
acterized angiogenic mode, and it has recently been
shown to take place during glomeruli recovery from in-
jury.’" Its characteristic features, namely, low endothelial
proliferation, short duration, and physiologic levels of
transpermeability, make this process suitable for regen-
erative purposes.>® Herein, we confirm that a robust
intussusception onset takes place during Thy1.1 recov-
ery. We did not observe any sprouts arising from glomer-
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Figure 9. A schema showing the restoration of capillary structure and kid-
ney-specific angioarchitecture after induction of Thy1.1 nephritis. By day 5,
many pillars (arrowheads) arise randomly in the capillary plexus. From day
9 to day 21 pillars reshape, elongate, and fuse, forming small capillary loops
(arrows) and thus splitting vascular segments and resulting in the formation
of slender, solitary capillary entities. The latter events restore the classical
glomerular angioarchitecture.
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ular vessels on Thy1.1 nephritis induction. Quantification
of tiny holes and small capillary loop density showed that
intussusception peaks at day 14 of nephritis. Indeed, at
this time point endothelial cell number has already recov-
ered and little cell proliferation was observed. The peak
of intussusception is preceded by dilatation of capillaries,
even by microaneurysm formation. This phenomenon has
previously been described during avian kidney and lung
development®” and recently during chorioallantoic mem-
brane enlargement (data not published). Intussusception
should be associated with capillary dilation before the
insertion of the transluminal pillars and vessel splitting. In
our study, however, the capillaries were more compact,
and almost no microaneurysms were detected when ne-
phritic animals were treated with PTK/ZK. We therefore
speculate that glomerular hypertrophy is not a prerequi-
site for the insertion of a pillar to the vessel lumen. Inter-
estingly, we sporadically observed the presence of tiny
holes on the surface of microaneurysms. At present, it is
not known if and how microaneurysms heal, but it is
possible that the transluminal pillar formation (ie, intus-
susceptive process) splits and reorganizes the ex-
panded vascular volume, at least in some microaneu-
rysms. The new vascular segments created this way are
subsequently requited into the microvascular circulation.

We additionally show that although Thy1.1 nephritis
leads ultimately to healing, the number of nephrons is
reduced by 39% 3 weeks after nephritis induction. At the
same time, the remaining glomeruli are on average 65%
larger. Intussusceptive angiogenesis contributes to cap-
illary regrowth in the single glomerulus; it is therefore
conceivable that this angiogenic process restores the
entire kidney filtration surface by increasing capillary vol-
ume of glomeruli that survived the injury. The same mech-
anism probably takes place in the kidneys of uninephrec-
tomized rats.?" We hypothesize that the increase of
glomerular volume is a compensatory mechanism for the
loss of nephrons during nephritis.

The Effects of PTK/ZK on VEGFR1, VEGFR2,
and PDGFRB Expression and Phosphorylation
in Nephritic Glomeruli and Their Implications for
Nephritis Resolution

VEGFR/VEGF and PDGFRB/PDGFB are well-described
pairs of receptor tyrosine kinases and their ligands that
play a major role in angiogenesis.'® Recent progress of
understanding renal diseases showed that many of them
arise from inadequate angiogenic response on injury and
that manipulation of these signaling pathways may influ-
ence disease outcome.?#?3

The data concerning VEGFR/VEGF importance for ne-
phritis recovery are plentiful but contradictory; however,
the outcomes are thought to dependent on the nephritis
type and thus on underlying pathophysiology.?*~22 In the
particular case of Thy1.1 nephritis, VEGF blocking had an
adverse effect on endothelial cell recovery.?* On the
other hand, up-regulation of PDGFRS in the injured mes-
angial cells was shown to be an adverse phenomenon
because many studies reported an improvement of glo-
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merular recovery from Thy1.1 nephritis after PDGFRp/
PDGFB blockade.?®3° Interestingly, PDGFC, a ligand for
PDGFRea, was shown recently to be an important factor
for glomerular endothelial repair.®" The effects of PDGFR
family on glomerular recovery from nephritis are therefore
specific for particular receptor and its ligand.

Our results show that PTK/ZK blocks not only VEGFR2
and PDGFRg activation but also expression in vivo. The
phenomenon of down-regulation of VEGFR2 expression
by the small-molecular-weight inhibitor was already re-
ported by others,323% but the mechanism is lacking. We
have not observed a statistical significance in the glomer-
ular VEGFR2 mRNA expression between vehicle and
PTK/ZK-treated rats, although the tendency toward lower
levels in PTK/ZK-treated group was clearly visible (data
not shown). It is additionally interesting that PTK/ZK did
not inhibit VEGFR1, although the affinity of the compound
is higher for VEGFR1 than for PDGFRB."® However,
VEGFR1 is mildly regulated during Thy1.1 nephritis com-
pared with VEGFR2 and PDGFRB. We therefore hypoth-
esize that the mechanism by which PTK/ZK down-regu-
lated the expression of the underlying receptor is
dependent not only on the phosphorylation status of the
receptor but also on pathways that allow the receptor to
be overexpressed at the sites of active angiogenic pro-
cess. Further studies are, however, needed to sufficiently
explain this phenomenon.

We further show that phosphorylation of PKB, a kinase
downstream of VEGFR2, is diminished on PTK/ZK admin-
istration. The level of PKB inhibition is not complete be-
cause this intracellular signaling molecule is regulated by
a variety of upstream factors.3*

Possible Implications of Mesangial a-SMA and
Tensin Down-Regulation by PTK/ZK: Presence
of Intraglomerular Hemorrhages, Reduced
Number of Microaneurysms, and Glomerular
Volume

PTK/ZK administration resulted in the presence of intra-
glomerular hemorrhages and a decreased number of
microaneurysms at day 5 of nephritis. We think that this
phenomenon is related to the VEGFR2 inhibition rather
than PDGFRB inhibition because at day 5 of nephritis,
PDGFRB, in contrast to VEGFR2, is not yet up-regulated
and thus PTK/ZK did not inhibit this signaling. It is how-
ever conceivable that at later time points, inhibition of
PDGFRg in addition to VEGFR2 has a major contribution
to the effects of PTK/ZK on glomerular recovery from
Thy1.1 nephritis. Injured mesangial cells express de novo
a-SMA, which is a commonly used marker of mesangial
cell activation and proliferation.®> On the other hand,
Thy1.1 molecule is thought to be constitutively expressed
by mesangial cells.’®3637 Qur data show that although
glomerular a-SMA expression was decreased in the PTK/
ZK-treated animals, the compound had no effect on
Thy1.1 molecule expression. Thus, PTK/ZK seems not to
influence mesangial cell number (ie, mesangiolysis oc-
curs), but injured mesangial cells do not express a-SMA.

Treatment with PTK/ZK down-regulated not only a-SMA
but also tensin expression. The latter protein was shown
to be expressed at the mesangial protrusions,®® similarly
to «-SMA.'2 Tensin is hypothesized to be an important
molecule for the contractile apparatus of mesangial
cells.®® Overexpression of a-SMA and tensin during ne-
phritis could therefore allow mesangial cells to better
support vessels that recover from injury, and when this
phenotypic change is prevented by PTK/ZK, mesangial
cells lose their specific features and let endothelium be
fully vulnerable to antiangiogenic therapy. Indeed, the
vascular casting method, which is in fact the cast of
endothelial cells covering the lumen of perfused vessels,
showed that glomerular capillary surface is malformed
and tortuous. We hypothesize that the walls of sinusoidal
and microaneurysm-like vessels remain poorly covered
by mesangial cells and thus become fragile. Capillaries
rupture and result in the occurrence of multiple hemor-
rhages often detectable in the tubular system and account-
ing for the nephron degeneration. As a result, glomerular
volume remains reduced and fewer microaneurysms can
be detected.

Impaired Glomerular Filtration After PTK/ZK
Administration

To examine the impact of PTK/ZK on glomerular filtration,
we used fluorescent spheres of a 100-nm diameter,
which is approximately the size of fenestrations in healthy
glomeruli.®*® During nephritis, glomerular capillaries are
destroyed and thus the permeability is higher. Therefore,
the spheres could go through the glomerular sieve within
30 minutes and no red fluorescence could be observed.
Serendipitously, PTK/ZK led to the accumulation of
spheres in the glomerular mesangial cells and macro-
phages. This could be explained by the fact that anti-
VEGF therapy leads to the loss of glomerular fenestra-
tions33 and the filtration of spheres is blocked. Under
those circumstances, spheres are taken up by macro-
phages. As mesangial cells and generally pericytes are
implicated to have phagocytic, macrophage-like proper-
ties,*° they could contribute to the “cleaning process.”

Kidney Regeneration Under PTK/ZK Treatment
as a Part of Anticancer Therapy

It is generally accepted that angiogenesis in tumors is
crucial for the growth and dissemination of neoplasm,
which is the rationale for the application of angiogenesis
inhibitors as anticancer therapy.

At the time there are more than 1800 clinical trials
(for details see http.//www.clinicaltrials.gov; http://www.
nci.nih.gov/clinicaltrials) dealing with antiangiogenic com-
pounds, mostly inhibitors of VEGF. PTK/ZK was also re-
cently evaluated in the phase 1 clinical trial for the treat-
ment of solid cancers.*' Despite the partial regression of
tumor vessels and reduction in tumor size, the effects are
transient and long-term results are disappointing. A re-
cently published article by Hlushchuk et al'* reported
that a switch from sprouting to intussusceptive angiogen-
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esis might represent an adaptive response to treatment
with PTK/ZK. At the same time intussusceptive angiogen-
esis seems to be essential during kidney development
and recovery after Thy1.1 nephritis.>® " Taken together
and in the light of the data presented in this article, we
conclude that most likely an antiangiogenic therapy with
PTK/ZK compound does not influence significantly the
kidney recovery and glomerular restoration after acute
Thy1.1 nephritis. This is probably a net effect of inhibiting
two pathways, namely, VEGFR2 and PDGFRg, with op-
posite roles in the recovery from acute mesangioprolif-
erative glomerulonephritis. However, it is possible that
PTK/ZK may have more pronounced long-term effects on
kidney function. Furthermore, we cannot exclude that
PTK/ZK has additional effects we are at the moment not
aware of; for example, it was recently shown that PTK/ZK
inhibits aromatase activity in breast cancer cell line.*?
These facts could have important clinical implication for
patients with nephritis who are receiving antiangiogenic
treatment.

PTK/ZK Administration Affects Intussusceptive
Angiogenesis Only After Long-term Treatment

Although PTK/ZK prevented glomerular hypertrophy at
days 5 and 9 of nephritis, it did not significantly change
the dynamics of intussusception onset. It is however in-
teresting that intussusception was inhibited after 14 days
of treatment in contrast to shorter time points. Perhaps
this is because different factors and cofactors regulate
the pillar formation process and, as the resolution of
nephritis progresses, they are differently expressed and
thus differently affected by PTK/ZK treatment. Because
PDGFRB signaling is of major importance for pericyte
functions and this receptor is expressed most promi-
nently on day 14 of nephritis, it is conceivable that
PDGFRR is at least one of these factors. However, the
fact that intussusception still takes place despite PTK/ZK
administration is in line with the observation that intussus-
ception, but not sprouting, is the main angiogenic mode
in tumors treated with PTK/ZK."#
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