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Glomerulonephritis (GN) leading to glomerular sclero-
sis remains an important cause of renal failure. The
glomerulus is a capillary network, but endothelial and
vascular reactions during progressive GN are not well
understood. We have, therefore, examined the mor-
phological alterations of glomerular capillary network
and endothelial cells during the progression of dam-
aged glomeruli to glomerular sclerosis. A progressive
model of anti-glomerular basement membrane (GBM)
GN was induced in Wistar-Kyoto (WKY) rats with a sin-
gle injection of anti-rat GBM antibody. Severe necrotiz-
ing glomerular injuries were observed between day 5
and week 3 with a reduction in the number of total
glomerular endothelial cells and total glomerular capil-
lary lumina per glomerular cross sections. In necrotiz-
ing lesions, the glomerular endothelial cells were lost
with the destruction of the glomerular capillary net-
work. Moreover, angiogenic capillary repair with pro-
liferation of endothelial cells was rare in severely dam-
aged regions of glomeruli. Subsequently, mesangial
hypercellularity and marked mesangial matrix accumu-
lation occurred with absence of the development of a
capillary network, and the necrotizing lesions pro-
gressed to sclerotic scars until 8 weeks. Although active
necrotizing lesions could not be seen in damaged glo-
meruli between week 4 and week 8, the number of
apoptotic endothelial cells gradually increased in the
glomerular capillaries (0.10 = 0.01 apoptotic endothe-
lial cells/glomerular cross section at week 8 versus
0.00 = 0.00 control cells (mean + SEM; P < 0.05) with
the progression of glomerular sclerosis. Whereas the
number of apoptotic endothelial cells increased in the
damaged glomeruli, the number of total glomerular en-
dothelial cells decreased (9.3 * 3.0 cells/glomerular
cross section at week 8 versus 24.8 + 3.0 cells in control
(mean * SD); P < 0.001) with regression of glomerular
capillaries (3.6 = 2.5 capillary lumina/glomerular cross
section at week 8 versus 35.0 = 5.0 capillary lumina in
control (mean * SD); P < 0.001). Finally, glomerular
endothelial cells could not be detected in the sclerotic

lesions in progressive anti-GBM GN in WKY rats. These
data indicate that the destruction of the capillary net-
work of glomeruli and subsequent incomplete angio-
genic capillary repair leads to glomerular sclerosis in
progressive GN. Endothelial cell apoptosis with glomer-
ular capillary regression may also contribute to the de-
velopment of glomerular sclerosis. Injury of the glomer-
ular capillary network with endothelial cell damage,
including apoptosis and subsequent incomplete capil-
lary repair, plays an important role in the progression
of glomerular sclerosis during anti-GBM GN in WKY
rats. (AmJ Patbol 1997, 151:1231-1239)

Angiogenesis, the development of a new microvascular
network, is an important phenomenon associated with
both physiological conditions such as development of
organs and pathological conditions including tumor vas-
cularization and wound healing.”® In the recovery mod-
els of experimental glomerulonephritis (GN), recent stud-
ies have demonstrated that angiogenic glomerular
capillary repair can occur in damaged glomeruli.®7 In
human GN, some may recover, allowing glomerular
structure and function to return to normal. On the other
hand, in the progressive form of GN, glomerular inflam-
mation continues chronically and progresses to end-
stage renal failure. The glomerulus is a well developed
capillary network. However, damage of glomerular endo-
thelial cells and the glomerular capillary network during
progressive GN is still unclear. Moreover, the precise
mechanisms that lead to sclerotic scar in GN remain to
be clarified. Morphologically, GN is defined by an inflam-
mation in glomeruli. In various organs, the apoptosis of
endothelial cells has been seen during inflammation and
wound healing.8® However, apoptosis of endothelial
cells in GN has not been well characterized. Recently,
Wistar-Kyoto (WKY) rats have been shown to be very
susceptible to anti-glomerular basement membrane
(GBM) antibody, and a severe necrotizing and prolifera-
tive GN, which progresses to end-stage kidney disease
and eventually to chronic renal failure can be induced by
a single injection of anti-GBM antibody.'°~'2 This study
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investigated the destruction of the glomerular capillary
network, capillary repair with glomerular endothelial cell
proliferation, and glomerular capillary regression with en-
dothelial cell apoptosis during the progression of glomer-
ular sclerosis in anti-GBM GN in WKY rats. Endothelial
cells were identified by immunostaining for thrombo-
modulin (TM) as a marker, which is known to be an
endothelial cell surface glycoprotein.8'3-® Apoptosis
was recognized morphologically, and nuclear DNA frag-
mentation of apoptosis was also detected in tissue sec-
tions using the terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP-biotin nick end labeling (TUNEL)
method.

Materials and Methods
Induction of Anti-GBM GN

Inbred male WKY rats (Charles River Japan, Kanagawa,
Japan) weighing 100 g were used for this study. In ex-
perimental groups, progressive GN was induced in WKY
rats with a single injection of rabbit anti-rat GBM antibody
(provided by Drs. Yasuhiro Natori and Naoyuki Nakao,
International Medical center of Japan, Tokyo, Japan). An
intravenous dose of 50 ug of IgG/100 g body weight was
used to induce the disease.'® Three rats were sacrificed
on days 3, 5, 7, and 10 and 2, 3, 4, 6, and 8 weeks after
the administration of anti-rat GBM antibody. Three unin-
jected WKY rats were sacrifices on day 0, week 4, and
week 8 as controls.

Histological Examination

After removal of the kidney, tissue was fixed in 20%
buffered formalin and embedded in paraffin for light mi-
croscopic examination. Hematoxylin and eosin (H&E),
periodic acid-Schiff (PAS), and periodic acid-methena-
mine silver (PAM) stains were performed for histological
examination.

To detect glomerular endothelial cells, tissue was stained
with polyclonal rabbit anti-rat TM antibody'® (provided by
Dr. David Stern, Columbia University), which reacted with
the surface of endothelial cells. This antibody has been
used as a marker for endothelial cells.®'>-' Recent studies
reported that TM expression is altered in renal disor-
ders.'”™2" Confirmation of the glomerular endothelial cells
displayed by TM was performed by staining tissue sections
with the monoclonal antibody against a surface antigen
expressed on all rat endothelial cells (RECA-1)722 or Grif-
fonia (Baneirare) simplicifolia lectin.?® The results demon-
strated similar endothelial cell patterns in glomeruli; neither
was comparable in quality or specificity to TM (data not
shown). This indicates that loss of TM activity in this model
reflects a loss of glomerular endothelial cells, confirming
data of a previous study.® TM was demonstrated by immu-
nohistochemistry staining, using biotinylated anti-rat TM an-
tibody. The antiserum was conjugated to biotin using a
biotin labeling kit (Boehringer Mannheim, Mannheim, Ger-
many). It is known that rat IgG deposits in the GBM during
the autologous phase of the disease in this model. To show

that the rabbit anti-TM antibody does not cross-react with
rat IgG in the GBM, biotinylated nonimmune rabbit IgG was
also prepared for control studies, using normal rabbit IgG
(Vector Laboratories, Burlingame, CA) and a biotin labeling
kit.

To detect proliferating cells, tissue sections were stained
with mouse anti-proliferating cell nuclear antigen (PCNA)
monoclonal antibody (PC10, DAKO, Glostrup, Denmark).
The epitope recognized by PC10 is very sensitive to the
type of fixative used and the length of the fixation time.2*
Therefore, the tissues for immunohistochemistry studies
were fixed uniformly for a period of 16 to 18 hours in 20%
buffered formalin. Recently, Lan et al®® demonstrated that
the combination of microwave treatment and a reduced
concentration of PC10 (1/1000 dilution) produce optimal
and reliable detection of PCNA. We also confirmed the
method of Lan et al for detecting PCNA-positive cells using
microwave treatment before performing immunohistochem-
istry staining. This alternative procedure using the micro-
wave technique demonstrated a similar pattern and fre-
quency of PCNA-positive cells.

After deparaffinization, the 2.5-um-thick sections were
treated with 0.3% H,O, in methanol for 30 minutes and
then incubated for 60 minutes with a biotinylated anti-rat
TM antibody, at a dilution 1:100, or a mouse anti-PCNA
antibody, at a dilution of 1:300. Subsequently, the tissue
sections for TM were incubated with avidin-biotin perox-
idase complex (DAKO) for 60 minutes and were visual-
ized by using H,O, containing 3,3’'-diaminobenzidine
(DAB) in 0.05 mol/L Tris buffer. The tissue sections for
PCNA were incubated with a peroxidase-conjugated
goat anti-mouse IgG antibody (DAKO), at a dilution of
1:100 for 60 minutes, and were visualized by using H,O,-
and NiCl-containing DAB in buffer (DAB substrate kit for
peroxidase, Vector). Double immunostaining with PCNA
and TM for the identification of the proliferating endothe-
lial cells was performed, using a color modification
method of DAB precipitation by NiCl, which changes the
DAB color from brown to black.2® Sections were incu-
bated with PCNA followed by a peroxidase-conjugated
goat anti-mouse IgG, and H,O,- and NiCl-containing
DAB. Sections were then incubated with biotinylated rab-
bit anti-rat TM antibody, avidin-biotin peroxidase com-
plex followed by H,O,-containing DAB. Staining controls
include the substitution of the anti-PCNA antibody with an
irrelevant murine monoclonal antibody, substitution of the
biotinylated anti-rat TM antibody with the biotinylated nor-
mal rabbit IgG, and the use of anti-TM before anti-PCNA
or vice versa.

In electron microscopic studies, the kidney tissue was
fixed in 2.5% glutaraldehyde solution in phosphate buffer
(pH 7.4) and post-fixed with 1% osmium tetroxide, dehy-
drated, and embedded in Epon 812. Ultrathin sections
were stained with uranyl acetate and lead citrate and
then examined with a Hitachi H7100 electron micro-
scope.

Identification of Apoptosis

Apoptosis was recognized morphologically, using light
and electron microscopy. In histological sections, frag-



mented nuclear DNA associated with apoptosis was la-
beled by the TUNEL method.2” The 2.5-um-thick sec-
tions were deparaffinized and incubated with proteinase
K (100 pg/ml) for 15 minutes at room temperature. After
blocking endogenous peroxidase by immersion in dis-
tilled water containing 2% H,O,, sections were rinsed in
TdT buffer (30 mmol/L Tris/HCI buffer, pH 7.2, 140
mmol/L sodium cacodylate, 1 mmol/L cobalt chloride)
and incubated with TdT 1:100 and biotinylated dUTP
1:200 in TdT buffer for 60 minutes at 37°C. The biotiny-
lated nuclei were detected with avidin-peroxidase and
H,0,- and NiCl-containing DAB. Apoptotic endothelial
cells were detected morphologically and by double stain-
ing using the TUNEL method and staining for TM. Double
staining was performed by first staining the sections with
the TUNEL method (color reagent H,O,-, NiCl-containing
DAB), followed by blocking free residues of biotin using
0.1% avidin (AVIDIN D, Vector) in PBS and 0.01% biotin
(d-BIOTIN, Sigma Chemical Co., St. Louis, MO) in PBS for
20 minutes, respectively.?® Sections were then incubated
with biotinylated rabbit anti-rat TM antibody and avidin-
biotin peroxidase complex, followed by H,O,-containing
DAB. Negative controls consisted of omission of the
dUTP or TdT in the TUNEL method, substitution of the
biotinylated anti-TM antibody with the biotinylated normal
rabbit 1gG, and the use of anti-TM before the TUNEL
procedure.

Quantification of Histological Findings

Morphometric studies were performed to determine the
total number of glomerular endothelial cells, the total
number of proliferating endothelial cells, and the total
number of apoptotic endothelial cells per glomerular
cross section. The total number of glomerular capillary
lumina per glomerular cross section was also deter-
mined. In each kidney sample, more than 30 cross sec-
tions of glomeruli were examined sequentially for the
following: 1) total number of endothelial cells, ie, the
mean number of TM-positive cells per glomerular cross
section, 2) proliferating endothelial cells, ie, the mean
number of both PCNA- and TM-positive cells per glomer-
ular cross section, 3) glomerular capillary regression, ie,
the mean number of glomerular capillary lumina sur-
rounded by TM-positive cells per glomerular cross sec-
tion, and 4) incidence of apoptosis in endothelial cells, ie,
the mean number of both TM- and TUNEL-labeled cells
per glomerular cross section. We also examined the num-
ber of TM-positive apoptotic cells in TM-stained sections,
and the result was a very small number of TM-positive
apoptotic cells in glomerular cross sections. This sug-
gests the loss of the cell surface protein (TM) from most
of the affected cells, particularly in the late process of
apoptosis in endothelial cells or bodies that we were able
to identify by light microscopy. The TUNEL method can
detect the early phase of apoptotic cells on which TM
remained, and it is a more sensitive method for the de-
tection of TM-positive apoptotic endothelial cells in this
model. Excluded from the analysis were glomerular cross
sections that contained only a small portion of the glo-
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merular tuft. These results were expressed as the
mean = SD or SEM, and statistical analysis was per-
formed using the Student's t-test.

Results

Destruction of Glomerular Capillary Network in
Progressive GN

A severe necrotizing GN with crescent formation was
induced in WKY rats by a single injection of anti-rat GBM
antibody. This model is characterized by early infiltration
of CD8-positive lymphocytes and adhesion of these cells
to glomerular endothelial cells through the LFA-1/ICAM-1
pathway, which is crucial for the initiation and subse-
quent progression of anti-GBM GN.'®'" Our results in
this study also demonstrated that leukocytes infiltrated
the glomeruli on day 3, and subsequent severe necrotiz-
ing and mesangiolytic glomerular damage was observed
with massive exudative changes on day 5 to day 7 (Fig-
ure 1A). TM-positive endothelial cells were lost in the
necrotizing and mesangiolytic lesions with the destruc-
tion of the glomerular capillary network (Figure 2A). Glo-
merular endothelial cells were reduced markedly with the
destruction of capillary network in severely damaged
areas as detected by electron microscopy (Figure 3A),
which is consistent with the observation of the immuno-
histochemistry results for TM. Numerous proliferating en-
dothelial cells (PCNA* TM*) were found among the
mildly damaged regions of glomeruli in the early phase
(Figures 4 and 5B). However, rare proliferating endothe-
lial cells were present in severely damaged necrotizing
areas (Figure 4). Necrotizing GN continued between day
5 and week 3, and the number of total endothelial cells
and the number of glomerular capillary lumina per glo-
merular cross section gradually decreased with the de-
struction of the glomerular capillary network (Figure 5, A
and C). After glomerular damage, glomerular cell prolif-
eration and mesangial hypercellularity with mononuclear
cell infiltration was observed in mesangiolytic and necro-
tizing regions (Figures 2B and 3B). Subsequently, glo-
merular inflammation progressed, and mesangial matrix
accumulation advanced with the development of glomer-
ular sclerosis. Proteinuria and renal dysfunction gradually
developed. The process of the development of glomeru-
lar sclerosis with renal dysfunction was demonstrated in
our previous study.'® Although active necrotizing GN
resolved between week 4 and week 8, damaged glomer-
uli progressed to global glomerular sclerosis. During the
progression of proliferative lesions to sclerotic scars,
capillary regeneration and proliferation of glomerular en-
dothelial cells were rare in markedly damaged and sub-
sequent proliferative regions (Figures 2C and 3B). More-
over, in accordance with the development of glomerular
sclerosis between week 3 and week 8, the number of
glomerular capillary lumina per glomerular cross section
gradually decreased with a reduction of glomerular en-
dothelial cells in number (Figures 2D and 5, A and C).
This suggested that glomerular capillaries regressed dur-
ing the progression of glomerular sclerosis. Finally, most
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Figure 1. Morphological alteration of glomerulus in anti-GBM GN in WKY rats. A: Five days after disease induction, segmental necrotizing and mesangiolytic
lesions occur with exudative change. B: Eight weeks after disease induction, glomerulus have become sclerotic, and glomerular capillary as well as endothelial
cells are reduced in sclerotic lesions. PAM stain; magnification, X600.

Figure 2. Capillary alteration in anti-GBM GN in WKY rats. A: Seven days after injection, the TM-positive glomerular endothelial cells disappear in the segmental
necrotizing and mesangiolytic lesions (*). B: Two weeks after injection, segmental proliferative lesions develop with cellular crescent. Capillary regeneration is
rare in areas of proliferation (asterisk). C: Six weeks after injection, the proliferative GN continues without regeneration of the glomerular capillary network. D:
Eight weeks after injection, the number of TM-positive endothelial cells decreases in glomeruli with regression of the capillary network. Immunohistochemistry
for TM; magnification, X500.



Figure 3. Progression of necrotizing lesions to sclerotic lesions. A: Five days
after anti-GBM antibody administration. The glomerular capillary network is
destroyed with a loss of endothelial cells and fibrin exudation. Magnification,
X4500. B: Two weeks after injection. Segmental proliferative lesions are
found with marked infiltration of macrophages. The glomerular capillary
network does not develop in the proliferative lesions. Magnification, X3500.
C: Eight weeks after injection. The glomerular sclerosis is advanced, and no
glomerular capillary structure can be detected in sclerotic lesions. Magnifi-
cation, X3500.

Figure 4. Endothelial cell proliferation in the damaged glomeruli. This is the
damaged glomerulus with double immunostain for both PCNA (black) and
TM (brown) at day 7. Double-labeled proliferating endothelial cells (arrow)
are found in the mildly damaged lesions. However, no proliferating endo-
thelial cells are present in mesangiolytic and proliferative areas (asterisk).
Magnification, X600.
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Figure 5. This is the correlation between the number of TM-positive total
endothelial cells (A), PCNA- and TM-positive proliferating endothelial cells
(B), TM-positive glomerular capillary lumina (C), and TUNEL- and TM-
positive apoptotic endothelial cells (D) per glomerular cross section during
the entire experiment. @ and [], number in experimental and control groups,
respectively. *P < 0.05; **P < 0.001 when compared with control. In Ato C,
values are expressed as mean * SD; in D, values are expressed as mean *
SEM.

of the glomeruli became globally sclerotic, and as a
whole, the kidney appeared end-stage with tubulo-inter-
stitial changes on week 8 with very little capillary network
and very few endothelial cells remaining in the sclerotic
glomeruli (Figures 1B and 3C).

Endothelial Cell Apoptosis in Progressive GN

Typical apoptotic cells containing condensed nuclear
fragments were found in capillaries among sclerotic re-
gions (Figure 6, A and B). These cells also expressed TM.
Moreover, individual cells in capillaries were positive for
both TUNEL method and TM (Figure 7, A and B). These
data indicated that numerous apoptotic cells in capillar-
ies around and among sclerotic lesions were identified as
having endothelial cell origin. A few apoptotic cells in
capillaries were not stained by TM, and these cells were
considered to be infiltrating mononuclear cells. in elec-
tron microscopic studies, the various types of apoptotic
cells and bodies were present in glomerular capillaries
among sclerotic regions. Scattered individual endothelial
cells in glomerular capillaries among sclerotic lesions
underwent early apoptosis, which was characterized by

Figure 6. Apoptotic endothelial cells in glomerular capillaries six weeks (A)
and 8 weeks (B) after disease induction. Typical apoptotic cells or apoptotic
bodies (arrow) with condensed nuclei are seen in the glomerular capillaries.
These apoptotic cells or apoptotic bodies are also expressing TM, indicating
that these apoptotic cells are of endothelial origin. Immunohistochemistry for
TM; magnification, X800.
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Figure 7. An apoptotic endothelial cell with double stain for both TUNEL
method (black) and TM (brown) at week 6 (A) and week 8 (B). A double-
labeled apoptotic endothelial cell (arrow) is found in capillaries around and
among sclerotic lesions. Magnification, X800.

condensation of the nucleus (Figure 8A). It has been
known that apoptotic cells are removed through phago-
cytosis either by macrophages or by neighboring cells.
The typical apoptotic bodies with dense nuclear and
cytoplasmic fragments were found in infiltrating macro-
phages or surviving endothelial cells in glomerular cap-
illaries (Figure 8, B and C).

On the other hand, one possibility still remained that
morphological TM-positive apoptotic cells or both TM-
and TUNEL-labeled cells could be due to the phagocy-
tosis of nonendothelial cells by TM-positive endothelial
cells. Therefore, we examined the correlation between
the incidence of both TM and TUNEL-labeled cells in
glomeruli and the number of TM-positive glomerular en-
dothelial cells or TM-positive glomerular capillary lumina.
In the control kidneys, no apoptotic cells were identified
in the glomerular endothelial cells (Figure 5D). In the
GN-induced kidneys, a small number of apoptotic endo-
thelial cells (which were also demonstrated by double
staining with the TUNEL method and TM) appeared in
necrotizing and subsequent proliferative regions in the
early phase. Thereafter, necrotizing lesions could not be
found in damaged glomeruli on week 4 to week 8, and the
number of apoptotic endothelial cells gradually in-
creased with the progression of glomerular sclerosis (Fig-
ure 5D). Although the apoptotic endothelial cells were
prominent in glomerular capillaries, the total number of
endothelial cells and capillary lumina per glomerular
cross section gradually decreased with progression of
glomerular sclerosis (Figure 5, A and C). Then, a signif-
icant number of apoptotic endothelial cells appeared on
week 8, and these cells were observed in glomerular
capillaries among sclerotic lesions.

Discussion

The present study demonstrates that the destruction of
glomerular capillary network and subsequent incomplete
angiogenic capillary repair leads to glomerular sclerosis
in anti-GBM GN in WKY rats. Endothelial cell apoptosis
with glomerular capillary regression may also contribute
to the development of glomerular sclerosis in progressive
GN.

Endothelial cells were identified by electron micros-
copy and by immunohistochemistry for thrombomodulin
(TM), which is expressed on the surface of endothelial
cells and which inhibits the procoagulant activities of
thrombin.'® It has been known that TM is an excellent

Figure 8. Various types of apoptotic endothelial cells and bodies in sclerotic
lesions. A: An endothelial cell undergoing early apoptosis (asterisk) is
present in glomerular capillaries on week 8, characterized by condensation
of the nucleus. Magnification, X5000. B: On week 6, typical apoptotic bodies
(asterisk) that have been ingested by a viable endothelial cell are observed.
Magnification, X8000. C: On week 6, an apoptotic body (asterisk) that has
been ingested by an infiltrating macrophage is found in the glomerular
capillary lumen. Magnification, X6000.

specific marker for the endothelial cell,’* and TM is found
on the endothelial cells in arteries, veins, capillaries, and
lymphatics in all tissues and organs, except for the brain
in humans.'® In rat glomeruli, TM is located on the endo-
thelial cell of the capillary loop and absent from the
mesangial cell and podocyte.'® Recent studies reported
that TM expression is altered in renal disorders.'”2" Inin
vitro assays, TM activity in rat and human isolated glo-
meruli was down-regulated by tumor necrosis factor-a
and lipopolysaccharide.'” In in vivo studies, although de-
creased TM expression was observed in human renal
allografts during rejection, glomerular TM expression was



not decreased in rejecting grafts.'® Moreover, increased
TM expression was described in endothelial areas in
human idiopathic or lupus-related proliferative glomeru-
lonephritis.'®2° Even in the glomerular thrombotic mi-
croangiopathy, TM expression in glomeruli does not
change in a septic rat model.2! Recently, Kitamura et al®
demonstrated the presence of TM along the exposed
surface of the endothelial cells in not only normal glomer-
ular capillaries but also regenerating capillaries in the rat
Habu-snake-venom-induced GN. In agreement with pre-
vious observations, the present study also showed that
TM was found on the surface of endothelial cells in glo-
merular capillaries of both control and experimental rats.
Moreover, TM-positive cells disappeared in necrotizing
and subsequent sclerotic lesions in anti-GBM GN, and
endothelial cells were reduced markedly in these regions
as described by electron microscopy.

Progressive GN and Rare Capillary
Regeneration

In progressive GN, damaged glomeruli progress to scle-
rotic scar glomeruli after glomerular inflammation, '229-30
and GN leading to glomerular sclerosis remains an im-
portant cause of renal failure. The renal glomerulus is a
well developed network of capillaries. Therefore, when
considering the mechanisms of the progression of dam-
aged glomeruli to sclerotic scar, it is probable that the
injury of glomerular capillary network is the most impor-
tant factor for pathological glomerular healing with scle-
rotic scar formation, but this has never been demon-
strated.

It has been known in the progressive form of anti-GBM
GN that severe glomerular injury, including necrotizing
and mesangiolytic glomerular damage, disintegration
and exfoliation of damaged endothelial cells, and denu-
dation of GBM, occur during the early phase of GN.3:32
Our results also indicated that glomerular endothelial
cells were reduced in the severely damaged lesions with
the destruction of the glomerular capillary network in the
early phase in this model. By contrast, if the glomerular
capillary network is destroyed in experimental recovery
models of GN, such as Habu-snake-venom-induced GN
or Thy-1 GN, many endothelial cells remain in damaged
lesions.®” Furthermore, subsequent angiogenic glomer-
ular capillary repair can occur in areas that had marked
destruction of the capillary network. Then, damaged glo-
meruli recover to their normal structure with the develop-
ment of the capillary network in the recovery models of
GN.®7 However, in anti-GBM GN in WKY rats, rare pro-
liferating endothelial cells were present in severely dam-
aged necrotizing lesions. Angiogenic capillary repair was
also rare in damaged glomeruli after the inflammatory
injury, and subsequently damaged glomeruli progressed
to glomerular sclerosis. Therefore, we concluded that
angiogenic glomerular capillary repair is necessary for
recovery of damaged glomeruli after the destruction of
the capillary network.

Angiogenesis is crucial in wound healing.’® Vessel
growth is controlled by the local actions of chemical
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mediators, the extracellular matrix, metabolic gradients,
and physical angiogenic or angiogenesis-inhibitory fac-
tors.’=* A number of substances important for angiogen-
esis, including peptide growth factors such as fibroblast
growth factor, vascular endothelial growth factor/vascular
permeability factor, platelet-derived growth factor, epi-
dermal growth factor, hepatocyte growth factor, insulin-
like growth factor, have been identified in the embryonic
kidney.® It is apparent that similar angiogenic factors
have been implicated as important mediators in both
embryogenesis and wound healing, suggesting that the
angiogenesis occurring in wound healing recapitulates
some aspects of embryonic angiogenesis. Although the
regulating mechanisms of capillary repair in the progres-
sion of glomerular sclerosis in GN have not been fully
investigated, it is probable that these angiogenic factors
may not be precisely regulated during the incomplete
repair of the capillary network in this model. Indeed,
basic fibroblast growth factor cannot enhance after glo-
merular damage in this model.®® Furthermore, vascular
endothelial growth factor/vascular permeability factor
and its receptors (Flk-1, Flt-1, and Flt-4) on endothelial
cells are down-regulated during anti-GBM GN.34 Angio-
genic capillary repair is an integral process in glomerular
healing, and additional work is important to clarify the
regulatory mechanisms of capillary repair during GN.
Stimulation of angiogenesis has been shown to acceler-
ate healing of various wounds.2 Therefore, understanding
the mechanisms that mediate the glomerular capillary
repair may provide new approaches to the treatment of
GN.

Endothelial Cell Apoptosis with Capillary
Regression in Progressive GN

Recently, apoptosis has been widely recognized as a
precisely controlled mode of cell death, and the various
roles of apoptosis have been reported.35€¢ Apoptosis in
vascular endothelial cells has been described in various
physiological and pathological conditions, such as endo-
thelial cell injury or activation,3”=4° survival factors depri-
vation,*'42 resolution of inflammation,® the process of
wound healing,® and the regression of capillaries.*®44
The WKY strain demonstrates increased activity of nat-
ural killer cells and antibody-dependent cell-mediated
cytotoxicity in anti-GBM GN.*® In addition, binding of
CD8-positive lymphocytes to glomerular endothelial cells
through the intercellular adhesion molecules is crucial for
the initiation of glomerular injury and subsequent pro-
gression of anti-GBM GN.'®'! It has been known that
cytotoxic lymphocytes and natural killer cells can Kkill
target cells by multiple mechanisms, including cytolysis
and apoptosis.*®47 Our morphometric study demon-
strated that apoptosis of endothelial cells were found in
necrotizing lesions on day 5, and a small number of
apoptotic endothelial cells persisted in necrotizing and
proliferative lesions between day 5 and week 3. More
interestingly, although active necrotizing lesions could
not be observed in damaged glomeruli on week 4 to
week 8, endothelial cell apoptosis apparently increased
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during the progression of proliferative regions to sclerotic
scars. One of the roles of apoptosis has been described
as a mechanism of deletion of endothelial cells during
capillary regression.® Our results showed that the num-
ber of capillary lumina and endothelial cells per glomer-
ular cross section gradually decreased during the in-
crease in number of apoptotic endothelial cells and the
progression of glomerular sclerosis, suggesting that dur-
ing the development of glomerular sclerosis, glomerular
capillary regression and obsolescence occurred with en-
dothelial cell apoptosis. Glomerular capillary obsoles-
cence with subsequent glomerular sclerosis is a common
finding in most progressive glomerular disease. There-
fore, we conclude that the regression and obsolescence
of glomerular capillaries with apoptosis of glomerular en-
dothelial cells may accelerate to the development of glo-
merular sclerosis. Although the mechanisms for apopto-
sis induction in glomerular endothelial cells during the
development of glomerular sclerosis have not been fully
investigated, a possible explanation for the apoptosis of
glomerular endothelial cells could be due to glomerular
hyperfiltration. It is established that the progression of
glomerular sclerosis in GN results in extensive loss of
renal mass, consistent with experimental renal ablation
models.*®4° |t has been clarified that one of the central
pathogenic events in the progression of glomerular scle-
rosis in renal ablation models is the rapid increase in
pressure as well as shear stress in the glomerular capil-
laries.*®4° Recent studies in a model of hypertensive
small vessel injury have identified that increases in pres-
sure within glomerular capillaries can cause endothelial
cell injury.*8-%° Recent reports also indicate that apopto-
sis is regulated by external signals such as various re-
ceptor-ligand interactions, by alterations of extracellular
matrix and survival factors, and by endogenous proto-
oncogenes as well as gene products including bcl-2,
bcl-x, BAX, and interleukin-1g-converting enzyme.>'-53
Additional work is necessary to identify the stimulus fac-
tors that lead to apoptosis, but it appears that apoptosis
may be the mechanism by which regulation of the num-
ber of endothelial cells occurs in regressing capillaries in
sclerotic regions. The regulation of the apoptotic phe-
nomenon in glomerular endothelial cells may be impor-
tant in the progression of glomerular sclerosis during GN.

We conclude that the destruction of the glomerular
capillary network and subsequent incomplete angiogenic
capillary repair leads to glomerular sclerosis in this
model. Endothelial cell apoptosis with glomerular capil-
lary regression may also contribute to the development of
glomerular sclerosis. Injury of the glomerular capillaries
with endothelial cell damage including apoptosis and
subsequent incomplete capillary repair plays an impor-
tant role in the progression of glomerular sclerosis during
anti-GBM GN in WKY rats.
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